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APPENDICES

Appendix A Identification of Characteristic Peaks in FT-IR  Spectrum of 
Undoped Poly(p-phynylene)

The undoped poly(p-phynylene) (PPP) was characterized by FT-IR 
spectroscopy in order to identify functional groups. The 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 PPP was intimately mixed with 
dried KBr at a ratio of PPP:KBr = 1:20

Figure A1 The FT-IR spectra of: a) undoepd poly(p-phenylene); and poly(p- 
phenylene) doped with H2 SO4  at various mole ratios of acid to monomer unit (Nacid :
Nmonomer ); b) 1 :1 0 0 ; c) 1 :1 0 ; d) 1 :1  ; (e) 1 0 :1  and (f) 1 0 0 :1
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The assignments of peaks in the spectrum are shown in Table A l. The 
characteristic peaks of ppp were found at 3025-3020 cm ' 1 and can be assigned to the 
stretching vibration of the C-H bond on the benzene ring; peak at 1477 and 805 cm ' 1 

represents the double sides p-substituted stretching vibration; peak at 1 0 0 0  cm ' 1 

represents the C-C stretching vibration of benzene ring; and peaks at 757 and 693 
cm ' 1 represent the single side p-substituted stretching vibration (Kovacic e t a l ,  
1962). After the neutral poly(p-phenylene) was doped with sulfuric acid, some 
characteristic peaks of acid appeared on FT-IR spectra: the double sides p-substituted 
stretching vibration will be shifted to higher wavenumbers at 1530 and 810 cm ' 1 . 
The shift of the C-C stretching vibration of benzene ring from 1000 to 1080 cm ' 1 is 
present (Geetha e t a l., 2004).

Table A l The FT-IR absorption spectrum of undoped and doped ppp with H2 SO4

W avenumber (c m 1) Assignments References
3025 - 3020 C-H stretching of benzene ring Kovacic e t al. ( 1962)
1530 and 810 Double sides p-substitute stretching after doping Geetha e t al. (2004)
1477 and 805 Double sides p-substitute stretching Kovacic e t al. ( 1962)

1080 C-C stretching of benzene ring after doping Geetha e t al. (2004)
1 0 0 0 C-C stretching of benzene ring Kovacic e t al. (1962)

757 and 693 Single side p-substitute stretching Kovacic e t al. (1962)



131

The UV-Visible spectra of undoped and doped Poly(p-phynylene) recorded 
with a UV-Vis absorption spectrometer (Perkin-Elmer, Lambda 10). Measurements 
were taken in the reflectance mode in the wavelength range of 200-900 nm. 
Synthesized ppp was grinded into a fine powder and put into a sample holder. Scan 
speed was 100 mm/min, and a slit width of 5.0 nm using a deuterium lamp as the 
light source.

Appendix B Identification of Characteristic Peaks of Undoped and Doped
Poiy(p-phynylene) from UV-Visible Spectroscopy

Figure B1 T he U V -V is ib le  spectra o f  : a) undoped P o ly (p -p h yn y len e); and P oly(p-
p h yn y len e) doped  w ith  H 2SO 4 at various m ole  ratios o f  acid  to m onom er unit (Nacid :
Nmonomer ) j b) 1:100 ; c ) 1:10; d) 1:1 ; e) 10:1 ; and f) 100:1.
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The UV-Visible spectra of undoped and doped Poly(p-phynylene) from the 
references are shown in Table B1. The wavelength in [ ] refers to the results of the 
assignments cited from references.

Table B1 Assignment peaks of UV-Visible peaks of undoped and doped Poly(p- 
phynylene)

Wavelength
(nm) Assignments References

350±10
[359]

7t-7T* transitions of the 
benzoid ring Geetha e t al. (2004)

300-400
[320-370]

71-71* transitions of the conjugated 
polymer chains after doping Demanze e t al. (1996)

400-600
[8701 Charge carriers Geetha e t al. (2004)
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Appendix c  Determination of Particle Sizes of Undoped and Doped ppp

Table C l Summary of the particles diameter of undoped ppp_บ), Nacid : Nmonomer 
1 :1 0 0  (PPP_1:100), Nacid ะ Nmonomer 1:10 (PPP_1:10), Nacid : Nmonomer 1:1 (PPP_1:1), 
Nacid : Nmonomer 10:1 (PPP_10:1), and Nacid : Nmonomer 100:1 (PPP_100:1)

Samples Particle diam eter (pm)
1 2 3 Avg. STD

PPP บ 44.73 42.18 40.97 42.62 1.19
PPP 1:100 50.15 49.7 46.67 48.84 0.96

PPP 1:10 54.04 46.47 50.52 46.34 4.24
PPP 1:1 51.46 43.33 48.13 47.64 4.08

PPP 10:1 45.49 46.42 48.37 46.76 1.47
PPP J  00:1 47.75 45.56 45.92 46.41 1.17
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Table C 2 The raw data from  particle s ize  analysis o f  undoped p p p

Size Une oped po y(p-phenylene)
Low
(pm)

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

0.50 1.32 0.17 0.17 0.07 0.07 0 .2 0 0 .2 0
1.32 1.60 0.54 0.71 0.71 0.78 0.13 0 33
1.60 1.95 0.79 1.50 0.62 1.40 0.73 1.06
1.95 2.38 0.90 2.39 0.55 1.95 0.78 1.84
2.38 2.90 0.91 3.30 0.57 2.52 0.69 2.53
2.90 3.53 0.94 4.24 0 .8 8 3.40 0.84 3.37
3.53 4.30 1.06 5.30 1.54 4.94 1.25 4.62
4.30 5.24 1.33 6.63 1.23 6.17 1.13 5.75
5.24 6.39 1.74 8.37 1.80 7.97 1 .6 8 7.43
639 7.78 2 .2 1 10.58 2.51 10.48 2.34 9.77
7.78 9.48 2.69 13.27 2 .1 1 12.59 3.99 13.76
9.48 11.55 3.25 16.51 2 .8 8 15.47 2.97 16.73
11.55 14.08 3.98 20.50 4.53 2 0 .0 0 4.04 20.77
14.08 17.15 4.94 25.44 4.51 24.51 3.98 24.75
17.15 20.90 6.08 31.51 4.89 29.40 5.39 30.14
20.90 25.46 7.15 38.66 8.54 37.94 6.57 36.71
25.46 31.01 7.78 46.44 9.78 47.72 8.79 45.50
31.01 37.79 7.77 5421 7.08 54.80 7.42 52.92
37.79 46.03 7.24 61.45 6.97 61.77 6.81 59.73
46.03 56.09 629 67.74 4.03 65.08 9.22 68.95
56.09 68.33 5.03 72.77 5.54 71.34 4.39 73.34
68.33 83.26 3.48 76.20 7.51 78.85 5.30 78.64
83.26 101.44 2 .2 2 78.43 1 0 .1 0 88.95 3.48 82.12
101.44 123 59 1.96 80.39 1 .0 2 89.97 0 .8 8 83.00
123.59 150.57 2.82 83.22 0.09 92.01 1.24 84.24
150.57 183.44 3.89 87 10 2.51 94.52 2.57 86.81
183.44 223.51 4.33 91.43 0 .8 8 95.40 6.75 93.56
223.51 272.31 3.38 94.81 2.99 98.39 3.34 96.90
272.31 331.77 1.84 96.65 0.17 98.47 0 .2 2 97.12
331.77 404.21 0.87 97.52 1 .1 1 99.58 1.69 98.81
404.21 492.47 0.75 98.28 0.26 99.84 0.83 99.64
492.47 600.00 1.73 1 0 0 .0 0 0.16 1 0 0 .0 0 0.36 1 0 0 .0 0
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Table C 3 The raw  data from  particle s ize  analysis o f  Nacid : Nmonomer about 1 ะ 100

Size Nacid • Nmonomer about 1 ; 1 0 0
Low High
(pm) (pm) In% Under% In% Under% In% บทder%
0.50 1.32 0.06 0.06 0.06 0.07 0.06 0.06
1.32 1 60 0.30 0.37 0.31 0.38 0.28 0.34
1.60 1.95 0.50 0 .8 6 0.51 0.89 0.46 0.80
1.95 2.38 0.64 1.51 0 .6 6 1.55 0.60 1.40
2.38 2.90 0.77 2.28 0.79 2.35 0.73 2.13
2.90 3.53 0.91 3.19 0.94 3.28 0.87 3.00
3.53 4.30 10.9 4.28 1 .1 2 4.41 1.06 4.06
4.30 5.24 1.33 5.61 1.36 5.77 1.29 5.35
5.24 639 1.58 7.19 1.61 7.38 1.54 6.89
6.39 7.78 181 9.00 1.85 9.23 1.76 8.65
7.78 9.48 2.07 11.07 2 .1 1 11.34 1.99 10.64
9.48 11.55 2.54 13.61 2.60 13 93 2.44 13.08
11.55 14.08 3.38 16.99 3.46 17.40 3.23 16.32
14.08 17.15 4.59 21.58 4.71 2 2 .1 1 4.41 20.72
17.15 20.90 5.93 27.50 6.07 28.17 5.74 26.45
20.90 25.46 6.82 34.32 6.96 35.13 6.69 33.14
25.46 31.01 6.61 40.93 6 .6 8 41.81 6.60 39.74
31.01 37.79 5.32 46.26 5.29 47.11 5.47 45.20
37.79 46.03 4.15 50.41 4.06 51.17 4.41 49.61
46.03 56.09 4.43 54.84 4.32 55.49 4.74 54.36
56.09 68.33 6.59 61.44 6.50 61.99 6.94 61.30
68.33 83.26 1 0 .0 0 71 44 9.96 71.95 10.34 71.64
83.26 101.44 11.50 82.93 11.52 83.45 1 1 .6 6 83.28
101.44 123.59 7.99 90.92 8 .0 0 91.45 7.85 91.13
123.59 150.57 3.84 94.76 3.74 95.19 3.70 94.83
150.57 183.44 2 .1 1 96.88 1 .8 6 97.06 2.19 97.03
183.44 223.51 1.30 98.18 0.97 98.03 1.53 98.55
223.51 272.31 0 .8 6 99.04 0.62 98.65 0.99 99.54
272.31 331.77 0.59 99.63 0.62 99.27 0.46 1 0 0 .0 0
331.77 404.21 0.32 99.95 0.73 99.99 0 .0 0 1 0 0 .0 0
404.21 492.47 0.05 1 0 0 .0 0 0 .0 0 1 0 0 .0 0 0 .0 0 1 0 0 .0 0
49247 600.00 0 .0 0 1 0 0 .0 0 0 .0 0 1 0 0 .0 0 0 .0 0 1 0 0 .0 0
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Table C 4  T he raw data from  particle s ize  analysis o f  Nacid : Nmonomer about 1:10

Size Nacid • Nmonomer about 1 :1 0
Low High
(pm) (pm) In% บทder% In% Under% In% Under%
0.50 1.32 0 .1 1 0 .1 2 0.13 0.13 0 .1 0 0 .1 0
1.32 1.60 0.45 0.57 0.51 0.64 0.40 0.49
1.60 1.95 0.71 1.28 0.80 1.45 0.62 1 .1 2
1.95 2.38 0.87 2.15 0.98 2.43 0.76 1 .8 8
2.38 2.90 0.97 3.12 1.09 3.52 0 .8 6 2.74
2.90 3.53 1.08 4.21 1 .2 1 4.73 0.97 3.71
3.53 4.30 1.26 5.46 1.39 6 .1 2 1.15 4.86
4.30 5.24 1.52 6.98 1 .6 6 7.78 1.41 6.26
5.24 6.39 1.85 8.84 2 .0 2 9.80 1.74 8 .0 0
6.39 7.78 2 .2 0 11.04 2.38 12.18 2.08 10.09
7.78 9.48 2.54 13.58 2.74 14.92 2.42 12.51
9.48 11.55 3.03 16.61 3.26 18.19 2 .8 8 15.40
11.55 14.08 3.76 20.37 4.07 22.26 3.57 18.97
14.08 17.15 4.75 24.12 5.15 27.41 4.49 23.45
17.15 20.90 5.82 30 94 6.31 33.72 5.50 28.95
20.90 25.46 6.56 37.49 7.07 40.79 6.26 35.20
25.46 31.01 6.51 43.99 6.91 47.70 6.39 41.59
31.01 37.79 5.66 49.66 5.85 53.56 5.90 47.50
37.79 46.03 4.80 54.46 4.79 58.35 5.44 52.94
46.03 56.09 4.92 59.39 4.80 63.16 5.86 58.80
56.09 68.33 6.39 65.79 6.26 69.43 7.45 66.26
68.33 83.26 8.58 74.36 8.45 77.87 9.54 75.80
83.26 101.44 9.17 83.53 8.96 86.82 9.75 85.54
101.44 123.59 6.38 89.90 6.08 92.90 6.48 92.02
123.59 150.57 3.25 93.16 2.92 95.82 3.09 95 11
150.57 183.44 2 .0 0 95.17 1.58 97.41 1.75 96.87
183.44 223.51 1.51 96.68 1.05 98.46 1.31 98.18
223.51 272.31 1 .2 1 97.89 0.77 99.23 1.03 99.21
272.31 331.77 0.96 98.85 0.53 99.76 0.65 99.86
331.77 404.21 0.67 99.52 0.24 1 0 0 .0 0 0.14 1 0 0 .0 0
404.21 49247 0.38 99.90 0 .0 0 1 0 0 .0 0 0 .0 0 1 0 0 .0 0
492.47 600.00 0 .1 0 1 0 0 .0 0 0 .0 0 1 0 0 .0 0 0 .0 0 1 0 0 .0 0
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Table C 5 T he raw data from  particle s ize  analysis o f  Nacid : Nmonomer about 1:1

