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APPENDICES

Appendix A Identification of Characteristic FT-IR Spectrum of Undoped and 
Doped Poly(3-thiophene acetic acid)

The undoped and doped poly(3-thiophene acetic acid) (PTAA) was first 
characterized by FT-IR spectroscopy in order to identify functional groups. An FT- 
IR spectrometer (Thermo Nicolet, Nexus 670) operated in the absorption mode with 
32 scans and a resolution of ±4 cm'1, covering a wavenumber range of 4000-400 cm'1 
using a deuterated triglycine sulfate detector. Optical grade KBr (Carlo Erba 
Reagent) was used as the background material. The synthesized P3TAA was 
intimately mixed with dried KBr at a ratio of P3TAA:KBr = 1:20.

Figure A1 The FT-IR spectrum of : a) undoepd poly(3-thiophene acetic acid); and 
poly(3-thiophene acetic acid) doped with H C I O 4  at various mole ratios of acid to 
monomer unit; b) 1:1; c) 10:1; and d) 200:1.

The assignments of peaks in the spectrum are shown in Table Al. The 
characteristic peaks of P3TAA were found at 3200-3000 cm'1 and can be assigned to
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the stretching vibration of the C-H bond on the thiophene ring; peaks at 
3000-2800 cm'1 represent the aliphatic C-H bonds; peak at 1700 cm'1 represents the 
c=0 stretching vibration; peak at 1400 cm'1 represents the thiophene ring stretching 
vibration; and peaks at 1300-1200 cm'1 represent the C-0 stretching vibration. The 
most distinct feature in this spectrum is the extremely broad O-H absorption 
occurring in the region from 3400 to 2400 cm'1, which is attributed to the strong 
hydrogen bonding of the dimmer. This absorption often obscures the C-H stretching 
vibrations occurring in the same region. It is obvious from the absorption peak at 
around 1700 cm': that the ester groups were not deteriorated during the oxidative 
polymerization (Kim et a l ,  1999). After the neutral polythiophene was doped with 
perchloric acid, some characteristic peaks of acid appeared on FT-IR spectra: a broad 
peak around 3400-3000 cm'1, and a sharp peak at 1400 cm'1.

Table A1 The FT-IR absorption spectrum of undoped and doped PTAA with HCIO4

W avenumber (c m 1) Assignments References
3400 O-H stretching vibration Kim e t al. (1999)

3200-3000 C-H stretching of thiophene ring Kim e t al. (1999)
3000-2800 C-H stretching of aliphatic Kim é ta l . (1999)

1700 c=0 stretching vibration Kim é ta l . (1999)
1400 Thiophene ring stretching vibration Kim e t al. 0999)

1300- 1200 C-0 stretching vibration Kim et al. 0999)
835 C-H stretching, out of plane of thiophene ring Kim e t al. 0999)
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Appendix B Identification of Characteristic Peaks of Undoped and Doped 
Poly(3-thiophene acetic acid) from UV-Visible Spectroscopy

The UV-Visible spectra of undoped and doped polythiophene recorded with a 
UV-Vis absorption spectrometer (Perkin-Elmer, Lambda 10). Measurements were 
taken in the absorbance mode in the wavelength range of 200-800 nm. Synthesized 
P3TAA was grinded into a fine powder, dissolved in DMSO at the concentration of 
6.Ox 10'5 M and pipetted into the sample holder. Scan speed was 240 mm/min, and a 
slit width of 2.0 nm using a deuterium lamp as the light source.

200 300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure B! The UV-Visible spectra of : a) undoped poly(3-thiophene acetic acid); 
and poly(3-thiophene acetic acid) doped with H C I O 4 at various mole ratios of acid to 
monomer unit; b) 1:1; c) 10:1; and d) 200:1.

The UV-Visible spectra of undoped and doped poly(3-thiophene acetic acid) 
from the references are shown in Table Bl. The wavelength in [ ] refers to the 
results of the assignments cited from references.
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Table B1 Assignment peaks of UV-Visible peaks of undoped and doped 
polythiophene

Wavelength
(nm) Assignments References

264±5 K-n* transitions of the Wang e t al. (2004)[264] bithiophene unit
435±10 7C-7C* transitions of the conjugated Demanze et al. (1996)[435] polymer chains
735±5
[735] localized of polaron state Demanze é ta l. (1996)

The data from UV-Visible spectra are summarized in Table B2, whereas N/A 
means not detectable.

Table B2 The UV-Visible spectrum of undoped (Pth_บ) and doped polythiophene 
as various doping ratios

Doping ratio
Absorbance

W avelength (c m 1)
265-275 400-420 730-750

Pth บ 0.199 0.393 N/A
Pth 1:1 0.539 0 779 N/A

Pth 10:1 0085 0302 N/A
Pth 200:1 N/A 0 045 0.002
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A ppendix  c  T he T herm ogravim etric T herm ogram  o f U ndoped and Doped  
PT A A , C rosslinked  Polyisoprene (PI 03) and P olyth iophene/P olyisoprene  
(Pth U/PI 03)

A thermal gravimetric analyzer (DuPont, model TGA 2950) was used to 
determine amount of moisture content and dopant, and the decomposition 
temperature of undoped, doped poly(3-thiophene acetic acid) (P3TAA) at various 
mole ratios of dopant, of crosslinked polyisoprene (P I03) and 
polythiophene/polyisoprene blends (Pth_U/PI_03) with the temperature scan from 30 
to 800°c and a heating rate of 10°c/min. The samples were weighted in the range of 
5-10 mg and loaded into a platinum pan, and then were heated under an oxygen gas 
flow. Three transitions were observed in undoped poly(3-thiophene acetic acid), 30- 
120°c, 120-280°c and 280-600°C; they can be referred to as the losses of water and 
residue solvent, the side chain degradation and the backbone degradation, 
respectively (Chotpattananont e t  a l ., 2004; Hu e t  al . ,  2000). After doping, the 
thermograms show the degradation temperature of perchloric acid dopant at around 
148 °c and a decrease in the thermal stability of main chain as compared to that of 
the undoped P3TAA. For the polythiophene/polyisoprene blends, the blends have a 
better thermal stability with increasing polythiophene particles concentration.

Table C l Summary of undoped and doped P3TAA degradation steps

Sample Transition temperature (°C) % Weight loss % Residue
1st 2ทd 3rd 1 St 2ทd r̂d

Pth บ 30-120 120-280 280-600 4.69 20.82 68.79 6.27
Pth 1:1 30-110 110-250 250-600 7.57 17.76 72.74 2.98

Pth 10:1 30-110 110-255 255-600 8.56 17.89 72.04 2.50
Pth 200:1 30-115 115-265 265-600 5.88 17.15 75.80 2.13
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Table C2 Summary of P I03, Pth_บ5/PI_03, Pth_U10/PI_03, Pth_U20/PI_03, and 
Pth_บ30/PI_03 degradation steps

Sample Transition temperature (°C) % Weight loss %
Residue1 St 2ทd 3 rd 1st 2 nd 3rd

PI 03 30-450 450-600 - 91.77 7.668 - 0.424
PI 03/Pth บ5 30-360 360-440 440-600 63.52 15.86 20.51 0.954

PI 03/Pth U10 30-390 390-440 440-600 66.78 10.12 22.36 1.61
PI 03/Pth บ20 30-385 385-450 450-600 53.98 17.50 32.94 1.48
PI 03/Pth บ30 30-395 395-600 - 54.75 44.99 - 2.33

Figure C l The TGA thermograms of undoped and doped P3TAA with HCIO4.
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Figure C2 The TGA thermograms of crosslinked polyisoprene (PI 03) and 
polythiophene/polyisoprene blends (Pth_U/PI_03).



A pp en dix  D D eterm ination  o f Particle Sizes o f  U ndoped and D oped P3TA A

T able D1 Summary of the particles diameter of undoped P3TAA (Pth_บ), P3TAA 
doping ratio 1:1 (Pth_l:l), P3TAA doping ratio 10:1 (Pth_10:l), and P3TAA doping 
ratio 200:1 (Pth 200:1)

Sam ples Particle d iam eter (pm )
1 2 3 Avg. STD

Pth บ 20.19 2 1 .6 15.6 19.13 3.14
Pth 1:1 1825 17.41 17.33 17.66 0 51

Pth 10:1 17.61 16.8 16.6 17.00 0.53
Pth 200:1 23.42 23.46 23.81 22.56 0.21
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T able D2 The raw data from particle size analysis of undoped P3TAA

Size Undoped polythiophene
Low
(tim)

