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CHAPTER 1 

INTRODUCTION 

1.1 Background Introduction 

Polymer materials have long been considered to be good insulators, because their 

predominant covalent bonds exhibit low electroconductivity. However, in the 1970's, it 

was found that when the linear polyenes and heteroaromatic polymers were doped by 

chemical, electrochemical or ion implantation methods, their electrical conductivity 

increased dramatically. Since then, studies on conductive or semiconductive polymers 

have attracted considerable attention from chemists, physicists and material scientists. 

This interest arises from both the high conductivity obtained and from the polymer 

materials' special advantages of low cost, light weight, and nontoxity. Fig. 1.1' 

illustrates the extremely broad range of electrical conductivity behavior of different 

materials. It can be seen from Fig. 1.1 that the electrical conductivit\' of conductive 

polymers spans a range of from 10'̂ ° S/cm to around 10̂  S/cm after doping. 

-y 

What is doping? Described by Alan G. MacDiarmid and Arthur J. Epstein : 

Doping is a phenomenologically-based concept. It does not imply 
the involvement of any specific mechanism or process. In the conducting 
polymer field a chemical dopant is a substance, a relatively small quantit\ 
of which drastically changes the electronic, optical, magnetic, and/or 
structural properties of the polymer and is accompanied by a large increase 
in conductivity. 

According to this, a process of increasing the conductivity of materials by a dopant is 

called doping. There are two common forms of doping which are presently well 



established in the conducting polymer field, and they involve basically different 

processes, which are also described by Alan G. MacDiarmid and Arthur J. Epstem : 

1) redox doping whereby oxidizing or reducing agents remove or add, 
respectively electrons from or to the polymer backbone e.g. p- or n- doping 
of (ch)x 2) acid/base, protonic acid doping whereby the number of electrons 
associated with the polymer chain remain unchanged. 

The dopants for the first kind of doping can be electron donors (n-type) materials such as 

sodium, sodium naphthalide, etc. and electron acceptors (p-type) materials such as iodine, 

arsenic pentafluoride, etc.^ In the protonic acid doping process, the dopants usually used 

are inorganic acids such as HCl, H2SO4, etc., or organic acids such as toluenesulfonic 

acid. 
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Because of their special advantages and greatly enhanced conductivity following 

doping, conductive polymers have been suggested for use as polymeric electrodes in 

lightweight batteries, variable-transmission windows, sensors, electrochromic displays, 

separating membranes, conductive wires, and nonlinear optical materials."* Overall, 

studies on the conductive polymer materials are growing rapidly, and some investigators 

believe that such polymer materials will be in commercial production in the near future. 

However, many fundamental aspects, such as a theoretical understanding of conductive 

polymers or the required structures of these polymers, are not well established. There are 

two generally proposed hypothesis. Based on a major breakthrough in conductive 

polymers achieved in 1977, Shirakawa and coworkers^ reported that polyacetylene could 

be turned into a highly conductive polymer by conversion to a salt. By reacting it with 

iodine, I2, the conductivity of the doped polymer was increased by 10̂  S/cm. Based on 

this success, other conjugated polymers, such as linear polyene, were targeted in 

subsequent research efforts. It was hypothesized, therefore, that polymers with long 

conjugated chains were required to achieve high levels of electrical conductivity. This 

scenario depends on the contribution to conductivity from the delocalization of charge 

carriers along the chain. 

Later, another view was proposed. In that instance, naphthalene and other simple 

aromatics can be partially oxidized electrochemically to form monomeric radical cation 

salts (Ar2^X") which have conductivities of 10 to 10 S/cm. These organic materials 

display crystal structures which suggest that the aromatic moieties form stacks. This is 

analogous to that deduced for doped polyacetylene in which the polyene chains are 



assumed to be arranged in stacks. So the concept was proposed that the charges and the 

electrons are presumably delocalized along the stacks. Delocalization tends to emphasize 

the contribution of the intermolecular charges and electrons. This hypothesis opens a 

second potential approach to the production of conductive polymers, which is to use non-

conjugated polymers containing aromatic moieties. Therefore, aromatic structures have 

received increased interest due to their improved processability, mechanical properties, 

oxidative stability, and the large varieties of derivatives. For example, polyaniline 

(PANI) has multiple structural forms, accepts special doping mechanisms to produce high 

conductivity, and yet retains good environmental stability in air. Moreover, it can be 

easily synthesized by either chemical or electrochemical oxidation of aniline and then 

processed into fibers, films and various composites. It is also amenable to special doping 

mechanisms so that the electronic properties can be modified through either redox doping 

(variation of the number of electrons) or protonic acid doping (variation of the number of 

protons). In summation, PANI exhibits a high potential for several technological 

applications. 

According to several reports from Alan G. MacDiarmid, Arthur J. Epstein, 

Jaroslav Stejskal and Pavel Kratochvil,^ PANI exists in three, different stable insulating 

oxidation forms as different colored powders: leucoemeraldine base (LEB), violet color; 

emeraldine (EB), dark copper color; pemigraniline base (PNB), colorless. The general 

form of the repeat unit for these polymers is: 



On this basis, when y=l/2, the EB form predominates; when y=l, the polymer assumes 

the LEB form; and when y=0, it is said to be oxidized to the PNB form. Since the EB 

form is much more solution processable than the other two forms, and because it can be 

easily converted to a salt form which exhibits a much high conductivity from protonic 

acid doping, the EB form is considered to be the most interesting. The reaction formula 

of the conversion from an EB form to a salt form by protonation is presumed as below: 

2xHCl 

X. 

1.2 This Project 

This research project was involved directly with PANI polymers. Specifically it 

involved the synthesis of powdered polyanilme by oxidizing monomer (aniline chloride) 

with potassium dichromate and then casting polymer fihns from solvent solutions. Next, 

film doping was carried out with hydrochloric acid, and, finally, measurements of 



electroconductive and mechanical properties of the PANI films were performed. For 

comparison purposes, the conductive properties of their polymer films were also 

measured. However, the bulk of this thesis is descriptive of PANI polymer synthesis and 

properties. 



CHAPTER 2 

DESIGN OF THE EXPERIMENT 

Since polyaniline is not commercially available, our research began with the 

synthesis of polyaniline powder from its monomer. In this chapter, the polymerization 

procedure used is presented as well as the subsequent procedures for processing the 

polymer powder from protonated Emeraldine form into the EB base form, the preparation 

of the polymer film from solution, and the doping procedures used to increase 

conductivity. The procedures and methods used to measure the film's thickness, 

conductivity, mechanical properties, and the weight of the powder are also described. 

The different pieces of equipment used in the experiment are also listed at the end of this 

chapter. 

2.1 Chemical Polymerization of Aniline 

2.1.1 Specifications of the Starting Materials 

Table 2.1 lists the raw materials required for the polymerization process and their 

specifications. 



Table 2.1 Starting Materials for Polymerization 

Monomer 

Oxidizing 

Agent 

Solvent 

Name 

Aniline Hydrochloride 

(C6H5NH2HCI) 

Potassium Dichromate 

(K2Cr207) 

Hydrochloric Acid 

(HCl) 

Specification 

97%, F.W. 129.59, m.p. 196-198 "C, 

Produced by Aldrich Chemical Company, Inc. 

99+%, A.C.S reagent, F.W. 294.19, 

Produced by Aldrich Chemical Company, Inc. 

37%, A.C.S.reagent, F.W. 36.46, density: 1.200, 

Produced by Aldrich Chemical Company, Inc. 

2.1.2 Procedure 

1. First, to make a 0.5 N solution of aniline hydrochloride, dissolve 0.1 mole (12.96 g) of 

aniline hydrochloride in 200 ml of 1.0 N HCl solution. 

2. Secondly, dissolve 0.025 mole (7.36 g) of potassium dichromate in 100 ml of 1.5 N 

HCl solution. If the dissolution process is slow, the solution can be heated a little to 

speed the dissolution process. 

3. Add the potassium dichromate solution slowly, drop by drop, into the prepared aniline 

solution at room temperature over a period of 1.0-1.5 hours while stirring. The 

experimental setup was shown in Fig. 2.1. Soon after the first drops of potassium 

dichromate solution was added to the aniline solution, a dark green color was seen. 

This indicated that the polyaniline compound had formed. 

4. Filter the reacted solution through a buchner funnel. The polyaniline produced by this 

procedure was in the form of a powder suspended in a green solution. The powdered 

polymer was recovered by filtration, then washed with distilled water and filtered 



again. The liquid filtrate was dark green. This procedure was repeated several times 

until the color of the filtrate became less pronounced. 

5. The product was then washed with 1.5 N HCl. The washed powder was filtered and 

this procedure was repeated until the liquid became colorless. 