Size N a c i d  ■ N m o n o m e r  about 1 ! 1
Low High
(pm) (pm) In% Under% In% บทder% In% Under%
0.50 1.32 0.07 0.07 0.07 0.07 0.07 0.07
1.32 1.60 0.30 0.37 0.33 0.40 0.29 0.36
1.60 1.95 0.49 0.85 0.54 0.95 0.51 0.87
1.95 2.38 0.64 1.50 0.71 1 .6 6 0 .6 6 1.53
2.38 2.90 0.81 2.30 0 .8 8 2.54 0.85 2.38
2.90 3.53 1 .0 2 3.33 1 .1 1 3.65 1.08 3.46
3.53 4.30 1.34 4.67 1.44 5.09 1.33 4.79
4.30 5.24 1.77 6.44 1 .8 8 6.97 1.95 6.74
5.24 6.39 2.27 8.71 2.40 9.37 2.38 9.12
6.39 7.78 2.75 11.46 2.89 12.25 2.84 11.96
7.78 9.48 3.14 14.60 3.28 15.53 3.09 15.05
9.48 11.55 3.54 18.14 3.67 19.20 3.88 18.93
11.55 14.08 4.05 22.19 4.16 23.36 4.09 23.02
14.08 17.15 4.67 26.87 4.76 28.13 4.66 27.68
17.15 20.90 5.31 32.17 5.37 33.49 5.32 33.00
20.90 25.46 5.73 37.90 5.73 39.23 5.77 38.77
25.46 31.01 5.75 43.65 5.67 44.90 5.71 44.48
31.01 37.79 5.84 49.12 5.30 50.19 5.46 49.94
37.79 46.03 5.38 54.51 5.09 55.29 5.29 55.23
46.03 56.09 5.92 60.43 5.55 60.84 5.77 61.00
56.09 68.33 7.18 67.61 6.78 67.62 7.13 68.13
68.33 83.26 8.55 76.16 8.17 75.78 8.64 76.77
83.26 101.44 8.49 84.64 8 .2 1 83.98 8.34 85.11
101.44 123.59 6.05 90.69 5.92 89.90 5.97 91.08
123.59 150.57 3.25 93.94 3.26 93.17 3.27 94.35
150.57 183.44 1.78 95.72 1 .8 8 95.05 1.82 96.17
183.44 223.51 1.06 96.78 1.19 96.24 1.15 97.32
223.51 272.31 0.76 97.54 0.89 97.12 0.84 98.16
272.31 331.77 0 .6 8 98.23 0.81 97.94 0.71 98.87
331.77 404.21 0 .6 6 98.89 0.79 98.73 0.54 99.41
404.21 492.47 0.60 99.49 0.70 99.43 0 .1 2 99.53
492.47 600.00 0.51 1 0 0 .0 0 0.57 1 0 0 .0 0 0.47 1 0 0 .0 0
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Table C 6 The raw data from  particle s ize  analysis o f  Nacid : Nmonomer about 10:1

Size N a c i d  • N m o n o m e r  about 1 0 :1
Low High
(pm) (pm) In% บ nder% In% Under% In% บทder%
0.50 1.32 0.08 0.08 0 .1 0 0 .1 0 0.07 0.07
1.32 1.60 0.33 0.41 0.31 0.41 0.36 0.43
1.60 1.95 0.52 0.93 0.54 0 95 0.99 1.42
1.95 2.38 0.64 1.57 0 .6 6 1.61 0.61 2.03
2.38 2.90 0.72 2.29 0.75 2.36 0.80 2.83
2.90 3.53 0.85 3.10 0.78 3.14 0.65 4.43
3.53 4.30 0.97 4.07 0.95 4.09 0.92 5.35
4.30 5.24 1.19 5.26 1.28 5.37 1.24 6.59
5.24 6.39 1.47 6.73 1.56 6.93 1.55 8.14
6.39 7.78 1.75 8.48 1.80 8.73 1.71 9.85
7.78 9.48 1.99 10.47 1.85 10.58 1.97 11.82
9.48 11.55 2.30 12.77 2.44 13.02 2.51 14.33
11.55 14.08 2.76 15.54 2.85 15.87 2.72 17.05
14.08 17.15 3.43 18.97 3.41 19.28 3.45 20.50
17.15 20.90 4.29 23.26 4.27 23.55 4.16 24.66
20.90 25.49 5.16 28.42 5.11 28.66 5 39 30.05
25.46 31.01 5.83 34.25 5.23 33.89 5.22 35.27
31.01 37.79 6.19 40.44 6.78 40.67 6.67 41.94
37.79 46.03 6.40 46 84 6.44 47.11 6.39 48.33
46.03 56.09 6 .8 8 53.73 6.69 53.80 6.84 55.17
56.09 68.33 7.85 61.58 7.86 61 6 6 7.88 63.05
68.33 83.26 8.92 70.50 8.94 70.60 8.99 72.04
83.26 101.44 8.77 79.26 8.42 79.02 8.69 80.73
101.44 123.59 6.49 85.75 6.49 85.51 6.41 87.14
123.59 150.57 3.94 89.69 3.64 89.15 3 65 90.79
150.57 183.44 2.79 92.49 2 .8 8 92.03 2.84 93.63
183.44 223.51 2.26 94.75 2.34 94.37 2.26 95.89
223.51 272.31 1.93 96.68 1.94 96.31 1.90 97.79
272.31 331.77 1.60 98.28 1.55 97.86 1.59 99.38
331.77 404.21 1.16 99.44 1 2 1 99.07 0.50 99.88
404.21 600.00 0.56 1 0 0 .0 0 0.93 1 0 0 .0 0 0 .1 2 1 0 0 .0 0
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Table C 7  T he raw data from  particle s ize  analysis o f  Nacid : Nmonomer about 100:1

Size Nacid ■ Nmonomer about 1 0 0 :1

Low
(pm)

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

0.50 1.32 0.08 0.08 0.08 0.09 0.09 0.09
1.32 1.60 0.26 0.34 0.28 0.37 0.29 0.38
1.60 1.95 0.39 0.73 0.42 0.79 0.44 0.82
1.95 2.38 0.46 118 0.50 1.29 0.52 1.34
2.38 2.90 0.50 1 .6 8 0.55 1.84 0.56 1.90
2.90 3.53 0.57 2.26 0.63 2.47 0.64 2.54
3.53 4.30 0.72 2.98 0.78 3.26 0.79 4.38
4.30 5.24 0.97 3.95 1.04 4.29 1.05 5.76
5.24 6.39 1.30 5.25 1.37 5.66 1.38 7.49
6.39 7.78 1.64 6.89 1.72 7.38 1.73 9.53
7.78 9.48 1.95 8.84 2.03 9.42 2.04 11.89
9.48 11.55 2.26 1 1 .1 0 2.36 11.78 2.36 14.66
11.55 14.08 2.64 13.74 2.76 14.54 2.76 18.00
14.08 17.15 3.16 16.90 3.34 17.88 3.34 22.14
17.15 20.90 3.90 20.80 4.14 2 2 .0 2 4.15 27.31
20.90 25.49 4.85 25.65 5.14 27.16 5.16 33.61
25.46 31.01 5.94 31.59 6.25 33.41 630 41.01
31.01 37.79 7.08 38.67 7.36 40.77 7.40 49.40
37.79 46.03 8 .2 0 46.87 8.40 49.17 8.39 58.64
46.03 56.09 9.28 56.15 9.33 58.50 9.24 68.50
56.09 68.33 1 0 .2 0 66.35 10.06 68.56 9.87 78.38
68.33 83.26 10.50 76.84 1 0 .1 2 78.67 9.88 86.99
83.26 101.44 9.30 86.14 8.77 87.43 8.61 92.99
101.44 123.59 6.49 92.63 5.99 93.42 6 .0 1 96.42
123.59 150.57 3.68 96.31 3.29 96.72 3.43 98.30
150.57 183.44 2 .0 1 98.33 1.74 98.47 1.87 99.33
183.44 223.51 1.07 99.40 0.95 99.41 1.03 99.85
223.51 272.31 0.49 99.89 0.47 99.88 0.52 1 0 0 .0 0
272.31 331.77 0 .1 1 1 0 0 .0 0 0 .1 2 1 0 0 .0 0 0.15 1 0 0 .0 0
331.77 404.21 0 .0 0 1 0 0 .0 0 0 .0 0 1 0 0 .0 0 0 .0 0 1 0 0 .0 0
404.21 600.00 0 .0 0 1 0 0 .0 0 0 .0 0 1 0 0 .0 0 0 .0 0 1 0 0 .0 0
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Appendix D Properties of the Polymer Blend Matrix.

The matrix used in research is acrylic elastomers from Nipon Zeon Advance 
Polymix Co,.LTD. There are two types: Nipol AR71 and Nipol AR72HF. Their 
different properties are tabulated in Table Dl.

Table D l The properties of Nipol AR71 and Nipol AR72HF from Nipon Zeon *
Advance Polymix Co,.LTD.

Properties AR71 AR72HF
Elongation (%) 400 230
Volatile matter (%) 0.32 0.56
Tensile strength (MPa) 1 1 . 8 1 1 . 2
100% Modulus (MPa) 4.1 6
Ash (%) 0 . 2 2 0.16
Moony Viscosity at 1 o o c 50 48
Glass Transition c ■ 15 -28
Specific Gravity 1 .1 1 1 .1 1

llyps_________________ Heat resistance Low Temperature resistance

* Note: 100A modulus is Young’s modulus at strain equal 100%.
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Appendix E Determination of the Correction Factor (K)

The electrical conductivity of undoped and doped ppp 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.

(E.l)
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 whose specific resistivity values were known; we used silicon wafer chips 
(SiC>2). 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 
(E.2) as follows:

K  = = 7 ~ 7R x t  V x t
(E.2)

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

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

Experiment

The cleaning procedure contains 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 (H2O), 1 part of 27% ammonium 
hydroxide (NH4OH), and 1 part of 30% hydrogen peroxide (H2O2). 65 ml of
NH4OH (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 
overflown 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.
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Table E l Determination the geometrical factor of probe A

Probe K (correction factor)
1 2 3 Average STD

A 2.75E-05 2.84E-05 2.80E-05 2.80E-05 4.59E-07

Figure E l The calibration data of Si-wafer: K tay which specific resistivity (p)
0.014265 Q.cm, thickness 0.0724 cm, 24-25°C, 55-59 %R.H.
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Table E2 Determination the correction factor of probe A with standard Si wafer 
(specific resistivity 0.014265 D.cm, thickness 0.0724 cm, 24-25°C, 55-59% R.H)

Volt Applied (mV) Current (raA)
1 2 3 1 2 3
1 1 1 0.00034 0.00031 0.00037
5 5 5 0.00091 0.00085 0.00088
10 10 10 0.00154 0.00158 0.00155
15 15 15 0.00214 0.00213 0.00217
20 20 20 0 00265 0.00264 0.00265
25 25 25 0.00311 0.00312 0.00309
30 30 30 0.00370 0.00368 0.00364
35 35 35 0.00439 0.00435 0.00431
40 40 40 0.00488 0.00491 0.00489
45 45 45 0.0054 0.00548 0.0055
50 50 50 0.00587 0.00584 0.00588
55 55 55 0.00673 0.00665 0.00662
60 60 60 0.00741 0 00746 0.00744
65 65 65 0.00784 0.00782 0.00768
70 70 70 000872 0.00860 0.00875
75 75 75 0.00947 0.00952 0.00955
80 80 80 0.0104 0.0102 0.01
85 85 85 0.0108 0.0109 0.0108
90 90 90 0.0115 0.0117 0.0115
95 95 95 0.0124 0.0122 0.0122
100 100 100 0.0125 0.0129 0.0127
105 105 105 00138 0.0135 0.0137
110 110 110 0.0149 0.0148 0.0151
115 115 115 0.0158 0.0159 0.0158
120 120 120 0.0171 00171 0.0174
125 125 125 0.0184 0.0185 0.0185
130 130 130 0.0202 0.0204 0.0203
140 140 140 00222 0.0223 0.0228
150 150 150 0.0251 0.0255 0.0252
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Appendix F Conductivity M easurement

The specific conductivity, which is the inversion of specific resistivity (p) of 
undoped and doped ppp pellets were measured by using the two-point probe 
connected to a source meter (Keithley, Model 6517A) for a constant voltage source 
and reading resultant current under the atmospheric pressure, 54-60% relative 
humidity and at 24-25°C. The geometric correction factor (K) of probe A is 2.8x1 O'5. 
The thickness of pellets was measured by a thickness gauge. The applied voltage 
was plotted versus the current to determine the linear ohmic regime of each sample. 
The applied voltage and the current change in the linear ohmic regime were 
converted to the electrical conductivity of the polymer by using equation (F.l) as 
follows:

1  = 1 = 1 
p  Rs x t  K x V x t (F.l)

where a  is specific conductivity (S/cm), p is specific resistivity (Q.cm), Rs is the 
sheet resistivity (Q), I is the measured current (A), K is the geometric correction 
factor, V is the applied voltage (voltage drop) (V), t is the pellet thickness (cm).

In addition, the conductivity of matrixes can be measured by using the 
resistivity testing fixture (Keithley, Model 8009) connected to a source meter 
(Keithley, Model 6517A) for a constant voltage source and reading resultant current 
under the atmospheric pressure, 54-60% relative humidity and 24-25°C. The 
conductivity of matrixes can calculate by using equation (F.2 -  F.3) as follows:

Kv = * * ( f l  + F x g ] ) (F.2)

where Kv is effective area of the guarded electrode for the particular electrode 
arrangement employed (cm2), D is diameter of the guarded electrode (cm), p is 
effective area coefficient (cm2) (P is always zero), g is distance between the guarded 
electrode and the ring electrode (cm).



146

1 _ t XI
p  = 22.9 X V (F.3)

where a is the specific conductivity (S/cm), p is the specific resistivity (Q.cm), I is 
the measured current (A), V is the applied voltage (voltage drop) (V), t is the sheet 
thickness (cm).