High
(trm) In% Under% In% Under% In% Under%

0.05 0 .1 2 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00
0 .1 2 0 15 0.11 0 .12 0 0 0 0 .00 0 .02 0 .02
0.15 0.19 0.22 034 0 .00 0 .00 006 0.08
0.19 023 0.33 067 0 .00 0 .00 o i l 0.19
0 23 028 0.43 1 10 0 .00 0 0 0 0.19 0.38
0.28 0.35 0.52 1.61 0 00 0 .00 0.29 0.67
0 35 0.43 0.59 2 .20 0 .00 0 .00 041 1.08
0.43 0.53 064 2.84 0 0 0 0 .00 0.55 1.63
0.53 0.65 065 3.49 0 0 0 0 0 0 0.67 2.30
0.65 0  81 0.61 4.10 0 0 0 0 0 0 075 3 04
0.81 1.00 0 53 4.63 0 .00 0 0 0 0.74 3.78
1.00 1 23 0.42 5.05 0 .00 0 0 0 0.62 4.40
1.23 1 51 0.33 5 38 0 0 0 0 0 0 046 4.86
151 1.86 033 5.71 0 0 0 0 .00 034 5 20
1.86 2.30 039 6 .10 0 .00 0 .00 0 31 5.52
2.30 2 83 0.53 6.63 041 0 41 0.42 5.94
2.83 3.49 076 739 1 08 1 49 073 6.67
3.49 4.30 1.10 8.49 1.86 3 35 1 25 7.91
4.30 5 29 1.59 10.07 2 80 6.15 1 97 9.89
5.29 6 52 2 2 1 1229 4 03 10.18 2.82 12.71
6  52 8.04 2.96 15 25 5.54 15 72 3.73 16.43
8.04 9.91 3 8 l 19.06 7.51 23 23 474 21.17
991 12.21 4.78 23 84 10.10 33 33 5.94 27.11
12.21 15.04 6.03 29.87 14.05 4739 7.51 3463
15.04 18.54 766 37.52 18.46 65.83 9.54 44.16
18.54 22.84 9 54 47.07 19.14 84.94 11.81 55 98 '
22.84 28.15 11.35 58.41 11 87 96 80 13 57 69.54
28.15 34.69 12.36 7077 2.99 99.81 13 50 83.03
3469 4275 11.85 82 61 0.17 100.00 10.70 93.72
42.75 52.68 9.39 92.01 0 0 0 100 00 5.62 99.35
52.68 64.92 5 87 97.86 0 00 100.00 0.64 99.99
64.92 80.00 2 .1 2 100 .00 0 .0 0 100 .00 0 .0 0 100.00



108

T able D3 The raw data from particle size analysis of doped P3TAA, as doping ratio 
1:1

Size Doped polythiophene 1:1
Low
(pm)

High
(pm) In% Under% In% Under% In% บทder%

0.05 0 .12 0.02 0 .02 0 .02 0 .02 0.01 0 .02
0 .1 2 0.15 0.32 034 0.34 036 0.33 0.35
0.15 0 19 0.61 0.95 0 .66 1 02 0.63 098
0.19 023 0.87 1 82 0.94 1 96 0.90 1 88
0 23 0.28 1 08 2.90 1 19 3 15 113 3 01
0.28 0.35 1.23 4.13 1.37 4.52 1.31 432
0.35 0.43 1.30 5.42 1 48 5 99 1.41 5.73
043 0.53 1 28 6.71 1.50 749 1.43 7.15
0 53 0 65 1 19 7.90 1 43 8.93 1 36 8.51
0.65 0.81 1.02 8 91 1.28 10.20 1.21 9.72
0.81 1.00 081 9.72 1.07 11 27 1 02 10.74
1 00 1.23 0.64 10.36 0.89 12 17 0.85 11.59
1 23 1 51 061 10.97 0 86 13.03 0.82 12.41
1 51 1.86 0.77 11.74 1 05 14.08 1 02 13.43
1.86 2 30 111 12.85 1 40 15.48 1 39 14.83
2.30 2.83 1.55 14.41 1.81 17 29 1.85 16.68
2.83 3.49 2.08 1649 226 19.55 2.35 19.03
3.49 430 2.68 19.17 275 22.29 2.87 21.90
4.30 5 29 3 33 22.50 3 30 25.59 3 42 25.33
5 29 6.52 402 26 52 3.91 29.50 401 29.34
6.52 8 04 4.70 31.22 4 56 34.05 4.61 33 95
8.04 991 5.36 36.58 5 21 3926 5 25 39 20
9 91 12.21 6.05 42 62 5 92 45.18 5 97 45 17
12.21 15.04 691 49.53 679 51.97 6 .88 5205,
15.04 18.54 7.93 57.46 *7 79 59.75 7.91 59 95
18 54 22 84 8 88 66.34 8 60 68.36 8.74 68.70
22.84 28.15 9.44 75.78 8 99 7735 9 08 77.78
28.15 3469 9 11 84.89 8.53 85.88 8 52 8629
34 69 42.75 7.66 92.55 7.16 93.03 6.98 93 26
42 75 52.68 5 15 97.70 4.83 97.86 4 64 97.90
52.68 64 92 2.29 99 98 2 13 99.98 209 99.98
64.92 80.00 0 0 0 100.00 0 .0 0 100 .00 0 .0 0 100.00
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T able D4 The raw data from particle size analysis of doped PTAA,as doping ratio 
10:1

Size Doped polythiophene 10:1
Low
(pm)

High
(pm) In% Under% ln% บทder% In% Under%

0.05 0.12 0 .02 0 .02 0.02 0.02 0.01 0 .02
0 .1 2 0 15 0.28 0 30 0.30 0.31 029 0.30
0.15 0 19 0.53 0 83 0.56 0.87 0.56 0  86
0.19 0.23 0.75 1 58 0.79 1.66 0.80 1 66
0.23 028 092 2.50 0.97 2.63 1.00 2.65
0.28 0.35 1 03 3.53 1.09 3.72 115 3 80
0.35 0.43 1 07 4.60 1.14 4 85 1.23 5.03
0.43 0.53 1.04 5 63 1.11 5.96 1 24 6.27
0 53 0.65 0.93 6  56 1.00 6.96 117 7.45
0.65 0 81 0.76 7.32 0.83 7.79 1 02 8.46
0  81 1.00 0 57 7 89 0.63 8.42 0.81 9.27
1.00 1.23 040 8.29 045 8 87 0.60 9.87
1.23 151 030 8.59 0.34 921 0.49 10.36
1.51 1 86 0.30 8.89 0.35 9 56 0 55 10 91
1.86 230 042 9.31 0.51 10.06 0.80 1171
230 2.83 0.73 10.04 0.87 10 93 1.27 12.98
2 83 3.49 1.32 11.36 1 52 1245 2.04 15.02
3.49 430 228 13.65 2.55 15 00 3.10 18.11
4.30 5.29 3.63 17 28 3.93 18.93 4.40 22.51
5.29 6.52 5.24 22.52 5 52 24.45 5 75 28.26
6 52 8.04 6.81 29.32 7.00 31 45 6.82 35.08
8.04 991 7.91 37 23 799 39.43 7 31 42 39
9 91 12.21 8.35 45 58 8.34 47.77 729 49 68
12.21 15.04 8 40 53 98 . 8.36 56 13 7 18 56.86
15.04 18.54 8 37 6235 8.32 64.45 7.29 64.15
18.54 22 84 8.30 70.65 8.22 72.67 7.56 71.71
22 84 28.15 8.19 78.84 7 99 80.66 7 85 79 56
28.15 34 69 7 66 86.50 7.28 87 94 7.63 87.19
34 69 42.75 6.51 93.00 6 00 93 94 6.56 93.75
42 75 52.68 4.59 97 60 4.08 98.03 4.42 98.18
52.68 64.92 2.36 99.95 1.97 99.98 1.82 99.99
64.92 80.00 0.04 100.00 0 0 0 100.00 0 .0 0 100 .00
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T able D5 The raw data from particle size analysis of doped P3TAA, as doping ratio
200:1

Size Doped polythiophene 200:1
Low
(ttm)

High
Otm) In% บทder% In% Under% In% Under%

0.05 0 .12 0 .00 0 .00 0 .00 0 .0 0 0 .00 0 .00
0 .12 0.15 0 .00 0 0 0 0 .00 0 .00 0 0 0 0 .00
0.15 0.19 0 00 0 .00 0 0 0 0 .0 0 0 .00 0 00
0 19 0.23 0 .00 0 .00 0 0 0 0 .0 0 0 0 0 0 .00
0 23 0.28 0 .00 0 .00 0 0 0 0 .0 0 0 0 0 0 .00
0.28 0.35 0 .00 0 0 0 0 0 0 0 .0 0 0 0 0 0 .00
0 35 0.43 0 .00 0 .00 0 0 0 0 .0 0 0 0 0 0 0 0
043 0 53 0.59 0.59 0 36 0.37 0.35 0.35
0.53 0.65 092 1.51 1.01 1 37 1.03 1.38
0 65 0.81 0.82 2.33 0.94 2 30 0.97 2.35
0.81 1.00 0 54 2 87 0.60 2.90 064 2.98
1 00 1 23 033 3.20 036 3 27 0.40 3.38
1 23 1 51 0 .20 3.40 0 .2 2 3.49 0.25 3.63
1.51 1.86 0.13 3.53 0.14 3.63 0.18 3.81
1.86 2.30 0.18 3.71 0.19 3.82 0.24 4.05
230 2.83 0.32 4.02 0.34 4 16 038 4.43
2 83 3.49 0.55 4 57 0 57 4 73 0.61 5.04
3.49 4.30 0.90 5.47 0.89 5.61 091 5 96
4.30 5.29 1 41 6 88 1 32 6.94 1 33 729
5 29 6 52 2 .22 9.10 1.93 8 87 1.90 9 19
6  52 8.04 3.43 12.53 2.78 11.65 269 11.88
8.04 9.91 5.08 17.62 3.95 15.60 3.80 15 69
9 91 12.21 720 24 81 5 55 21.16 5 33 21 .01
12.21 15 04 9.81 34.63 7.73 28 90 744 2846
15.04 18.54 12.59 47.21 10.41 39 30 10.09 38 54
18.54 22.84 14.53 61.74 12.91 52.21 12.62 51.16
22.84 28.15 1463 7636 1436 66.56 14.21 65.37
28.15 34 69 1226 88.62 13.63 80.19 13.73 79 09
34.69 42 75 8.09 96.68 10 85 91 04 11 .12 90 21
42.75 52.68 3 28 99 99 6.61 97 66 6.99 97 20
52.68 64.92 0 .00 100 .00 2.34 99.97 2.79 99.97
64.92 80.00 0 .00 100 .00 0 .0 0 10 0 .0 0 0 .0 0 100 .00
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A pp en dix  E C alculation  o f D oping Level from  EDX

The % doping levels of the doped polythiophene powder at various ratios of 
N acid /N p th  were calculated from the amounts of carbon (C), oxygen (O), sulfur (ร) and 
chlorine (Cl) mol percents obtained from EDX. For HCIO4 doped polythiophene, the 
% doping level was calculated from amounts of Cl as shown in the equation (E.l)

% C l  ป ี 0  M ,% doping level of Pth-HC104 = 7  4 X 7 5 X 100 (E.l)
% s  M a o -

T able E l  Doping level of H C I O 4  doped polythiophene from EDX

Doping ratio
(N a c id /N p th )

EDX data EDX data %Doping
level% mole of Cl % mole of ร

1 2 3 Average 1 2 3 Average
Pth 1:1 0.61 0.71 0 .66 0 .66 3.95 5.82 5.40 5.06 4.27 ±0.60

Pth 10:1 1.01 0 .66 0.74 0.80 1.33 1.77 2.09 1.73 15.93 ±7.36
Pth 200:1 0 .68 0.72 1.10 0.83 1.13 0.91 1.98 1.34 20.89 ±4.02
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Appendix F Determination of the Correction Factor (K)

The electrical conductivity of undoped and doped P3TAA was measured by a 
two-point probe meter. The meter consists of two probes, making contact on the 
surface of film sample. These probes were connected to a source meter (Keithley, 
Model 6517A) for a constant voltage source and reading the resultant current.