6. Collect the final powdered product in a petri dish and dry it in vacuum oven at 80 °C 

for 24 hours. 

7. Weigh the product. 

Fig. 2.1 Experimental Set-up for Chemical Polymerization of Aniline Hydrochloride 

The polymerization of anilme with an oxidative agent such as ammonium 

persulfate has been the usual method reported for polyanilme production. Due to safety 

considerations, this experiment was designed to use aniline dichloride instead of aniline. 



Aniline is a brown carcinogen. Also, aniline is a liquid and has a higher vapor pressure 

than aniline dichloride which is a solid. 

Also, the polymer was processed in an acid solution. One reason, as we know 

from above, is that the low pH helps the monomer and oxidative agent to dissolve. 

Another important reason is that, in an acid solution, the product will be in a salt form 

which pushes the reaction forward. However, the acids used in any stage of the 

polymerization should be volatile. This is because nonvolatile acids such as sulfuric acid 

will be retained on the particles of the powder even after vacuum drying. 

The mole ratio of aniline hydrochloride to oxidative agent (potassium dichromate) 

was set to 4:1. If the mole ratio is too low (2:1), more oxidative agent would be left in 

the solution at the completion of polymerization reaction. The product is then difficult to 

wash in step 5. If part of the potassium dichromate is still left with the powder after the 

filtration, it will adversely affect the quality of the film. Also, if the mole ratio is too high 

(6:1), the monomer may not be completely polymerized, and the amount of polymer 

formed will be reduced. 

Many acids and bases are available in highly concentrated solution. In this 

experiment, all the required dilute HCl solutions were prepared by diluting commercial 

37% wt. HCl with distilled water. To prepare each dilute solution, one needs to know the 

volume of the concentrated liquid that is required. A formula such as the following can 

be used. 

V = ' ' (2.1) 

10 



where, 

N ̂ : concentration (N) of the dilute solution, 

V^ : volume of the dilute solution needed in ml, 

M^: molecular weight (g/mole) of solute(acid or base), 

Q : weight% concentration (g/g) of the concentrated solution which is available, 

p^: density of the concentrated solution available, 

V^: volume of the concentrated solution need to be added in ml. 

The amount of distilled water added is simply the difference between the total volume of 

the dilute solution needed and the volume of concentrated solution which is added. The 

calculation formula is shown as follows: 

K=v,-K (2-2) 

where, 

V^ : volume of the dilute solution needed in ml, 

V^: volume of the concentrated solution need to be added in ml, 

V^ : volume of the distilled water added in ml. 

For example, in the first step of the above procedures it was desired to prepare 

200ml, IN HCl solution. Therefore, the volume of 37%wt. HCl solution needed was 

calculated from Equation (2.1): 

1-200-37. ^^^ , 

' 1.2-37%-1000 

This was based on the approximation that molecular weight of HCl (36.46g/mole) was 

37 g/mole. 
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Thus the volume of the water needed was calculated with Equation (2.2). 

V^ =200-16.7 = 183.3w/ 

The dilute solution was prepared by mixing 16.7 ml 37°o wt. HCl with 183.3 ml distilled 

water in a 500 ml cup. 

2.2 Processing of the Polyaniline Powder 

The polyaniline powder obtained by the above procedure was in an EB salt form. 

For solution processibility, the powder must be neutralized into the EB form with a base. 

After neutralization, the polymer powder, which had been converted into an EB form, can 

be easily dissolved into solvents such as dimethylsulfoxide (DMSO), dimethylformamide 

(DMF) and l-methyl-2-pyrrolidinone (NMP). All these polymer-solvent solutions can be 

cast into a film. 

2.2.1 Specifications of Chemical Agents 

Table 2.2 lists the base solution used for the polymer powder processing and its 

specifications. 

Table 2.2 Base Solution for the Polymer Powder Processing 

Name 

Ammonium Hydroxide 

(NH4OH) 

Specification 

Assayed as (NH3), Min. 28.% ~ Max. 30.%, A.C.S Agent, 

Produced by Fisher Scientific Company. 

12 



2.2.2 Deprotonation of Polyaniline Powder from EB Salt to EB Form 

To prepare 5% wt. NH3 solution by diluting the concentrated solution listed in 

Table 2.2, the volume of the concentrated liquid needed was calculated with the 

following formula. 

C -V 
K = - ^ (2.3) 

where, 

Q : weight% of NH3 basis concentration (g/g) of the dilute solution, 

V^ : volume of the dilute solution needed in ml, 

Q : weight% of NH3 basis concentration (g/g) of the concentrated solution which 

is available, 

V^: volume of the concentrated solution need to be added in ml. 

Formula (2.3) was based on the assumption that the density of the dilute solution was 

kept the same as the concentrated solution. Thus, by using formula (2.3), the volume of 

the concentrated NH3 solution needed was: 

5% 100 
V = = \12ml. 

29% 
The volume of distilled water needed is calculated with formula (2.2): 

V^ =100-17.2 = 82.8w/. 

Thus, the dilute solution is prepared by mixing 17.2 ml 29% wt. HCl with 82.8 ml 

distilled water in a 250 ml cup. 

13 



The polyaniline powder in the EB salt form was put into 100 ml of 5% wt. 

ammonia solution which was prepared from the concentrated reagent solution. This was 

allowed to stand for at least 12 hours, and then the powder was washed with distilled 

water and filtered. This procedure was repeated until the filtered liquid indicated a 

neutral pH. After that, methanol and ethyl ether were separately used to wash the product 

with the solids being recovered by filtration. The liquid filtrate during these procedures 

appeared dark in color initially, and then became paler and paler. Fmally, the product on 

the filter paper was collected and dried in a vacuum oven at 50-60 °C for 48 hours. After 

that, the product was weighed and placed in a desiccator. 

2.3 Film Casting 

After the polymer powder was converted into an EB form, it can be easily 

dissolved into several solvents such as DMSO, DMF and NMP as was previously stated. 

Of these solvents, NMP dissolves the largest amount of PANI powder. Therefore, NMP 

was chosen to make a solution of the processed PANI powder which was prepared by the 

above procedures. The polymer-solvent solution was used to cast films. Table 2.3 lists 

the solvent which was used for preparing polymer solutions to be cast into thin films. 

Table 2.3 Solvent for Preparing Polymer Solution 

Name 

1 -Methyl-2-pyrrolidinone 

(NMP) 

Specification 

99%, F.W.99.13 b.p. 202 °C, Produced by Aldrich Chemical 

Company, Inc. 

14 



Finely precipitated emeraldine base (EB) powder (0.6g) was stirred with a 

magnetic stirrer in NMP solvent (50 ml) at room temperature for 4-6 hours. Then the 

dark blue solution was filtered through a Buchner funnel. A Whatman #1 filter paper was 

used. The insoluble material which remained on the filter paper was discarded. The 

resulting clear, dark blue solution was used to cast a thin film. A clean, flat glass (3.6 

inch X 4 inch) was used as the substrate in this experiment. A 5-6 ml solution was cast on 

the glass substrate. The glass plate was put on a leveled surface which could be adjusted 

with a level gauge. To distribute an even layer over the glass, a glass rod was used as a 

doctor blade to help spread the film. 

The coated glass was dried in a vacuum oven at 40-50 °C with a vacuum of 20 

inch Hg for 4-5 hours. At this point, the film appeared visually dry. 

To get a thicker film, a second layer of polyaniline solution (5-6 ml) was cast 

overlaying the first layer using the same procedure. It is possible for a third or additional 

layers to be cast in the same manner, but the thicker films may not have a uniform 

thickness. After another 4-5 hours, the glass was removed from the oven and submerged 

in distilled water. 

After immersing in water for 2-5 minutes, the film can be easily peeled from the 

glass substrate. A razor blade was helpful to initially separate a portion of the film from 

the edge of the substrate. The peeled film was again immersed in distilled water in a petri 

dish for several minutes. This immersion procedure was repeated at least three times to 

remove the traces of NMP solvent which is soluble in water. 

15 



The washed film was taken out of the petri dish and dried with tissue paper. The 

freshly cast film exhibited wrinkles because of intemal stresses. After washing, the film 

was then sandwiched between two pieces of glossy weighing paper. Subsequently, the 

sandwich was placed between two sheets of flat glass which helped to keep the film flat 

as it dried in air for several days. 

The top side of the film prepared in this manner displayed a dark purple-blue tmt 

while that adjacent to the glass had a bronze-like tint. This suggested that some oxidation 

of the emeraldine oxidation state (y=0.5) had occurred, to give a form of polyaniline 

where y<0.5. 