Table F I Determination the specific conductivity (S/cm) of matrixes, undoped and 
doped poly(p-phenylene) at various mole ratios of acid to monomer unit

Code Specific conductivity 
(S/cm) STD

AR71 5.16E-12 1.38E-13
AR72HF 1.03E-12 1.24E-14
ppp บ 5.28E-06 4.86E-07

ppp 1:100 1.07E-05 1.66E-07
PPP 1:10 1.56E-05 7.24E-07
PPP 1:1 3.48E-05 2.86E-06

PPP 10:1 3.31E-04 4.78E-05
PPP 100:1 1.30E-03 2.26E-05
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Table F2 The raw data of the determination of linear regime of AR72HF at 24-
25°c, 54-60% R.H

Sample Thickness Applied voltage (V) Mesuered Current (A) Conductivity (S/cm)
(cm) 1 2 3 1 2 3 1 2 3

AR72HF 1) 0 .0 1 5 7 5 5 5 6 .88E -09 6 .91E -09 6 .89E -09 9 .43E -13 9.47E -13 9.45E -13
2) 0 .0155 10 10 10 1.44E-08 1.44E-08 1.43E -08 9 .87E -13 9.87E -13 9.80E -13
3) 0 .0 1 5 8 15 15 15 2 .19E -08 2 .18E -08 2 .20E -08 1.00E -12 9.96E -13 1.01E-12

20 20 20 2 .96E -08 2 .96E -08 2 .97E -08 1 .01E -12 1.01E -12 1.02E -12
25 25 25 3 .68E -08 3 .67E -08 3 .66E -08 1 .01E -12 1.01E -12 1.00E -12
30 30 30 4 .51E -08 4 .50E -08 4 .55E -08 1 .03E -12 1.03E -12 1.04E -12
35 35 35 5.30E -8 5.30E -8 5 .31E -08 1 .04E -12 1.04E -12 1.04E -12
40 40 40 6.08E -8 6.08E -08 6 .08E -08 1 .04E -12 1.04E -12 1.04E -12
45 45 45 6.87E -08 6 .87E -08 6 .68E -08 1.05E -12 1.05E -12 1.02E -12
50 50 50 7.48E -08 7.44E -08 7 .45E -08 1.03E -12 1.02E -12 1.02E -12
55 55 55 8.46E -08 8.46E -08 8 .44E -08 1.05E -12 1.05E -12 1.05E -12
60 60 60 9 .19E -08 9 .20E -08 9 .22E -08 1.05E -12 1.05E -12 1.05E -12
65 65 65 9 .94E -08 9 .95E -08 9 .98E -08 1.05E -12 1.05E -12 1.05E -12
70 70 70 1.07E -07 1.07E -07 1.07E -07 1.05E -12 1.05E -12 1.05E -12
75 75 75 1.14E -07 1.14E -07 1.14E -07 1.04E -12 1.04E -12 1.04E -12
80 80 80 1.21E -07 1.22E -07 1.22E -07 1.04E -12 1.05E -12 1.05E -12
85 85 85 1.29E -07 1.29E -07 1.28E -07 1.04E -12 1.04E -12 1.03E -12
90 90 90 1.35E -07 1.36E -07 1.36E -07 1.03E -12 1.04E -12 1.04E -12
95 95 95 1.43E -07 1.43E -07 1.44E -07 1.03E -12 1.03E -12 1.04E -12
100 100 100 1.51E -07 1.52E -07 1.55E -07 1 .04E -12 1.04E -12 1.06E -12
105 105 105 1.61E -07 1.64E -07 1.62E -07 1.05E -12 1.07E -12 1.06E -12
110 110 110 1.70E -07 1.71E -07 1.70E -07 1 .06E -12 1.07E -12 1.06E -12
115 115 115 1.84E -07 1.84E -07 1.88E -07 1 .10E -12 1.10E -12 1.12E -12
120 120 120 1.98E -07 1.96E -07 1.94E -07 1.13E -12 1.12E -12 1.11 E -12

Table F3 The raw data of the determination conductivity of AR71 at 24-25°C, 54- 
60% R.H

Sample Thickness
(cm)

Applied voltage(V) Mesuered Current (A) Conductivity (S/cm)
1 2 3 1 2 3 1 2 3

AR71 1) 0 .0235
2) 0 .0 2 2 2  
3) 0.0241

10 10 10 5.17E -08 5.28E -08 5 .39E -08 5 .26E -12 5 .37E -12 5 .48E -12
2 0 20 20 1.06E -07 1.05E -07 1.06E -07 5 .39E -12 5 .34E -12 5 .39E -12
30 30 30 1.56E -07 1.52E -07 1.59E -07 5 .29E -12 5 .16E -12 5 .39E -12
40 4 0 40 2 .02E -07 2 .01E -07 2 .0 0 E -0 7 5 .14E -12 5 .11E -12 5 .09E -12
50 50 50 2 .46E -07 2 .49E -07 2 .48E -07 5 .01E -12 5 .07E -12 5 .05E -12
60 60 60 3 .04E -07 3 .06E -07 3 .10E -07 5 .16E -12 5 .19E -12 5 .26E -12
70 70 70 3 .51E -07 3 .50E -07 3 .48E -07 5 .10E -12 5 .09E -12 5.06E -12
80 80 80 3 .98E -07 3 .99E -07 3 .97E -07 5 .06E -12 5 .07E -12 5 .05E -12
90 90 90 4 .43E -07 4 .49E -07 4 .4 5 E -0 7 5 .01E -12 5 .08E -12 5 .03E -12
100 100 100 4 .97E -07 4 .92E -07 4 .94E -07 5 .06E -12 5 .01E -12 5.03E -12
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Table F4 The raw data of the determination of linear regime of ppp_บ at 24-25°C,
54-60% R.H

Sample Thickness
(cm)

Applied voltage (V) Mesuered Current (A) Conductivity (S/cm)
1 2 3 1 2 3 1 2 3

ppp_บ 1) 0.0201
2) 0 .0 1 9 9
3) 0 .0203

0.1 0.1 0.1 1.25E-12 1.20E -12 1.2 I E -12 2 .22E -05 2 .13E -05 2.15E -05
0.5 0.5 0.5 1.79E -12 1.85E -12 1.74E -12 6 .3 6 E -0 6 6 .57E -06 6.18E -06
1 1 1 2 .86E -12 2 .83E -12 2 .8 8 E -1 2 5 .08E -06 5 .03E -06 5 .12E -06

1.5 1.5 1.5 4 .26E -12 4 .25E -12 4 .2 6 E -1 2 5 .05E -06 5 .03E -06 5 .05E -06
2 2 2 5.32E -12 5 .3 1 E -12 5 .35E -12 4 .7 3 E -0 6 4 .72E -06 4 .75E -06

2.5 2.5 2.5 6 .86E -12 6.78E -12 6 .85E -12 4 .8 8 E -0 6 4 .82E -06 4 .87E -06
3 3 3 8 .13E -12 8 .11E -12 8 .14E -12 4 .8 2 E -0 6 4 .80E -06 4 .82E -06

3.5 3.5 3.5 1 .0 1 E -1 1 1.05E-11 l.OOE-U 5 .13E -06 5 .33E -06 5 .08E -06
4 4 4 1 .1 6 E -1 1 1.15E-11 1 .1 9 E -1 1 5 .15E -06 5.1 IE -06 5 .29E -06

4.5 4.5 4.5 1 .4 0 E -1 1 1.34E-11 1 .3 8 E -1 1 5 .53E -06 5 .29E -06 5 .45E -06
5 5 5 1 .5 8 E -1 1 1.55E-11 1 .6 0 E -1 1 5 .61E -06 5 .51E -06 5 .69E -06

5.5 5.5 5.5 1.79E-11 1.78E-11 1 .7 8 E -1 1 5 .78E -06 5 .75E -06 5 .75E -06
6 6 6 5 .9 8 E -1 1 5 .9 4 E -1 1 5 .9 9 E -1 1 1.77E -05 1.76E -05 1.77E-05

6.5 6.5 6.5 6 .3 8 E -1 1 6 .3 4 E -1 1 6 .4 0 E -1 1 1.74E -05 1.73E-05 1.75E-05
7 7 7 6 .8 7 E -1 1 6 .8 9 E -1 1 6 .8 8 E -1 1 1.74E -05 1.75E-05 1.75E-05

7.5 7.5 7.5 7 .4 4 E -1 1 7 .4 0 E -1 1 7 .4 3 E -1 1 1.76E -05 1.75E-05 1.76E-05
8 8 8 7 .8 3 E -1 1 7.77E -11 7 .7 5 E -1 1 1.74E -05 1.73E-05 1.72E-05

8.5 8.5 8.5 8 .3 0 E -1 1 8 .3 6 E -1 1 8.32E -11 1.74E -05 1.75E -05 1.74E-05
9 9 9 8 .9 1 E -1 1 8.91E -11 8 .9 5 E -1 1 1.76E -05 1.76E -05 1.77E-05

9.5 9.5 9.5 9 .4 2 E -1 1 9 .4 0 E -11 9 .4 4 E -1 1 1.76E -05 1.76E-05 1.77E-05
10 10 10 9.93E -11 9 .9 5 E -11 9 .9 8 E -1 1 1.76E -05 1.77E-05 1.77E-05

10.5 10.5 10.5 1.05E -10 1.04E -10 1.03E -10 1.78E -05 1.76E-05 1.74E-05
11 11 11 1.09E -10 1.09E -10 1.05E -10 1.76E -05 1.76E-05 1.70E-05

11.5 11.5 11.5 1.16E -10 1.17E -10 1.16E -10 1.79E -05 1.81E-05 1.79E-05
12 12 12 1.22E -10 1.23E -10 1.20E -10 1.81E -05 1.82E-05 1.78E-05

12.5 12.5 12.5 1.28E -10 1.29E -10 1.27E -10 1.82E -05 1.83E-05 1.81E-05
13 13 13 1.34E -10 1.33E -10 1.39E -10 1.83E -05 1.82E -05 1.90E -05

13.5 13.5 13.5 1.38E -10 1.38E-10 1.39E -10 1.82E -05 1.82E -05 1.83E-05
14 14 14 1.41E -10 1.43E -10 1.41E -10 1.79E -05 1.81E-05 1.79E -05

14.5 14.5 14.5 1.44E -10 1.44E -10 1 .43E -10 1.76E -05 1.76E-05 1.75E-05
15 15 15 1.49E-10 1.50E -10 1 .55E -10 1.76E -05 1.78E-05 1.84E -05

15.5 15.5 15.5 1.58E-10 1.57E -10 1.59E -10 1 .81E -05 1.80E-05 1.82E-05
16 16 16 1.6 IE -10 1.62E -10 1.59E -10 1.79E -05 1.80E-05 1.77E -05

16.5 16.5 16.5 1.64E -10 1.65E -10 1.61E -10 1 77E -05 1 78E -05 1.73E-05
17 17 17 1.69E-10 1.68E -10 1.65E -10 1.77E -05 1.76E-05 1.72E-05
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Table F5 The raw data of the determination conductivity
(PPP_1:100) at 24-25T, 54-60% R.H

o f  N a c i d ’N m o n o m er

Sample Thickness
(cm)

Applied voltage (V) Mesuered Current (A) Conductivity (S/cm)
1 2 3 1 2 3 1 2 3

ppp_l:100 1) 0 .0225
2) 0 .0 2 4 0
3) 0 .0 2 3 6

0.1 0.1 0.1 5.56E -13 5 .53E -13 5.60E -13 6 .6 9 E -0 6 6 .65E -06 6 .73E -06
0.5 0.5 0.5 1.30E -12 1.43E -12 I.44E -12 3 .1 3 E -0 6 3 .44E -06 3 .46E -06

1 1 1 2 .19E -12 2 .37E -12 2.1 IE -12 2 .6 3 E -0 6 2 .85E -06 2 .54E -06
1.5 1.5 1.5 3 .18E -12 3 .12E -12 3 .14E -12 2 .5 5 E -0 6 2 .50E -06 2 .52E -06
2 2 2 4.1 IE -12 4 .16E -12 4 .12E -12 2 .4 7 E -0 6 2 .50E -06 2 .48E -06

2.5 2.5 2.5 5 .24E -12 5 .33E -12 5 .38E -12 2 .5 2 E -0 6 2 .56E -06 2 .59E -06
3 3 3 6 .40E -12 6 .28E -12 6 .51E -12 2 .5 7 E -0 6 2 .52E -06 2 .61E -06

3.5 3.5 3.5 7 .49E -12 7 .54E -12 7 .51E -12 2 .5 7 E -0 6 2 .59E -06 2 .58E -06
4 4 4 8 .8 3 E -I2 8 .93E -12 8 .99E -12 2 .6 5 E -0 6 2 .68E -06 2 .70E -06

4.5 4.5 4.5 1 .05E -11 1.04E-11 1 .0 6 E -1 1 2 .8 1 E -0 6 2 .78E -06 2 .83E -06
5 5 5 1 .2 2 E -1 1 1.23E-11 1 .1 9 E -1 1 2 .93E -06 2 .96E -06 2 .86E -06

5.5 5.5 5.5 1.60E-11 1.58E-11 1 .6 4 E -1 1 3 .50E -06 3 .45E -06 3 .59E -06
6 6 6 1 .92E -11 1 .9 1 E -1 1 1 .9 1 E -1 1 3 .8 5 E -0 6 3 .83E -06 3 .83E -06
7 7 7 2 .0 1 E -1 1 2 .0 5 E -1 1 2 .0 4 E -1 1 3 .4 5 E -0 6 3 .52E -06 3 .50E -06
8 8 8 6 .9 0 E -1 1 6 .9 5 E -1 1 6 .9 4 E -1 1 1.04E -05 1.04E-05 1.04E-05
9 9 9 7 .8 2 E -1 1 7 .8 0 E -1 1 7 .8 5 E -1 1 1.04E -05 1.04E-05 1.05E-05