The geometrical correction factor was taken into account of geometric effects, 
depending on the configuration and probe tip spacing.

K = J  (FI)
K is geometrical correction factor, พ is width of probe tip spacing (cm), 1 is 

the length between probes (cm).
In this measurement, the constant K  value was determined by using standard 

materials where specific resistivity values were known; we used silicon wafer chips 
(SiCb). In our case, the sheet resistivity was measured by using our custom made 
two-point probe and then the geometric correction factor was calculated by equation 
(F.2) as follows:

K =  p  =  1 x p  
R x t  V  x t (F.2)

K is geometric correction factor, p is resistivity of standard silicon wafer, 
which calibrated by using a four point probe at King Mongkut’s Institute Technology 
of Lad Krabang (£2.cm), t is film thickness (cm), R is film resistance (£2), I is 
measure current (A), and V is voltage drop (V).

Standard Si wafer were cleaned to remove organic impurities prior to be used 
according to the standard RCA method (Kern, 1993).

M aterials

Acetones (Scharlau, 99.5%), Methanol (CARLO ERBA, 99.9%), Ammonium 
hydroxide (Merk, 99.9%), Hydrogen peroxide (CARLO ERBA, 30% in water), and 
dilute (2%) Hydrofuric acid
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E xperim ent

The cleaning procedures contain 3 steps: the solvent clean, the RCA01 and 
the HF dip. The first step is the solvent clean step, employed to remove oils and 
organic residues that appeared on Si wafer surface. The Si wafer was placed into the 
acetone at 5 5 ° c  for 10 min, removed and placed in methanol for 2-5 min, 
subsequently rinsed with deionized water and blown dried with nitrogen gas. Second 
step is the RCA clean, to remove organic residues from silicon wafers. This process 
oxidized the silicon wafer and left a thin oxide on the surface of the wafer. RCA 
solution was prepared with 5 parts of water ( H 2 O ) ,  1 part of 27% ammonium 
hydroxide ( N H 4 O H ) ,  and 1 part of 30% hydrogen peroxide ( H 20 2). 65 ml of
N H 4 O H  (27%) was added into 325 ml of deionized water in a beaker and then heated 
to 70 ± 5 °c . The mixture would bubble vigorously after 1-2 min, indicated that it 
was ready to use. Silicon wafer was soaked in the solution for 15 min, consequently 
overflowed with deionized water in order to rinse and remove the solution. The third 
step is the HF dip, which was carried out to remove native silicon dioxide from 
wafer. 480 ml of deionised water was added to the polypropylene bottle and then 
added to 20 ml HF. Wafer was soaked in this solution for 2 min, removed and 
checked for hydrophobicity by performing the wetting test. Deionized water was 
poured onto the surface wafer; the clean silicon surface would shows that the beads 
of water would roll off. Clean Si wafer was further blown dried with nitrogen and 
stored in a clean and dry environment.

T able FI Determination the correction factor of probe A

Probe K (correction factor)
1 2 3 Average STD

A 2.07E-04 2.07E-04 3.11E-04 2.42E-04 6.00E-05
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F igure F I The calibration data of Si-wafer: K tay which specific resistivity (p)
0.014265 Q.cm, thickness 0.0724 cm, 27-28°C, 36-38%R.H.
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T a b le  F2 Determination the correction factor of probe A with standard Si wafer 
(specific resistivity 0.014265 £2.cm, thickness 0.0724 cm, 27-28°C, 36-38%R.H)

Volt Applied (mV) Current (mA)
1 2 3 1 2 3
1 1 1 0.0016 0.0033 0.0030
5 5 5 0.0065 0.0067 0 0062
10 10 10 0.0162 0.0129 0 0127
15 15 15 0 0211 0.0162 0 0160
20 20 20 00259 0.0197 0.0194
25 25 25 0.0308 00230 0.0228
30 30 30 00407 0.0299 0.0295
35 35 35 00510 00369 0 0363
40 40 40 0.0564 00405 0.0398
45 45 45 0 0670 00477 0.0470
50 50 50 0.0725 00513 0 0506
55 55 55 0.0836 0.0587 0.0579
60 60 60 00950 0.0663 00655
65 65 65 0.1010 0.0702 0.0694
70 70 70 0 1130 0.0780 0 0774
75 75 75 0 1190 0.0823 0.0813
80 80 80 0.1310 0.0906 0 0896
85 85 85 0.1440 0.0989 0.0982
90 90 90 0.1510 0 1030 0 1030
95 95 95 0 1660 0.1120 0.1120
100 100 100 0.1730 0 1170 0 1160
105 105 105 0 1870 0.1260 0.1260
110 110 110 0.2020 0 1360 0 1350
115 115 115 0 2100 0.1410 0.1400
120 120 120 0.2250 0 1510 0 1510
125 125 125 0.2340 0 1570 0.1570
130 130 130 0.2500 0.1670 0 1680
135 135 135 02670 0.1770 0.1780
140 140 140 0.2750 0.1830 0 1840
145 145 145 0 2910 0.1940 0.1950
150 150 150 02990 0.1990 0 2000
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Appendix G Conductivity Measurement

The specific conductivity, w hich is the inversion o f  specific resistiv ity  (p) of 
undoped and doped P3TA A  pellets w ere m easured by using  the tw o-poin t probe 
connected to a source m eter (K eithley, M odel 6517A) for a constant voltage source 
and reading resultant current under the atm ospheric pressure, 54-60%  relative 
hum idity and 25-28°C. The correction factor (K ) o f  probe A  is 2 .4 2 x l0 '4. The 
th ickness o f  pellets w as m easured by a th ickness gauge. The applied voltage was 
p lotted versus the current change to determ ine the linear ohm ic regim e o f  each 
sam ple. The applied voltage and the current change in the linear ohm ic regim e w ere 
converted to the electrical conductivity o f  the polym er by using equation (G. 1) as 
follow s:

°  = ~p R s Xt  =  K x V x t  ^  ^
w here o  is specific conductivity (S/cm ), p is specific resistiv ity  (n .cm ), Rs is 

sheet resistiv ity  (ü ) ,  I is m easure current (A), K is geom etric  correction factor, V  is 
applied vo ltage (voltage drop) (V), t is pelle t th ickness (cm).

Table G1 D eterm ination  the specific conductiv ity  (S /cm ) o f  po ly isoprene fluid 
(PI_00), undoped and doped polyth iophene at various m ole ratios o f  acid to 
m onom er un it

Code Specific conductivity 
ts /c m ) STD

PI 00 8 .1 8 x l0 ‘7 1.13x10"7
Pth บ 3 .0 1 x l0 ’6 1.01x1 O'7

Pth 1:1 1 .5 4 x l0 '3 3 .7 2 x l0 '4
Pth 10:1 3 .6 6 x l0 '3 2.00x1 O'4

Pth 200:1 1 .12x10 '' 1 .5 3 x l0 '2



Table G2 The raw  data o f  the determ ination o f  linear regim e o f  po ly isoprene fluid

Sample Thickness
(cm) Applied voltage(V) Mesuered Current (A) Conductivity (S/cm)