The thickness of the film can be controlled by changing either the concentration 

of the cast solution or the quantity of the solution cast over the glass plate. The more 

concentrated solution can be produced from a partial evaporation of the NMP solvent in 

the vacuum oven. In this instance, the vaporization rate can be controlled by the 

temperature used. If the solution is too concentrated, the film cast tends to be brittle, 

while if the solution is too dilute, the film cast will have pinholes in it. Considering the 

surface tension effect between the cast solution and the glass substrate, there is a limit to 

the quantity of solution which can be cast. In other words, the quantity depends on the 

area of the glass substrate. 

2.4 Film Doping with Hydrochloric Acid 

The films prepared by the above procedures can be doped to a conductivity level 

approaching metallic conducting regime by immersing the films in a IN aqueous HCl 

16 



solution in a petri dish. On immersion, the color of the film was suddenly changed from 

a dark blue color to lustrous purple-blue. For complete doping, the film was immersed in 

HCl for over 12 hours. 

The doped film was then taken out of the solution, and the film's surface was 

dried with tissue paper, placed between two pieces of shiny paper, and again placed 

between two pieces of glass in air. Li this fashion, the film was dried for several days. 

2.5 Instrumentation 

The thickness, the electrical conductivity/resistivity, and mechanical properties of 

films and the weight of the powder used were measured with the following 

instrumentation. 

2.5.1 Digimatic Caliper for Measuring Film Thickness 

The thickness (mm) of the films prepared in this study were measured by the 

digimatic caliper, Model CD-8"P made by Mititoyo Corporation. The smallest readable 

digit is 0.01mm. 

First, the caliper is put on the films and left idle for more than one second. This is 

because the caliper has a start-up time of approximately one second. Also, before 

measuring the thickness of the film, the caliper needs to be adjusted to zero it. This is 

done by pressing the ON/ZERO switch when the two outside measuring faces touch each 

other. 

17 



The film is then placed between the outside measuring faces. The thumb roller is 

slowly moved until the two outside measuring faces clipped the film. The caliper should 

not be disturbed so as to get accurate readings. The thickness of the film is read from the 

LCD Display. If the HOLD/DATA switch is pressed, this provides the "HOLD" 

function, and the displayed value measured will be held even if the sample goes slack. 

2.5.2 Four-Probe Method for Electrical Conductivity 

The bulk conductivity/resistivity of the doped film was measured with a collinear 

four-probe array. The method used was designated ASTM-Test Method F84. The 

volume resistivity, p [Qcm], is defined as the ratio of the potential gradient parallel to the 

current in the material to the current density. 

The recommended electrical circuit for a four-probe resistivity measurement is 

shown in Fig. 2.2. The probe's assembly has four conical tungsten carbide tips with 

included angles of 45 to 150°. The nominal radius of a probe tip should be initially 25 to 

50 )im. Spacing between adjacent probes is 0.3mm. A Constant-Current Source is 

capable of supplying currents over a range of 10' A to 100mA. The Electronic Voltmeter 

was used to measure the potential differences in millivolts. The resistance of the 

Standard Resistor was selected so that it is within a factor of 100 of that of the specimen 

to be measured. 
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Fig. 2.2 Recommended Electrical Circuit for Four-Probe Resistivity Measurement 

Before a measurement is taken, lower the probes onto the surface of the film at a 

location such that the distance from each probe to the nearest edge is at least four times 

the probe spacing. When measuring the film's conductivity, a known current is past 

through the outer probes and measurement of the potential drop is recorded across the 

inner probes. This procedure is repeated by changing the current through the outer 

probes. After recording several groups of current and potential readings, the direction of 

the current is reversed and the measurement is repeated. If desired, move the probes to a 

new location on specimen and repeat the above procedure measurements. 

The resistivity is calculated with the following formulas: 

Pf 

Pr = 

K-t 

' ln2 

n-t 

yf 

'f 

K_ 

(2.4) 

In 2 / 
(2.5) 
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P a v = ( P . + A ) / 2 (2.6) 

where, 

Pf : resistivity for forward current, (Q-cm), 

t: thickness of the sample, (cm), 

V^ : potential drop across the two inner probes for forward current, (V), 

If : forward current, (A), 

p^: resistivity for reverse current, (Q-cm), 

V^: potential drop across the two inner probes for reverse current, (V), 

/^: reverse current, (A), 

p^^: average resistivity, (Q-cm). 

Semiconductors have a significant temperature coefficient of resistivity. 

Consequently, the current used should be small to avoid resistive heating in the film. If 

resistive heating is suspected, it can be detected by a change in readings as a function of 

time starting immediately after the current is applied. 

2.5.3 Mechanical Properties of PANI Films 

The polyaniline film samples (doped and undoped) were cut into test coupons. 

The dimensions of the samples were the same as those specified in ASTM (1990). The 

tensile tests were performed on an Instron Model 1122. From these tests, the Young's 
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modulus, the tensile strength and the elongation at break of each sample were calculated 

using the following formulas. 

Tensile strength: 

^b = 

Fl-fal 
(2.7) 

where, A^=w-t, w = {0mm = 0.394m 

Young's modulus: 

E = (2.8) 

where, a = 
Fl-fa2 AZ. 

€ = 
k ' 

AZ. = 
s\ - XHD 

CHRT 

Elongation at break: 

AZ, 
L 

(2.9) 

slXHD 
where, AZ, = 

^ CHRT 

The nomenclature used in these calculations was: 

Gi,: Tensile strength (MPa), (psi=6.89710"^MPa) 

E : Young's modulus (Gpa), (psi=6.897-10"^GPa) 

Sf,: Elongation at break (%), 

(J : Tensile stress in the Hook's Law range (psi), 

£: Elongation at the tensile stress (cr) in the Hook's Law range (in/in), 

Fl: Full-scale load (Ibf), 
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AZ;,: Change in sample length in the Hook's Law range (in), 

AZ :̂ Change in sample length at break (in), 

Z^: Original length of the sample (in), 

A^: Cross section area of film sample (in^), 

w : Width of film sample (in), 

t : Thickness of film sample (in), 

fxl: Fraction of full-scale deflection of the recorder pen at break, 

fx2 : Fraction of full-scale deflection of the recorder pen at a specified point 
in the Hook's Law range, 

s\: Characteristic chart distance at break (in), 

s2 : Characteristic chart distance at a specified point in the Hook's Law range 
(in), 

XHD : Selected crosshead speed (in/min), 

CHRT: Selected chart speed (in/min). 

2.5.4 Balance 

The weight of the powder used in each experiment was measured with a XL-3K 

top loading electrical balance made by Denvor Instrument Company. The smallest 

readable digit is 0.0Ig. 

2.6 Equipment Specifications 

Table 2.4 lists the equipment used for these experiments and their specifications. 
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Table 2.4 Equipment for the Experiments 

Name 

Direct Cenco-megavac 

pump 

Oven 

Dry-Seal desiccator 

Petri dishes 

Coming hotware hot-plate 

stirrer 

KIMAX heavy-wall 

filtering flasks 

Coors Buchner funnel 

Dropping funnel 

Graduated cylinder 

Specification 

Made by Cenco , Works at 1115/230 V, 7.2/3.6 amp. 1725 

rpm, ambient temperature = 40 C, frequency =60 Hz 

Made by Precision-Scienfific Co., Works at 120 Volts, 

1600 Watts, Model 524-A, 50/60 Cycles, 1 phase 

With knob cover, silicon 0-ring and plate. Grooved flange 

is sealed by an 0-ring instead of grease. Diam.=135mm. 

Approx. o.d.xH (mm): 148x20 

Feature pc-351, the stirrer uses a magnetic motor to turn a 

Teflon-coated stirring bar. Separate control knobs and 

indicator lights allow stirring and heating functions to be 

used independently or in combination. 

Flask has tooled necks for uniform stopper fit and white 

ceramic scale. 500mL, with a side hose connection for 

11/16 in.i.d. flexible tubing. 

Porcelain with fixed perforated plate. Glazed inside and out 

except for rim. Plate diam.x perf=126x105, Cap.=700ml, 

H=202mm 

250ml 

100 ml, 20°C. Designed for accurate dispensing of culture 

media or other biological fluids 
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CHAPTER 3 

DISCUSSION OF EXPERIMENTAL DATA ACQUISITION 

This chapter presents data related to the amount of polyaniline powder (EB form) 

obtained by following the procedures which are described m sections 2.1 and 2.2. This 

presentation is followed by example calculations for the yield of EB powder. Also, a 

discussion of the electrical and the mechanical properties of the prepared PANI films and 

the calculation procedures used will be presented. 

