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APPENDICES

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

FT-IR spectrometer (Thermo Nicolet, Nexus 670) was used to investigate spectra
of poly(3-thiophenemethyl acetate) (P3TMA), undoped and doped poly(3-thiophene
acetic acid) (P3TAA). The spectrometer was operated in the absorption mode with 32
scans and a resolution of +4 cm™, covering a wavenumber range of 4000-400 cm™.
Optical grade KBr was used as the background material and the polymers were mixed
with dried KBr at a ratio 1:20. In order to investigate the spectrum of Pth 200:1 and
zeolite L, mordenite and beta, before, expose and after exposed with H, gas, gas cell .

with ZnSe window was used.
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Figure A1 The FT-IR spectra of: a) poly(3-thiophenemethyl acetate); b) undoepd
poly(3-thiophene acetic acid); and c) poly(3-thiopheneacetic acid) doped with HCIO, at

mole ratio of acid to monomer unit of 200:1.
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In Figure Al, distinct peaks of P3TMA and P3TAA appeared between 3400-
2400 cm™. A broad peak is characteristic of hydroxy fuctional group of P3TAA which
ensures us a successful synthesization of this polymer by oxidation polymerization.
After doping with perchloric acid, some characteristic peaks of acid appeared on FT-IR
spectra. There are appearances of a lower absorbance at 3400-2400 cm™ and a sharp
peak at 1200 cm™.

The assignments of peaks in the spectrum are shown in Table Al. The
characteristic peaks of P3TAA appears at 3200-3000 cm™ and can be assigned to the
stretching vibration of the C-H bond on the thiophene ring; peaks at 3000-2800 cm
represent the aliphatic C-H bonds; a peak at 1700 cm™ represents the C=0 stretching
vibration; a peak at 1400 cm™ represents the thiophene ring stretching vibration; and
peaks at 1300-1200 cm™ represent the C-O stretching vibration. The important feature
peak is the extremely broad O-H absorption occurring in the region from 3400 to 2400
cm’', which is attributed to the strong hydrogen bonding of the dimer. In the same region,

the C-H stretching vibrations occurs (Kim et al., 1999).

Table A1 The FT-IR absorption spectrum of undoped and doped PTAA with HCIO,4

Wayven lflm DiEx Assignments References

(em”)
3400-2400 O-H stretching vibration Kim et al. (1999)
3200-3000 C-H stretching of thiophene ring Kim et al. (1999)
3000-2800 C-H stretching of aliphatic Kim et al. (1999)
1700 C=0 stretching vibration Kim et al. (1999)
1400 Thiophene ring stretching vibration Kim et al. (1999)
1300-1200 C-O stretching vibration Kim ef al. (1999)
835 C-H stretching, out of plane of thiophene ring | Kim et al. (1999)
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Appendix B Identification Thermal Property of Undoped and Doped P3TAA

Undoped and doped poly(3-thiopheneacetic acid) (P3TAA) at 200:1 mole ratio
of dopant to monomer unit were determined by a thermal gravimetric analyzer (DuPont,
model TGA 2950). Measurements were carried out with the temperature scan from 30 to
800°C and a heating rate of 10°C/min. The samples were weighed in the range of 5-20
mg and loaded into a platinum pan, and then it was heated under air flow. Three
transitions were observed in undoped and dope poly (3-thiopheneacetic acid). The first
transition can be referred to the losses of water and residue solvent. The other transitions |
can be referred to the side chain degradation and the backbone degradation, respectively
(Chotpattananont et al., 2004; Hu et al., 2000). After the doping, the thermal stability
decreased as compared to undoped P3TAA.

Table B1 Degradation steps of undoped and doped P3TAA

Sample T4 onset (°C) % Weight loss | % residue
1 2 1 2
Pth_u 186 356 21.79 | 63.03 7.667
Pth 200:1 104 300 16.94 | 69.76 4.711
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Figure B1 TGA thermograms of undoped and doped P3TAA with HCI1O,.
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Appendix C Identification of Characteristic Peaks of Undoped and Doped

Poly(3-thiopheneacetic acid) by UV-Visible Spectroscopy

UV-Vis absorption spectrophotometer (Shimadzu, UV-2550) was used to
investigate spectra of undoped and doped polythiophene in the absorbance mode, .
wavelength range of 200-800 nm with medium scan speed and a slit width of 1.0 nm.
Both polymers were dissolved in DMSO at the concentration of 2.8134x10° M. The

absorbance of solution in » quatz cell was measured and we used DMSO as a reference

solvent.
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Figure C1 The UV-Visible spectra of: a) undoped poly(3-thiopheneacetic acid); b)

doped with HCIO4 at 200:1 mole ratio of acid to monomer.
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Table C1 The UV_Visible spectrum of undope (Pth_u) and dope polythiophene at the
doping mole ratio of HC1O4:Pth (Pth_200:1)

Pth_u Pth_200:1
Wavelength | Absorbance | Wavelength | Absorbance
None None 701 0.004
417 0.124 410 0.024
267 0.069 270 0.018

In Table C2, the UV-Visible spectra of undoped and doped poly(3- _
thiopheneacetic acid) from the references are shown. The wavelength in [ ] refers to the

assignments as cited from the references.