I 2 3 1 2 3 1 2 3
PI 00 1) 0.0637

2) 0.0627
3) 0.0643

1 1 1 5.59E-11 7.14E-1! 7.12E-11 3.63E-06 4.71E-06 4.58E-06
10 10 10 6.27E-11 7.50E-11 7.55E-11 4.07E-07 4.95E-07 4.86E-07
20 20 20 5.09E-11 7.82E-11 8.19E-11 1.65E-07 2.58E-07 2.63E-07
30 30 30 7.39E-11 8.12E-11 8.57E-11 1.60E-07 1.79E-07 1.84E-07
40 40 40 7.83E-11 7.58E-11 8.61 E- 1 1.27E-07 1.25E-07 1.38E-07
50 50 50 8.46E-11 7.87E-11 8.55E-11 1.10E-07 1.04E-07 1.10E-07
60 60 60 8.83E-11 9.0GE-11 8.97E-11 9.56E-08 9.90E-08 9.61E-08
70 70 70 9.04E-11 8.42E-11 9.56E-11 8.38E-08 7.93E-08 8.79E-08
80 80 80 8.22E-11 9.46E-11 9.90E-11 6.67E-08 7.80E-08 7.96E-08
90 90 90 9.34E-11 9.64E-11 1.0 IE-10 6.74E-08 7.06E-08 7.22E-08
100 100 100 9.60E-11 9.41 E- 1 1.04E-10 6.23E-08 6.21E-08 6.70E-08
110 110 110 9.99E-11 1.00E-10 1.06E-10 5.90E-08 6.00E-08 6.17E-08
120 120 120 1.04E-10 1.00E-10 1.0 IE-10 5.62E-08 5.52E-08 5.39E-08
130 130 130 1.06E-10 9.91E-11 1.07E-10 5.31E-08 5.03E-08 5.29E-08
140 140 140 1.1 IE-10 1.10E-10 1.10E-10 5.13E-08 5.18E-08 5.04E-08
150 150 150 1.10E-10 1.07E-10 1.10E-10 4.77E-08 4.70E-08 4.71E-08
160 160 160 1.10E-10 1.08E-10 1.05E-10 4.45E-08 4.46E-08 4.24E-08
170 170 170 1.13 E-10 1.15 E-10 1.07E-10 4.32E-08 4.44E-08 4.05E-08
180 180 180 1.15 E-10 1.18E-10 1.09E-10 4.14E-08 4.34E-08 3.88E-08
190 190 190 1.14E-10 1.18E-10 1.11 E-10 3.89E-08 4.10E-08 3.77E-08
200 200 200 1.17E-10 1.20E-10 1.21E-10 3.80E-08 3.95E-08 3.88E-08
210 210 210 1.18E-10 1 16E-10 1.17E-10 3.66E-08 3.66E-08 3.59E-08
220 220 220 2.40E-09 2.51E-09 2.76E-09 7.08E-07 7.52E-07 8.07E-07
225 225 225 2.50E-09 2.61E-09 2.82E-09 7.20E-07 7.66E-07 8.05E-07
230 230 230 2.54E-09 2.90E-09 2.87E-09 7.17E-07 8.31E-07 8.02E-07
235 235 235 2.54E-09 3.21E-09 2.91E-09 7.02E-07 9.00E-07 7.97E-07
240 240 240 2.65E-09 3.33E-09 3.06E-09 7.17E-07 9.15E-07 8.19E-07
245 245 245 2.65E-09 3.45E-09 3.13E-09 7.03E-07 9.29E-07 8.22E-07
250 250 250 2.75E-09 3.49E-09 3.25E-09 7.14E-07 9.21E-07 8.36E-07
255 255 255 2.91E-09 3.59E-09 3.38E-09 7.40E-07 9.27E-07 8.53E-07
260 260 260 3.05E-09 3.71E-09 3.64E-09 7.61E-07 9.41E-07 9.00E-07
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Table G3 T he raw  data o f  the determ ination o f  linear reg im e o f  P3TA A

Sample Thickness
(cm) Applied Voltage(V) Mesuered Current (A) Conductivity (S/cm)

1 2 3 1 2 3 1 2 3
Pth_บ 1) 0.03937

2) 0.04388
3) 0.02466

5.0 5.0 10.0 1.44E-10 1.36E-10 1.37E-10 3.03E-06 2.56E-06 2.30E-06
10.0 10.0 20.0 1.47E-1 ว 1.39E-10 1.39E-10 1.54E-06 1.31E-06 1.17E-06
15.0 15.0 30.0 1.50E-10 1.43E-10 1.42E-10 1.05E-06 8.99E-07 7.94E-07
20.0 20.0 40.0 1.52E-10 1.45E-10 1.46E-10 7.98E-07 6.83E-07 6.12E-07
25.0 25.0 50.0 1.54E-10 1.48E-I0 1.48E-10 6.47E-07 5.58E-07 4.96E-07
30.0 30.0 60.0 1.55E-10 1.51 E-10 1.50E-10 5.43E-07 4.74E-07 4.19E-07
35.0 35.0 70.0 1.57E-10 1.53E-10 1.52E-10 4.71E-07 4.12E-07 3.64E-07
40.0 40.0 80.0 1.59E-10 1.54E-10 1.54E-10 4.18E-07 3.63E-07 3.23E-07
45.0 45.0 90.0 1.6 IE-10 1.58 E-10 1.54E-10 3.76E-07 3.31E-07 2.87E-07
50.0 50.0 100.0 1.64E-10 1.60E-10 1.58E-10 3.45E-07 3.02E-07 2.65E-07
55.0 55.0 110.0 1.66E-10 1.6 IE-10 1.6 IE-10 3.17E-07 2.76E-07 2.45E-07
60.0 60.0 120.0 1.67E-10 1.62E-10 1.6 IE-10 2.92E-07 2.54E-07 2.25E-07
65.0 65.0 130.0 1.70E-10 1.64E-10 2.09E-09 2.75E-07 2.38E-07 2.70E-06
70.0 70.0 135.0 1.71 E-10 2.21E-09 2.27E-09 2.57E-07 2.98E-06 2.82E-06
75.0 75.0 140.0 2.13E-09 2.43E-09 2.35E-09 2.98E-06 3.05E-06 2.82E-0680.0 80.0 145.0 2.28E-09 2.61E-09 2.48E-09 2.99E-06 3.07E-06 2.87E-06
85.0 85.0 150.0 2.45E-09 2.79E-09 2.59E-09 3.03E-06 3.09E-06 2.90E-06
90.0 90.0 155.0 2.59E-09 2.98E-09 2.62E-09 3.02E-06 3.12E-06 2.83 E-06
100.0 100.0 160.0 2.90E-09 3.38E-09 2.70E-09 3.05E-06 3.19E-06 2.83E-06

Pth_1:1

§■

1) 0.02995
2) 0.02981
3) 0.02954

0.045 0.045 0.045 6.63E-10 4.06E-10 2.80E-10 2.03E-03 1.25E-03 8.71E-040.050 0.050 0.050 6.98E-10 4.65E-10 3.53E-10 1.93E-03 1.29E-03 9.89E-04
0.055 0.055 0.055 8.05E-10 5.76E-10 4.46E-10 2.02E-03 1.45E-03 1.13E-030.060 0.060 0.060 8.14E-10 6.82E-10 5.19E-10 1.87E-03 1.58E-03 1.21E-030.065 0.065 0.065 8.60E-10 6.93E-10 6.09E-10 1.83E-03 1.48E-03 1.31E-030.070 0.070 0.070 9.52E-10 7.48E-10 7.02E-10 1.88E-03 1.48E-03 1.40E-030.075 0.075 0.075 1.04E-09 7.39E-10 6.79E-10 1.92E-03 1.37E-03 1.27E-03
0.080 0.080 0.080 1.13E-09 8.18E-10 7.09E-10 1.96E-03 1.42E-03 1.24E-03
0.085 0.085 0.085 1.23E-09 9.40E-10 7.72E-10 1.99E-03 1.53E-03 1.27E-030.090 0.090 0.090 1.29E-09 9.95E-10 8.09E-10 1.98E-03 1.53E-03 1.26E-030.095 0.095 0.095 1.34E-09 1.07E-09 8.83E-10 1.94E-03 1.56E-03 1.30E-030.100 0.100 0.100 1.34E-09 1.10E-09 9.51E-10 1.85E-03 1.53E-03 1.33E-030.105 0.105 0.105 1 41E-09 1.16E-09 9.72E-10 1.86E-03 1.53E-03 1.30E-03
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Table G3 (cont.)

Sample Thickness
(cm) Applied voltage (V) Mesuered Current (A) Conductivity (S/cm)