3.1 Yield of the Polyaniline Powder (EB Form) 

In a typical experiment, the polyaniline powder in the EB form, prepared by the 

method described in sections 2.1 and 2.2, had a mass of 5.5 gram. A quantity of 0.1 

mole (12.96 grams) of the raw material (aniline chloride) was used in the synthesis. The 

yield of EB powder can be estimated from the ratio of the number of moles of nitrogen in 

the product (EB form of PANI) to the number of moles of nitrogen in the raw material 

(aniline chloride). The number of moles of nitrogen in the raw material can be estimated 

with the following formula. 

M^ = M-N, (3.1) 

where, 

Mĵ  : total moles of nitrogen in aniline chloride (reactant), 

M: moles of aniline chloride used in the polymerization reaction, 

N^ : number of nitrogen atoms in the chemical formula of aniline chloride. 

24 



According to equation (3.1), the number of moles of nitrogen in the reactant is: 

Mv =0.ll = 0.lmole. (3.1a) 

The number of moles of nitrogen in the EB form of PANI powder obtained was 

calculated as: 

W 
m.-^-n, (3.2) 

where, 

m^ : number of moles of nitrogen in the EB form of PANI powder obtained, 

t̂otai • to^^^ weight of the EB form of PANI powder obtained, 

Mw : molecular weight of the repeat unit for the EB form of PANI powder, 

Uĵ : number of nitrogen atoms in the repeat unit for the EB form of PANI powder. 

According to equation (3.2), the number of moles of nitrogen in the EB form of PANI 

powder was: 

5 i 
m^ = • 2 = 0.06lmole . (3.2a) 

^ 1 8 1 
The yield of the EB form of the PANI powder, therefore can be calculated as : 

P % = - ^ - 1 0 0 % (3.3) 

where, 

P% : the yield rate of the EB form of the PANI powder according to the number of 

moles of nitrogen, 

M^ : the number of moles of nitrogen in aniline chloride used in the polymerization, 

reaction, 
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m^ : the number of moles of nitrogen m the EB form of the PANI powder. 

According to equation (3.3), the yield of the EB form of PANI powder was: 

P% = - ^ - 1 0 0 % = 61% . (3.3a) 

The reasons for the low yield are as follows. During the preparation procedures 

presented in secfion 2.1.2, the lower molecular weight oligomers were probably washed 

away due to their solubility. It was also possible that some aniline chloride hadn't 

reacted, and this too was washed away during filtration. Another reason for the low yield 

is that the EB powder and the polymer salts were lost because of mechanical retention on 

the filter paper during the multiple filtration processes. 

3.2 Electrical Properties 

In this section, a discussion of the electrical resistivities of the cast polymer films 

is presented. Resistivity was determined by first measuring the potentials at a fixed 

current (forward and reverse) of a PANI film doped with IM HCl. Then the dependence 

of the resistivity (or conductivity) on the pH level of the dopant (HCl solution) was 

studied. In each case, the thickness of a doped film was measured with the digimatic 

caliper, and the current-potential was measured using a four-probe method. Estimates of 

the bulk resistivities were then obtained by using equations (2.4), (2.5) and (2.6). 
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3.2.1 Electrical Properties of a (IM) HCl Doped Film 

Using the digimatic caliper, the thickness of an EB film, doped with IM HCl was 

found to be 0.04mm. The potential-current was measured at two positions. Two 

locations were used, because the film may not be of uniform thickness or constituency. 

The two values were then averaged. The two positions were chosen randomly. Table 3.1 

lists the measured potentials for a specified current in both the forward and reverse 

directions at the first location on the film sample. Table 3.2 lists the measured voltages 

obtained at the same fixed currents in a forward and reverse directions for the second 

position on the film sample. The fixed currents were chosen to be 3|iA, \0\iA, 30|iA, 

100|iA. The tabular values suggest that if the current had been fixed at a value lower than 

3|aA, then the potential voltages measured for the forward and reverse current direction 

can vary widely. However, for currents larger than 100|LIA, the resistive heating generated 

in the film would probably cause the measured voltage potentials to change as a function 

of time. 

Fig. 3.1 illustrates the characteristic Current-Potential curves of a doped film 

based on the data shown in Tables 3.1 and 3.2. The potential vohage for each point in 

Fig. 3.1 is the average of the potential values of the corresponding fixed currents for the 

forward and reverse directions. 
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Table 3.1 The Potentials at the First Posifion on the Film for the Fixed Currents 

Current (|iA) 

Forward Current 

Reverse Current 

3 

16 

32 

10 

Potential 

71 

86 

30 

(^V) 

228 

246 

100 

782 

798 

Table 3.2 The Potentials at the Second Position on the Film for the Fixed Currents 

Current (̂ lA) 

Forward Current 

Reverse Current 

3 

16 

32 

10 

Potential 

74 

89 

30 

(^V) 

240 

250 

100 

809 

798 
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Potential(uV) 
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787.5 900 

Fig. 3.1 Characteristic Current-Potential Curves of a Film Doped with 1M HCl in 
Two Randomly Chosen Positions 
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The resistivity of the film was calculated by using equafions (2.4), (2.5) and (2.6). 

For example, from the data m Table 3.1, when the current equaled 3|iA, the resisiti\ity 

for the forward current is: 

TT-t V TT-0.004cm 16uV 
Pf =V^-r = T^; ——- = 0100 cm. 

^ hil I hi2 3^ 

The resistivitiy for the reverse current is: 

TTt V TT-0.004cm 32juV 

Therefore, the average resistivity at a 3(xA current is: 

Pov = ( P / + / ? , ) / 2 = (0.10 + 0.19)/2 = 0.15Qcw. 

Table 3.3 lists the average bulk resistivities (Qcm) of the two locations at the four 

different currents. These resistivities were calculated by following the above procedures. 

Table 3.3 The Bulk Resistivity Calculated at Two Randomly Chosen Positions on the 
Film for Different Fixed Currents 

Current(|xA) 

Position 1 

Position 2 

3 

Bulk 

0.15 

0.15 

10 

Resistivity 

0.14 

0.15 

30 

(Qcm) 

0.14 

0.15 

100 

0.14 

0.15 

Table 3.3 indicates that the calculated average bulk resistivity of this film doped with IM 

HCl was approximately 0.15 Qcm. 
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3.2.2 Dependence of the Film Electrical Properties on the pH Value 
of the HCl Solution 

A film was cast on the 6.5 inch x 6.5 inch glass substrate following the procedures 

presented in Chapter 2. The free standing film was then cut into six equally sized pieces 

and put into aqueous solutions of HCl, each at six different concentrations. In this 

experiment, the average thickness of each film was found to be 0.02 mm. The six HCl 

solutions were prepared by diluting a 12M HCl solution. For example, when 5 ml of the 

12M HCl was dissolved in 55 ml distilled water, the 60 ml of a IM HCl solution was 

prepared. A O.IM HCl solution was then prepared from the IM HCl and so on. Table 

3.4 illustrates preparation of the HCl solutions with different concentrations. 

Table 3.4 Preparation of the Different Concentration HCl Solution. 

solution prepared 

IMHCl: 60 ml 

O.IM HCl: 100 ml 

10"'^ M HCl: 63.25 ml 

O.OIMHCI: 100 ml 

10"̂ ^ M HCl: 63.25 ml 

O.OOIMHCI: 100 ml 

starting solution 

12MHC1: 5 ml 

IMHCl: 10 ml 

O.IM HCl: 20 ml 

O.IM HCl: 10 ml 

O.OIMHCI: 20ml 

O.OIMHCI: 10 ml 

distilled water 

55 ml 

90 ml 

43.25 ml 

90 ml 

43.25 ml 

90 ml 

The six pieces of film were immersed in 50 ml of the above listed six different 

HCl solutions for 8 hours. Afterward, the films were removed from solutions and air 
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dried. The electrical properties of the desired films were measured with the four-probe 

meter. Tables 3.5 and 3.6 list the measured potentials for each fixed current at two 

randomly chosen posifions on each of the films respectively. Each cell of Tables 3.5 and 

3.6 lists two potential values which represent respectively, the forward current and 

reverse current directions. These results do not list the electrical properties of the two 

films which were doped with 10'̂ ^ M HCl and 10^ M HCl, because their resistivities 

exceeded the measuring range of the available four-probe meter which has a maximum 

resistivity measurement to 2000 Qcm. When measuring the current-potentials of films 

doped with IM and 0.1 M HCl at a fixed current higher than 30|iA, the potential was 

observed to change as a function of time. This was assumed to be because of localized 

resistive heatmg in the film which changed the film's temperature, and hence, the 

resistivity in the region being tested. 