Table C2 Assignments of UV-Visible peaks of undoped and doped polythiophenes

Wavelength .
Assignments References
(nm) -
264+5 n-n* transitions of the
- . W !
[264] bithiophene unit ang:ezial L2004)
435+10 n-n* transitions of the conjugated Demanze et al. (1996)
[435] polymer chains '
E 32:15 localized of polaron state Demanze et al. (1996)
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Appendix D Determination of Particle size and Size distribution of Undoped and

Doped poly(3-thiopheneacetic acid)

Particle size analyser (Malvern, Masterizer X Version 2.15) was used to measure
the particle size of undoped and dope polythiophene. Polythiophene was grounded and

sieved with mesh size 38 pm before measurment were taken.

Table D1 Summary data of particle size of undoped and dope poly(3-thiopheneacetic
acid)

Particle diameter (um)
Samples — 2 3 Avg. STD
Pth U 19.28 19.40 [ 20.05 19.58 0.41
Pth 200:1 | 20.56 | 20.81 21.11 20.83 0.28

Table D2 Summary data of particle size of Zeolite

Particle diameter (um)
1 2 3 Avg. STD
L 7.57 7.99 i s 7.1 0.24
MOR 16.64 16.95 16.69 16.76 0.17
BEA 2.41 2.44 2.38 2.41 0.03

Sampies




72

Table D3 The raw data of particle size of undoped poly(3-thiopheneacetic acid)

dil;a';t;:‘:: ::lz:l) Undope polythiophene

Size Low | Size high | In% | Under % | In % | Under % In% | Under %
0.50 1.32 0.19 0.19 0.19 0.20 0.19 0.20
1.32 1.60 0.60 0.79 0.64 0.83 0.63 0.82
1.60 1.95 0.90 1.69 0.96 1.79 0.94 1.76
1.95 2.38 1.07 2.76 1.15 2.95 1.11 2.87
2.38 2.90 122 3.98 1.31 4.25 1.26 4.13
2.90 3.53 1.49 5.47 1.56 5.82 1.52 5.65
3.33 4.30 1.98 7.45 2.03 7.85 2.00 7.65
4.30 5.24 2.76 10.21 2.76 10.61 2.76 10.41
5.24 6.39 3.79 14.00 3.72 14.33 3.78 14.19
6.39 7.78 4.93 18.93 4.75 19.08 4.87 19.06
7.78 9.48 6.02 24.95 5.73 24.81 5.90 24.97
9.48 11.55 7.30 32.24 6.89 31.70 7.08 32.05
11.55 14.08 8.89 41.14 8.40 40.10 8.54 40.59
14.08 17:15 10.68 51.81 10.17 50.27 10.20 50.80
17.15 20.9 12,16 6397 | 1177 62.03 11.62 62.42
20.90 25.46 12.35 76.30 | 12.28 74.3 11.94 74.35
25.46 31.01 10.40 86.70 | 10.82 85.11 10.35 84.69
31.01 37.79 6.60 93.31 7.44 92.56 6.97 91.66
37.79 46.03 2.83 96.14 3.74 96.29 3.37 95.03
46.03 56.09 0.88 97.02 1.46 97.717 1.28 96.32
56.09 68.33 0.78 97.80 0.83 98.59 0.98 97.30
68.33 83.26 1.18 98.98 0.81 99.40 1.35 98.65
83.26 101.44 0.85 99.82 0.51 99.91 1.08 99.72
101.44 123.59 0.17 100.00 | 0.09 100.00 0.27 100.00
123.59 150.57 0.00 100.00 | 0.00 100.00 0.00 100.00
150.57 183.44 0.00 100.00 | 0.00 100.00 0.00 100.00
183.44 223.51 0.00 100.00 | 0.00 100.00 0.00 100.00
223.51 272.31 0.00 100.00 | 0.00 100.00 0.00 100.00
272.31 331.77 0.00 100.00 | 0.00 100.00 0.00 100.00
331.77 404.21 0.00 100.00 | 0.00 100.00 0.00 100.00
404.21 429.47 0.00 100.00 | 0.00 100.00 0.00 100.00
492.47 600.00 0.00 100.00 | 0.00 100.00 0.00 100.00
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Particle size
diameter (um)