1 2 3 J 2 3 1 2 3
Pth 10:1 1) 0.02455

2) 0.02383
3) 0.02264

0.001 0.001 0.001 4.42E-10 3.87E-10 4.46E-10 7.44E-02 6.72E-02 8.14E-02
0.005 0.005 0.005 4.56E-10 4.25E-10 4.71E-10 1.54E-02 1.48E-02 1.72E-02
0.010 0.010 0.01U 5.14E-10 4.80E-10 4.69E-10 8.66E-03 8.33E-03 8.57E-03
0.015 0.015 0.015 5.42E-10 4.79 E-10 4.76E-10 6.08E-03 5.54E-03 5.79E-03
0.020 0.020 0.020 5.61 E-10 5.29E-10 4.95E-10 4.72E-03 4.59E-03 4.52E-03
0.025 0.025 0.025 2.13E-09 5.34E-10 5.34E-10 1.43E-02 3.70E-03 3.91E-03
0.030 0.030 0.030 2.28E-09 2.06E-09 6.79E-10 1.28E-02 1.19E-02 4.13E-03
0.035 0.035 0.035 2.41E-09 2.20E-09 2.15E-09 1.16E-02 1.09E-02 1.12E-02
0.040 0.040 0.040 2.46E-09 2.28E-09 2.20E-09 1.04E-02 9.87E-03 1.01E-02
0.045 0.045 0.045 2.58E-09 2.39E-09 2.31E-09 9.67E-03 9.21E-03 9.37E-03
0.050 0.050 0.050 2.62E-09 2.44E-09 2.34E-09 8.83E-03 8.47E-03 8.57E-03
0.055 0.055 0.055 2.76E-09 2.56E-09 2.46E-09 8.46E-03 8.08E-03 8.19E-03
0.060 0.060 0.060 2.89E-09 2.70E-09 2.58E-09 8.10E-03 7.80E-03 7.85E-03
0.065 0.065 0.065 2.95E-09 2.74E-09 2.63E-09 7.65E-03 7.33E-03 7.38E-03
0.070 0.070 0.070 3.08E-09 2.87E-09 2.73E-09 7.40E-03 7.11E-03 7.12E-03
0.075 0.075 0.075 3.15E-09 2.93E-09 2.79E-09 7.07E-03 6.78E-03 6.79E-03
0.080 0.080 0.080 3.27E-09 3.05E-09 2.88E-09 6.89E-03 6.62E-03 6.58E-03
0.085 0.085 0.085 3.41E-09 3.16E-09 2.99E-09 6.76E-03 6.46E-03 6.44E-03
0.090 0.090 0.090 3.47E-09 3.21E-09 3.07E-09 6.49E-03 6.19E-03 6.22E-03
0.095 0.095 0.095 3.58E-09 3.35E-09 3.16E-09 6.35E-03 6.11E-03 6.08E-03
0.100 0.100 0.100 3.67E-09 3.37E-09 3.19E-09 6.19E-03 5.84E-03 5.83E-03
0.110 0.110 0.110 3.93E-09 3.63E-09 3.43E-09 6.03E-03 5.73E-03 5.70E-03
0.120 0.120 0.120 4.10E-09 3.85E-09 3.60E-09 5.76E-03 5.57E-03 5.48E-03
0.130 0.130 0.130 4.27E-09 4.04E-09 3.74E-09 5.53E-03 5.39E-03 5.26E-03
0.140 0.140 0.140 4.45E-09 4.20E-09 3.89E-09 5.36E-03 5.21E-03 5.07E-03
0.150 0.150 0.150 4.62E-09 4.37E-09 4.06E-09 5.18E-03 5.06E-03 4.94E-03
0.200 0.200 0.200 5.67E-09 5.38E-09 4.96E-09 4.78E-03 4.67E-03 4.53E-03
0.250 0.250 0.250 6.72E-09 6.38E-09 5.82E-09 4.53E-03 4.43E-03 4.25E-03
0.300 0.300 0.300 7.85E-09 7.36E-09 6.68E-09 4.41E-03 4.26E-03 4.07E-03
0.350 0.350 0.350 8.97E-09 8.35E-09 7.56E-09 4.32E-03 4.14E-03 3.95E-03
0.400 0.400 0.400 1.00E-08 9.31E-09 8.47E-09 4.22E-03 4.04E-03 3.87E-03
0.450 0.450 0.450 1.11E-08 1.03E-08 9.32E-09 4.15E-03 3.97E-03 3.78E-03
0.500 0.500 0.500 1.22E-08 1.13E-08 1.02E-08 4.09E-03 3.92E-03 3.73E-03
0.550 0.550 0.550 1.32E-08 1.22E-08 1.11E-08 4.05E-03 3.86E-03 3.68E-03
0.600 0.600 0.600 1.43E-08 1.32E-08 1.20E-08 4.01E-03 3.82E-03 3.64E-03
0.650 0.650 0.650 1.54E-08 1.42E-08 1.28E-08 3.98E-03 3.79E-03 3.61E-03
0.700 0.700 0.700 1.65E-08 1.52E-08 1.37E-08 3.96E-03 3.76E-03 3.57E-03
0.750 0.750 0.750 1.75E-08 1.61E-08 1.46E-08 3.93E-03 3.73 E-03 3.55E-03
0.800 0.800 0.800 1.86E-08 1.71E-08 1.55E-08 3.92E-03 3.72E-03 3.54E-03
0.850 0.850 0.850 1.97E-08 1.81E-08 1.64E-08 3.91E-03 3.69E-03 3.51E-03
0.900 0.900 0.900 2.09E-08 1.90E-08 1.72E-08 3.91E-03 3.67E-03 3.50E-03
0.950 0.950 0.950 2.19E-08 2.00E-08 1.81E-08 3.89E-03 3.65E-03 3.49E-03
1.000 1.000 1.000 2.30E-08 2.09E-08 1.91E-08 3.88E-03 3.63E-03 3.48E-03
1.050 1.050 1.050 2.4IE-08 2.20E-08 2.00E-08 3.86E-03 3.64E-03 3.47E-03
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Pth 10:1 1.100 1.100 1.100 2.54E-08 2.30E-08 2.08E-08 3.89E-03 3.63E-03 3.45E-03
1.150 1.150 1.150 2.63E-08 2.40E-08 2.16E-08 3.85E-03 3.62E-03 3.44E-03
1.200 1.200 1.200 2.75E-08 2.53E-08 2.25E-08 3.87E-03 3.65E-03 3.43E-03
1.250 1.250 1.250 2.86E-08 2.61E-08 2.35E-08 3.85E-03 3.63E-03 3.43E-03
1.300 1.300 1.300 2.98E-08 2.70E-08 2.44E-08 3.86E-03 3.61E-03 3.42E-03
1.350 1.350 1.350 3.08E-08 2.79E-08 2.56E-08 3.85E-03 3.59E-03 3.46E-03
1.400 1.400 1.400 3.18E-08 2.88E-08 2.63E-08 3.82E-03 3.57E-03 3.44E-03
1.450 1.450 1.450 3.29E-08 2.98E-08 2.71E-08 3.83E-03 3.57E-03 3.41E-03
1.500 1.500 1.500 3.41E-08 3.09E-08 2.81E-08 3.83E-03 3.57E-03 3.42E-03

Pth 200:1 1) 0.04876
2) 0.03581
3) 0.04304

0.001 0.001 0.001 4.64E-08 2.29E-08 1.97E-08 3.9353 2.6391 1.8926
0.005 0.005 0.005 4.63E-08 2.40E-08 2.13E-08 0.7862 0.5543 0.4094
0.010 0.010 0.010 5.12E-08 2.89E-08 2.75E-08 0.4342 0.3343 0.2638
0.015 0.015 0.015 5.24E-08 3.12E-08 3.05E-08 0.2964 0.2403 0.1956
0.020 0.020 0.020 5.50E-08 3.41E-08 3.21E-08 0.2333 0.1967 0.1543
0.025 0.025 0.025 5.91E-08 3.72E-08 3.30E-08 0.2003 0.1719 0.1270
0.030 0.030 0.030 6.51E-08 4.28E-08 3.79E-08 0.1841 0.1646 0.1215
0.035 0.035 0.035 6.95E-08 4.77E-08 4.40E-08 0.1683 0.1575 0.1208
0.040 0.040 0.040 7.21E-08 5.01E-08 4.74E-08 0.1529 0.1446 0.1140
0.045 0.045 0.045 7.82E-08 5.52E-08 5.25E-08 0.1473 0.1416 0.1120
0.050 0.050 0.050 8.23E-08 5.80E-08 5.50E-08 0.1396 0.1340 0.1058
0.055 0.055 0.055 9.00E-08 6.34E-08 6.02E-08 0.1388 0.1331 0.1051
0.060 0.060 0.060 9.77E-08 6.83E-08 6.62E-08 0.1380 0.1314 0.1060
0.065 0.065 0.065 1.01E-07 7.10E-08 6.89E-08 0.1319 0.1261 0.1019
0.070 0.070 0.070 1.09E-07 7.65E-08 7.51E-08 0.1322 0.1262 0.1031
0.075 0.075 0.075 1.12E-07 7.89E-08 7.85E-08 0.1262 0.1215 0.1005
0.080 0.080 0.080 1.20E-07 8.52E-08 8.47E-08 0.1275 0.1230 0.1018
0.085 0.085 0.085 1.29E-07 9.07E-08 9.03E-08 0.1289 0.1232 0.1021
0.090 0.090 0.090 1.34E-07 9.36E-08 9.31E-08 0.1760 0.1202 0.0994
0.095 0.095 0.095 1.41E-07 9.96E-08 9.80E-08 0.1262 0.1210 0.0991
0.100 0.100 0.100 1.47E-07 1.03E-07 1.01E-07 0.1245 0.1188 0.0967
0.105 0.105 0.105 1.55E-07 1.09E-07 1.06E-07 0.1248 0.1198 0.0966
0.110 0.110 0.110 1.62E-07 1.15E-07 1.11E-07 0.1247 0.1208 0.0974
0.115 0.115 0.115 1.66E-07 1.18E-07 1.13E-07 0.1226 0.1187 0.0947
0.120 0.120 0.120 1.74E-07 1.24E-07 1.18E-07 0.1227 0.1193 0.0947
0.125 0.125 0.125 1.79E-07 1.27E-07 1.21E-07 0.1217 0.1174 0.0932
0.130 0.130 0.130 1.87E-07 1.33E-07 1.27E-07 0.1223 1 0.1181 0.0942
0.135 0.135 0.135 1.96E-07 1.39E-07 1.34E-07 0.1231 0.1187 0.0950
0.140 0.140 0.140 2.00E-07 1.42E-07 1.38E-07 0.1214 0.1169 0.0945
0.145 0.145 0.145 2.08E-07 1.48E-07 1.46E-07 0.1218 0.1177 0.0965
0.150 0.150 0.150 2.14E-07 1.53E-07 1.57E-07 0.1208 0.1178 0.1008

f
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Appendix H The Differential Scanning Calorimeter Thermogram of Undoped 
and P3TAA, Crosslinked Polyisoprene (P I0 3 ) and Polythiophene/Polyisoprene 
Blends (Pth U/PI 03)

A  M ettler-T oledo D SC 822 differential scanning calorim eter (D SC ) w as used 
to record the nonisotherm al exotherm s as w ell as the subsequent m elting endotherm s 
for crosslinked polyisoprene (PI_03), undoped polyth iophene (P th_บ ), and 
poly th iophene/polyisoprene b lends (P th_U /PI_03). C alibration  for the tem perature 
scale w as carried out w ith  a pure indium  standard (T°m = 156 .6°c  and AH°f = 28.5 
J .g '1) on every o ther run to ensure accuracy and reliability  o f the data obtained. To 
m inim ize therm al lag betw een the po lym er sam ple and the D SC furnace, each 
sam ple holder w as loaded w ith  a disc-shaped sam ple w eighing  around 8.0 ±  0.5 mg. 
E ach sam ple w as used only once, and all the runs w ere carried out under nitrogen 
atm osphere to prevent extensive therm al degradation.

