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APPENDICES

Appendix A The FTIR Spectrum of Polyaniline

Infrared spetra were recorded using a FT-IR spectrometer (Bruker, FRA 
106/S) in the wave number range of 400-4000 cm"1 using the absorbance mode with 
32 scans with the wavenumber resolution of + 4 cm'1. The KBr technique was used 
to prepare the powder samples. Specimens of the synthesized un-doped and CSA- 
doped polyaniline in powder form at each Na/Neb ratio were prepared by grinding 
the specimens with KBr powder. The mixture was recorded by using KBr as a 
background. The FT-IR spectra were used to identify the characteristic functional 
groups of the sample in order to compare with those in literature.

The FT-IR spectra of undoped and PANI-CSA were analyzed and the peak 
location as well as their interpretations were identified and the summarized data are 
shown on Table Al. In Figure Al, five characteristic peaks of emeraldine base and 
doped polyaniline were observed at 826, 1163, 1307, 1495, and 1584 cm"1. These 
peaks are attributed to the out-of-plane bending vibration of C-H on para- 
disubstituted rings, characteristic vibrational mode of N= quinoid segment =N, 
stretching vibration of C-N, stretching vibration of N-benzoid segment -N , and 
stretching vibration of N= quinoid segment =N , respectively ( Zeng and Ko, 1998). 
The PANI-CSA FT-IR spectra shows two additional absorbance peaks at 1730 and 
1037 cm'1 due to stretching of the c= 0  group and the sulfonic acid salt group, 
respectively.
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Figure Al FT-IR spectra of undoped and PANI-CSA.

Upon doping, the relative intensity of the peaks at 1480 and 1590 cm'1 
(1490 and 1584 in this present case), Ii48o/ii59o> reflects the content of the para- 
disubstitued benzene ring and quinine diimine structure (Furakawa et al, 1988).
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Table Al Assignment peaks for FT-IR absorption bands of doped and CSA-doped 
polyanilines

Wavenumber (cm1) Assignments ReferencesPANI PANI-CSA
3290 ± 3 Stretching of hydrogen 

bond N-H
Zheng et al. (1997)

1730 ±2 Stretching of c= 0  group of 
acid

The Aldrich library 
of FT-IR spectra

1584 1575 ± 1 Stretching of N=Q=N Wan and Li (1996)
1495 1491 ±1 Stretching of N-B-N Zeng and Ko 

(1998)
1378 1373 Stretching of C-N (QB*Q) Lee et al. (2000)
1307 1297 Stretching of C-N(QBcQ, 

QBB, BBQ)
Lee et al. (2000)

1163 + 1 1132 + 1 Characteristic vibrational 
mode of
N=Q=N

Zeng and Ko 
(1998)

1037 ± 1 Sulfonic acid salt group The Aldrich library 
of FT-IR spectra

826 798 Out-of-plane blending of 
C-H of paradisubstituted 

ring

Jang et al. (2001)

From Table x .l ,  Q = quinoid unit; B = benzenoid unit; B1 -  trans benzenoid unit, 
Bc = cis benzenoid unit.
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UV-visible spectra were recorded wit a UV-Visible (UV-Vis, Shimadzu, 
UV2550). Measurements were taken in the absorbance mode in the wavelength 
range of 300-900 nm. Samples of emeraldine base and CSA-doped PANI 
solution were prepared by in different solvent, NMP for emeraldine base and 
chloroform for doped PANI, at the concentration of 0.05 g/L and each sample was 
put in a quartz cell and the UV-visible spectra were recorded by using NMP and 
chloroform as a background. UV-visible spectra were analyzed to investigate the 
electronic structure of polyaniline between undoped and CSA-doped polyaniline 
solution. The absorption peaks of the excitation of benzenoid segments, quinoid 
segments, polaron state, and bipolaron state were identified.

Figure B1 shows the absorption spectra of undoped and CSA-doped PANI. 
The spectrum of emeraldine base presents two absorption peaks. One with maxima at 
326 nm attributed to two different transitions, which are the 71-71* transition and a 
transition from low-lying orbitals to the Tib orbital. The other with maxima at 635 nm 
attributed to the excitation from HOMO (highest occupied molecular orbital, Tib) of 
free benzenoid part to LUMO (lowest occupied molecular orbital, Ttq) of the localized 
quinoid ring and two surrounding imine nitrogen atoms (Huang and Mac Diarmid,
1993).