10 10 10 8 .8 7 E -1 1 8.89E-11 8 .7 9 E -1 1 1.07E -05 1.07E-05 1.06E-05

11 11 11 9 .6 7 E -1 1 9 .6 5 E -1 1 9.70E -11 1.06E -05 1.05E-05 1.06E-05
12 12 12 1.06E -10 1.06E -10 1.06E -10 1.06E -05 1.06E-05 1.06E-05
13 13 13 1.16E -10 1.15E -10 1.16E -10 1.07E -05 1.06E -05 1.07E-05
14 14 14 1.25E -10 1.24E -10 1.28E -10 1.07E -05 1.07E-05 1.10E-05
15 15 15 1.34E -10 1.35E -10 1.33E -10 1.07E -05 1.08E -05 1.07E-05
16 16 16 1.42E -10 1.43E -10 1.47E -10 1.07E -05 1.07E-05 1.10E-05
17 17 17 1.58E -10 1.52E -10 1 .55E -10 1.12E -05 1.08E-05 1.10E-05
18 18 18 1.61E -10 1.62E -10 1.62E -10 1.08E -05 1.08E -05 1.08E-05
19 19 19 1.72E-10 1.71E -10 1 .74E -10 1 .09E -05 1.08E-05 1.10E -05
20 20 20 1.80E -10 1.80E -10 1.81E -10 1.08E -05 1.08E-05 1.09E-05



150

Table F6 The raw data of the determination conductivity o f Nacid-'Nmonomer
(PPP_1:10) at 24-25°C, 54-60% R.H

Sample Thickness Applied voltage (V) Mesuered Current (A) Conductivity (S/cm)
(cm) 1 2 3 I 2 3 1 2 3

ppp_l:10 1) 0 .0 2 2 0 1 1 1 2 .30E -12 2 .13E -12 2 .28E -12 3 .8 0 E -0 6 3 .52E -06 3 .77E -06
2) 0 .0215 2 2 2 4 .41E -12 4 .40E -12 4 .52E -12 3 .6 5 E -0 6 3 .64E -06 3 .74E -06
3) 0 .0213 3 3 3 6 .72E -12 6 .84E -12 6 .80E -12 3 .7 0 E -0 6 3 .77E -06 3 .75E -06

4 4 4 9 .39E -12 9 .40E -12 9 .41E -12 3 .8 8 E -0 6 3 .89E -06 3 .89E -06
5 5 5 1 .2 4 E -1 1 1 .22E -11 1 .2 5 E -1 1 4 .1 0 E -0 6 4 .03E -06 4 .13E -06
6 6 6 1.5 IE -11 1.53E-11 1.56E-11 4 .1 6 E -0 6 4 .22E -06 4 .30E -06
7 7 7 1 .92E -11 1.90E-11 1.94E-11 4 .5 4 E -0 6 4 .49E -06 4 .58E -06
8 8 8 7 .3 7 E -1 1 7 .3 8 E -1 1 7.41E -11 1.52E -05 1.53E -05 1.53E-05
9 9 9 8 .2 7 E -1 1 8 .1 7 E -1 1 8 .2 5 E -1 1 1.52E -05 1.50E -05 1.52E-05
10 10 10 9.1 I E -11 9 .0 8 E -1 1 9.15E -11 1.51E -05 1.50E -05 1.51E-05
11 11 11 9 .8 9 E -1 1 9.94E -11 9 .9 7 E -1 1 1.49E -05 1.49E -05 1.50E-05
12 12 12 1.10E -10 1.11E -10 1.15E -10 1.52E -05 1.53E -05 1.58E-05
13 13 13 1.22E-10 1.24E -10 1 .2 5 E -I0 1.55E -05 1.58E-05 1.59E-05
14 14 14 1.32E -10 1.31E -10 1.37E -10 1.56E -05 1.55E-05 1.62E-05
15 15 15 1.58E -10 1.57E -10 1.53E -10 1.74E -05 1.73E-05 1.69E-05

Table F7 The raw data of the determination conductivity of Nacid:N m onom er  

(PPP 1:1) at 24-25°C, 54-60% R.H

Sample Thickness Applied voltage (V) Mesuered Current (A) Conductivity (S/cm)
(cm) 1 2 3 1 2 3 1 2 3

PPP 1:1 1) 0 .0 1 8 7 1 1 1 3 .72E -12 3 .85E -12 3 .82E -12 7 .30E -06 7 .55E -06 7 .50E -06
2) 0 .0 1 7 9 2 2 2 7 .28E -12 7 .34E -12 7.4 I E -12 7 .14E -06 7 .20E -06 7 .27E -06
3) 0 .0181 3 3 3 1.18E-11 1 .19E -11 1 .1 6 E -1 1 7 .72E -06 7 .78E -06 7 .59E -06

4 4 4 1.86E-11 1.88E-11 1 .9 4 E -1 1 9 .12E -06 9 .22E -06 9 .52E -06
5 5 5 6 .8 4 E -1 1 6.89E -11 6 .9 1 E -1 1 2 .68E -05 2 .70E -05 2 .71E -05
6 6 6 8 .7 6 E -1 1 8 .7 4 E -1 1 8 .8 1 E -1 1 2 .86E -05 2 .86E -05 2 .88E -05
7 7 7 1.02E -10 1.05E -10 1.01E -10 2 .86E -05 2 .94E -05 2 .83E -05
8 8 8 1.26E -10 1.25E -10 1.25E -10 3 .09E -05 3 .07E -05 3 .07E -05
9 9 9 1.45E -10 1.44E -10 1.46E -10 3 .16E -05 3 .14E -05 3 .18E -05
10 10 10 1.68E -10 1.66E -10 1.68E -10 3 .30E -05 3 .26E -05 3 .30E -05
11 11 11 1.91 E - 10 1.95E -10 1.93E -10 3 .41E -05 3 .48E -05 3 .44E -05
12 12 12 2 .2 1 E - 10 2 .23E -10 2 .23E -10 3 .61E -05 3.65E -05 3.65E -05
13 13 13 2 .45E -10 2 .44E -10 2 .47E -10 3 .70E -05 3.68E -05 3 .73E -05
14 14 14 2 .69E -10 2 .72E -10 2 .70E -10 3 .77E -05 3.81E -05 3.78E -05
15 15 15 2 .93E -10 2 .89E -10 2 .94E -10 3 .83E -05 3 .78E -05 3 .85E -05
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Table F8 The raw data of the determination
(PPP_10:1) at 24-25°C, 54-60% R.H

conductivity of NacidlNmonomer

Sample Thickness Applied voltag,e(V) Mesuered Current (A) Conductivity (S/cm)
(cm) 1 2 3 1 2 3 1 2 3

ppp_10:l 1) 0 .0 1 8 0 0.001 0.001 0.001 2 .22E -13 2 .29E -13 2 .19E -13 4 .2 6 E -0 4 4 .40E -04 4 .21E -04
2) 0 .0215 0.005 0.005 0 .005 8.87E -13 8.86E -13 8.9 IE -13 3 .41E -04 3 .40E -04 3 .42E -04
3) 0 .0168 0 .0 1 0 0 .010 0 .010 1.56E -12 1.61E -12 1 .68E -12 3 .0 0 E -0 4 3 .09E -04 3 .23E -04

0 .015 0.015 0.015 2 .38E -12 2 .44E -12 2 .51E -12 3 .0 5 E -0 4 3 .12E -04 3 .21E -04
0 .020 0 .020 0 .020 3 .33E -12 3 .41E -12 3 .36E -12 3 .2 0 E -0 4 3 .27E -04 3 .23E -04
0.025 0.025 0.025 4 .15E -12 4 .19E -12 4 .18E -12 3 .1 9 E -0 4 3 .22E -04 3 .21E -04
0 .030 0 .0 3 0 0 .030 5.02E -12 5 .I1 E -1 2 5 .13E -12 3 .2 1 E -0 4 3 .27E -04 3 .28E -04
0.035 0.035 0 .035 5.94E -12 5 .89E -12 5 .88E -12 3 .26E -04 3 .23E -04 3 .23E -04
0 .040 0 .0 4 0 0 .040 6 .88E -12 6 .82E -12 6 .91E -12 3 .3 0 E -0 4 3 .27E -04 3 .32E -04
0 .045 0.045 0.045 7 .95E -12 7 .90E -12 7 .81E -12 3 .3 9 E -0 4 3 .37E -04 3 .33E -04

Table F9 The raw data of the determination conductivity of NacidiNmonomer 
(PPP_ 100:1) at 24-25°C, 54-60% R.H

Sample Thickness
(cm)

Applied voltage(V) Mesuered Current (A) Conductivity (S/cm)
1 2 3 1 2 3 1 2 3

ppp_100:l 1) 0 .0 2 0 2
2) 0 .0195
3) 0 .0188

0.001 0.001 0.001 9.91E -13 9.88E -13 9 .78E -13 1.82E -03 1.82E-03 1.79E-03
0 .005 0 .005 0.005 3 .83E -12 3 .94E -12 3 .89E -12 1.40E -03 1.40E-03 1.42E-03
0 .0 1 0 0 .010 0 .010 7.02E -12 6 .89E -12 6 .98E -12 1.29E -03 1.29E-03 1.28E-03
0 .015 0 .015 0.015 1 .0 8 E -1 1 1.04E-11 1.06E-11 1.32E -03 1.32E-03 1.29E-03
0 .020 0 .020 0 .020 1.4 IE -11 1.45E-11 1 .4 4 E -1 1 1.29E -03 1.29E-03 1.32E-03
0 .025 0.025 0.025 1.82E-11 1 .83E -11 1.80E-11 1.33E -03 1.33E-03 1.32E-03
0 .030 0 .0 3 0 0 .030 2 .0 9 E -1 1 2.11E -11 2.11 E -11 1.28E -03 1.28E-03 1.29E-03
0 .035 0 .035 0.035 2 .4 3 E -1 1 2 .4 3 E -1 1 2 .4 5 E -1 1 1.27E -03 1.27E-03 1.28E-03
0 .040 0 .040 0 .040 2 .8 0 E -1 1 2 .7 9 E -1 1 2 .8 8 E -1 1 1.28E -03 1.28E-03 1.32E-03
0 .045 0 .045 0.045 3 .1 3 E -1 1 3 .1 4 E -1 1 3 .1 8 E -1 1 1.27E -03 1.27E-03 1.29E-03
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Appendix G Density M easurement

The specific density ( P p )  of poly(p-phenylene) can be measured by using a 
pyncometer. In this case we use a pyncometer of size 25 ml. In the first step, we 
measured the weight of blank pyncometer and added water into the pyncometer and 
remeasured its weight again. The specific density of water at testing temperature can 
calculated by equation (G.l).

where P w  is the specific density of water (g.cm'3), a is the weigth of pyncometer with 
water (g), and b is the weigth of a blank pyncometer (g).

In the second step, we measured the weight of blank pyncometer again and 
added ppp powders into pynometer, and remeasured the weight change. Then we 
added water into the pyncometer and remeasured the weight of the pyncometer. The 
specific density of poly(p-phenylene) at testing temperature can calculated by 
equation (G2) -  (G.3).

where A is the volume of water which was added into the pyncometer (cm3), pw is 
specific density of water (g.cm"3), e is the weight of the pyncometer with water and 
PPP powders (g), and d is the weight of ppp powder and pyncometer (g).

( a - b ) (G.l)

( e - d ) (G.2)p  พ

(1d - b ) 
Pp = 2 5 - A (G.3)

where P p  is the specific density of ppp (g.cm"3), d is the weight of ppp powder and 
pyncometer (g), b is the weight of a blank pyncometer (g), and A is the volume of 
water which was added into pyncometer (cm3).
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Table G1 The data of the determination specific density of water and ppp at 298K.

Specific
density
(g.cnf3)

Measurements (g.cnT3)
Average
(g.cnf3)

SD
1 2 3

W ater 0.9883 0.9815 0.9844 0.9847 0.0034

PPP 1.129 1.122 1.137 1.129 0.008
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Appendix H Electrorheological Properties M easurement of Pure Acrylic 
elastomer Nipol AR71 and AR72HF

The electrorheological properties of pure acrylic elastomer Nipol AR71 and AR72 
HF from Zeon Polymix Advance Co,.Ltd 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 
(G' 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 Figure J1 and J2.
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(a)

% Strain

(b)
Figure H I Strain sweep test of pure acrylic elastomer AR71, frequency 1.0 rad/s,
27° c ,  gap 0.780 mm at a) E = 0 v/mm, b) E = 2000 v/mm.
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(a)

(b)
Figure H2 Strain sweep test of pure acrylic elastomer AR72HF, frequency 1.0 rad/s,
27° c , gap 0.860 mm at a) E = 0 v/mm, b) E = 2000 v/mm.
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Figure H3 Frequency sweep test of pure acrylic elastomer AR71, strain 0.1%, 27°
c , gap 0.780 mm various electric field strengths: a) G’(Pa), b) G” (Pa).
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(b)
Figure H4 Frequency sweep test of pure acrylic elastomer AR72HF, strain 0.1%, 
27° c , gap 0.860 mm various electric field strengths: a) G’(Pa), b) G” (Pa).
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Figure H5 Responses of the storage and the loss moduli (AG’(co) and AG” (๓) of 
the acrylic elastomer AR71 vs. electric field strength, frequency 1.0 rad/s, strain 
0.1%, gap 0.780 mm at 27°C: (a) AG’(ffl), (b) AG”(ffl) when G ’o = 10,314 Pa and 
G”o = 1,017 Pa.
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E (V/mm)
(a)

(b)
Figure H6 Responses of the storage and the loss moduli (AG’(m) and AG” (๓) of 
the acrylic elastomer AR72HF vs. electric field strength, frequency 1.0 rad/s, 
strain 0.1%, gap 0.860 mm at 27°C: (a) AG’(®), (b) AG”(œ) when G’o = 11,427 
Pa and G”o= 1,190 Pa.
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A DT-TGA1760 differential thermal- thermal gravity analyzer (DT-TGA) 
was used to record the degrading exotherms for undoped and doped ppp. 
Calibration for the temperature scale was carried out with a pure platinium pan and 
blank pan for obtains zero weight of pan. Then put sample into pan and run under 
interesting condition (40-900 °C). The result was show by Figure LI and L2. From 
DT-TGA the depredating temperature of undoped ppp is lower than doped ppp.