Dope polythiophene with HCIO4 at 200:1 mole ratio

Size Low | Sizehigh [ In% [ Under% | In% | Under% | In% | Under %
0.50 1.32 0.1, 0.17 0.17 0.17 0.16 0.17
1.32 1.60 0.51 0.68 0.50 0.66 0.48 0.64
1.60 1.95 0.74 1.41 0.71 1.38 0.69 1.34
1.95 2.38 0.85 2.27 0.82 2.20 0.81 2.14
2.38 2.90 0.96 3.22 0.92 313 0.91 3.05
2.90 3.53 1.18 4.40 1.14 4.27 1.13 4.18
3.53 4.30 1.63 6.03 1.60 5.87 1.59 5.78
4.30 5.24 2.40 8.44 2.37 8.25 2.36 8.14
5.24 6.39 3.49 11.93 3.47 11.72 3.47 11.60
6.39 7.78 4.77 16.70 4.76 16.49 4.76 16.37
7.78 9.48 6.05 22.75 6.08 22.56 6.08 22.45
9.48 11.55 7.42 30.16 7.49 30.05 753 29.98
11.55 14.08 8.83 39.00 8.99 39.05 9.06 39.04
14.08 17,15 10.17 | 49.17 10.44 49.48 10.53 49.56
17.15 20.9 11.16 | 60.33 11.50 60.98 11.55 61.11
20.90 2546 |[11.32( 71.64 11.59 72.56 11.52 72.63
25.46 31.01 10.25| 81.88 10.20 82.76 10.00 82.63
31.01 37.79 7.90 89.78 7.41 90.17 7.16 59.79
37.79 46.03 494 | 94.71 4.22 94.38 4,03 93.82
46.03 56.09 249 | 97.21 1.94 96.33 1.90 95.72
56.09 68.33 1.18 98.39 1.09 97.42 1.20 96.92
68.33 83.26 0.81 99.20 1.15 98.58 1.34 98.26
83.26 101.44 | 0.62 99.83 1.06 99.63 1.24 99.51
101.44 123.59 | 0.17 | 100.00 | 0.37 100.00 0.49 100.00
123.59 150.57 | 0.00 | 100.00 | 0.00 100.00 0.00 100.00
150.57 183.44 | 0.00 | 100.00 | 0.00 100.00 0.00 100.00
183.44 223.51 | 0.00 | 100.00 | 0.00 100.00 0.00 100.00
223.51 27231 | 0.00 | 100.00 | 9.00 100.00 0.00 100.00
272.31 331.77 | 0.00 | 100.00 | 0.00 100.00 0.00 100.00
331.77 404.21 | 0.00 | 100.00 | 0.00 100.00 0.00 100.00
404.21 42947 | 0.00 | 100.00 | 0.00 100.00 | 0.00 100.00
492.47 600.00 | 0.00 [ 100.00 | 6.00 100.00 0.00 100.00
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Particle size diameter Zeolite L
(km)

Size Low | Sizehigh | In% | Under% | In% | Under% | In% | Under %
0.05 0.12 0.00 0.00 0.00 0.00 0.00 . 0.00
0.12 0.15 0.00 0.00 0.04 0.04 0.00 0.00
0.15 0.19 0.40 0.04 0.25 0.29 0.02 0.03
0.19 0.23 0.30 0.34 0.61 0.90 0.28 1.30
0.23 0.28 0.79 1.13 1.17 2.07 0.74 1.04
0.28 0.35 1.52 2.66 1.98 4.05 1.45 2.50
0.35 0.43 2.50 5.16 3.00 7.50 241 4.90
0.43 0.53 3.66 8.81 4.17 11.22 3.53 8.44
0.53 0.65 4.83 13.64 5.32 16.54 4.68 13:41
0.65 0.81 5.76 19.39 6.18 22.72 5.60 18.71
0.81 1.00 6.13 | 25.52 6.43 29.15 5.98 24.69
1.00 1.23 5.85 31.37 6.00 35.15 35.67 30.41
1.23 1.51 5.36 36.73 5.37 40.52 5.26 35.67
1.51 1.86 5.26 42.00 5.14 45.66 5.18 40.84
1.86 2.30 5.36 47.36 5.11 50.77 5.29 46.14
2.30 2.83 5.35 52.71 4.95 55.71 5.29 51.42
2.83 3.49 5.24 57.96 4.67 60.39 5.15 56.57
3.49 4.30 5.11 63.07 4.35 64.73 494 61.51
4.30 5.29 511 68.18 4,11 68.84 4.80 66.31
5.29 6.52 5.23 73.41 4.03 72.87 4.84 71.15
6.52 8.04 5.36 78.77 4.08 76.95 5.02 76.17
8.04 9.91 5.22 83.99 4.08 81.03 5.15 81.32
9.91 12.21 4.58 88.57 3.83 84.86 4.94 86.27
12.21 15.04 3.37 91.94 3.17 88.03 4.13 90.39
15.04 18.54 1.81 93.75 2.17 90.21 2.66 93.06
18.54 22.84 0.35 94.10 1.18 91.38 0.95 94.00
22.84 28.15 0.00 94.10 0.68 92.06 0.00 94.01
28.15 34.69 0.00 94.10 0.92 92.99 0.00 94.01
34.69 42.75 0.00 94.11 175 94.74 0.00 94.01