Table 3.5 The Potentials at the First Position on the Films, Respectively Doped with the 
HCl Solutions of Four Different Concentrations, for the Fixed Currents 

Cunent(\iA ) 

Conc.(M) 

10° 

10-' 

10-'^ 

10-̂  

3 

17^V 
27nV 

16̂ iV 
32nV 

0.563 mV 
0.580 mV 

13.3 mV 
13.3 mV 

10 

Potential 

68^V 
79^V 

69^V 
87^V 

1.9 mV 
1.9 mV 

44.7 mV 
44.1 mV 

30 

215^V 
226^V 

230^V 
246nV 

5.7 mV 
5.7 mV 

133. mV 
132. mV 

100 

19.0 mV 
19.1 mV 

442.5 mV 
441.0 mV 

32 



Table 3.6 The Potentials at the Second Position on the Films, Respectively Doped with 
the HCl Solutions of Four Different Concentrations, for the Fixed Currents 

Current(fj,A) 

Conc.(M) 

10° 

10-' 

10-'^ 

10-̂  

3 

15^V 
27 îV 

19|uV 
33^V 

0.371 mV 
0.389 mV 

16.4 mV 
16.6 mV 

10 

Potential 

66^V 
78^V 

82nV 
95^V 

1.28 mV 
1.25 mV 

54.2 mV 
55.2 mV 

30 

208^V 
220nV 

265^V 
274^V 

3.84 mV 
3.80 mV 

164.8 mV 
165.2 mV 

100 

12.7 mV 
12.6 mV 

551.2 mV 
552.0 mV 

The average resistivities of the films at each fixed current were calculated using 

equations (2.4), (2.5) and (2.6). Table 3.7 lists the average resistivity of the randomly 

chosen two positions on each of the films doped with one of the four different HCl 

solutions. Each cell in the table lists two resistivity values which correspond to the 

resistivities for each of the two randomly chosen positions at each fixed current and each 

doped concentration. 
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Table 3.7 The Bulk Resistivity (Qcm) of the Doped Films at the Fixed Currents 

Current((iA ) 

Conc.(M) 

10° 

10-' 

10-'^ 

10-̂  

3 

Bulk 

0.07 
0.06 

0.07 
0.08 

1.73 
1.15 

40.19 
49.86 

10 

Resistivity 

0.07 
0.07 

0.07 
0.08 

1.72 
1.15 

40.25 
49.58 

( Q 

30 

cm) 

0.07 
0.06 

0.07 
0.08 

1.72 
1.15 

40.04 
49.86 

100 

1.73 
1.15 

40.04 
50. 

The bulk resistivity of each film for a given concentration was calculated by 

averaging all the resistivity data of each film which had been doped with that 

'y 

concentration of HCl solution. For example, the resistivity of the film doped with 10' M 

HCl was calculated as: 

p = (40.19 + 40.25 + 40.04 + 40.04 + 49.86 + 49i8 + 49.86 + 50) / 8 = 45Q • cm. 

Table 3.8 lists the pH value of the HCl solutions used for dopmg and the average 

conductivity measured for each of the films. The pH value was calculated with the 

following formula. 
pH =-logic) (3.4) 

where, 

c: molar concentration of the HCl solution, 

pH: pH value of the HCl solution. 
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For example, pH value of 10 M HCl solution, 

pH=-\og(0.0\) = 2 (3.3a) 

By definition, the conductivity of a film is the reciprocal of its calculated resistivity. For 

example, the resistivity of the 10"̂  M doped film was found to be 45 Qcm. Its 

conductivity, therefore, is: 

a = l/p = \/45 = 0.022S/cm. 

Table 3.8 The Change in Bulk Conductivity (S/cm) with the pH Level of the HCl 
Solutions 

pH 

conductivity(S/cm) 

0 

14.29 

1 

12.50 

1.5 

0.71 

2 

0.02 

Fig.3.2 depicts how the conductivities of the free standing films of polyaniline 

changes with the pH values of the HCl solutions used as dopants. The conductivity of 

HCl solution itself also changes with its acid level, as is shown in Fig. 3.2. The data of 

the conductivity of different concentrations of HCl solution are shown in Appendix C. 

These were obtained from Handbook of Chemistry and Physics, 55th Edition, 1974-1975, 

D206, CRC Press. Inc. The relationship of conductivity of HCl solution with its acid 

level is quite linear over the pH range shown. For comparison with the conductivity 

change of doped polyaniline film, the line of HCl solution is extrapolated to the pH range 

from 0 to 2. It was found that the acid level dependence of the conductivity of doped 

polyaniline film is totally different from that of HCl solution itself. This excludes the 
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possibility that the increase in conductivity of the doped fihn with HCl solution does not 

arise simply from the retention of HCl solution itself. Actually, the current-potential 

measurement of the sample was performed more than three days after the film had been 

doped with HCl, so, the HCl solution should have been nearly all evaporated. 

1.5 

0.5 

•2 0.5 
5 
(J 
"Si 
o 

1 . 5 -

2.5 
0 

Trend Line 

Linear 
Regression 

_L 
0.5 1 

pH 

° Doped PANI film 
^ HCl solution 

Extrapolation line of HCl solution 

1.5 

Fig. 3.2 The Acidity(pH) Influence on the Conductivity of Free Standing 
Films of Polyaniline 

36 



3.3 Mechanical Properties of Polyanilme Fihns 

In this section, four fihn samples (two doped and two undoped with different 

thickness) were prepared for tensile test experiments. Each fihn sample was cut into two 

test coupons. Uniaxial tensile tests were then performed on each of the eight coupons. 

The settings on the Instron for the initial coupon. Sample 1, were: 

Crosshead speed = 0.05 in/min. 

Chart speed =1.0 in'min. 

Full scale load = 2. ibf. 

In order to obtam a better readout on the recorder chart, the seven coupons v\ ere tested 

with the following Instron settings: 

Crosshead speed =0.1 in/min, 

Chart speed = 2.0 in min. 

Full-scale load = 2. Ibf. 

All the coupons were cut in the same "dogbone" shape, having the same width and length 

in the test section of the coupon: 

u=lOmm = 0.394m, 

Table 3.9 contains the tabulated, measured data for the eight coupons. The s\inbols listed 

in the table and throughout this section have the same meaning as defined in 2.5.3. The 

tensile strength, the Young's modulus, and the elongation at break of each film sample 

was calculated with the equations (2.7), (2.8) and (2.9) respectively. Table 3.10 hsts the 
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calculation results for each coupon. Average results of each of four samples were 

calculated and are also shown m Table 3.10. 

Table 3.9 The Measured Data in Tensile Tests for Eight Coupons 

Coupon 1 

Coupon 2 

Coupon 1 

Coupon 2 

Coupon 1 

Coupon 2 

Coupon 1 

Coupon 2 

t 
(in) 

3.9410"'* 

5.91-10-^ 

3.94-10"^ 

7.8710'^ 

fx\ 

0.44 

0.195 

0.295 

0.46 

0.325 

0.2 

0.675 

0.82 

7^2 

Sample 1 

0.2 

0.056 

Sample 2 

/ 

0.33 

Sample 3 

/ 

0.05 

Sample 4 

0.46 

0.4 

s\ 
(in) 

0.35 

0.2 

/ 

0.55 

/ 

0.2 

0.45 

0.32 

s2 
(in) 

0.7 

0.45 

/ 

0.8 

/ 

0.45 

0.6 

0.86 
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-3 Table 3.10 The Resuhs Calculated from the Tensile Tests: psi=6.89710'^ MPa 

Coupon 1 

Coupon 2 

Average 

Coupon 1 

Coupon 2 

Average 

Coupon 1 

Coupon 2 

Average 

Coupon 1 

Coupon 2 

Average 

^ 6 

(MPa) 

39 

17 

28 

17 

27 

22 

29 

18 

24 

30 

36 

33 

E 
(GPa) 

Sample 1 

1.02 

0.5 

0.76 
Sample 2 

/ 

0.71 

0.71 
Sample 3 

/ 

0.44 

0.44 
Sample 4 

0.91 

1.11 

1.01 

^b 

( % ) 

3.5 

2.25 

2.9 

/ 

4.0 

4.0 

/ 

2.25 

2.25 

3.0 

4.3 

3.65 

Based on the data in Table 3.10, it can be seen that the tensile strength for 

polyanilme films ranged from 17 to 36 MPa. The value for Young's Modulus ranged 

over 0.44 to 1.11 GPa, while the elongation at break extend over 2.25 to 4.%. Also, the 

average elongation at break for the doped films was comparatively lower than those of the 
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undoped films. This might indicate that the fihns became more brittle following the 

doping procedure. Moreover, the elongation at break for thicker films was found to be 

much higher. This might indicate that dust impurities initiated premature failure in the 

very thin films. 
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CHAPTER 4 

DISCUSSION OF RESULTS 

The procedures required to make conducfive polyaniline fihns used in this study 

have been described in Chapter 2. The bulk resisfivities exhibited by the films and the 

acidity (pH) influence on their conductivity were also determined with current-potential 

measurement by a four-probe method. The mechanical properties were reported based on 

stress-strain measurements of the films. To validate these experimental results further, a 

comparison of these data with data reported by other researchers will be presented in this 

chapter. 