In ordei to get the UV-vis spectrum of CSA-doped polyaniline, the solvent 
had to change from NMP to chloroform since NMP causes the dedoping effect which 
can be explained as follows : NMP is a polar, basic solvent and has strong interaction 
with acid, so two competitive reactions exist in NMP solution of organic acid doped 
PANI. Which are

Appendix B The UV-Visible Spectra of Polyaniline

PANI + H+ ------------- > PANI-H+ (doped PANI)
NMP + H+ -------------- > NMP - H+ (hydrogen bonding)

These result in coexistance and equilibrium of doped and undoped PANI, with 
dilution of the solution, the equilibrium shifts to the right and PANI is dedoped
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(Geng et al, 1997). Protonation of PANI resulted in an increase in the amount of 
charges on the polymer backbone and lattice distortion which increased the mobility 
of the charges. As shown in Figure Bl, the doping process involves the conversion of 
the altering benzenoid amine nitrogen units (reduced units) and quinoid imine 
nitrogen units (oxidized units) to a semiquinone nitrogen cation type polaron lattice. 
Due to the energetic instability of polaronic structure, it changes to bipolaronic 
structure at a significant protonation (Huang and Mac diarmid, 1993).

From the CSA-doped PANI spectrum, three distinct transitions which are 
the characteristic of localized polarons in coil-like conformation of PANI are shown 
at 349, 435 and 764 nm (Xia et al, 1994; Lee et al, 2000). The absorption at 349 nm 
attributed to te excitation of benzenoid segment (Wan, 1992), where a shoulder-like 
peak at around 435 and the intense peak at 764 nm correspond to the polaronic 
structure (Han and Im, 2000).

0o
i5๐
<

300 400 500 600 700 800 900
Wavelength (ททา)

Figure Bl UV-visible spectra of undoped and CSA-doped polyaniline.
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Table B1 Assignment peaks of u v -Visible peaks of un-doped and doped 
polyanilines

The uv-Visible spectra of undoped and doped polyanilines from the
references are shown in table F .l. The values in square bracket refer to the results of
the assignments cited from references.

Wavelenght (nm) Assignments References
326+1
[325] Excitation of benzenoid segment Wan (1992

420+15 
[410] Localized polaronic structure Xia et al. (1994)

630+5 Excitation benzenoid ring from HOMO Huang and
[630] to localized quinoid ring in LUMO MacDiarmid (1993)

800+40
[850] Localized polaronic structure Lee et al. (2000)
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An X-ray diffractometer (Rigaku model) was used to investigate orderly 
arrangements of atoms or molecules and to determine the crystal structures of 
polymer. X-ray patterns were recorded on Phillips PW 1830/00 No. DY 1241 
Diffractometer. Each XRD sample was the undoped and CSA-doped polyaniline 
powder contained in a glass specimen holder and the diffraction pattern was 
examined between 20 = 5-60 degrees.

The XRD patterns of undoped and CSA-doped polyaniline are shown in 
figure Cl.

Appendix c The XRD Pattern of Polyaniline

Figure C l XRD patterns of undoped and CSA-doped polyaniline.

For CSA-doped PANI in different doping ratio, both recorded diffraction 
patterns are typical of semicrystalline polymers. Two components of the diffracted 
intensity can be distinguished: the crystalline one related to the relative sharp, Bragg-
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type reflection peaks, and the amorphous one, visible as the board and low-intensity 
halo (Luzny and Banka, 2000).

The degree of crystallinity was estimated by the ratio of the integrated 
crystalline component intensity as shown in Appendix X. The crystalline component 
of the diffractograms consists of four more or less intense reflections at 20 is related 
to the following interplanar distances: -  18, 6.1, 4.3, 3.5 A0 . From the models of 
PANI-CSA crystalline structure proposed by Luzny and co-workers in 1997, the 
origin of the 1st diffraction maximum (d = 18 °A) is closely relate to the ordering of 
dopant molecules in “tunnels” between polymer chains whereas the 4th originates 
from the repetition distance between two adjacent species: a macromolecule and the 
dopant. So that, one parameter which describes the diffraction patterns quite well is 
the ratio intensities of the l sl peak to the 4th one: it is close to one for the most 
ordered samples, and close to zero for the least order one (Banka and Luzny, 1999).