42.75 52.68 0.51 94.62 2.46 97.19 0.40 94.41
52.68 64.92 2.14 96.75 2.04 99.23 2.09 96.51
64.92 80.00 3.26 100.00 0.77 100.00 3.50 100.00




Table D6 The raw data of particle size of Zeolite Mordenite

¢

Particle size diameter Zeolite Mordenite
(pm)

Size Low | Sizehigh | In% | Under% | In% | Under% | In% | Under %
0.05 0.12 0.00 0.00 0.00 2.00 0.00 0.00
0.12 0.15 0.00 0.00 0.00 0.00 0.00 0.00
0.15 0.19 0.00 0.00 0.00 0.00 0.00 0.00
0.19 0.23 0.00 0.00 0.00 0.00 0.00 0.00
0.23 0.28 0.00 0.00 0.00 0.00 0.00 0.00
0.28 0.35 0.00 0.00 0.00 0.00 0.00 0.00
0.35 0.43 0.00 0.00 0.00 0.00 0.00 0.00
0.43 0.53 0.00 0.00 0.00 0.00 0.00 0.00
0.53 0.65 0.35 0.35 0.32 0.32 0.34 0.34
0.65 0.81 0.57 0.92 0.56 0.88 0.56 0.90
0.81 1.00 0.65 1.56 0.63 1.52 5.67 153
1.00 1.23 0.68 2.24 0.66 2.18 0.63 2.20
1.23 1.51 0.78 3.02 0.75 2.93 0.67 2.97
1.51 1.86 092 | 3.94 0.88 3.81 0.76 | 3.87
1.86 2.30 1.13 5.08 1.10 4.91 0.90 4.99
2.30 2.83 1.40 6.47 1.36 6.27 1.12 6.38
2.83 3.49 1.80 8.27 B 8.04 1.39 8.18
349 4.30 241 10.68 2.39 10.43 1.80 10.59
4.30 5.29 3.36 14.04 3.33 13.77 2.41 13.94
5.29 6.52 4.67 18.71 4.64 18.41 3.35 18.58
6.52 8.04 6.28 24.99 6.22 24.63 4.64 24.80
8.04 9.91 7.97 32.97 7.87 32.49 6.23 32.71
9.91 12.21 948 42.45 9.33 41.82 7.91 42.15
12.21 15.04 10.67 53112 10.53 52.35 0.68 52.83
15.04 18.54 11.31 64.42 11.20 63.55 11.35 | 64.18
18.54 22.84 10.91 7533 10.87 74.42 10.97 | 75.14
22.84 28.15 9.44 84.77 9.53 83.94 9.52 84.66
28.15 34.69 7.08 91.85 7.26 91.20 717 91.82
34.69 42.75 4.63 96.48 4.85 96.05 4.70 96.53
42.75 52.68 2.55 99.03 2.76 98.82 2.57 99.10
52.68 64.92 0.96 99.99 1.18 99.99 0.89 99.99
64.92 80.00 0.00 100.00 0.00 100.00 0.00 | 100.00




Table D7 The raw data of particle size of Zeolite Beta
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Particle size diameter Zeolite Beta
(pm)