Appendix I The Differential Thermal Analysis of Undoped and doped ppp.

Figure II  The DT-TGA thermograms of undoped ppp and doped ppp at Nacid : 
Nmonomer= 100:1 between 40-900 °c at rate of 10 °c/min.
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Figure 12 The DT-TGA thermograms of undoped ppp and doped ppp between 40- 
900 °c at rate of 10 °c/min.
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A TGA7 Thermal Gravity Analyzer (TGA) was used to record the 
degrading exotherms for Nipol AR71 and AR72HF. Calibration for the temperature 
scale was carried out with a pure platinium pan and blank pan for obtains zero weight 
of pan. Then put sample into pan and run under interesting condition (40-500 °C). 
The result was show by Figure M l. From DT-TGA the depredating temperature of 
Nipol AR71 is lower than AR72HF.

Appendix J The Thermal Gravity Analysis of NipolAR71 and AR72HF.

Figure J1 The TGA thermograms of Nipol AR71 and AR72HF between 40-500 ° c  
at rate of 10 °c/min.
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Appendix K Scanning Electron Micrograph of Undoped ppp, Doped ppp

(b)
Figure K1 The morphology of undoped poly(p-phenylene) (PPP) powder at 
magnification of a) 1,500 and b) 5000.



165



166

(e)
Figure K2 The morphology of doped ppp powder with H2SO4 as various doping 
ratio at magnification of 1,500: a) 100:1; b) 10:1; c) 1:1; d) 1:10; and e) 1:100.
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Appendix L Electrorheological Properties Measurement of Polymer Blends 
between ppp and Nipol AR71 at Various ratio of ppp.

The electrorheological properties of polymer blends between ppp and Nipol AR71 
at various ratio of ppp 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.
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(a)

(b)
Figure L I Strain sweep test of polymer blend between pp and AR71 at 10% v/v 
of ppp (AR 10%PPP), frequency 1.0 rad/s, 27° c ,  gap 0.530 mm at a) E = 0 
v/mm, b) E = 2000 v/mm.
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Figure L2 Frequency sweep test of polymer blend between pp and AR71 at 10%
v/v of ppp (AR 10%PPP), strain 0.1%, 27° c , gap 0.530 mm at various electric
field strengths: a) G’(Pa), b) G” (Pa).
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(a)

E (V/mm)
(b)

Figure L3 Responses of the storage and the loss moduli (AG’(co) and AG” (to) of 
polymer blend between pp and AR71 at 10% v/v of ppp (AR 10%PPP) vs. 
electric field strength, frequency 1.0 rad/s, strain 0.1%, gap 0.530 mm at 27°C: (a) 
AG’(พ), (b) AG”(co) when G’o = 27,250 Pa and G”o = 3,565 Pa.
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(a)

(b)
Figure L4 Strain sweep test of polymer blend between pp and AR71 at 20% v/v
of ppp (AR 20%PPP), frequency 1.0 rad/s, 27° c , gap 0.690 mm at a) E = 0
Y/mm, b) E = 2000 v/mm.
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(b)
Figure L5 Frequency sweep test of polymer blend between pp and AR71 at 20%
v/v of ppp (AR 20%PPP), strain 0.1%, 27° c , gap 0.690 mm at various electric
field strengths: a) G’(Pa), b) G” (Pa).
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(a)

Figure L6 Responses of the storage and the loss moduli (AG’(พ) and AG” (๓) of 
polymer blend between pp and AR71 at 20% v/v of ppp (AR 20%PPP) vs. 
electric field strength, frequency 1.0 rad/s, strain 0.1%, gap 0.690 mm at 27°C: (a) 
AG’(๓), (b) AG”(๓) when G’o = 39,859 Pa and G”o = 5,496 Pa.
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(a)

(b)
Figure L7 Strain sweep test of polymer blend between pp and AR71 at 30% v/v
of ppp (AR 30%PPP), frequency 1.0 rad/s, 27° c , gap 0.590 mm at a) E = 0
v/mm, b) E = 2000 v/mm.

tan
 8 

tan
 8



G'
 (P

a)

175

E = 0 v/m m  
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

.01 .1 10 100 1000
F r e q u e n c y  ( r a d / s )

0 0

1e+5

roO.

1e+4

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

1000
F r e q u e n c y  ( r a d / s )

(b )

Figure L8 Frequency sweep test of polymer blend between pp and AR71 at 30%
v/v of ppp (AR 30%PPP), strain 0.1%, 27° c , gap 0.590 mm at various electric
field strengths: a) G’(Pa), b) G” (Pa).
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E (V /m m )

(a)

Figure L9 R e s p o n s e s  o f  th e  s to ra g e  a n d  th e  lo s s  m o d u l i  ( A G ’(co) a n d  A G ” (to) o f  
p o ly m e r  b le n d  b e tw e e n  p p  a n d  A R 7 1  a t  3 0 %  v /v  o f  p p p  ( A R  3 0 % P P P )  v s . 
e le c t r i c  f ie ld  s t r e n g th ,  f r e q u e n c y  1 .0  r a d /s ,  s t r a in  0 .1 % , g a p  0 .5 9 0  m m  a t  2 7 °C : (a )  
A G ’(co), (b )  A G ” (co) w h e n  G ’o =  1 1 5 ,4 2 0  P a  a n d  G ” o =  1 5 ,2 8 4  P a .
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(a)

(b )

Figure L10 Strain sweep test of polymer blend between pp and AR71 at 40% v/v
of ppp (AR 40%PPP), frequency 1.0 rad/s, 27° c, gap 0.710 mm at a) E = 0
v/mm, b) E -  2000 v/mm.
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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

.1 10 100
F r e q u e n c y  ( r a d /s )

(a )

□ Z
1e+5

1e+4

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

1 10 
F r e q u e n c y  ( r a d /s )  

( b )

Figure LU Frequency sweep test of polymer blend between pp and AR71 at
40% v/v of ppp (AR 40%PPP), strain 0.1%, 27° c , gap 0.710 mm at various
electric field strengths: a) G’(Pa), b) G” (Pa).
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Figure L 1 2  R e s p o n s e s  o f  th e  s to ra g e  a n d  th e  lo s s  m o d u l i  ( A G ’(พ ) a n d  A G ” (๓ ) o f  
p o ly m e r  b le n d  b e tw e e n  p p  a n d  A R 7 1  a t 4 0 %  v /v  o f  p p p  ( A R  4 0 % P P P )  v s . 
e le c t r i c  f ie ld  s t r e n g th ,  f r e q u e n c y  1 .0  r a d /s ,  s t r a in  0 .1 % , g a p  0 .7 1 0  m m  a t  2 7 °C : (a )  
A G ’(co), (b )  A G ” (oo) w h e n  G ’o =  3 4 3 ,3 3 0  P a  a n d  G ” o =  3 5 ,3 2 3  P a .
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(a)

(b)
Figure L13 S e n s i t iv i ty  o f  th e  p o ly m e r  b le n d s  b e tw e e n  A R 7 1  a n d  p p p  a t  v a r io u s  
p p p  r a t io s ,  2 7 ° c ,  v a r io u s  e le c t r i c  f ie ld  s t r e n g th , f r e q u e n c y  1 r a d /s :  (a )  A G '/G 'o ; (b )  
A G 'V G " 0-



181

Appendix M Dielectric Constant Measurements

T h e  d ie le c t r ic  c o n s ta n t  v a lu e s  o f  a ll  e la s to m e rs  a n d  b le n d s  w e r e  m e a s u r e d  b y  
a n  L C R  m e te r  (H P , m o d e l  4 2 8 4 A )  c o n n e c te d  to  th e  r h e o m e te r  ( R h e o m e tr ic  
S c ie n t i f ic ,  A R E S )  w i th  a  2 5  m m  p a r a l le l  p la te  f ix tu re .  T h e  th ic k n e s s  o f  th e  
s p e c im e n s  is  ty p ic a l ly  1 m m  a n d  th e  d ia m e te r  is  a b o u t  2 5  m m . T h e  to p  a n d  b o t to m  
s id e s  o f  th e  s p e c im e n s  w e r e  c o a te d  w i th  s i lv e r  a d h e s iv e  to  im p r o v e  th e  e le c t r ic a l  
c o n ta c t  b e tw e e n  th e  s p e c im e n s  a n d  th e  e le c t ro d e s .  T h e  m e a s u r e m e n ts  w e r e  c a r r ie d  a t  
t e m p e r a tu r e s  b e tw e e n  3 0 0  a n d  3 7 0  K . A C  v o l ta g e  a p p l ie d  w a s  v a r ie d  b e tw e e n  1 a n d  
10 Y , d e p e n d in g  o n  m a te r ia ls .  T h e  d ie le c t r ic  c o n s ta n t  a t  a  f r e q u e n c y  o f  2 0  H z  w i l l  b e  
r e f e r r e d  to  a s  th e  d ie le c t r ic  c o n s ta n t  o f  th e  m a te r ia ls .
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1000

100

๐ pure AR70 at 300 K, ธ' = 5 3 .9 7  pF/m
□ pure AR70 at 310 K, ธ' = 5 6 .4 7  pF/m
A pure AR70 at 320 K, ธ' = 6 0 .9 2  pF/m
V pure AR70 at 330 K, ธ, = 9 4 .4 9  pF/m
o pure AR70 at 340 K, ธ, = 1 0 3 .37  pF/m
0 pure AR70 at 350 K, ธ, = 1 1 1 .84  pF/m

Ô

10
1e+1 1e+2 1e+3 1e+4 1e+5

F r e q u e n c y  ( H z )
(a)

1e+6

100

10

ช  A
๐  □
o
V

o
V

I
° 0

0 pure AR70 at 300 K, ธ"= 4 0 .8 4 pF/m
□ pure AR70 at 310 K, ธ"= 59 .53 pF/m
A pure AR70 at 320 K, ธ'' = 80 .60 pF/m
V pure AR70 at 330 K, ธ"= 22 .06 pF/m
o pure AR70 at 340 K, ธ"= 29.62pF/m
0 pure AR70 at 350 K, ธ"= 59 .83 pF/m

o

น
0

3
ฟ̂ 0

ฉ 7 v
O  V  ^

1 —
1e+1 1e+2 1e+3 1e+4 1e+5

F r e q u e n c y  ( H z )
( b )

1e+6

Figure Ml D ielectric  analysis o f  pure A R 70  m atrices at various tem peratures, gap =
1.130 m m , E =  1 V , w ith  Sliver coating: (a) d ielectric  constant vs. frequency; (b)
d ielectric  lo ss  factor vs. frequency.
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(a)

Figure M2 D ielectric  an alysis o f  pure A R 71 m atrices at various tem peratures, gap =
0 .8 5 0  m m , E =  5 V , w ithout silver coating: (a) d ielectric constant vs. frequency; (b)
d ielectric lo ss  factor vs. frequency.
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(a)
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A  V

ù
□

O

< p

A ^

O
O

□
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□

□
e

O  pure A R 72 at 3 0 0  K, s"  = 6 .0 8  pF/m
□  pure A R 72 a t 3 1 0  K, e" = 1 4 .6 3  pF/m
A  pure A R 72 a t 3 2 0  K, ธ" =  3 3 .9 5  pF/m
V  pure A R 72 a t 3 3 0  K, ธ,, = 5 3 .0 9  pF/m
O  pure A R 72 a t  3 4 0  K, ธ" = 1 3 4 .7 6  pF/m
O  pure A R 72 a t 3 5 0  K, ธ" = 2 0 3 .4 2  pF/m
O  pure A R 72 a t 3 6 0  K, ธ" = 1 7 7 .3 6  pF/m
□  pure A R 72 a t 3 7 0  K, ธ" = 6 8 2 .9 6  pF/m

3

3
A D
ช*
O

□
O

O
O

O §8
1e+1 1e+ 2 1e+ 3 1e+ 4 1 e+ 5 1 e+ 6

F r e q u e n c y ( H z )
(b )Figure M3 D ielectric  an alysis o f  pure A R 72  m atrices at various tem peratures, gap =

0 .715  m m , E =  10 V , w ithout silver  coating: (a) d ielectric  constant vs. frequency; (b)
d ielectric  lo ss  factor vs. frequency.
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F r e q u e n c y  ( r a d / s )
(a)

(b )Figure M4 D ielectric  an alysis o f  pure S A R  m atrices at various tem peratures, gap =
0 .3 8 0  m m , V  =  5 V: (a) d ielectric  constant vs. frequency; (b) d ie lectric  lo ss  factor vs.
frequency.
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1 0 0

๐ pure SIS D 1 1 1 2 at 3 0 0 K, E1 = 2 0 .7 4 pF/m
□ pure SIS D 1 1 1 2 at 3 1 0 K, e ' = 2 0 .9 6 pF/m
A pure SIS D 1 1 1 2 at 3 2 0 K, e ' = 2 1 .4 7 pF/m
V pure SIS D 1 1 1 2 at 3 3 0 K, £' = 2 1 .6 6 pF/m
o pure SIS D 1 1 1 2 at 3 4 0 K, E' = 2 2 .2 4 pF/m
0 pure SIS D 1 1 1 2 at 3 5 0 K, £' = 2 2 .6 9 pF/m

10 ..................1 ............................................. 1 ...............................................
1e+1 1e+2 1e+3 1e+4 1e+5 1e+6

F r e q u e n c y  ( r a d / s )
(a)

(b )Figure M5 D ielectric  an alysis o f  pure SIS m atrices at various tem peratures, gap =
0 .7 1 0  m m , V  =  1 V: (a) d ielectric  constant vs. frequency; (b) d ie lectric  lo ss  factor vs.
frequency.
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1 0 0

ÜL
๐ .