Compare to the diffraction pattern of undoped PANI, it shows only a broad 
peak at 20 = 19.5° indicating a typical amorphous polymer. It is implied that, in the 
present of dopants, the carbonyl oxygen of CSA molecules are placed in the 
neighborhood of the remaining amines favoring hydrogen bonding, which may 
related to a bipolaroic conductivity (Luzny, 1997; Li and Wan, 1998).
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Thermal stability, moisture content, and degradation process of the 
undoped, and CSA-doped polyaniline were studied by a thermogravimetric analyzer 
(RIS Diamond TG-DTA, High Temp 11). The samples in powder form were weight 
at 5-10 mg and then put in a titanium pan. The instrument was set to operate at 
temperature ranges from 30 to 750 °c at a heating rate of 10°c/min.

The TGA thermogram of PANI powder measured under N2 atmosphere are 
shown in Figure Dl. Emeraldine base shows two steps of weight losses. For the first- 
step weight loss, it shows 3.15 % weight loss at temperature between 49.6 and 100 
°c, which is attributed to the loss of water or other solvents. After the initial weight 
loss, emeraldine base shows a slow weight loss, which may be assigned to the loss of 
low molecular-weight oligomer, and dose not show significant weight loss until 490 
°c, where PANI chains begin to decompose (Li and Wan, 1999). Three steps of 
weight losses were observed for PANI-CSA: 30-100 °c assigned for water 
vaporization, 270-350 °c corresponding to deprotonation and vaporization of the 
CSA molecules, followed with the PANI chain degradation which was occurred at 
400-600 °c (Yang et al, 1996; Silva et al, 2000).

Appendix D The Thermal Analysis

Fiqure Dl TGA thermogram of undoped and dope PANI.
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The result of first step % weight loss was used to determine the amount of 
water content in which the electrical conductivity usually depends on. The presence 
of traces of water, which possibly solvate the anion, results in reduced pinning of the 
positive charge on the polymer in the vicinity of the anion, thus, the conductivity of 
the emeraldine salt is increased (Chiang and MacDiarmid, 1986). Throughout tis 
thesis, the amount of % moisture content in PANI-CSA was controlled and found to 
be less than 5 %. The second step % weight loss, which was due to the loss of 
dopant, increased with increasing doping ratio as a greater protonation of acid to 
polyaniline chain. This result can be used to confirm the data and result of the 
elemental analysis.

Table x .l  Raw data of percentage weight loss of undoped, 0.2-CSA doped, and 20- 
CSA doped polyanilines

Doping
Ratio

% weight loss % residue at 
750 °cTemperature range (°C)

30-110 220-360 400-600
EB#1 3.36 N/A 35.07 49.16
EB#2
0.20 4.33 14.84 24.67 40.74
0.20
20 4.88 38.49 20.01 28.94
20
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Scanning electron microscopy (SEM, JEOL, JSM-5200-2AE) was used at 
an acceleration voltage of 10 kv and a magnification of 350 to investigate the 
morphology of PANI particles. Prior to observation, samples were gold sputtered. 
Figures El (a) and El(b) show the micrographs of un-doped and CSA-doped PANI 
particle, respectively, while the micrograph of PANI/PDMS composite containing 5 
vol% PANI particles dispersed in a PDMS matrix is shown in Figure E2.

Appendix E Morphological Observation

(a) (b)

Figure El Scanning electron microscopy of: (a) polyaniline (emeraldine base) 
particles; (๖) CSA doped PANI particles.

Figure E2 Scanning electron microscopy of PANI/PDMS composite containing 5 
vol% PANI particles dispersed in a PDMS matrix (C/M = 0.053).
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Appendix F Particle Size Analyzer

The particle size of polyaniline was determined by a particle size analyzer 
(Malvern Instrument, Masterizer X). The result of this technique is volume based and 
expressed in terms of equivalent spheres (Instrument Manual, 1993). A mean 
diameter is defined by:

D[M,N] = Jd mท(ว)dว  
Jd nท(ว)dD

1
M - N

(FI)

(F2)

where Vi is the relative volume in size class i with mean class diameter dj. In this 
work, the mean diameter over the volume distribution, D[4,3], is reported as shown 
in Table FI.
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The density of polyaniline was determined at 20°c under ambient pressure 
by following equation:

Appendix G Density Determination by Pycnometer

d w [ W 3 -  พ , ]

[พ 2- พ ,] - [ พ 4 - พ 3]
(G1)

where dz is the density of 13X, dw is the density of water, 0.99860 at 20 ๐c  and 1 atm 
(John, 1999), พ] is the weight of pycnometer flask, พ 2 is the weight of water and 
pycnometer flask, พ 3 is the weight of 13X and pycnometer flask, พ 4 is the weight of 
13X, water and pycnometer flask. Table HI shows the density of zeolite from the 
experiment.