Size Low | Sizehigh | In% | Under% | In% | Under% | In% | Under %
0.05 0.12 0.00 0.00 0.00 0.00 0.00 0.00
0.12 0.15 0.00 0.00 0.00 0.00 0.00 0.00
0.15 0.19 0.00 0.00 0.00 0.00 0.00 0.00
0.19 0.23 0.00 0.00 0.00 0.00 0.00 0.00
0.23 0.28 0.00 0.00 0.00 0.00 0.00 0.00
0.28 0.35 0.00 0.00 0.00 0.01 0.00 0.01
0.35 0.43 0.85 0.85 0.99 0.99 1.03 1.03
043 0.53 2.40 3.26 241 3.41 2.52 3.56
0.53 0.65 4.21 7.46 4.08 7.48 4.28 7.83
0.65 0.81 5.95 13.41 5.76 13.25 6.03 13.86
0.81 1.00 #17 20.58 7.02 20.26 7.31 21.16
1.00 1.23 7.60 28.18 7.52 27.78 7.74 28.91
1.23 1.51 7.87 36.05 7.82 35.61 7.95 36.86
1.51 1.86 9.10 45.15 9.08 44.68 9.14 46.00
1.86 2.30 10.78 55.93 10.76 55.45 10.77 56.78
2.30 2.83 11.69 67.62 11.69 67.14 11.63 68.40
2.83 3.49 11.14 78.75 11.17 78.30 11.00 79.39
3.49 4.30 9.11 87.86 9.18 87.48 8.92 88.32
4.30 5.29 6.29 94.14 6.39 93.86 6.10 94.41
5:29 6.52 392 97.67 3.62 97.49 3.38 97.79
6.52 8.04 1.54 99.21 1.61 99.11 1.46 99.26
8.04 9.91 0.53 99.74 0.57 99.69 0.50 99.76
9.91 12.21 0.18 99.92 0.21 99.89 0.17 99.93
12.:21 15.04 0.08 99.99 0.09 99.99 0.07 100.00
15.04 18.54 0.01 100.00 0.01 100.00 0.00 100.00
18.54 22.84 0.00 100.00 0.00 100.00 0.00 100.00
22.84 28.15 0.00 100.00 0.00 100.00 0.00 100.00
28.15 34.69 0.00 100.00 0.00 100.00 0.00 100.00
34.69 42.75 0.00 100.00 0.00 100.00 0.00 100.00
42.75 52.68 0.00 100.00 0.00 100.00 0.00 100.00
52.68 64.92 0.00 100.00 0.00 100.00 0.00 100.00
64.92 80.00 0.00 1G0.00 0.00 100.00 0.06 100.0G
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Appendix E Characteristic Peaks of poly (3-thiophene methyl acetate) and poly (3-
thiopheneacetic acid) by "H-NMR

Proton Nuclear Magnetic Resonance used to identify our successful synthesis of
poly (3-thiopheneacetic acid). The different characteristic peaks of both polythiophene -
derivatives are shown in the figures E1 and E2. The position at 12.6 ppm is the
important feature peak of poly(3-thiopheneacetic acid) and this peak disappears in case

of poly(3-thiophene meihyl acetate) (Kim, et al., 1999).

WO i JL J.

L NI (NN (G A [ S G S G S GBI M QS S S e s me s s e s e mo e e e v
80 75 7.0 E5 60 55 3.0 45 40 35 3.0 25 2.0 15 1.0 0.5 0.0

Figure E1 'H-NMR characteristic peaks of poly(3-thiophenemethyl acetate).



Figure E2 'H-NMR characteristic peaks of poly(3-thiophene acetic acid).
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Table E1 The raw data of 'H-NMR of poly(3-thiophene methyl acetate) and poly(3-

thiopheneacetic acid

Characteristic Chemical shift | Intensity Reference
(ppm) (%) (Kim et al., 1999)
Solvent TMS 0.006 7.442 ‘
CDCl, 7.30-7.24 100.000
H,O 1.75-1.48 16.768
DMSO 2.75-2.38 100.000
Polythiophene
P3TMA m,thiophene ring 7.2206 1.405 7.26-7.03
proton, 1H | 7.2133 2.853
(6, 7.23-7.11) 7.2072 5.251
7.1980 3.510
7.1974 3.458
7.1895 2.242
7.1809 3.582
7.1742 4.998
7.1675 6.002
_7.1565 2.718
7.1425 3.180
7.1376 4.247
7.1321 2.821
s, thiophene ring 3.8525 2.849 3.68
-CH,-, 2H 3.8397 5.035
(6, 3.85-3.70) 3.8281 11.180
: 3.8239 9.955
3.8147 7.917
3.8086 9.000
3.8049 10.643
3.7994 10.422
3.7909 9.611
3.7811 15.326
3.7708 32.925
3.7750 28.066
3.7641 23.768
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3.7482 10.754
3.7348 15.437
3.7232 34.143
3.7171 25.969
3.7146 19.756
s,-CH3,3H 3.6536 3.808 3.64
3.6292 6.217
(06, 3.64-3.58) 3.6219 10.226
3.6164 8.456
3.6054 4.971
3.5957 5.501
3.5914 6.394
3.5847 4319
3.5780 2.659
3.5712 1.745
P3TAA s, -COOH,1H 12.8456 0.033 12.60
(6, 12.80-12.30) 12.7437 0.038
12.5674 0.041
12.4746 0.039
12.3685 0.035
12.2727 0.030
12.1812 0.027
12.0378 0.022
m, thiophene ring 7.3591 0.035 7.55-7.28
proton, 1H 7.3426 0.171
(6, 7.40-7.25) 7.3298 0.035
7.2975 0.181
7.2865 0.035
7.2822 0.035
7.2767 0.189
7.2529 0.045
7.2145 0.014
7.1571 0.005
m, thiophene ring 4.2802 0.014 3.88-3.37
-CH;-,2H 4.1485 0.021
(6, 3.80-3.37) 4.0490 0.032
3.8263 0.035
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3.7982 0.284
3.7738 0.035
3.4553 0.628
3.3839 5.510
3.3736 11.289
3.3656 26.223
3.3632 36.558
3.3589 68.251
3.3540 100.000
3.3491 66.095
3.3406 21.319
3.3125 3.261
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Appendix F Identification of Crytallinity of Undoped and Dope of P3TAA and |
Structure of Zeolite by X-ray Diffraction