"to

o pure SB R at 30 0 K, ร' = 2 5 .3 7 pF/m
□ pure SB R at 31 0 K, ร' = 2 6 .2 5 pF/m
A pure SB R at 3 2 0 K, ร' = 2 6 .9 4 pF/m
V pure SB R at 3 3 0 K, ธ' = 2 8 .1 9 pF/m
o pure SB R at 3 4 0 K, ร , = 2 9 .0 7 pF/m
0 pure SB R at 35 0 K, ร 1 = 2 9 .1 7 pF/m

10
1e+1 1e+2 1e+3 1e+4 1e+5

F r e q u e n c y  ( r a d / s )
(a)

1e+ 6

1e+1 

1e+0 

1 e-1 

Q. 1e-2 

1e-3 

1e-4

1e-5
1e+1 1e+2 1e+3 1e+4 1e+5 1e+6

F r e q u e n c y  ( r a d / s )
( b )Figure M6 D ielectric  analysis o f  pure S B R  m atrices at various tem peratures, gap =

0 .4 4 0  m m , V  =  1 V: (a) d ielectric  constant vs. frequency; (b) d ie lectric  lo ss  factor vs.
frequency.

o pure S B R at 3 0 0 K, ร" = 0 .3 2 pF/m
□ pure S B R at 3 1 0 K, ร'’= 0 .3 7 pF/m
A pure SB R at 3 2 0 K, ร" = 0 .5 6 pF/m
V pure SB R at 3 3 0 K, ร" = 0 .4 6 pF/m
o pure S B R at 3 4 0 K, ร" = 0 .9 5 pF/m
0 pure S B R at 3 5 0 K, ร" = 1 .4 2 pF/m
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Appendix N Electrical Conductivity of the Elastomers at Various 
Temperatures

Table N1 T h e  c o n d u c t iv i ty  v a lu e  o f  th e  e la s to m e r s  a t  v a r io u s  t e m p e r a tu r e s

Temperature
Conductivity of various types of elastomer (S/cm)

(K) AR70 AR71 AR72 SAR SIS DI112 SBR
300 1.17E-12 4.39E-12 2.87E-12 E27E-10 2.05E-18 E47E-15
310 1.26E-12 4.58E-12 2.96E-12 E45E-10 2.27E-18 E93E-15
320 E30E-12 5.44E-12 3 02E-12 E63E-10 2.66E-18 E98E-15
330 E35E-12 7 19E-12 3.04E-12 2.1815- 0 2.51 E- 8 L99E-15
340 E49E-12 7.21E- 2 3.03E-12 3.85E-10 2.42E-18 2.01 E-15
350 2 17E-12 1.01E-11 3.04E-12 7.24E-10 2 30E-18 2 03E-15
360 - - 2.91 E- 2 - 2.34E-18 2.03E-15
370 - - 2.85E-12 - - E91E-15



189

Appendix o  Electrorheological Properties of the Elastomers at Various 
Temperatures
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(a)

- O -  pure AR70 at T = 300 K, G'O = 31,296 Pa, conductivity = 1.17X10'12 s /cm
- V -  pure AR70 at T = 310 K, G’O = 44 ,194 Pa, conductivity = 1 .2 6 x 1 0 12 s /cm
- o -  pure AR70 at T = 320 K, G’0 = 53,139 Pa, conductivity = 1.30X10-'12 s /cm  
- 0 -  pure AR70 at T = 330 K, G'O = 59,544 Pa, conductivity = 1.35x1 O'12 s/cm
- A -  pure AR70 at T = 340 K, G’O = 66 ,867 Pa, conductivity = 1.49x1 O'12 s /cm
- Q -  pure AR70 at T = 350 K, G'O = 30,596 Pa, conductivity = 2 .17x10‘12 s /cm

.1 I ....... 1e+4
36+2 T e m p e r a tu r e  (K)

(b )
F i g u r e  O l  E f f e c t  o f  t e m p e r a tu r e  o f  th e  A R 7 0 : (a )  th e  s to ra g e  m o d u lu s  ( G ’) a t  E  =  0 
a n d  2  k V /m m  a t  v a r io u s  t e m p e r a tu r e s  u s in g  o n e  s a m p le  fo r  a l l  t e m p e r a tu r e s  te s te d ;  
(b )  th e  s e n s i t iv i ty  o f  s to ra g e  m o d u lu s  (A  G ’/ G ’o) v s . t e m p e r a tu r e  a n d  th e  s to ra g e  
m o d u lu s  r e s p o n s e  A G ’ a t  E  =  2  k V /m m  ( A G ’2kv/mm) v s . t e m p e r a tu r e .
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to£
๐

290 300 310 320 330 340 350 360
T e m p e r a t u r e  K

(a)

10

- O — pure AR71 at T = 300 K, G'0 
- ร 7 ~  pure AR71 at T = 310 K, G'0 
- Q -  pure AR71 at T = 300 K, G'0 

pure AR71 at T = 300 K, G'0 
- A -  pure AR71 at T = 300 K, G 0 
- O -  pure AR71 at T = 300 K, G'„

= 21,640 Pa, conductivity = 4 .39x10‘12 s/cm  
= 25,941 Pa, conductivity = 4.58x1 O’12 s/cm  
= 29,825 Pa, conductivity = 5 .44x1012 s/cm  
= 36,492 Pa, conductivity = 7 .19x10‘12 s/cm  
= 41,279 Pa, conductivity = 7.21x1 O'12 s/cm  
= 54,294 Pa, conductivity = 1.01x10 s /cm le+5

300.0 Temperature (K)
(b )

F i g u r e  0 2  E f f e c t  o f  te m p e r a tu r e  f o r  th e  A R 7 1  o n : (a )  th e  s to ra g e  m o d u lu s  ( G ’) a t  E  
=  0  a n d  2  kv/mm a t  v a r io u s  te m p e ra tu re s  f o r  o n e  s a m p le  a t  a l l  t e m p e r a tu r e s  te s te d ;  
(b )  th e  s e n s i t iv i ty  o f  s to ra g e  m o d u lu s  ( A G ’/ G ’o) v s . t e m p e r a tu r e  a n d  th e  s to ra g e  
m o d u lu s  r e s p o n s e  A G  a t  E  =  2  kv/mm ( A G ’2kv/mm) v s . te m p e r a tu r e .
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- O -  pure AR72 at T = 300 K, G'0 = 10,518 Pa, conductivity = 2.87 X 10'12 s/cm
- S J -  pure AR72 at T = 310 K, G'0 = 10,827 Pa, conductivity = 2.96 X 10'12 s/cm
- O -  Pure AR72 at T = 320 K, G'„ = 11,342 Pa, conductivity = 3.02x 10'12 s /cm  

pure AR72 at T = 330 K, G'0 = 14,314 Pa, conductivity = 3.04 X 10'12 s/cm
- A -  pure AR72 at T = 340 K, G'0 = 18,973 Pa, conductivity = 3.03 X 10'12 s/cm
- O -  pure AR72 at T = 350 K, G'0 = 22,530 Pa, conductivity = 3.04x 10'12 s/cm  
- G -  pure AR72 at T = 360 K, G'0 = 23,972 Pa, conductivity = 2.91 X 10'12 s/cm
-S J — pure AR72 at T = 370 K, G'o = 13,795 Pa, conductivity = 2.85 X 10'12 s/cm

( b )
F i g u r e  0 3  E f f e c t  o f  te m p e r a tu r e  o f  th e  A R 7 2 : (a )  th e  s to ra g e  m o d u lu s  ( G ’) a t  E  =  0 
a n d  2  k v / m m  a t  v a r io u s  t e m p e r a tu r e s  u s in g  o n e  s a m p le  f o r  a l l  t e m p e r a tu r e s  te s te d ;

2 kV
/mm
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pure SA R  at T = 3 00  K, G'0 = 6 1 ,2 0 8  Pa, conductivity = 1 .2 7 x 1 0 ''°  s /c m
pure SA R  at T = 3 10  K, G'0 = 4 2 ,1 1 5  Pa, conductivity = 1 .4 5 x 1 0 ''°  s /c m
pure SA R  at T = 3 20  K, G'0 = 4 2 ,3 6 3  Pa, conductivity = 1 .6 3 x 1 0 ''°  s /c m
pure SA R  a t T =  3 30  K, G'0 = 4 1 ,3 4 9  Pa, conductivity = 2 .1 8 x 1 0 ''°  s /c m  
pure SA R  at T = 3 4 0  K, G'0 = 4 2 ,4 7 2  Pa, conductivity = 3 ,85x1  O'10 s /c m
pure SA R  at T = 3 50  K, G'0 = 3 9 ,9 7 0  Pa, conductivity = 7 .2 4 x 1 0 ''°  s /c m

3 0 0 Temperature (K)

(b )
F i g u r e  0 4  E f f e c t  o f  t e m p e r a tu r e  o f  th e  S A R : (a )  th e  s to ra g e  m o d u lu s  ( G ’) a t  E  =  0 
a n d  2  k v /m m  a t  v a r io u s  t e m p e r a tu r e s  u s in g  o n e  s a m p le  f o r  a ll  t e m p e r a tu r e s  te s te d ;  
(b )  th e  s e n s i t iv i ty  o f  s to ra g e  m o d u lu s  (A  G ’/ G ’o) v s . t e m p e r a tu r e  a n d  th e  s to ra g e  
m o d u lu s  r e s p o n s e  A G ’ a t  E  =  2  k v /m m  (A G ’2kv/mm) v s . t e m p e r a tu r e .
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Temperature (K)
_____________________(a)__________________
- O -  SIS D 1112 at T = 300 K, G'„ = 25,615 Pa, conductivity = 2.05 X 10'18s/cm
- S J -  SIS D 1112 at T = 310 K, G'o = 28,531 Pa, conductivity = 2.27x 10‘1BS/cm
- O -  SIS D 1112 at T = 320 K, G'0 = 35,596 Pa, conductivity = 2.66x 10‘1B s/cm
-< y -  SIS D1112 at T = 330 K, G'0 = 71,013 Pa, conductivity = 2.51 X 10',B s/cm
- A -  SIS D1112 at T = 340 K, G'0 = 103,085 Pa, conductivity = 2.42 X 10’1B s/cm
- O -  SIS D1112 at T = 350 K, G'o = 124,218 Pa, conductivity = 2.30 X 10‘1B s/cm
- O -  SIS D1112 at T = 360 K, G'0 = 56,922 Pa, conductivity = 2 .34 X 10 18 s/cm

ทûl

£
>ะk
CM

๐<

T e m p e r a t u r e  (K )
( b )

F i g u r e  0 5  E f f e c t  o f  te m p e r a tu r e  o f  th e  S IS  D 1 1 1 2 : (a )  th e  s to ra g e  m o d u lu s  ( G ’) a t  E  
=  0  a n d  2  k v / m m  a t  v a r io u s  te m p e r a tu r e s  u s in g  o n e  s a m p le  f o r  a l l  te m p e r a tu r e s  
te s te d ;  (b )  th e  s e n s i t iv i ty  o f  s to ra g e  m o d u lu s  (A  G ’/ G ’o) v s .  t e m p e r a tu r e  a n d  th e  
s to ra g e  m o d u lu s  r e s p o n s e  À G ’ a t  E  =  2  k v / m m  ( A G ’2kv/mm) v s . te m p e r a tu r e .
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4e+4

4e+4

CL 3e+4

3e+4

2e+4

o SBR at E = 0 kv/mm, V = 1.05x1 o 19 cm -3
□ SBR at E = 2 kv/mm. V = 2.03x1 o 19 cm'3

ธ

290 300 310 320 330 340 350 360 370
T e m p e r a t u r e  (K )

(a)

.30

.25%

<  .10

.05

23,397 Pa, conductivity ะ 
0 -  24,686 Pa, conductivity :

pure SBR at T = 300 K,G', 
pure SBR atT  = 310 K,G'| 
pure SBR at T = 320 K,G'0 = 26,529 Pa, conductivity 
pure SBR at T = 330 K,G'( 
pure SBR at T = 340 K,G 
pure SBR at T = 350 K,G'0 = 30,869 Pa, conductivity : 
pure SBR at T = 360 K,G'0 = 19,003 Pa, conductivity:

27,156 Pa, conductivity : 
0 = 29,515 Pa, conductivity :

1.47x10 
1.93x10' 
1.98x10 
1.99x10' 
2.01x10' 
2.03x10 
2.03x1 O'

s/cm
■1S S/cm  
15 S/cm  
'15 S/cm

AG' 2 k V /m m /G '(
14000
12000

10000

8000
6000
4000
2000

280 290 300 310 320 330 340 350 360 370
T e m p e r a t u r e  (K )

( b )
F i g u r e  0 6  E f f e c t  o f  t e m p e r a tu r e  o f  th e  S B R : (a )  th e  s to ra g e  m o d u lu s  ( G ’) a t  E  =  0 
a n d  2  k v / m m  a t  v a r io u s  te m p e r a tu r e s  u s in g  o n e  s a m p le  f o r  a ll  t e m p e r a tu r e s  te s te d ;  
(b )  th e  s e n s i t iv i ty  o f  s to ra g e  m o d u lu s  (A  G ’/ G ’o) v s . t e m p e r a tu r e  a n d  th e  s to ra g e  
m o d u lu s  r e s p o n s e  A G ’ a t  E  =  2  k v / m m  (A G ’2kv/mm) v s . t e m p e r a tu r e .

AG
’2k

V/
m

m
 (P

a)
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Appendix p %Element of the Elastomers

T h e  p e r c e n ta g e s  o f  e le m e n ts  (C u , Z n , F e , Cl, N a , c , a n d  O ) in  th e  e la s to m e rs  
w e r e  c h a r a c te r iz e d  a n d  d e te r m in e d  b y  a n  E D X  ( E n e r g y  D is p e r s iv e  X - R a y  
F lu o r e s c e n c e  S p e c t ro m e te r ,  O X F O R D  P e n ta fe t ,  m o d e l  6 1 1 1 ) ;  i t  w a s  a ls o  c o n n e c te d  
to  a  s c a n n in g  e le c t r o n  m ic r o s c o p e  ( J E O L , m o d e l  J S M - 5 2 0 0 ) .