4.1 Electrical Properties 

4.1.1 The Magnitude of Conductivity/Resistivity of the Polyaniline Films 

M. Angelopoulos et al. reported^ in 1988 that the magnitude of the conductivity of 

the polyaniline film (with a thickness 0.01-0.04 mm) is of the order of 10'̂ ° S/cm. Since 

the resistivity is just the reciprocal of the conductivity, the corresponding resistivity of 

such films is 10'° Qcm. The resistivity of the undoped polyaniline film used in this 

study (with a thickness of 0.04 mm), was measured using ASTM D257-93 as reported in 

Appendix A. The resistivity was found to be 3.6-10^' Qcm. In the ASTM D257-93 

method, it is required that the resistivity measurement be measured at 500 vohs. 

However, a potential of 300 volts was used in our measurement to avoid problems of 

polymer melting at the 500 voh potential. Thus the data for undoped polyanilme film 
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may not be precise. Also, the use of a two probe method could produce different results 

from the ASTM D257-93 method that was used in this study. 

Accordmg to the report by Wan Meixiang, Zhou Weixia et al.^ (1992), the 

conductivity of a film with a thickness of 0.002 cm doped with a 1 M HCl is about 10-40 

S/cm. In Table 3.8, the conductivity of the film, which had a thickness of 0.002 cm, 

doped with a 1 M HCl solution (pH=0) was listed as 14.29 S/cm. Therefore in this case 

our study was in good agreement with other published results. 

4.1.2 Ohmic Electrical Behavior 

Q 

Also, Wan Meixiang et al. found that for a fully protonated film of PANI, such 

as achieved with a pH=l, the current-voltage curve obeys Ohm's law and shows a typical 

metal like behavior. In Chapter 3 of this work, the current-voltage curves for the film 

doped with IM HCl are shown to be linear which indicates Ohm's law fits the film's 

performance in this situation. Therefore, the film is a Ohmic film which concurs with 

what Wan Meixiang et al. reported. 

4.1.3 Acid Dependence of Bulk Conductivity 

Fig. 4.1^ shows the relationship between the conductivity and the protonation state 

of free-standing film of PANI as reported in a journal paper written by Wan Meixiang, et 

al. Comparing this curve with Fig. 3.2 m the range of pH between 0 and 2, it is found 

that both the trend and the correspondmg magnitude of conductivity are very close. In 

both figures, when the pH value is between 0 and 1, its influence on the conductivity of 
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the film is very small and the log of conductivity is between 1 and 2. As the pH becomes 

less then 1, the conductivity of the doped fihn steeply decreases. Hence, the films, which 

are doped with a HCl solution whose pH value is greater 1, are usually called fully doped 

film, although only 50% of nitrogen atoms are doped. 

W _ 
00 

o 

o 

Fig. 4.1 The Relationship Between the Conductivity and the Protonation State of 
Free-Standing Film of PANI 

4.2 Mechanical Properties 

The mechanical properties for doped polyaniline fihns having a conductivity of 

29 approximately 10 S/cm were reported by Jiping Yang, Chuntian Zhao. The resuhs are 

listed in Table 4.1, 
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Table 4.1 Mechanical Properties of Doped Polyaniline Film 

Polyaniline Film 

Tensile Strength 

(MPa) 

110 

Young's Modulus 

(GPa) 

2.2 

Elongation at Break 

(%) 

8 

In Yang and Zhao's report, the thickness of the films was not reported. Film 

thickness is an important factor in determination of the physical properties. Comparing 

Yang and Zhao's reported resuhs with results for our doped fihns which were given in 

Table 3.10, it was found that the resuhs are sunilar. However, the reported resuhs by 

Jiping Yang et al. are significantly higher than those obtamed in this thesis b\ a multiple 

of 3x to 5x. Overall the results of both studies indicate that the tensile strength and 

Young's modulus for these PANI film samples are quite good, while the elongations at 

failure are low. This would imply that compared to there more traditional polymer fihns, 

the PANI materials are strong but somewhat brittle. However, they could be folded, 

creased, and unfolded without any apparent damage. 
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CHAPTER 5 

THEORETICAL UNDERSTANDING OF CONDUCTIVE 

POLYANILINE 

In this chapter, a more theoretical understanding of the conductive polyaniline is 

presented. Specifically a discussion is offered as to how doping converts it from an 

insulating EB form to a more highly conductive polymer. Also, a review of the possible 

structure changes in the film is offered. The presentation is based on the related papers 

published by other researchers. 

After doping of a EB polyanilme, an emeraldine salt which is a polysemiquinone 

radical cation, and whose structure was shown m the Introduction, is presumed to be 

formed. The proposed structure is in agreement with magnetic studies ''̂ '̂  and earlier 

literature.̂ '̂̂ " '̂̂ ^ These studies reported that in the structure, each unit of the protonated 

polymer consists of two separated polarons.'^ The charges and spins of the polarons are 

located on the alternate clusters of nitrogen atoms. From the altemative resonance, the 

overall structure is expected to have extensive spin and charge delocalization rather than 

the charge being attached to any particular atom. The spreading out of the polaron wave 

function on the neighboring ring results in the formation of a delocalized half-filled broad 

polaron energy band. This is confirmed by extensive physical studies, including 

absorption, ̂ ^ photomduced absorption of emeraldine base and hydrochloride both in the 

solid state and m solution'^ and the band structure calculation. It was proposed'^ that 
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transformation of EB form of polyanilme from an insuhmg to a "metallic" state was due 

to formation of a polaron lattice within the material. 

Another issue is that the intercham interaction is thought to be important for high 

conductivity of polyanilme. J. Joo, A.G. MacDiarmid et al.̂ ^ thought the metallic state in 

emeraldine salt materials is govemed by inhomogeneous disorder.^^ According to them, 

metallic islands were found. The islands are regions of well-ordered polymer chains 

which corresponded to the crystalline regions determmed by X-ray scattering 

experiments. In these regions, charges are allowed to be delocalized in three dunensions 

because of strong interchain interaction. There are also some regions in the polymer 

which are strongly disordered and which surround the metallic islands. Charges can be 

transported in conducting polymers which have a structure of numerous crystalline 

regions within disordered regions. This hypothesis is agreement with the Granular Metal 

Island Model proposed by A.G. MacDiarmid et al. in 1989. This model was used to 

interpret the linear increase of the Pauli susceptibility during protonation of EB 

1119 

polyaniline with increasing protonation level. ' At very low levels of doping, there is 

the formation of small, completely doped three-dimensional metallic islands of polymer 

in a matrix of the non-doped polymer. As doping proceeds further, these islands increase 

in both size and the number of islands which are formed. However, the increase in 

formation of islands is a limited, and even at maximum levels of dopmg, the islands are 

still surrounded by insulating beaches. The charge transport through the insulatmg 

regions occurs by charge energy limited tunnelling. ̂ ^ This model is supported by a large 
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number of physical studies, including microwave frequency conductivity, dielectric 

constant"̂ ^ and X-ray diffraction^ '̂̂ ^ studies. 

There are several other models proposed for the structure of conducting 

polyaniline. These include a one dimension adiabatic model presented by H.Buttner for 

the coupling of electrons to phenyl-ring rotations in polyaniline and a homogeneous three 

dimensions disorder model. 

The models on conductive mechanism and structure changes have attracted the 

interest of many conductive polymer researchers. However, in this research, we have not 

explored these models to any extent. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary of Findings 

The preparation procedures for producmg conductive polyanilme films from the 

monomer (anilme chloride) and the subsequent measurement of the electrical and the 

mechanical properties of these films were presented m this thesis. Several other polymer 

films were also produced and tested for comparison purposes. 

A conductive to semiconductive polyanilme film was prepared. Based on the 

literature,̂ "*'̂ ^ the magnitude of conductivity from the EB (emeraldine base) polyaniline 

film to the ES (emeraldine salt) polyaniline fihn represents an increase from 10'̂ ^ S/cm 

(reported) to 10* S/cm. This increase is achieved by doping with IM HCl. Comparisons 

made with the conductivity data with Fig. 1.1, indicate that the polyaniline film has 

changed from a semiconductor (or an insulator) to a more metallic like conduction. For 

such a fully doped polyaniline film, the conductivity measurement with a four probe 

method shows the potential measured is proportional to the fixed current in the range (3 

|iA to 100 }iA). This indicates the doped material is an ohmic material whose voltage-

current relationship follows Ohm's Law. 