Powders of polymer and zeolite were packed onto a glasss plate and data were
collected after X-ray passed though the sample. Properties of polythiophere can be
investigated by the peaks of graph. The areas of sharp peak and broad peak can be
identified as the crystal part and the amorphous part, respectively. The structure of

zeolite can be considered from the position of each peak.

1400
1200

1000 A

M (a)

400 A

g

g

Intensity (cps)

200 - (b)

o v L} T T T r
0 20 40 60 80 100
2Theta (deg.)

Figure F1 XRD pattern of: a) undope and b) dope poly(3-thiphene acetic acid) with
HCIO;.

From Figure F1 undoped polythiophene shows some sharp peaks and those peaks
disappear after doping with HC1O4. So HCIO4 decrease crystallinity of poltythiophene.
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Figure F2 XRD pattern of Zeolite L.
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Figure F3 XRD pattern of Zeolite Mordenite.
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Figure F4 XRD pattern of Zeolite Beta.

Table F1 Law data of XRD analysis of undoped and doped poly(3-thiopheneacetic acid)

%C Crystalline | 2Theta | d-value | Intensity | I/10

Pth_u 3.16 22.92 3.8769 1696 2
27.28 3.2664 1600 2

31.66 2.8238 4609 2

45.40 1.996 2117 2

56.36 1.6311 888 2

66.16 1.4113 o7l | 2

75.22 1.2622 626 2

83.94 1.1518 467 2

Pth_200:1 23.12 3.8438 2084 2




Table F2 Law data of XRD analysis of Zeolite L

Law data Reference*
2Theta | d-value (A) | Intensity 1/1y hkl d-value (A)
5.56 15.8817 7776 100 100 15.80
11.08 7.9788 1105 16 200 7.89
11.76 7.5189 2530 15 001 7.49
14.70 6.0211 3355 25 201 5.98
15.20 5.8241 1776 24 111 575
19.30 4.5952 5509 72 220 4.75
20.08 4.4184 2205 30 310 4.39
20.46 4.3372 1800 24 301 4.33
*22.68 3.9174 6559 86 221 391
23.36 3.8049 1234 16 311 3.78
24.30 3.6598 3263 42 320 3.66
25.56 3.4822 4876 64 410 3.48
26.20 3.3985 880 12
27.14 3.2829 3513 46 321 3.26
28.04 3.1796 6726 88 212 3.17
29.10 3.0661 4871 64 330 3.07
29.74 3.0016 1126 16 420 3.02
30.70 2.9099 5663 74 222 2.91
31.24 2.8608 826 12
31.50 2.8378 884 12
32.04 2.7911 1188 16
33.78 2.6120 3205 42 600 2.65
34.22 2.6182 2046 28 430 2.62
35.20 2.5475 700 10
35.88 2.5007 1271 18
36.32 2.4715 1634 22
37.02 2.4263 1359 18
39.22 2.9510 955 14
39.58 2.2751 976 14
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Table F3 Law data of XRD analysis of Zeolite Mordenite

Law data Reference*
2Theta | d-value (A) | Intensity 1/1p hkl d-value (A)