The experim ents started w ith  heating  PI_03 from  -6 0 ° c  to 2 0 0 °c , P th _ u  
from  2 5 ° c  to 3 0 0 °c , and 20Pth_U /PI_03 from  -6 0 °c  to 3 0 0 °c  at a rate  o f 10 
๐c /m in . T hese experim ents allow  one to  obtain  values for the glass transition 
tem perature (Tg) and side chain  degradation  tem perature  (Td) o f  polyth iophene at 
7 0 ° c  and 1 6 0 °c  (Hu e t  a l . , 2000). It is also observed the exotherm  at 150-170°c 
corresponding to crosslink  reaction o f  po ly isoprene (Faez e t  a l . , 1999). For 
20Pth_U /PI_03 blends sam ple, it show s the tem perature  located  betw een those o f  the 
pure com ponent. The results clearly  suggest that these com ponents (PI_03 and 
P th_บ ) are im m iscib le b lends and do not h ave  in teraction  together.
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Figure H I T he D SC  therm ogram s o f  crosslinked poly isoprene (PI_03) undoped 
P3T A A  w ith  H C I O 4 .
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Appendix I Scanning Electron Micrograph of Undoped P3TAA, Doped P3TAA 
and Polythiophene/polyisoprene Blends (Pth_U/PI_03)

Figure II T he m orphology o f undoped  poly(3-th iophene acetic acid) (P3TA A ) 
pow der at m agnification  o f  1,500.

(c)

Figure 12 The m orphology o f  doped PT A A  pow der w ith  HCIO4  as various doping 
ratio  at m agnification  o f  1,500: a) 1:1; b) 10:1; and c) 200:1.
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Figure 13 The m orphology o f  polyth iophene/poly isoprene b lends as various 
po lyth iophene particle  concentrations (% vol./vol.) a t m agnification  o f  350: a) 5%; 
b) 10%; c) 20% ; and d) 30% .
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Appendix J Determination of the Crosslink Density

The crosslink  density can be determ ined by the m easurem ent o f  M c. W e can 
determ ine M c from  know ing  the sw elling ability o f  certain  solvents in a crosslinked 
netw ork. A  crosslinked polym er netw ork cannot d issolve because the polym er 
chains are bound together and therefore cannot disentangle. It can, how ever, absorb a 
large quantity o f  a suitable liquid w ith  w hich it is placed in contact. The driving force 
for sw elling is the increase in entropy (the entropy o f  dilu tion) w hich occurs as 
polym er netw ork chains spread apart and m ix w ith  solvent m olecules. T he m ixing 
may be augm ented (Xi < 0) or dim inished (xi >  0) by the heat o f  dilution. The 
therm odynam ic treatm ent o f  a crosslinked polym er is based on the hypothesis that 
the m ixing and elastic  com ponents o f  the free energy are additive and separable. The 
change in the G ibbs free energy w hich occurs during sw elling  can be divided 
betw een the ordinary free energy o f  m ixing (AGm) and the elastic  free energy change 
(AGei) w hich  results from  the expansion o f  the netw ork as follow s; AG =  AGm + 
AGel (H orkey e t  a l . , 2000).

From  F lory-H uggins Theory; AG = kT (nilnv i + ท2!ทV2 +  X n iv 2), w here k is 
B oltzm ann 's constant, ท1 and ท2 are num ber o f  so lvent and po lym er m olecules, 
respectively , Vi and v 2 are volum e fractions o f  solvent and polym er, respectively , and 
X is po lym er-so lvent in teraction  param eter.

It should be noted  tha t ท2 above is equal to zero  (ท2 = 0) in this experim ent 
due to the absence o f  individual polym er m olecules. In o ther w ords, since all the 
chains are tied together in a netw ork, there are no  polym ers floating  around freely in 
the solution.

The expression  for Gel can be derived from  the statistical theory o f  rubber 
elasticity assum ing AGel =  -TAS, i.e., no change in in ternal energy o f  the netw ork 
structure occurs upon stretching.

_  k m T  2 _  R n T  2Gel =  - ^ - ( 3  a  g - 3 )  =  - T - ( 3 a ,  - 3 )2 2 (J.l)
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m is num ber o f  effective chains in netw ork, and otô is extension ratio  for 
iso tropic sw elling.
The chem ical potential o f the solvent in the sw ollen gel is given by;

น -  น  0 =  N  ( ^ - Ç-'I) = yv (■ —̂ ^-) ( - a s )A  A  iV^V -, ) t,p iy A \ /r.pv  -  ) t,pdti\ d a s o n x
(J.2)

N a is A vagadro 's num ber, Pi is chem ical potential o f  slovent in sw ollen gel, 
and Pi° is chem ical potential o f  neat solvent.

3 _  V  _  1 _  Vsolvent + Vpolmer V,1 + V2
<*6 = V  Vy 0 ' 2

(J.3)
polymer

Wo/p2 = Vo is volum e o f  the non-sw ollen  netw ork =  Vi + V 2 , and V  = Vequil is 
vo lum e o f  sw ollen  gel = V 2 .

T he three partial derivatives in E quation  (J.2) can be solved to yield  the 
fo llow ing  (w ith  m  expressed as num ber o f  m oles o f  netw ork chains, or m oles o f 
chain segm ents betw een crosslinks).

A ~ A °  =  R T l n ( l - v 2) + v2 + X \v 7 + V1
' m V 1/3 v 2

Vvo A 2 )

Vi is m olar volum e o f  solvent. 
E quilib rium  sw elling  is reached w hen

A  ~  A  ๐ =  0

(J.4)

(J.5)

and thus, from  E quation  (J.4) w ith  Pi - Pi° =  0,

-  [ln(l -  v2m + v2m + z y  2„ 1
' « v
Vv0 A

1/3 v 2m2 m (1 .6 )

and since m / v , 0 =  p /M c, then:

- [ ln ( l - v 2m + v 2m + A v 2ท,2 ] = ( _p_ v 2m1/3 v2m (J.7)
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( J 8 )
+ v2m + Z ^ 2m2}

(J.9)
v eqน,l X p 2

(J 10)

X  = 0.34 + A ; (£ 1 - £ 2) (111)

and
crosslin ik  density = [2M C]_1 (J 12)

Vi =  the m olar volum e o f  solvent, M w/density , P2 = polym er density, 
polyisoprene ~  0.92 g/cm 3, Pi =  solvent density, to luene ~  0 .867 g/cm 3, Wo =  original 
polym er w eight, พร =  sw ollen polym er w eight, X =  polym er-so lvent interaction 
param eter, R  =  G as constant, 8.29 N .m /m ol.K , T = tem perature, 298 K, 5] = 
solubility parm eter o f  polym er, polyisoprene ~  17.02 (M P a)1/2, Ô2 = solubility 
parm eter o f  solvent, to luene ะะ 18.20 (M P a)1/2.

E x p e rim e n t

T he procedure  o f  the crosslink  density m easurem ent w as as follow s; initially 
the sam ples w ere  cu t to a d im ension o f  ะะ 10 X  10 m m , then  w eights o f  each 
specim en w ere then  m easured. Then w e placed each specim en in a vial containing 
toluene for 3 days and the w eight o f  the swollen sam ple w as rem easureed again. The 
crosslink density  w as calculated from  the equations (J.8 -J.12) (Painter e t  a l . ,  1997; 
Choi, 1999; H okey e t  a i ,  2000; B oochathum  e t  a l . ,  2001). E xperim ents for each 
crosslinking ratio  w ere carried out using three sam ples and data obtained w ere 
averaged. The crosslink  densities o f  each specim en are listed in T able J l .



T a b le  J 1 Sum m ary the crosslink density o f  pure polyisoprene

S y s te m s N o. M c C r o s s l in k  d e n s i ty  ( 1 0 5 m o l/c m 3)
P I 0 2 1 13463 3.417

2 11567 3 .9 7 7
3 12009 ^ n r\ rJ.OÜJ

A v e ra g e 12346 3.733
P I 03 1 6763 6 802

2 7616 6 .0 4 0
3 8396 5 4 79

A v e ra g e 7592 6 107
P I 0 5 1 4 002 11.494

2 4430 10.384
3 4 307 1 0 6 8 0

A v e ra g e 4246 10.853
P I_ 0 7 1 3150 14.603

2 2707 16.993
3 3302 13.929

A v e ra g e 3053 15.175
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A pp en dix  K E lectrorheological Properties M easurem ent o f  Pure Polyisoprene  
at V arious D egree o f C rosslinking

The electrorheological properties of pure polyisoprene at various degrees of 
crosslinking were measured by the melt rheometer (Rheometric Scientific, ARES) 
under oscillatory shear mode and applied electric filed strength varying from 0 to 2 
kv/mm. In these experiments, the dynamic moduli (G1 and G") were measured as 
functions of frequency and electric field strength. Strain sweep tests were first 
carried out to determine the suitable strain to measure G' and G" in the linear 
viscoelastic regime as showed in Table Kl.