By doping films with different pH levels of HCl, the acid dependence of 

conductivity of the film was experimentally obtained. It was found that whenever the pH 

value is greater than 1, the conductivity of the film did not change much with the acid 

level. However, when the pH value is less than 1, the conductivity of the film highly 
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depends on the acid level of the dopant. This type of beha\ior can be represented by the 

concepts embodied in the Granular Metal Island Model.^° 

During all the measurements of conducti\ ity with the four probe method, it was 

found that if too high a current is used, then the measured potential for the film sample 

will change with the time. This mdicates that the sample is being heated during 

measurements by ohmic resistance. Therefore, the conductivity of the sample is 

temperature dependent under these conditions. 

The mechanical tests showed that the polyaniline samples should be classified as 

brittle since the> exhibited low elongation \ alues at break. The doped films had a slightK 

smaller elongation value than the undoped films. Also the thickness of films may ha\ e 

affected the elongation value at break. Tensile strength properties and Young's modulus 

levels for the polyaniline samples compare reasonably well with most pohmer film 

materials. 

6.2 Recommendations for Future Studies 

The preposed future studies on the project could take either of two possible 

approaches. One approach would be to study the mechanism b\ which the mcrease in 

conductivity is achieved by doping. These doping studies could involve other dopants, 

and not just be confined to HCl. Also, many other experiments on electrical 

phenomenological properties might be done, including magnetic studies, microwa\e 

frequency conductivity, or dc conductivity with temperature changes. X-ray diffraction 
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etc. These types of experiments are needed to help generate new models to describe the 

behavior of conductmg PANI films. 

The second approach might be to explore possible applications for this kind of 

conductive polyanilme. It was reported^^ that polyanilme has potential applications in 

electromagnetic mterference shielding and the joinmg of the plastics because it has a 

capacity to absorbed and reflect electromagnetic radiation. Also, because of its good 

electrochemical response, it can be synthesized with other polymer materials as a 

composite for use in electrodes for rechargeable batteries^^ or used for corrosion 

protection, etc. Its use in gas separation membranes has been suggested because of its 

97 

good permselectivity after doping by polymer dopants. Future developments of these 

potential technical applications are interesting, and should definitely promote conductive 

polymers as a commercial product. 
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APPENDIX A 

RESISTIVITY MEASUREMENTS FOR ELECTRICALLY 

INSULATING FILMS 

Bulk Resistivity Measurement Procedures (A.l) 

Calculation Equations of Bulk Resistivity (A.2) 

Bulk Resistivity Measurement Data of Some Insulators (A.3) 

53 



A.l Bulk Resistivity Measuring Procedure 

The specimen was first properly mounted between two electrodes (electrode 1 and 3 

which are shown in Fig. A.2). The high voltage power supply was set at 500 vohs d.c. 

Then the electrometer was adjusted to zero or null and placed in the locked position. The 

lock switch of the electrometer was loosened and the current was recorded after an 

elapsed time of at least 60 seconds, which is the time of electrification. The procedure is 

designed to ensure both sensitivity and accuracy. 

A.2 Calculation Equations of the Bulk Resistance and Bulk Resistivity 

Bulk resistance is defined as the ratio of the dc voltage applied to two electrodes to 

the current in the volume of the specimen between the electrodes (electrodes 1 and 3 

shown in Fig. A.2). Bulk resistivity is defined as the volume resistance multiplied by that 

ratio of specimen volume dimensions (cross-sectional area of the electrodes divided by 

the distance between electrodes). Thus the bulk resistivity transforms the measured 

resistance to the equivalent resistance which would be obtained if the electrodes had 

formed the opposite sides of a unit cube. 

The followmg calculation equations were obtamed from the ASTM Standard D257-

93. 

Volume Resistance : 

K=j (A.l) 
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High Voltage 
Power Supply 

Electrometer 
Picoaimtieter 

Fig. A.l Electrical Circuit for the Bulk Resistivity Measurement 

-Do-

Elecirode 1 

^////////// 

V ^5 i 
Electrode 2 

^\}y}}}\))}})}}/}}/}}/}//r7 
-Sample 

Electrode 3 

Dl=5.08 cm , D2=5.72 cm, D3=7.62 cm 

Do=(Dl+D2)/2=5.4 cm, g=(D2-Dl)/2=0.32 cm 

Fig. A.2 The Geometrical Dimensions of the Electrodes 
for Measuring the Resistivity of Electrically hisulatmg Films 
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Bulk Resistivity: 

P.=-K (A.2) 
t ' 

where, 

.2 Dl = 5.08cm 

^= \ ^ (A.3) 

g = 0.32cm 

A: cross-sectional area of the electrodes, 

t : thickness of the specimen, 

V: direct voltage applied, 

/: current measured, 

t, Dl and g are shown in Fig. A.2. 

A.3 Bulk Resistivity Measurement Data of Some Insulators 

The same dopmg procedures which are used in processing PANI films was applied 

to measurements on other polymer samples (such as nylon 66 and cellulose nitrate). The 

cellulose nitrate film was prepared from cellulose nitrate powder. The powdered polymer 

was dissolved in NMP (l-methyl-2-pyrrolidinone) solvent and the solution was cast as a 

film on a glass substrate. After the film was peeled from the glass plate and air dried, the 

film was then immersed in a IM HCl solution; the same procedure which was described 

in section 2.4. The nylon 66 was obtamed by purchasing films and then immersmg them 

in a IM HCl solution. 
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The effect of this doping procedure on the electrical properties of these polymers 

is shown in Table A.l. The table lists the measured currents (ampere) when the power 

suppl> was fixed at 500 volts d.c. (t m the table is the thickness of the samples). 

Table A.l The Measured Current (ampere) at 500 Vohs for Nylon 66 and Cellulose 
Nitrate Samples 

Sample 

(without processing with a HCl solution) 

Sample 

(processing with a IM HCl solution) 

nylon 66 

(t=0.27mm) 

6.510-" 

4.3-10-̂ ^ 

cellulose nitrate 

(t= 0.04mm) 

4.610"^ 

7.810-^ 

The bulk resistivity was calculated according to the equations (A.l), (A.2) and (A.3). 

For example, the bulk resistivity of nylon 66 in Table A.l sample without being 

immersed in a HCl solution was calculated as follows. 

The cross-sectional area of the electrodes: 

A = 
;r(Z)l + g)^ ;z-(5.08 + 0.32)-

= 22.90cm^ (A.3a) 

The bulk resistance of the sample: 

V 500 p 
R. =- = n- = 7.7 10"Q 

' I 6i*10- ' ' 

(A. la) 
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The bulk resistivity of the sample: 

A 22 90 
p.=jK=-^^'l.llO''=6.\\0''Qcm (A.2a) 

Table A.2 lists the bulk resistivity (Q • cw ) of the samples of nylon 66 and cellulose 

nitrate. The results of bulk resistivity of the samples corresponds to the data m Table A.l 

and were calculated by followmg the above method. 

Table A.2 The Bulk Resistivity (Q • cm) of Nylon 66 and Cellulose Nitrate Samples 

Sample 

(without immersing in a HCl solution) 

Sample 

(with immersmg m IM HCl solution) 

nylon 66 

(t=0.27mm) 

6.510^^ 

9.910^^ 

cellulose nitrate 

(t= 0.04mm) 

6.210 '̂̂  

3.7-10 '̂̂  

The reasons for showmg the bulk resistivity of these msulating polymers are as 

follows. First, the effects of the dopmg procedure mcorporated durmg the processing of 

the polyanilme films is more clearly illustrated. However, there is no marked decrease m 

the resitivity of these insulatmg film samples by usmg this procedure. Secondly, the 

resistivity of the undoped polyanilme fihns can not be measured by usmg the four probe 

method nor by using the above method which was used to measure the nylon 66 and 

cellulose nitrate sample. This is because the undoped polyanilme films have a much 
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larger bulk resistivity than the range of the available four probe device; which is 

restricted to 2000 Q.cm. Moreover if the films are measured by usmg the device m Fig. 

A.2 at 500 vohs, which is required for sensitivity and accuracy, the resultmg current will 

be too high and the heat generated m the film is sufficient to meh it and/or make pin 

holes. The maximum voltage that can be used to measure the resistivity of the undoped 

polyaniline films was found to be 300 vohs. When we measured the resitivity of 

conventional insulatmg polymers, such as nylon 66 etc. at 300 vohs, and compared these 

with the resuhs obtamed at 500 vohs, we found that the difference between them can be 

neglected relative to the high magnitude of bulk resistivity. Table A.3 lists the measured 

currents and calculated bulk resistivity of the samples (nylon 66, cellulose nitrate and 

PANI film) when the vohage supply was fixed at 300 voltages. None of the samples 

given m Table A.3 were processed by immersing m HCl solutions. The calculation 

methods for these bulk resistivities were based on equations A.l, A.2, and A.3. 