The density of polyaniline was determined at 25 °c under ambient pressure 
by following equation:

dppy [พ2 - พ ,]
25.499- พ 3- พ 2 (G2)

where dpAN is the density of polyaniline, dh is the density of ท- heptane, 0.6816 
g/cm3 at 25 °c and 1 atm (John, 1999), พ 1 is the weight of pycnometer flask, พ 2 is 
the weight of polypyrrole and pycnometer flask, พ 3 is the weight of polypyrrole, ท- 
heptane and pycnometer flask. Table H2 shows the density of polyaniline from the 
experiment.
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Two test structures are generally employed for characterizing sheet 
conductivity; spreading resistance analysis (two-point probe system), which is 
designed to confine the measurement current within a region, and four-point probe 
analysis, which is better suited for use on large area sample. The four point probe is 
preferable over a two point probe because it provides sheet conductivity or resistivity 
with relatively high accuracy, precisely, and repeatability.

Probe head assemblies are available in two different arrangements of the 
probe pins; linear array and square array. Four probe tips are arranged in a linear 
array as shown in Figure H I. Probe force, probe travel, tip radius and probe material 
must be selected with consideration for the resistivity, hardness, and thickness of the 
layer to be measured. It is customary to have the outer two probes carry current and 
the inner probes measure the resultant voltage.

Appendix H Four-point Probe System for Conductivity Measurement

Figure HI Schematic of the linear array four-point probe meter.

In this diagram, four probes have been attached to the test sample. A 
constant current is made to flow the length of the sample through probes labeled 1 
and 4 in the figure. This can be done using a current source or a power supply as
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shown. Many power supplies have a current output readout built into them. If not, 
an ammeter in series with this circuit can be used to obtain the value of the current.

If the sample has any resistance to the flow of electrical current, then there 
will be a drop of potential (or voltage) as the current flows along the sample, for 
example between the two probes labeled 2 and 3 in the figure. The voltage drop 
between probes 2 and 3 can be measured by a digital voltmeter. The resistance of the 
sample between probes 2 and 3 is the ratio of the voltage registering on the digital 
voltmeter to the value of the output current of the power supply. The high 
impedance of the digital voltmeter minimizes the current flow through the portion of 
the circuit comprising the voltmeter. Thus, since there is no potential drop across the 
contact resistance associated with probes 2 and 3, only the resistance associated with 
the sample between probes 2 and 3 is measured.

Figure H2 The linear array four-point probe meter.
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Appendix I Determination of the Geometric Correction Factor (K)

The geometric correction factor, used to correct the geometric effect in 
linear-array four point probe, can be determined by using a known specific resistivity 
silicon wafer and the following equation (Ruangchuay, 2003):

K = Ip
Vt (II)

where K is geometric correction factor, p is resistivity of stand materials which were 
calibrated by using a four point probe(Kokusai Electric, VR-10-Resistivity Test) at 
King Mongkut’s Institute Technology of Lad Krabang (Q.cm), t is a film thickness 
(cm),I is a current (A), Vi s a  voltage drop (V).

Table II The geometric correction factors of probe A and probe B were measured 
by 0.03 Q.cm Si wafer, 0.0724 cm sample thickness, at 28 °c and 50 % RH

I(mA) V (mV) K
Probe A 120 3.6 13.81

133 4.4 12.53
184 6.6 11.56
227 8.5 11.07
283 11.0 10.66
385 16.7 9.55
394 17.2 9.49

Average 11.23
SD 1.56

Probe B 38.1 1.4 11.28
88 3.4 10.72
169 6.9 10.15
142 5.6 10.51

Average 10.66
SD 0.47
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Ohmic regime or linear regime is the regime in which applied voltage is 
linearly dependent on current according to ohmic’s law in Equation Jl.