T able K l Summary of the linear viscoelastic regime of pure polyisoprene at various 
crosslinking ratios

System s C rosslinking ratio
( N d c p / N p i )

L inear V iscoelastic  R ange  
(% Strain)

PI 00 0 2 2 0

PI 02 2 1

PI 03 3 1

PI 05 5 1
PI 07 7 1
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T able K2 Induction time and recovery time of pure polyisoprene systems and 
polythiophene/polyisoprene blends

Sam ples E lectric field  
(k V /m m )

Induction tim e  
(ti„d)(s)

R ecovery tim e  
(xrec) (ร)

AG'ind AG'rec

P I03 1 107 76 195 188
2 75 83 110 106

PI 05 2 73 74 202 175
PI 07 2 78 64 851 821

Pth_บ20/PI_03 1 157 59 2257 35
2 121 66 4794 80
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(a)

(b)

Figure Kl Strain sweep tests o f pure polyisoprene fluid (PI_00), frequency 1.0
rad/s, 27°c, gap 0.500 mm: a) E 0 v /m m  ; b) E 2 kv/m m .

tan_delta 
tan delta
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(a)

(b)

Figure K2 Strain sweep tests o f pure polyisoprene with crosslinking ratio o f 2
(PI_02), frequency 1.0 rad/s, 27°c, gap 0.870 mm: a) E 0 v /m m ; b) E 2 kv/m m .

tan delta 
tan delta
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(a)

(b)

Figure K3 Strain sweep tests o f pure polyisoprene with crosslinking ratio o f 3
(PI_03), frequency 1.0 rad/s, 27°c, gap 0.930 mm: a) E 0 v /m m ; b) E 2 kv/m m .

tan delta 
tan delta
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(a)

(b)

Figure K4 Strain sweep tests o f pure polyisoprene with crosslinking ratio o f 5
(PI_05), frequency 1.0 rad/s, 27°c, gap 0.930 mm: a) E 0 v /m m ; b) E 2 kv/m m .

tandelta 
tan delta
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(a)

(b)

Figure K5 Strain sweep tests o f pure polyisoprene with crosslinking ratio o f 7
(PI_07), frequency 1.0 rad/s, 27°c, gap 0.940 mm: a) E 0 v /m m ; b) E 2 kv/m m .

tandelta 
tan delta
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(a)

(b)

Figure K6 Storage and loss moduli of Polyisoprene at various crosslinking ratios,
strain 1%, (PI_00 system, strain 220%), 27°c, electric field strength 0 v/m m :
(a) the storage modulus, G'; (b) the loss modulus, G".
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G> (rad/s)

E 0 v/nim E 2 v/mm E 5 V/mm E10 V/mm E 20 V/mm E 50 V/mm E 100 V/mm E 200 V/mm E 500 V/mm E 1000 V/mm E 1200 V/mm E 1500 V/mm E 2000 V/mm

(a)

CO (rad/s)

E 0 V/mm E 2 V/mm E 5 V/mm E 10 V/mm E 20 V/mm E 50 V/mm E 100 V/mm E 200 V/mm E 500 V/mm E 1000 V/mm E 1200 V/mm E 1500 V/mm E 2000 V/mm

(b)
Figure K7 Frequency sweep tests o f pure polyisoprene with crosslinking ratio o f 2
(PI_02), strain 1.0%, 27°c, gap 0.895 mm, various electric field strengths: a) G';
b) G".
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CSรน
b

E 0 v/nim 
E 2 v/mm 
E 5 V/mm 
E 10 v/nim 
E 20 V/mm 
E 50 V/mm 
E 100 V/mmE 200 V/mm—A— E 500 V/mm —T— E 1000 V/mm —♦ — E 1200 V/mm —•— E 1500 V/mm — E 2000 V/mm

0.01 0.1 1 10 100 1000
CD (rad /s)

(a)
le+ 5

E 0 V/mm E 2 V/mm E 5 V/mm E 10 V/mm E 20 V/mm E 50 V/mm E 100 V/mm E 200 V/mm E 500 V/mm E 1000 V/mm E 1200 V/mm E 1500 V/mm E 2000 V/mm

0.01 0.1 1 10 100 1000
CD (rad /s)

(b)
Figure K8 Frequency sweep tests o f pure polyisoprene with crosslinking ratio o f 3
(PI_03), strain 1.0%, 27°c, gap 0.894 mm, various electric Field strength: a) G';
b) G".
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E 0 v/mm E 2 v/nim E 5 V/mm E10 V/mm E 20 V/mm E 50 V/mm—♦ - E 100 V/mm
- m -  E 200 V/mm —A— E 500 V/mm —T— E 1000 V/mm — E 1200 V/mm — E 1500 V/mm — E 2000 V/mm

0.01 0.1 1 10 100 1000
© (rad/s)

(a)

E 0 V/mm E 2 V/mm E 5 V/mm E 10 V/mm E 20 V/mm E 50 V/mm E 100 V/mm E 200 V/mm E 500 V/mm E 1000 V/mm E 1200 V/mm E 1500 V/mm E 2000 V/mm

(b)
Figure K9 Frequency sweep tests o f pure polyisoprene with crosslinking ratio o f 5
(PI_05), strain 1.0%, 27°c, gap 0.917 mm, various electric field strength: a) G';
b) G".
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CSé
b

le+5

‘ฯ , . ; ;  Z  ; ............, 0 ...........,00 ' 1 1: »

E 0 v/mm E 2 V/mm E 5 V/mm E 10 V/mm E 20 V/mm E 50 V/mm E 100 V/mm E 200 V/mm E 500 V/mm E 1000 V/mm E 1200 V/mm E 1500 V/mm E 2000 V/mm

CD (rad/s)

(a)

E 0 V/mm E 2 V/mm E 5 V/mm E 10 V/mm E 20 V/mm E 50 V/mm E 100 V/mm E 200 V/mm E 500 V/mm E 1000 V/mm E 1200 V/mm E 1500 V/mm E 2000 V/mm

(b)

Figure K10 Frequency sweep tests of pure polyisoprene with crosslinking ratio of 7
(PI_07), strain 1.0%, 27°c, gap 0.895 mm, various electric field strengths: a) G';
b) G".
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E (V/mm)

(a)

(b)

Figure K ll  Responses of the storage and the loss moduli (AG'(oo) and AG"((ü))of 
the polyisoprenes at various crosslinking ratios vs. electric field strength, frequency 
1.0 rad/s, strain 1%, (P I00  system, strain 220%) at 27°C: (a) AG'(co); (b) AG"(co).
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(a)

(b)

F igure K l 2 Sensitivity of the storage and loss moduli of the polyisoprenes at 
various crosslinking ratios vs. electric field strength, frequency 1.0 rad/s, strain 1%, 
(PI_00 system, strain 220%) at 27°C: (a) AGVG'o(co); (b) AG"/G"o(co).
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(a)

(b)

F igure K13 Sensitivity of the polyisoprenes as functions of various crosslinking 
ratios, 27°c, various frequencies, electric field strength 2 kv/mm: (a) AG'/G'o; (b) 
AG7G"o.
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8000

O E = 1 kV /m n i 
A E = 2 k V /m m

10000 12000

F igure K 14 Temporal response of storage modulus (G') of P I 0 3  system at various 
electric field strengths (1 and 2 kV/mm).
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A ppendix  L E lectrorheological Properties M easurem ent o f Polythiophene/ 
P olyisoprene B lends at various Polyth iophene Particles C oncentrations

The electrorheological properties of polythiophene/polyisoprene blends at 
various polythiophene particle concentrations were measured by the melt rheometer 
(Rheometric Scientific, ARES) under oscillatory shear mode and applied electric 
filed strength varying from 0 to 2 kv/mm. In these experiments, the dynamic moduli 
(G1 and G") were measured as functions of frequency and electric field strength. 
Strain sweep tests were first carried out to determine the suitable strain to measure G 
and G" in the linear viscoelastic regime as showed in Table LI.

T able L I Summary the linear viscoelastic regime of polythiophene/polyisoprene 
blends at various polythiophene particle concentrations

System s Particles concentration  
(vol.% )

L inear V iscoelastic  R ange  
(%  Strain)

PI 03 0 1
Pth U5/PI 03 5 1

Pth U10/PI 03 10 1
Pth บ20/PI 03 20 1
Pth บ30/PI 03 30 1
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(a)

(b)

Figure LI Strain sweep tests o f polythiophene/polyisoprene blends with particle
concentration o f 5 vol.% (Pth_บ 5/PI 03), frequency 1.0 rad/s, 27°c, gap 0.900 mm:
a) E 0 v/m m ; b) E 2 kv/m m .
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(a)

(b)

Figure L2 Strain sweep tests o f polythiophene/polyisoprene blends with particle
concentration o f 10 vol.% (Pth_U10/PI_03), frequency 1.0 rad/s, 27°c, gap 0.870
mm: a) E 0 v/m m ; b) E 2 kv/m m .

tan delta 
tan delta
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(a)

(b)

Figure L3 Strain sweep tests o f polythiophene/polyisoprene blends with particle
concentration o f 20 vol.% (Pth_บ20/PI_03), frequency 1.0 rad/s, 27°c, gap 0.960
mm: a) E 0 v /m m ; b) E 2 kv/m m .

tandelta 
tan delta
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(a)

(b)

Figure L4 Strain sweep tests o f polythiophene/polyisoprene blends with particle
concentration o f 30 vol.% (Pth_บ 30/PI_03), frequency 1.0 rad/s, 27°c, gap 0.960
mm: a) E 0 v /m m ; b) E 2 kv/m m .

tandelta 
tan delta
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(a)

(b)

F igure L5 Comparison of the storage and the loss moduli of polyisoprene (PI_03) 
and Polythiophen/polyisoprne blends (Pth_U/PI_03) at various particle 
concentrations (5,10, 20, and 30 vol.%), strain 1%, 27°c, electric field strength 0 
v/mm: (a) storage modulus, G', (b) loss modulus, G".
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(b)

Figure L6 Frequency sw eep  tests o f  P th _U 5/P I_03 , strain 1.0%, 2 7 ° c ,  gap 0 .899
m m , various e lectr ic  fie ld  strength: a) G'; b) G".
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E 0 v/nim E 2 v/nim E 5 v/mni E10 v/mni E 20 v/mm E 50 V/mm E 100 V/mm E 200 V/mm E 500 V/mm E 1000 V/mm E 1200 V/mm E 1500 V/mm E 2000 V/mm