Table A.3 The Currents and the Bulk Resistivity of the Samples at 300 Volts 

Measured Current 

(ampere) 

Calculated Bulk Resistivity 

{Q.cm) 

PANI film 

(t=0.04 mm) 

4.810-^ 

3.610'^ 

nylon 66 

(t=0.27mm) 

2.610-'^ 

9.810^^ 

cellulose nitrate 

(t= 0.04mm) 

2.2-10-^ 

7.8-10^^ 
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By comparing the corresponding bulk resistivity values of Nylon 66 and Cellulose 

Nitrate in Table A.2 and Table A.3, we can see that the calculated resistivity of each 

sample has the same order of magnitude when measured at 300 volts and 500 volts. 

Based on this knowledge, and because there was no available measurement device for 

undoped polyaniline films, we measure the polyaniline film at 300 volts. The resistivity 

of the undoped polyaniline film is found to be about lO' ̂  Q • cw. 
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APPENDIX B 

THE MEASUREMENT OF ELECTRICAL PROPERTIES-

POLYANILINE COMPOSITES 

Preparation of the Composite Films (B.l) 

Measurement of Electrical Properties of the Composite Films (B.2) 
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In this section, a miscellaneous measurement of electrical properties of two kinds 

of polyaniline film composites is presented. The starting materials of both the two 

composites were polyanilme powder and zmc oxide (ZnO) powder. The polyaniline 

powder was prepared by followmg the procedures described m sections 2.1 and 2.2. The 

zinc oxide powder was obtained by purchase. The two composites were prepared with 

the same starting materials but by different processes. The difference m processmg was 

found to effect the bulk resistivity. The bulk resistivity properties of the two composites 

are shown in section B.2. 

B.l Preparation of The Composite Films 

To study the polyaniline material more extensively, we have made two kinds of 

composites by using polyaniline and zinc oxide powders. 

One approach was to make the ZnO/PANI composites, then dope the composite 

film with a 1 M HCl. To do this, a clear, dark blue PANI solution (the solvent is NMP) 

was first obtained with the procedures described in section 2.3. Then a 13.5 ml of the 

above solution was combined with 0.3 g of ZnO. This mixture was mixed for 3 hours 

with a stirrer. The solution containing the dispersed ZnO powder was then cast on the 

glass substrate using the same method as described in section 2.3. The doping procedure 

was also the same as described in section 2.4. The final cast film composite obtained by 

this process is called Composite 1 in this appendix for convenience. 

The second process is initiated by producing a PANI film as described in section 

2.3. In this case, a 13.5 ml of the solution was used to cast the PANI film. After the film 
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was dried, it was weighed and found to be 0.09 gram. The doping solution was prepared 

by adding 0.4 grams of ZnO powder m 80 ml of 1 M HCl solution. It was found that the 

ZnO powder was completely dissolved m the HCl solution. It was assumed that a 

chemical reaction occurred and that ZnCb was generated which is soluble m the aqueous 

solution. Therefore, the PANI film was immersed m this dopant solution for 8 hours. 

Then the film was taken out and air dried by the same procedure described in section 2.4. 

The composhe film produced by this process was designated Composite 2 m the 

following discussion. 

B.2 Measurement of Electrical Properties of the Composite Films 

The average thickness of the prepared Composites 1 and 2 was found to be 0.05 

mm each. The potential-current measured with the four-probe approach was also used to 

study the electrical properties of these films. The same procedures as previously 

described for measurement and calculation of bulk resistivity were applied to these two 

film composites. 

Tables B.l and B.2 list the measured potentials for each fixed current at two 

randomly chosen locations on Composhe 1. Table B.3 lists the calculated bulk resistivity 

of the two randomly chosen positions on Composite 1. 

Table B.3 indicates that the calculated average bulk resistivity of this film doped 

with a IM HCl was of 0.37 Qcm. This value was obtamed by averagmg all the eight 

bulk resistivity values in Table B.3. Fig. B.l illustrates the graphical linear relationship 

of the current-potential curves of Composite 1 based on the data shown in Tables B.l 
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and B.2. The potential voltage for each point in Fig. B.l is the average of the potential 

values of the corresponding fixed currents for the forward and reverse directions. 

Table B.l The Potentials at the Fhst Position on Composite 1 for the Fixed Currents 

Current (fiA) 

Forward Current 

Reverse Current 

3 

38 

58 

10 

Potential 

160 

173 

30 

(^V) 

484 

515 

100 

1700 

1712 

Table B.2 The Potentials at the Second Position on Composite 1 for Fixed Currents 

Current (̂ lA) 

Forward Current 

Reverse Current 

3 

39 

56 

10 

Potential 

144 

167 

30 

(|iV) 

471 

481 

100 

1581 

1584 

Table B.3 The Bulk Resistivity Calculated at Two Randomly Chosen Poshions on 
Composite 1 for Different Fixed Currents 

Current(^A) 

Position 1 

Position 2 

3 

Bulk 

0.36 

0.36 

10 

Resistivity 

0.38 

0.35 

30 

(Qcm) 

0.38 

0.36 

100 

0.39 

0.36 
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0.0001 

8.75*10 ̂  

1.25*10 ̂  

0 0.0002 0.0005 

"•" position 1 
° position 2 

0.0007 0.0009 0.0011 

Potential(V) 

0.0014 0.0016 0.0018 

Fig. B.1 Characteristic Current-Potential Curves of Composite 1 at Two Randomly 
Chosen Positions 
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Tables B.4, B.5 and B.6 list the measured potentials for each of the fixed currents 

at three randomly chosen locations on Composhe 2. Table B.7 lists the calculated bulk 

resistivity of the three randomly chosen poshions on Composhe 2. The reason why three 

positions on the composhe were chosen and their current-potential was measured can be 

seen from Tables B.4-B.7. As we can see, the electrical properties of Composite 2 was 

not as uniform as the other films. To get a relatively precise average resistivity for this 

film, three locations on the composite was used. By averaging all the twelve resistivity 

values in Table B.7, the calculated average bulk resistivity of this film doped with a IM 

HCl/ ZnO solution was 0.17 Qcm. Fig. B.2 illustrates the graphical Imear relationship of 

the current-potential curves of Composite 2, based on the data shown m Tables B.4, B.5 

and B.6. The potential voltage for each point in Fig. B.2 is the average of the potential 

values of the correspondmg fixed currents for the forward and reverse directions. 

Table B.4 The Potentials at the First Position on Composite 2 for the Fixed Currents 

Current (|LIA) 

Forward Current 

Reverse Current 

3 

20 

35 

10 

Potential 

83 

99 

30 

(^iV) 

263 

287 

100 

887 

936 
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Table B.5 The Potentials at the Second Posifion on Composhe 2 for Fixed Currents 

Current (|dA) 

Forward Current 

Reverse Current 

3 

14 

30 

10 

Potential 

66 

82 

30 

(l̂ V) 

212 

231 

100 

721 

742 

Table B.6 The Potentials at the Third Poshion on Composite 2 for Fixed Currents 

Current (|LIA) 10 30 100 

Forward Current 

Reverse Current 

10 

25 

Potential (|iV) 

52 171 

67 185 

574 

592 

Table B.7 The Bulk Resistivity Calculated at Three Randomly Chosen Poshions on 
Composite 2 for Different Fixed Currents 

Current(|LiA) 

Position 1 

Position 2 

Position 3 

3 

Bulk 

0.21 

0.17 

0.13 

10 

Resistivity 

0.21 

0.17 

0.13 

(Q-

30 

cm) 

0.21 

0.17 

0.13 

100 

0.21 

0.17 

0.13 
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Fig.B.2 Characteristic Current-Potential Curves of Composite 2 at Three 
Randomly Chosen Positions 

68 



APPENDDC C 

THE ELECTRICAL BULK CONDUCTT/ITY OF HCl SOLUTIONS 
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Table C.l The Electrical Bulk Conductivity of HCl Solutions at 20 C Or- 28 

Mol. Cone, (g-mole/1) 

0.137 

0.275 

0.414 

0.553 

0.693 

pH Level 

0.86 

0.56 

0.38 

0.26 

0.16 

Bulk Conductivity (S cm) 

4.51-10'^ 

9.2910'^ 

0.14 

0.183 

0.220 
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