Appendix J Determination of Ohmic’s Law Regime

Va = IR (Jl)

Where v a = applied voltage (mV)
I = current (mA)
R = resistance (Q)

Since the specific conductivity given by X X X ,  the acceptable current which is 
used in the experiments should be in the ohmic’s regime. Figure Jl and J2 illustrate 
the plot of applied voltage, v a, and current, I, using silicon wafer and polythiophene 
pellet as a standard materials, respectively. The ohmic’s regime experiment has been 
done at 25 ± 1 °c, 1 atm, and 46% relative humidity.
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To determine the electrical conductivity, un-doped and CSA-doped 
püiyaniline disks (25 mm diameter and ~0.2 mm thickness) were prepared by 
molding with a hydraulic press. Electrical conductivity was measured using a 
custom-built four-point probe. The specific conductivity, cr (S/cm), was obtained, by 
measuring the resistance, R  and using the following relation:

Appendix K Specific Conductivity Measurement

1 _ 1 I
~ p R x t _ K x V x t (Kl)

where t  is the film thickness and K  is the geometric correction factor. The K value of 
the probe is 0.454. The thickness of polyaniline pellets were measured by a digital 
thickness gauge (Peacock, PDN 12N). The measurements were performed in the 
linear Ohmic regime i.e. the specific conductivity values were independent of the 
applied DC current. The measurements were carried out at 27+ 1 °c, 1 atm, and 46% 
relative humidity and repeated at least two times.
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Appendix L The Electrorheological Properties under the Oscillatory Shear 
Measurement

Table L l.l The data of the viscoelastic properties without applied electric field in 
oscillatory shear flow of 4.8% vol un-doped polyaniline/silicone oil suspension (ๆ  = 
500 cSt) at 25 ±0.1 °c

E = 0 v/mm E = 70 V/mm
Strain (%) G’ (Pa) G" (Pa) Strain (%) G' (Pa) G" (Pa)

3.15 1.09E-01 1.15E+00 0.78 1.04E+01 5.59E+00
5.00 1.01E-01 1.04E+00 1.24 7.93E+00 5.94E+00
7.92 3.34E-02 1.02E+00 1.97 5.22E+00 5.18E+00
12.56 4.47E-02 1.01E+00 3.12 3.02E+00 4.36E+00
19.90 3.08E-02 9.97E-01 4.96 1.74E+00 3.50E+00
31.56 3.19E-02 9.71E-01 7.82 1.04E+00 2.78E+00
50.03 2.26E-02 9.41E-01 12.53 6.42E-01 2.24E+00
79.28 1.91E-02 9.07E-01 19.85 3.63E-01 1.81E+00
125.66 1.57E-02 8.82E-01 31.41 2.33E-01 1.52E+00
198.91 1.46E-02 8.59E-01 49.82 1.43E-01 1.29E+00
315.21 1.39E-02 8.36E-01 78.98 8.76E-02 1.11E+00
500.67 1.54E-02 8.27E-01 125.28 5.12E-02 9.91E-01
793.27 1.48E-02 8.26E-01 198.49 2.88E-02 8.81E-01

314.15 1.61E-02 8.04E-01
497.98 1.13E-02 7.51E-01
789.51 8.53E-03 7.15E-01
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Table L1.2 The data of the viscoelastic properties without applied electric field in
oscillatory shear flow of 4.8% vol un-doped polyaniline/silicone oil suspension (ๆ  =
500 cSt) at 25 + 0.1 °c

E = 200 Will 111 E = 1000 v/mm
Strain (%) G’ (Pa) G" (Pa) Strain (%) G’ (Pa) G" (Pa)

0.05 1.07E+02 3.73E+01 0.05 2.52E+03 6.90E+01
0.07 1.23E+02 4.03E+01 0.08 2.54E+03 -7.52E+01
0.12 1.34E+02 3.73E+01 0.12 2.49E+03 9.49E+01
0.19 1.29E+02 2.95E+01 0.19 2.39E+03 1.51E+02
0.31 1.05E+02 3.79E+01 0.30 2.20E+03 2.30E+02
0.49 7.80E+01 3.64E+01 0.49 1.66E+03 3.59E+02
0.78 5.95E+01 3.25E+01 0.78 1.03E+03 4.55E+02
1.24 4.04E+01 2.78E+01 1.24 6.74E+02 3.58E+02
1.97 2.53E+01 2.14E+01 1.97 4.17E+02 2.89E+02
3.13 1.47E+01 1.68E+01 3.17 2.47E+02 2.12E+02
4.98 8.69E+00 1.20E+01 4.99 1.47E+02 1.53E+02

7.90 8.95E+01 1.06E+02
12.54 5.50E+01 7.31E+01
19.87 3.71E+01 5.00E+01
31.46 2.63E+01 3.53E+01
49.88 1.88E+01 2.64E+01
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Table L1.3 The data of the viscoelastic properties without applied electric field in
oscillatory shear flow of 4.8% vol un-doped polyaniline/silicone oil suspension (ๆ  =
500 cSt) at 25 ± 0.1 °c