6.50 13.5869 3121 24 110 13.590
8.64 10.2259 1976 16 20 10.250
9.74 9.0733 7880 60 200 9.072
13.46 6.5729 7271 56 111 6.584
13.88 6.3749 2692 22 130 6.371
14.62 6.0539 2013 16 21 6.056
15.26 5.8014 3812 30 201 5.782
17.58 5.0407 1013 8 221 5.039
18.22 4.8650 909 8 131 4.861
19.62 4.5209 6109 48 330 4512
21.02 4.2229 826 8 41 4210
21.46 4.1373 871 8 420 4119
22.30 3.9833 10559 82 150 4.077
23.24 3.8243 2805 22 241 3.830
23.72 3.7479 2105 18 112 3.640
24.88 3.5758 1050 10 510 3.561
25.30 3.5178 1859 16 22 3.521
25.66 3.4688 13134 100 202 3.486
26.32 3.3833 8421 66 60 3.410
27.16 3.2805 152 14 222 3.272
27.68 3.2201 8434 66 3.221
28.34 3.1466 1605 14 530 28.340
30.46 2.9322 1680 14 2.942
30.92 2.8896 3696 30 2.895
33.20 2.6962 1050 8 2.701
34.12 2.5503 809 8 2.633
35.16 2.5503 1080 10 2.565
35.72 2.5116 2255 18 2.521
36.56 2.4558 1317 12 2.436
37.00 2.4276 850 8 2.436
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Table F4 Law data of XRD analysis of Zeolite Beta

Law data Reference*
2Theta | d-value (A) | Intensity /1o hkl d-value (A)

7.78 11.3542 9088 70 11.50
13.46 6.5729 1988 16 004 6.85
14.66 3.0674 1763 14 4.75
18.34 4.8335 1159 10 300 4.75
21.38 4.1526 3009 24 300 4.17
22.46 3.9553 12996 100 302 3.98
25.38 3.5064 2288 18 304 3.54
26.00 3.4242 1338 12 3.42
27.08 3.2901 2709 22 008 333
28.70 3.1079 2105 18 3.12
29.62 3.0134 2100 18 306 29.62
30.36 2.9417 1284 10 2.90
32.84 2.72496 1134 10 2.74
33.44 2.6774 1321 12 2.69
34.70 2.58303 776 6 2.58
36.14 2.4833 926 8 2.49
37.58 2.3914 780 6 2.41
43.48 2.0796 1217 10 2.08

* Szostak R. (1992) and Donald W. (1974)
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Appendix G Calculation of Doping Level of Poly (3-thiopheneacetic acid)

Doping level of poly (3-thiopheneacetic acid) can be determined by Electron

Dispersive Spectroscopy (EDS) (Pentafet Link, Oxford). The amounts of each element

were obtained such as carbon (C), oxyger (Q), sulfur (S) and chlorine (Cl) in mole

percent. Calculation of % doping level was by the equation (G.1)

' %Cl
% doping level of Pth_HCIO4 | Lm0 - Ms , 100 (G.1)
B %S Clo,”
Table G1 Doping level of poly (3-thiopheneacetic acid) with HCIO4
: = :
Dop'mg % Mole of Cl % Mole of S % Doping
ratio level
(Nacid /N pin) 1 2 3 Avg. 1 2 3 Avg.
Pth_200:1 | 0.73|0.86 [0.94 | 0.84 | 1.35|1.82 | 1.10 | 1.42 | 20.14+6.75
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Appendix H Identification Morphology of Materials

Undoped and doped poly(3-thiopheneacetic acid), zeolite and composites were
observed for their morphology by scanning electron microscopy (SEM). Polythiophene
and zeolites exist as powder and composites exist as pellets. Sample was coated with
gold for improving conductivity. Morphology of samples appears in these pictures. In
the figures H1 and H2 there appears irregular shapes and distribution of particle size of
undoped and dope poly(3-thiopheneacetic acid) powders.

Figure H1 SEM photographs of undope poly(3-thiopheneacetic acid) at magnification
(a)1000 and (b)2000.

(a) (b)

Figure H2 SEM photographs of dope poly(3-thiopheneacetic acid) at magnification
(a)1000 and (b)2000.
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Figure H4 SEM photographs: Zeolite Modenite at magnification (a) 7500 and (b)
10000.

Figure HS SEM photographs: Zeolite Beta at magnification (a) 7500 and (b) 10000.
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Figure H7 SEM photographs : Pth_200:1/MOR_20 at magnification (a)1000 and
(b) 2000.

Figure H8 SEM photographs: Pth_200:1/BEA_20 at magnificatiorni(a)1000 and(b) 2000.
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2000.

2000.

Figure H11 SEM photographs:Pth_200:1/MOR_40 at magnification (a) 1000 and (b)
2000.
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Figure H12 SEM photographs:Pth_200:1/MOR_50 at agnification (a) 1000 and (b)
2000.
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Appendix I Determination of the Correction Factor (K)

The electrical conductivity of conductive polymer can be mesured by using two-
point probe meter. The surface of sample contact with two probes of source meter
(Keithley, Model 6517A). A constant voltage is applied and a current is measured.