CD (rad/s)
(a)

E 0 V/mm E 2 V/mm E 5 V/mm E 10 V/mm E 20 V/mm E 50 V/mm E 100 V/mm E 200 V/mm E 500 V/mm E 1000 V/mm E 1200 V/mm E 1500 V/mm E 2000 V/mm

(b)

Figure L7 Frequency sw eep  tests o f  P th _U 10 /P I_03 , strain 1.0%, 2 7 ° c ,  gap 0.905
m m , various e lectric  fie ld  strength: a) G ; b) G".
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(b)

Figure L8 F requency sw eep  tests o f  P th_บ 2 0 /P I_ 0 3 , strain 1.0% , 2 7 ° c ,  gap 0.950
m m , various e lectric  fie ld  strength: a) G'; b) G".
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(b)

Figure L9 Frequency sw eep  tests o f  P th_บ 30 /P I_03 , strain 1.0% , 2 7 ° c ,  gap 0 .920
m m , various e lectric  fie ld  strengths: a) G'; b) G".
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(a)

(b)

F ig u re  L 10 R esponses o f  the storage and the loss m oduli o f  the 
polyth iophen/polyisoprene b lends at various particle  com positions vs. electric field 
strength, at frequency 1.0 rad/s, strain  1%, at 27°C: (a) AG'(co); (b) AG"(co).



A
G

"/
G

"„
 

A
G

'/
G

'

156

(a)

* E  (V/mm)

(b)

F ig u re  L l l  Sensitiv ity  o f  the storage and the loss m oduli o f  th e  Pth_U /PI_03 blends 
at various particle  com positions vs. electric field strength, at frequency 1.0 rad/s, 
strain 1%, at 27°C: (a) AG7G'o((û); (b) AG7G"o(co).
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(a)

0 5 10 15 20 25 30 35
Particles concentration (vol.%)

(b)

F ig u re  L 12 Sensitiv ity  o f  the poly isoprenes as functions o f  various polythiophene 
particle  concentrations, 27°c, various frequencies, electric  field strength 2 kv /m m : 
(a) AG'/G'o; (b) A G 7 G "0.
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F ig u re  L 15 T em poral response o f  storage m odulus (G ') o f  P th_U 20/PI_03 system 
at various e lectric  field  strength (1 and 2 k v /m m ).
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A p p e n d ix  M  E lec tro rh eo lo g ica l P ro p e r tie s  M e a s u re m e n t o f P o ly th io p h en e / 
P o ly iso p ren e  S u sp en sio n s a t  v a rio u s  P o ly th io p h e n e  S pecific  C ondu ctiv ity  
P o ly th io p h e n e  P a rtic le s  C o n c e n tra tio n s

The electrorheological properties o f  polythiophene/polyisoprene 
suspensions at various polyth iophene specific conductiv ity  and polythiophene 
particle  concentrations w ere m easured by the m elt rheom eter (R heom etric  Scientific, 
A R E S) under oscillatory shear m ode and applied electric filed strength vary ing  from 
0 to  2 k v /m m . In these experim ents, the dynam ic m oduli (G 1 and G") were 
m easured as functions o f  frequency and electric field strength. S train sw eep tests 
w ere first carried out to determ ine the appropriate strain to m easure G' and G" in the 
linear v iscoelastic  regim e as show ed in Table M l .

T a b le  M l  Sum m ary the linear v iscoelastic regim e o f  polyth iophene/polyisoprene 
suspensions a t various polyth iophene particle concentrations

System s
P a rtic le

c o n c e n tra tio n
(v o l.% )

A p p ro p r ia te  s tr a in  (% ) 
E  (k V /m m )

0 - 0 .2 0.5 1 1 . 5 - 2
5Pth U /PI 5 220 10 2 0.7

5Pth T l /P I 5 220 2 2 0.3
5Pth 1 0 :1/PI 5 220 2 0.5 0.3

5Pth 2 0 0 :1/PI 5 220 o 0.5 0.3
lOPth 2 0 0 :1/PI 10 80 2 0.5 0.3
20P th  2 0 0 :1/PI 20 50 0.7 0.5 0.3
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T a b le  M 2 Induction  tim e and recovery tim es at 2 7 ° c  o f  doped and undoped 

po ly th iophene/poly isoprene suspensions

S am ples
E le c tr ic

field
(k V /m m )

In d u c tio n
tim e

(Tind) (ร)

R ecovery
tim e

(tree) (ร)
AG'i,,d

(P a)
AG'rec

(P a)
A C in d

(P a)
AG"rec

(P a)
5Pth U /PI 2.0 34 62 25 24 148 122

5Pth 2 0 0 :1/PI 2.0 33 173 61 57 303 277

2 0 P th _ 2 0 0 :l/P I
0.5 62 70 10 8 89 61
1.0 65 170 35 32 271 232
2.0 67 206 133 125 772 699



161

O E 0 v/mm 
□  E 2 v/mm 
A E 5 V/mm 
V E10 V/mm 
O E 20 V/mm 
O E 50 V/mm
•  E 100 V/mm 
■  E 200 V/mm 
A E 500 V/mm 
▼  E 1000 V/mm
•  E l 500 V/mm
•  E 2000 V/mm

freq (rad/s)

(a)

O
□
A

V
O
O
•
■
▲
▼
♦

E 0 V/mm 
E 2 V/mm 
E 5 V/mm 
E 10 V/mm 
E 20 V/mm 
E 50 V/mm 
E 100 V/mm 
E 200 v/m ni 
E 500 V/mm 
E 1000 V/mm 
E 1500 V/mm 
E 2000 V/mm

0.1 10 100
freq (rad/s)

(b)

Figure M l Frequency sweep tests of 5Pth_U/PI, gap 0.500 mm, various electric
field strength, and at 27°C: a) G'; b) G".
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□  E 2 V/mm
A E 5 V/mm
V E 10 V/mm
O E 20 V/mm
O E 50 V/mm
•  E 100 V/mm 
■  E 200 V/mm 
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(b)

Figure M2 Frequency sweep tests of 5Pth_l:l/PI, gap 0.500 mm, various electric
field strength, and at 27°C: a) G'; b) G".
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(a)

(b)
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Figure M3 Frequency sweep tests of 5Pth_10.1/PI, gap 0.500 ทาทไ, various electric
field strength, and at 27°C: a) G1; b) G".
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(b)

Figure M4 Frequency sweep tests of 5Pth_200:l/PI, gap 0.500 mm, various electric
field strength, and at 27°C: a) G'; b) G".
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(b)

Figure M5 Frequency sweep tests of 10Pth_200:1/PI, gap 0.500 mm, various
electric field strength, and at 27°C: a) G'; b) G".
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(b)

Figure M6 Frequency sweep tests of 20Pth_200:l/PI, gap 0.500 mm, various
electric field strength, and at 27°C: a) G'; b) G".
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(b)

F ig u re  M 7 Storage and loss m oduli o f  5vol.%  poly th iophene/polyisoprene 
suspensions (5P th/PI) at various doping ratios vs. frequency, 27°C: (a) storage 
m odulus, G '(cü); (b) loss m odulus, G"(w).
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(a)

(b)

Figure M8 Storage m odulus (AG') and loss m odulus responses (A G ") o f  5vol.% 
po ly th iophene/poly isoprene suspension (5P th/PI) at various doping ratios vs. electric 
field  strength, at frequency o f  1.0 rad/s, and at 27°C: (a) storage m odulus response; 
(b) loss m odulus response, w hich  the data below  0.4 k v /m m  are negligible.
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(a)

(b)

Figure M9 S torage m odulus (AG1) and loss m odulus responses (AG") o f  doped 
po ly th iophene/poly isoprene suspensions as functions o f  doping level, 2 7 °c , at 
various frequencies, and at electric field strengths o f  1 and 2 k v /m m .
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Figure M10 Storage and loss m odulus o f  H C IO 4 h ighly doped 
poly th iophene/poly isoprene suspensions (P th_200:1/PI) at various particle 
concentrations vs. frequency, 27°C: (a) storage m odulus, G '(cü); (b) loss m odulus, 
G » .
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(b)

F ig u re  M i l  S torage m odulus (AG') and loss m odulus responses (AG") o f  H C IO 4  
highly doped polyth iophene/polyisoprene suspensions (P th _ 2 0 0 :l/P I) at various 
particle concentrations vs. electric field strength, at frequency o f  1.0 rad/s, at 27°C: 
(a) storage m odulus responses; (b) loss m odulus responses.
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(a)

(b)

F ig u re  M 12 S torage m odulus (A G 1) and loss m odulus responses (AG") o f  HCIO 4 

highly doped polyth iophene/poly isoprene suspensions as functions o f  particle 
concentration, 2 7 °c , at various frequencies, and at electric  field strengths o f  1 and 2
k v /m m .
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(a)

(b)

F ig u re  M 13 T he scaling exponents ท' and ท" vs. electric field  strength o f  HCIO 4 

doped po ly th iophene/poly isoprene suspensions, and at tem perature o f  27°C: (a) 
U ndoped and highly doped, 5 vol.% ; (b) H ighly doped at various particle 
concentrations.
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(b)

F ig u re  M 14 T em poral response o f  storage m odulus (G 1) o f  : (a) 20vol.%  HCIO 4 

highly doped poly th iophene/polyisoprene suspensions (20Pth_200:1/PI) a t various 
electric field  strengths; (b) Polyth iophene/poly isoprene suspensions at various 
doping ratio  and particle concentration, electric field strength o f  2 k v /m m , and at 
27 3D.
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