E = 2000 v/mm
Strain (%) G' (Pa) G" (Pa)

70.77 9.51E+01 1.34E+00
99.71 1.34E+02 1.35E+00
146.72 1.93E+02 1.32E+00
231.84 2.77E+02 1.19E+00
370.22 3.91E+02 1.06E+00
624.35 5.27E+02 8.44E-01
1000.51 6.79E+02 6.79E-01
1583.55 7.62E+02 4.81E-01
2303.22 9.06E+02 3.93E-01
3423.68 5.76E+02 1.68E-01
4396.84 8.51E+01 1.94E-02
4677.69 5.67E+02 1.21E-01
4712.39 2.70E+02 5.72E-02
4855.13 -7.01E+01 -1.44E-02
5092.49 4.18E+01 8.20E-03
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Table L2.1.1 The data of the viscoelastic properties without applied electric field in
oscillatory shear flow of 2.4% vol un-doped polyaniline/silicone oil suspension
(ๆ  = 100 cSt) at 25 ± 0.1 °c

Frequency Sample 1 Sample 2
rad/s G' (Pa) G" (Pa) G' (Pa) G" (Pa)
0.10 6.90E-05 1.65E-02 -1.60E-03 1.53E-02
0.16 5.05E-04 2.57E-02 -5.30E-04 2.43E-02
0.25 6.45E-04 3.76E-02 5.40E-04 3.59E-02
0.40 5.59E-04 5.64E-02 1.09E-03 5.24E-02
0.63 1.49E-03 8.10E-02 8.11E-04 7.71E-02
1.00 1.49E-03 1.16E-01 1.63E-03 1.15E-01
1.58 5.54E-03 1.79E-01 4.63E-03 1.97E-01
2.51 4.51E-03 2.75E-01 5.39E-03 2.92E-01
3.98 5.85E-03 4.20E-01 5.54E-03 4.41E-01
6.31 7.26E-03 6.43E-01 7.78E-03 6.70E-01
10.00 9.77E-03 9.87E-01 9.68E-03 1.03E+00
15.85 . .1.32E-02 1.52E+00 1.36E-02 1.58E+00
25.12 1.65E-02 2.36E+00 1.78E-02 2.45E+00
39.81 1.20E-02 3.66E+00 8.52E-03 3.81E+00
63.10 -4.85E-02 5.74E+00 -4.44E-02 5.98E+00
100.00 -8.89E-02 9.21E+00 -8.91E-02 9.60E+00



Table L2.1.2 The data of the viscoelastic properties at E = 200 v/mm in oscillatory
shear flow of 2.4% vol un-doped polyaniline/silicone oil suspension (ๆ  = 100 cSt)
at 25 ±0.1 °c

Frequency Sample 1 Sample 2
rad/s G' (Pa) G" (Pa) G' (Pa) G" (Pa)
0.10 1.71E+01 4.36E±00 1.90E+01 2.31E±00
0.16 1.74E+01 4.27E+00 1.83E+01 2.78E±00
0.25 1.78E+01 3.07E±00 1.93E+01 3.43E±00
0.40 1.72E+01 3.45E±00 2.02E+01 1.92E+00
0.63 1.83E+01 2.76E±00 1.94E+01 2.11E+00
1.00 1.89E+01 2.99E±00 1.99E+01 2.56E±00
1.58 1.85E+01 2.67E±00 2.05E±01 2.07E+00
2.51 1.91E+01 3.37E+00 2.01E+01 2.93E±00
3.98 1.91E+01 3.77E+00 2.06E±01 3.70E+00
6.31 1.95E+01 4.63E±00 2.08E±01 4.51E±00
10.00 1.99E+01 5.80E±00 2.12E+01 5.80E±00
15.85 2.05E±01 7.68E±00 2.20E±01 7.46E+00
25.12 2.14E+01 1.00E+01 2.31E+01 1.04E+01
39.81 2.25E±01 1.37E+01 2.38E±01 1.39E+01
63.10 2.37E±01 1.95E+01 2.54E+01 1.98E+01
100.00 2.63E±01 2.81E+01 2.81E+01 2.85E±01



Table L2.1.3 The data of the viscoelastic properties at E = 2000 v/mm in
oscillatory shear flow of 2.4% vol un-doped polyaniline/silicone oil suspension
Cn = 100 cSt) at 25 ± 0.1 °c