Table PI E le m e n ta l  a n a ly s is  o f  S A R /O l b y  E D X  te c h n iq u e

Element %Atomic
1 2 3 average SD

c 7 8 .3 1 7 8 .1 4 7 8 .2 2 7 8 .2 2 0 .0 9
0 2 0 .7 0 2 0 .8 9 2 0 .4 5 2 0 .6 8 0 .2 2
N a 0 .4 6 0 .1 6 0 .5 4 0 .3 9 0 .2 0
C l 0 .0 4 0 .0 8 0 .0 7 0 .0 6 0 .0 2
F e 0 .1 3 0 .2 2 0 .1 8 0 .1 8 0 .0 5
C u 0 .0 5 0 2 1 0 .2 5 0 .1 7 0 .11
Z n 0 .3 1 0 .3 0 0 .2 9 0 .3 0 0 .0 1

Table P2 E le m e n ta l  a n a ly s is  o f  S A R /0 2  b y  E D X  te c h n iq u e

Element % Atomic
1 2 3 average SD

c 7 8 .6 4 7 7 .9 9 7 6 .9 7 7 7 .8 7 0 .8 4
0 2 0 .6 4 2 1 .1 7 2 2 .5 2 2 1 .4 4 0 .9 7
N a 0 .1 0 0 .1 4 0 .0 9 0 .1 1 0 .0 3
C l 0 .0 7 0 .0 9 0 .0 8 0 .0 8 0 .01
F e 0 .2 3 0 .1 5 0 .1 0 0 .1 6 0 .0 7
C u 0 .0 4 0 .1 7 0 .1 1 0 .1 1 0 .0 7
Z n 0 .3 7 0 .2 9 0 .2 7 0 .3 1 0 .0 5
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Table P3 E le m e n ta l  a n a ly s is  o f  A R 7 0 /0 1  b y  E D X  te c h n iq u e

Element %Atomic
1 2 3 average SD

c 6 5 .6 7 6 7 .2 8 6 5 .9 5 6 6 .3 0 0 .81
0 3 3 .8 7 3 2 .2 2 3 3 .4 9 3 3 .1 9 0 .8 6
N a 0 .2 6 0 .3 4 0 .4 0 .3 3 0 .0 7
C l 0 .1 7 0 .11 0 .1 4 0 .1 4 0 .0 3
F e 0 .0 1 0 .0 2 0 .01 0 .0 1 0 .01
C u 0 .0 2 0 .0 2 0 .01 0 .0 2 0 .01
Z n 0 .0 0 0 .01 0 .0 0 0 .0 0 0 .01

Table P4 E le m e n ta l  a n a ly s is  o f  S IS /0 1  b y  E D X  te c h n iq u e

Element °/oAtomic
1 2 3 average SD

c 9 9 .8 5 9 9 .8 8 9 9 .7 7 9 9 .8 3 0 .0 6
0 0 .0 9 0 .0 5 0 .0 9 0 .0 8 0 .0 2
N a 0 .0 3 0 .01 0 .0 5 0 .0 3 0 .0 2
C l 0 .0 2 0 .0 0 0 .0 0 0 .0 1 0 .01
F e 0 .0 0 0 .0 0 0 .01 0 .0 0 0 .01
C u 0 .0 0 0 .0 2 0 .0 3 0 .0 2 0 .0 2
Z n 0 .0 1 0 .0 4 0 .0 5 0 .0 3 0 .0 2

* * n o te
S c a n n in g  e le c t r o n  m ic r o g r a p h s  ( J E O L , m o d e l  J S M - 5 2 0 0 )  
M a g n i f ic a t io n  =  X 2 ,0 0 0  
A c c e le r a t in g  v o l ta g e  =  2 0 .0 0  k v

Element %Atomic
SAR AR70 SIS

c 7 8 .2 2 ± 0 .0 9 6 6 .3 0 * 0 .8 1 9 9 .8 3 * 0 .0 6
0 2 0 .6 8 ± 0 .2 2 3 3 .1 9 * 0 .8 6 0 .0 8 * 0 .0 2

N a 0 .3 9 ± 0 .0 5 0 .3 3 * 0 .0 7 0 .0 3 * 0 .0 2
C l 0 .0 6 ± 0 .0 2 0 .1 4 * 0 .0 3 0 .0 1 * 0
F e 0 .1 8 ± 0 .5 5 0 .0 1 * 0 0 .0 0 * 0
C u 0 .1 7 * 0 .1 1 0 .0 2 * 0 0 .0 2 * 0
Z n 0 .3 0 * 0 .0 1 0 .0 0 * 0 0 .0 3 * 0



198

Appendix Q Identification of Characteristic Peaks in FT-IR Spectrum of the 
Elastomers

T h e  s ix  e la s to m e r s  w e r e  c h a r a c te r iz e d  b y  a n  F T - I R  s p e c t r o m e te r  in  o r d e r  to  
id e n t i f y  th e i r  f u n c t io n a l  g ro u p s . T h e  F T - I R  s p e c t r o m e te r  ( T h e r m o  N ic o le t ,  N e x u s  
6 7 0 )  w a s  o p e r a t e d  in  a b s o r p t io n  m o d e  w i th  3 2  s c a n s  a t  r e s o lu t io n  o f  ±  4  c m  
c o v e r in g  a  w a v e n u m b e r  r a n g e  b e tw e e n  4 0 0  a n d  4 ,0 0 0  c m '1, u s in g  a  d e u te r a te d  
t r ig ly c in e  s u l f a te  d e te c to r .  T h e  s p e c im e n s  w e r e  p r e p a r e d  a s  th in  f i lm s  ( th ic k n e s s  ~  
0 .5  m m ).

Table Q1 F T - I R  s p e c t r u m  o f  a c r y l ic  e la s to m e rs  ( A R 7 0 )

Wavenumber (cm 1) Functional
group

Wavenumber 
from references

Reference
2 9 6 0 C - H  s t r e tc h in g 3 0 0 0 G u n z le r  e t al.
1 7 2 8 c=0 s t r e tc h in g  

o n  e s te r  g ro u p
17 15 L u  e t al.

1 4 1 0 C O - C H 2 14 0 5 L u  e t al.
1 3 9 0 c h 3 1 3 8 0 G u n z le r  e t al.
1 2 6 0 ( C H 3 ) 3C 1 2 5 5 -1 2 4 0 A m o m s in  e t al.
1 1 5 0 C - 0  o n  e s te r  

g ro u p
1 2 0 0 -1 1 0 0 G u n z le r  e t al.

Table Q2 F T - I R  s p e c t r u m  o f  a c ry l ic  e la s to m e r s  ( A R 7 1 )

Wavenumber (cm 1) Functional
group

Wavenumber 
from references

References
2 9 9 0 C - H  s t r e tc h in g 3 0 0 0 G u n z le r  e t al.
1 7 2 8 c=0 s tr e tc h in g  

o n  e s te r  g ro u p
17 1 5 L u  e t al.

1 4 1 0 C O - C H 2 14 05 L u  e t al.
1 3 8 0 c h 3 1 3 8 0 G u n z le r  e t al.
1 2 6 0 ( C H 3 ) 3C 1 2 5 5 -1 2 4 0 A m o m s in  e t al.
11 5 5 C - 0  o n  e s te r  

g ro u p
1200-1100 G u n z le r  e t al.

1 0 4 0 0 - C H 2-C 1 0 5 0 G u n z le r  e t al.
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T a b l e  Q 3  F T - I R  s p e c t r u m  o f  a c ry l ic  e la s to m e rs  ( A R 7 2 )

W a v e n u m b e r  ( c m 1) F u n c t i o n a l
g r o u p

W a v e n u m b e r  
f r o m  r e f e r e n c e s

R e f e r e n c e s

2 9 6 0 C -H  s t r e tc h in g 3 0 0 0 G u n z le r  e t al.
1 7 3 0 c=0 s t r e tc h in g  

o n  e s te r  g ro u p
17 1 5 L u  e t al.

1 4 1 5 C O - C H 2 14 05 L u  e t al.
1 2 6 0 ( C H 3 ) 3C 1 2 5 5 -1 2 4 0 A m o r n s in  e t al.

1 1 6 0 C - 0  o n  e s te r  
g ro u p

1200-1100 G u n z le r  e t al.

1 0 5 0 0 - C H 2-C 1 0 5 0 G u n z le r  e t al.

T a b l e  Q 4  F T - I R  s p e c t r u m  o f  s ty re n e -a c r y l ic  c o p o ly m e r  ( S A R )

W a v e n u m b e r  (c m " 1) F u n c t i o n a l
g r o u p

W a v e n u m b e r  
f r o m  r e f e r e n c e s

R e f e r e n c e s

2 9 8 0 C -H  s t r e tc h in g 3 0 0 0 G u n z le r  e t al.
1 7 2 8 C —0 s tr e tc h in g  

o n  e s te r  g ro u p
17 1 5 L u  e t al.

1 4 7 0 c= c  v ib r a t io n  
o n  b e n z e n e  r in g

1 5 0 0 -1 4 3 0 G u n z le r  e t al.

1 1 6 0 C - 0  o n  e s te r  
g ro u p

1200-1100 G u n z le r  e t al.

7 6 4 C - H  s t r e tc h in g  
o n  m o n o -  

s u b s t i tu te d  
b e n z e n e  r in g

7 5 1 + 1 5 G u n z le r  e t al.

7 0 2 C - H  s t r e tc h in g  
o n  m o n o -  

s u b s t i tu te d  
b e n z e n e  r in g

6 9 7 + 1 1 G u n z le r  e t al.
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T a b l e  Q 5  F T - I R  s p e c t r u m  o f  s ty re n e - i s o p r e n e - s ty r e n e  t r ib lo c k  c o p o ly m e r  (S IS )

W a v e n u m b e r  ( c m 1) F u n c t i o n a l
g r o u p

W a v e n u m b e r  
f r o m  r e f e r e n c e s

R e f e r e n c e s

2 9 6 0 , 2 9 3 0 , 2 8 6 0 C - H  s t r e tc h in g  
o n  - C H 2-

3 0 0 0 -2 9 0 0 G u n z le r  e t al.

1 4 5 0 c= c  v ib r a t io n  
o n  b e n z e n e  r in g

1 5 0 0 -1 4 3 0 G u n z le r  e t al.

1 3 8 0 c h 3 1 3 8 0 G u n z le r  e t al.
1 1 0 0 -1 0 2 0 C - 0  o n  e s te r  

g ro u p
1 2 0 0 -1 1 0 0 G u n z le r  e t al.

8 8 9 d i-  s u b s t i tu te d  
o f  is o p re n e

8 9 5 -8 8 5 G u n z le r  e t al.

7 6 0 C - H  s t r e tc h in g  
o n  m o n o -  

s u b s t i tu te d  
b e n z e n e  r in g

7 5 1 + 1 5 G u n z le r  e t al.

6 9 8 C -H  s t r e tc h in g  
o n  m o n o -  

s u b s t i tu te d  
b e n z e n e  r in g

6 9 7 + 1 1 G u n z le r  e t al.
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T a b l e  Q 6  F T - I R  s p e c t r u m  o f  s ty re n e -b u ta d ie n e  r u b b e r  (S B R )

W a v e n u m b e r  ( c m '1) F u n c t i o n a l
g r o u p

W a v e n u m b e r  
f r o m  r e f e r e n c e s

R e f e r e n c e s

3 0 0 3 M o n o -
s u b s t i tu te d  o f  

b u ta d ie n e

G u n z le r  e t al.

2 9 8 0 -2 9 0 0 C -H  s t r e tc h in g  
o n  - C H 2-

3 0 0 0 -2 9 0 0 G u n z le r  e t al.

1 6 2 0 -1 6 0 0 C -C  s t r e tc h in g  
o n  m o n o -  

s u b s t i tu te d  o f  
b e n z e n e  r in g

1 6 0 0 -1 5 8 5 G u n z le r  e t al.

1 4 5 0 c= c  v ib r a t io n  
o n  b e n z e n e  r in g

1 5 0 0 -1 4 3 0 G u n z le r  e t al.

1 0 2 0 = C H - R  o n  
b u ta d ie n e

1 0 1 0 G u n z le r  e t al.

9 6 6 1,2  t r a n -  C -H  
w a g g in g  o f  
b u ta d ie n e

9 7 0 G u n z le r  e t al.

7 6 0 C - H  s t r e tc h in g  
o n  m o n o -  

s u b s t i tu te d  
b e n z e n e  r in g

7 5 1 + 1 5 G u n z le r  e t al.

6 9 8 C - H  s t r e tc h in g  
o n  m o n o -  

s u b s t i tu te d  
b e n z e n e  r in g

6 9 7 + 1 1 G u n z le r  e t al.