Frequency Sample 1 Sample 2 Sample 3
rad/s G' (Pa) G" (Pa) G' (Pa) G" (Pa) G' (Pa) G" (Pa)
0.10 1.30E+03 1.08E+02 1.29E+03 1.11E+02 1.28E+03 1.59E+02
0.16 1.32E+03 1.04E+02 1.32E+03 1.03E+02 1.29E+03 1.24E+02
0.25 1.22E+03 1.03E+02 1.32E+03 7.35E+01 1.32E+03 1.11E+02
0.40 1.32E+03 1.43E+02 1.33E+03 8.47E+01 1.35E+03 8.62E+01
0.63 1.33E+03 7.21E+00 1.36E+03 9.07E+01 1.38E+03 1.15E+02
1.00 1.31E+03 1.62E+02 1.35E+03 6.75E+01 1.38E+03 1.00E+02
1.58 1.36E+03 4.39E+01 1.37E+03 4.02E+01 1.41E+03 9.17E+01
2.51 1.34E+03 1.00E+02 1.37E+03 9.25E+01 1.36E+03 6.50E+01
3.98 1.33E+03 9.89E+01 1.39E+03 9.26E+01 1.37E+03 8.22E+01
6.31 1.39E+03 7.62E+01 1.39E+03 8.24E+01 1.39E+03 8.78E+01
10.00 1.38E+03 1.11E+02 1.40E+03 9.85E+01 1.41E+03 1.04E+02
15.85 1.39E+03 1.25E+02 1.41E+03 1.19E+02 1.41E+03 1.15E+02
25.12 1.42E+03 1.46E+02 1.46E+03 1.56E+02 1.46E+03 1.57E+02
39.81 1.49E+03 1.87E+02 1.51E+03 1.93E+02 1.51E+03 2.07E+02
63.10 1.60E+03 2.35E+02 1.63E+03 2.32E+02 1.63E+03 2.24E+02
100.00 1.76E+03 2.07E+02 1.79E+03 2.08E+02 1.80E+03 2.03E+02
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Table L2.2.1 The data of the viscoelastic properties without applied electric field in
oscillatory shear flow of 4.8% vol un-doped polyaniline/silicone oil suspension (ๆ  =
100 cSt) at 25 ± 0.1 °c

Frequency Sample 1 Sample 2
rad/s G' (Pa) G" (Pa) G* (Pa) G" (Pa)
0.10 1.53E-01 1.51E-01 1.33E-01 1.41E-01
0.16 2.44E-01 2.35E-01 2.41E-01 2.02E-01
0.25 2.29E-01 2.85E-01 2.73E-01 2.90E-01
0.40 2.48E-01 3.52E-01 2.84E-01 3.77E-01
0.63 3.16E-01 4.47E-01 3.25E-01 4.54E-01
1.00 3.20E-01 5.62E-01 3.47E-01 5.63E-01
1.58 3.38E-01 7.09E-01 3.81E-01 7.27E-01
2.51 3.90E-01 9.38E-01 4.18E-01 9.53E-01
3.98 4.22E-01 1.28E+00 4.61E-01 1.28E+00
6.31 4.60E-01 1.76E+00 5.07E-01 1.77E+00
10.00 5.07E-01 2.47E+00 5.60E-01 2.48E+00
15.85 5.71E-01 3.54E+00 6.33E-01 3.55E+00
25.12 6.45E-01 5.13E+00 7.12E-01 5.15E+00
39.81 7.01E-01 7.53E+00 8.04E-01 7.57E+00
63.10 7.05E-01 1.13E+01 8.05E-01 1.13E+01
100.00 8.97E-01 1.72E+01 1.03E+00 1.72E+01



Table L2.2.2 The data of the viscoelastic properties at E = 200 v/mm in oscillatory
shear flow of 4.8% vol un-doped polyaniline/silicone oil suspension (ฦ = 100 cSt)
at 25 ±0.1 °c

Frequency Sample 1 Sample 2
rad/s G' (Pa) G" (Pa) G’ (Pa) G" (Pa)
0.10 4.27E+01 5.57E+00 4.43E+01 5.73E+00
0.16 4.42E+01 5.55E+00 4.63E+01 6.01E+00
0.25 4.55E+01 6.12E+00 4.59E+01 4.43E+00
0.40 4.53E+01 4.39E+00 4.73E+01 4.23E+00
0.63 4.63E+01 5.38E+00 4.75E+01 4.50E+00
1.00 4.65E+01 4.93E+00 4.82E+01 4.52E+00
1.58 4.69E+01 5.24E+00 4.77E+01 5.39E+00
2.51 4.69E+01 6.12E+00 4.90E+01 6.46E+00
3.98 4.78E+01 6.67E+00 5.02E+01 6.67E+00
6.31 4.94E+01 9.07E+00 5.04E+01 8.82E+00
10.00 4.99E+01 1.08E+01 5.19E+01 1.05E+01
15.85 5.17E+01 1.41E+01 5.27E+01 1.37E+01
25.12 5.38E+01 1.85E+01 5.50E+01 1.86E+01
39.81 5.62E+01 2.59E+01 5.74E+01 2.56E+01
63.10 5.97E+01 3.62E+01 6.08E+01 3.54E+01
100.00 6.64E+01 5.06E+01 6.79E+01 5.08E+01



Table L2.2.3 The data of the viscoelastic properties at E = 2000 v/mm in 
oscillatory shear flow of 4.8% vol un-doped polyaniline/silicone oil suspension 
(ทุ = 100 cSt) at 25 ±0.1 °c

Frequency Sample 1 Sample 2
rad/s G' (Pa) G" (Pa) G' (Pa) G" (Pa)
0.10 2.58E+03 2.92E+02 2.31E+03 3.99E+02
0.16 2.62E+03 2.45E+02 2.48E+03 3.09E+02
0.25 2.70E+03 2.83E+02 2.62E+03 2.50E+02
0.40 2.80E+03 2.31E+02 2.65E+03 1.91E+02
0.63 2.74E+03 1.97E+02 2.70E+03 2.40E+02
1.00 2.73E+03 1.98E+02 2.72E+03 2.22E+02
1.58 2.85E+03 1.57E+02 2.67E+03 2.59E+02
2.51 2.86E+03 2.28E+02 2.70E+03 3.24E+02
3.98 2.79E+03 2.22E+02 2.76E+03 3.09E+02
6.31 2.82E+03 2.74E+02 2.86E+03 3.14E+02
10.00 2.98E+03 3.36E+02 2.85E+03 3.34E+02
15.85 3.06E+03 4.67E+02 2.97E+03 4.71E+02
25.12 3.18E+03 6.76E+02 3.13E+03 6.05E+02
39.81 3.42E+03 9.49E+02 3.39E+03 8.73E+02
63.10 4.12E+03 1.21E+03 4.01E+03 1.16E+03
100.00 5.27E+03 9.92E+02 5.01E+03 9.41E+02



172

Table L3 The viscoelastic data of polyaniline/silicone oil suspension at frequency 
=1 rad/s in oscillatory shear flow for liquid to solid trantition determination at 
25 ±0.1 °c

E
(Y/inm)

PANI048/100 PANI048/500 PANI024/100
G' (Pa) G" (Pa) G’ (Pa) G" (Pa) G’ (Pa) G" (Pa)

0 3.34E-01 5.63E-01 4.73E-02 1.00E+00 1.56E-03 1.16E-01
1 3.23E-01 5.23E-01 4.60E-02 9.46E-01 1.60E-03 1.13E-01
5 3.03E-01 5.37E-01 5.30E-02 9.34E-01 2.78E-03 1.26E-01
10 5.20E-01 6.59E-01 8.92E-02 1.01E+00 3.74E-03 1.28E-01
20 1.24E+00 7.08E-01 2.81E-01 1.37E+00 1.91E-02 1.78E-01
30 N/A N/A N/A N/A 7.21E-02 2.40E-01
50 3.07E+00 1.01E+00 3.97E+00 4.14E+00 4.64E-01 3.92E-01
70 N/A N/A 1.07E+01 6.11E+00 7.99E-01 6.33E-01
100 1.09E+01 1.83E+00 4.31E+01 1.02E+01 4.09E+00 1.06E+00
200 4.74E+01 4.72E+00 1.77E+02 2.19E+01 1.94E+01 2.77E+00
400 2.26E+02 2.69E+01 5.62E+02 7.50E+01 8.46E+01 8.48E+00
1000 1.46E+03 1.22E+02 2.09E+03 2.28E+02 5.43E+02 2.83E+01
2000 2.73E+03 2.10E+02 4.10E+03 4.80E+02 1.35E+03 1.10E+02
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