- X . L u , c. T a n , J . X u ,  a n d  c. H e , S y n th e t ic  M e ta ls ,  1 3 8 , p .4 2 9 - 4 4 0 ,  2 0 0 3
- H . G u n z le r ,  H - U  G r e m lic h ,  IR  S p e c t ro s c o p y ,  W ile y -V C H .
- M . A m o m s in ,  A . P e tc h s o m , P r in c ip le s  a n d  T e c h n iq u e s  o f  I n s t r u m e n ta l  A n a ly s is ,  
C h u la lo n g k o r n  U n iv e s r s i ty .
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(b )
F i g u r e  Q 1  F T - I R  s p e c t r u m s  o f  a c r y l ic  e la s to m e r s  ( A R 7 0 ) ,  s ty r e n e - a c r y l ic  
c o p o ly m e r  (S A R )  a n d  s ty r e n e - i s o p r e n e - s ty r e n e  t r ib lo c k  c o p o ly m e r :  (a )  w a v e n u m b e r  
b e tw e e n  6 0 0 - 3 5 0 0  c m '1; (b )  w a v e n u m b e r  b e tw e e n  6 0 0 - 2 0 0 0  c m '1.
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W a v e n u m b e r  ( c m " 1 )
(a)

W a v e n u m b e r  ( c m " 1 )
(b )
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W a v e n u m b e r  ( c r n ^ )
(c)

W a v e n u m b e r  ( c m - "*)
(d )
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(f)
F i g u r e  Q 2  F T - I R  s p e c t r u m s  o f  th e  e la s to m e rs :  (a )  A R 7 0 ;  (b )  A R 7 1  ; (c )  A R 7 2 ;  (d )  
S A R ; (e )  S IS  a n d ;  ( f )  S B R .
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A p p e n d i x  R  D e f le c t io n  D i s t a n c e ,  A n g le  a n d  D i e l e c t r o p h o r e s i s  F o r c e  o f  t h e  S ix  
E l a s t o m e r s  u n d e r  D C  E l e c t r i c  F ie ld

T h e  d ie le c t r o p h o r e s i s  fo rc e s  w e r e  d e te r m in e d  b y  m e a s u r in g  th e  d e f le c t io n  
d is ta n c e s  o f  th e  e la s to m e r s  in  th e  v e r t ic a l  c a n t i le v e r  f ix tu r e  u n d e r  e le c t r i c  f ie ld . T h e  
s p e c im e n s  w e r e  v e r t i c a l ly  im m e rs e d  in  th e  s i l ic o n e  o i l  ( v is c o s i ty  =  1 0 0  c S t)  b e tw e e n  
p a r a l l e l  c o p p e r  e le c t r o d e  p la te s  (4 0  m m  lo n g , 3 0  m m  w id th ,  a n d  1 m m  th ic k ) .  T h e  
g a p  b e tw e e n  th e  p a i r  o f  e le c t r o d e s  w a s  3 0  m m . A  D C  v o l ta g e  w a s  a p p l ie d  w i th  a  D C  
p o w e r  s u p p ly  ( G o ld s u n ,  G P S  3 0 0 3 B )  c o n n e c te d  to  a  h ig h  v o l ta g e  p o w e r  s u p p ly  
( G a m m a  H ig h  V o l ta g e ,  m o d e l  U C 5 - 3 0 P  a n d  U C 5 - 3 0 N )  w h ic h  c a n  d e l iv e r  a n  e le c t r ic  
f ie ld  u p  to  2 5  k v .  T h e  o u tp u t  v o l ta g e  f ro m  th e  h ig h  v o l ta g e  p o w e r  s u p p ly  w a s  
c a l ib r a te d  u s in g  a  F lu k e  4 0  k v  H ig h  V o l ta g e  P ro b e . W e  u s e d  a  C C D  v id e o  c a m e r a  to  
r e c o r d  th e  m o v e m e n t  d u r in g  th e  e x p e r im e n t .  S til l  p i c tu r e s  w e r e  c a p tu r e d  f ro m  th e  
v id e o  a n d  th e  d e f le c t io n  d i s ta n c e s  in  X  (d )  a n d  y  a x e s  ( 1 )  a t  th e  e n d s  o f  th e  s p e c im e n  
w e r e  d e te r m in e d  b y  u s in g  S c io n  Im a g e  s o f tw a re  ( v e r s io n  4 .0 .3 ) .  T h e  e le c t r i c  f ie ld  
s t r e n g th  w a s  v a r ie d  b e tw e e n  0 - 6 0 0  v / m m  a t  r o o m  te m p e r a tu r e ,  3 0 0  ±  1 K . B o th  th e  
v o l ta g e  a n d  th e  c u r r e n t  w e r e  m o n i to re d . W e  c a lc u la te d  th e  r e s i s t in g  e la s t ic  fo rc e  o f  
th e  s p e c im e n s  u n d e r  e le c t r i c  f ie ld  u s in g  th e  n o n - l in e a r  d e f le c t io n  th e o r y  o f  a  
c a n t i le v e r  ( T im o s h e n k o  e t  a l . )  a n d  ( K im  e t  a l . ,  2 0 0 7 ) ,  w h ic h  c a n  b e  c a lc u la te d  f ro m

F  l   ̂ dth e  s ta n d a r d  c u r v e  b e tw e e n  -  e ° a n d  —  (Jo =  in i t i a l  le n g th  o f  s p e c im e n s )E l 10

( T im o s h e n k o  e t  a h ) .
w h e r e  Fe is  th e  e la s t ic  fo rc e , d  is  th e  d e f le c t io n  d i s ta n c e  in  th e  h o r i z o n ta l  a x is ,  l is  th e  
d e f le c t io n  d i s ta n c e  in  th e  v e r t ic a l  a x is ,  E  is  th e  Y o u n g ’s m o d u lu s  — w h ic h  is  e q u a l  to  
2 G ( l + v ) ,  w h e r e  G  is  th e  s h e a r  s to ra g e  m o d u lu s  t a k e n  to  b e  G '(co  = 1  r a d /s )  a t  v a r io u s  

e le c t r i c  f ie ld  s t r e n g th s  a n d , V  is  th e  P o i s s o n ’s r a t io  (0 .5  fo r  a n  in c o m p r e s s ib le

s a m p le ) —  a n d  /  is  th e  m o m e n t  o f  in e r t ia  -^--13 พ ,  w h e re  t  is  th e  th ic k n e s s  o f  th e  f i lm
12

a n d  พ  is  th e  w id th  o f  th e  f i lm . T h e  d ie le c t r o p h o r e s i s  f o rc e  c a n  b e  c a lc u la t e d  f ro m  th e  
s ta t ic  h o r iz o n ta l  f o rc e  b a la n c e  c o n s is t in g  o f  th e  e la s t ic  f o rc e  a n d  th e  c o r r e c t iv e  
g r a v i ty  f o rc e  te r m  (mgs'md):

Fd = Fe + m g  sin 6  , (Rl)
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where g = 9.8 m.s'2, m = mass of the specimen, and 6 is the deflection angle.
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O  A R 70-01  .ca lcu lated  Fe by u s e  linear d e flec tio n  theory  
□  A R 70-01 .ca lcu lated  Fe by u s e  non linear d e flec tio n  theory

(c)
O  A R 70-01  .ca lcu lated  Fd by u s e  linear d eflec tio n  theory  
□  A R 70-01  .ca lcu lated  Fd by u s e  non linear d e flec tio n  theory
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Figure R1 Electromechanical responses of AR70-01 at various electric field 
strengths: (a) deflection lengths; (b) deflection angles; (c) elastic force (Fe); (d) 
dielectrophoretic forces (F(i); (e) force density; (f) energy density; (g) power 
consumption.
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(g)
Figure R2 Electromechanical responses of AR71-01 at various electric field 
strengths: (a) deflection lengths; (b) deflection angles; (c) elastic force (Fe); (d) 
dielectrophoretic forces (Fd); (e) force density; (f) energy density; (g) power 
consumption.
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O  A R 72-01  .ca lcu la ted  F8 by u s e  linear d eflec tion  theory  
□  A R 72-01 .ca lcu la ted  Fe by u s e  non linear d e flec tio n  theory

(c)
O  A R 72-01  .ca lcu la ted  Fd by u s e  linear d eflec tion  theory  
□  A R 72-01  .ca lcu la ted  Fd by u s e  non linear d e flec tio n  theory
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Figure R3 Electromechanical responses of AR72-01 at various electric field 
strengths: (a) deflection lengths; (b) deflection angles; (c) elastic force (Fe); (d) 
dielectrophoretic forces (Fd); (e) force density; (f) energy density; (g) power 
consumption
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O  S A R -0 1 1ca lcu la ted  F0 by u s e  linear d eflec tio n  theory  
□  S A R -0 1 1 ca lcu la ted  Fa by u s e  non linear d eflec tio n  theory

(c)
o  SA R -01 .ca lcu la ted  Fd by u s e  linear d e flec tio n  theory  
□  SA R -01 .ca lcu la ted  Fd by u s e  non linear d e flec tio n  theory
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(g)Figure R4 Electromechanical responses of SAR-01 at various electric field 
strengths: (a) deflection lengths; (b) deflection angles; (c) elastic force (Fe); (d) 
dielectrophoretic forces (Fd); (e) force density; (f) energy density; (g) power 
consumption.
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O  SIS-01  .ca lcu lated  Fe by u s e  linear d eflec tio n  theory  
□  S IS-01  .ca lcu lated  FB by u s e  non linear d e flec tio n  theory

E (V /m m )
(c)

o  S IS -01  .ca lcu la ted  Fd by u s e  linear d eflec tion  theory  
□  S IS -01  .ca lcu la ted  Fd by u s e  non linear d eflec tio n  theory
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Figure R5 Electromechanical responses of SIS-01 at various electric field strengths: 
(a) deflection lengths; (b) deflection angles; (c) elastic force (F e); (d) 
dielectrophoretic forces (F d); (e) force density; (f) energy density; (g) power 
consumption.
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O  S B R -0 1 1ca lcu la ted  Fe by u s e  linear d eflec tio n  theory  
□  SB R -01  .ca lcu la ted  Fe by u s e  non linear d e flec tio n  theory
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o  SB R -01  .ca lcu la ted  Fd by u s e  linear d eflec tio n  theory  
□  SB R -01  .ca lcu lated  Fd by u s e  non linear d e flec tio n  theory



230

(e)

(f)
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Figure R6 Electromechanical responses of SBR-01 at various electric field 
strengths: (a) deflection lengths; (b) deflection angles; (c) elastic force (Fe); (d) 
dielectrophoretic forces (Fd); (e) force density; (f) energy density; (g) power 
consumption.



232

Appendix ร Deflection Distance, Angle and Dielectrophoresis Force of the 
Acrylic Elastomers (AR71) and Styrene Copolymers (SAR and SBR) under AC 
Electric Field

The dielectrophoresis forces were determined by measuring the deflection 
distances of the elastomers in the vertical cantilever fixture under electric field. The 
specimens were vertically immersed in the silicone oil (viscosity =100 cSt) between 
parallel copper electrode plates (40 mm long, 30 mm width, and 1 mm thick). The 
gap between the pair of electrodes was 10 mm. An AC field was applied with a 
function generator (Tektonix, model CFG 253) connected to a high voltage power 
supply (Trek, model 609E-6) which can deliver an electric field up to 4 kv. The 
output voltage and frequency from the high voltage power supply was detected using 
an oscilloscope (BK Precision, model 2120B). We used a CCD video camera to 
record the movement during the experiment. Still pictures were captured from the 
video and the deflection distances in X  (d) and y axes (1) at the ends of the specimen 
were determined by using Scion Image software (version 4.0.3). The electric field 
strength was varied between 0-800 v/mm at room temperature, 300 ± 1 K. Both the 
voltage and the current were monitored. We calculated the resisting elastic force of 
the specimens under electric field using the non-linear deflection theory of a 
cantilever (Timoshenko et al.) and (Kim et ah, 2007), which can be calculated from

F  /  ̂ clthe standard curve between e_y- and — (Jo = initial length of specimens)El 10
(Timoshenko et ah).
where Fe is the elastic force, d  is the deflection distance in the horizontal axis, / is the 
deflection distance in the vertical axis, E  is the Young’s modulus — which is equal to 
2G(l+v), where G is the shear storage modulus taken to be G'(® =1 rad/s) at various 
electric field strengths and, v is the Poisson’s ratio (0.5 for an incompressible

sample)—  and /  is the moment of inertia - !- t3 พ , where t is the thickness of the film12
and พ is the width of the film. The dielectrophoresis force can be calculated from the 
static horizontal force balance consisting of the elastic force and the corrective 
gravity force term (mgsinO):
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Fd = Fe + mg  sin 6 ,  (SI)
where g = 9.8 m.s'2, m = mass of the specimen, and 0 is the deflection angle.
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Frequency (Hz)
(a)

Figure SI E lectrom ech anica l responses o f  A R 71 at various frequencies and under
A C  electric  fie ld  strengths (a) d eflection  angles; (b) d ielectrop h oresis forces (Fd).
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Figure S3 E lectrom ech anical responses o f  A R 71 at various frequencies and
th ickness under A C  fie ld  E =  800  v /m m  (a) d eflection  angles; (b) d ielectrophoresis
forces (Fd).
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Figure S4 E le c t r o m e c h a n ic a l  r e s p o n s e s  o f  A R 7 1 :d o p e d  p p p  (m o l  a c id :m o l  p p p  ra t io  
=  1 0 0 :1 )  a t  v a r io u s  p o ly ( p - p h e n y le n e )  c o n c e n t r a t io n s  u n d e r  A C  f ie ld  E  =  8 0 0  v / m m ,  
th ic k n e s s  ~  0 .2 0 - 0 .3 0  m m , (a )  d e f le c t io n  a n g le s ;  (b )  d ie le c t r o p h o r e s i s  f o rc e s  ( F d).
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9 . K u n a n u r u k s a p o n g ,  R ., S ir iv a t ,  A . (2 0 0 9 , J u n e  7 -9 )  D ie le c t r o p h o r e s i s  F o rc e  a n d  
A c tu a t io n  P e r f o r m a n c e  o f  A c r y l ic  E la s to m e r s  a n d  S ty re n e  C o p o ly m e r s  fo r  
A r t i f ic ia l  M u s c le  A p p l ic a t io n s ,  F ro n t ie r s  in  P o ly m e rs  S c ie n c e  2 0 0 9 . M a in z , 
G e r m a n y .
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10. K u n a n u r u k s a p o n g ,  R . ,  S ir iv a t ,  A . (2 0 0 9 , A u g u s t  7 ) A  S tu d y  o f  th e  
D ie le c t r o p h o r e s i s  F o r c e  o f  E la s to m e r ic  M a te r ia ls  f o r  A r t i f ic ia l  M u s c le  
A p p l ic a t io n s ,  R G J  S e m in a r  S e r ie s  L X I i r A d v a n c e d  M a te r i a l s . B a n g k o k ,  T h a i la n d .
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