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

w
X = — L1
] (L1

K is geometricai correction factor, w is width of probe tip spacing (cm), 1 is the length
between probes (cm).

In this measurement, the constant X value was determined by using standard
materials where specific resistivity values were known; we used silicon wafer chips
(SiO;). 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 (1.2) as

follows:

BN X P (12)
Rxt V xt

K is geometric correction factor, p is resistivity of standard silicon wafer, which
was calibrated by using a four point probe at King Mongkut’s Institute Technology of
Lad Krabang (f2.cm), t is film thickness (cm), R is film resistance (@), I is measure
current (A), and V is voltage drop (V).

Standard Si wafers were cleaned to remove organic impurities prior to be used

according to the standard RCA method (Kern, 1993).

Materials

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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Experiment

The cleaning procedures contain 3 steps: the solvent clean, the RCAO1 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
55°C for 10 min, removed and placed in methanol for 2-5 min, subsequently rinsed with
deionized water and blown dried with nitrogen gas. The 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,0), 1 part of 27% ammonium hydroxide (NH4OH), and 1 part of 30%
hydrogen peroxide (H;0;). 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 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.



Table I1 Determination the correction factor of four point probe

Probe K (correction factor)
1 2 3 Average STD
1 2.20E-04 | 2.20E-04 | 2.20E-04 | 2.20E-04 | 5.56E-08
2 4.26E-04 | 4.28E-04 | 4.29E-04 | 4.27E-04 | 1.19E-06
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Figure 11

0.01647 Q.cm, thickness 0.0724 cm, 24-25°C, 55-59 %R.H.
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The calibration data of Si-wafer: K tay which specific resistivity (p)



97

Table 12 Determination the correction factor of probe 1 with standard Si wafer (specific
resistivity 0.01647 {2.cm, thickness 0.0724 cm, 24-25°C, 55-59% R.H)

Volt Applied (mV) Current (mA)
1 2 3 1 2 3
0.005 | 0.005 | 0.005 5.82E-06 5.78E-06 5.71E-06
0.01 0.01 0.01 1.19E-05 1.20E-05 1.21E-05
0.02 0.02 0.02 1.85E-05 1.85E-05 1.85E-05
0.03 0.03 0.03 2.80E-05 2.79E-05 2.80E-05
0.04 0.04 0.04 3.75E-05 3.75E-05 3.75E-05
0.05 0.05 0.05 4,68E-05 4.65E-05 4.65E-05
0.06 0.06 0.06 5.88E-05 5.88E-05 5.89E-05
0.07 0.07 0.07 6.81E-05 6.83E-05 6.84E-05
0.08 0.08 0.08 7.78E-05 7.78E-05 7.78E-05
0.09 0.09 0.09 8.69E-05 8.70E-05 8.71E-05
0.10 0.10 0.10 9.67E-05 9.65E-05 9.65E-05
0.11 0.11 0.11 1.09E-04 1.09E-04 1.09E-04
0.12 0.12 0.12 1.19E-04 1.19E-04 1.19E-04
0.13 0.13 0.13 1.28E-04 1.28E-04 1.28E-04
0.14 0.14 0.14 1.38E-04 1.38E-04 1.38E-04
0.15 0.15 0.15 1.47E-04 1.48E-04 1.48E-04
0.16 0.16 0.16 1.61E-04 1.61E-04 1.61E-04
0.17 0.17 0.17 1.71E-04 1.71E-04 1.71E-04
0.18 0.18 0.18 1.81E-04 1.81E-04 1.81E-04
0.19 0.19 0.19 1.91E-04 1.91E-04 1.91E-04
0.20 0.20 0.20 2.02E-04 2.02E-04 2.02E-04
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Table I3 Determination the correction factor of probe 2 with standard Si wafer (specific
resistivity 0.01647 2 .cm, thickness 0.0724 c¢m, 24-25°C, 55-59% R.H)

Volt Applied (mV) Current (mA)

1 2 3 1 2 3
0.005 | 0.005 | 0.005 8.81E-06 8.88E-06 8.99E-06
0.010 | 0.010 | 0.010 1.97E-05 2.01E-05 2.01E-05
0.015 | 0.015 | 0.015 2.91E-05 2.91E-05 2.92E-05
0.020 | 0.020 | 0.020 3.58E-05 3.58E-05 3.58E-05
0.025 | 0.025 | 0.025 4,.16E-05 4.16E-05 4.15E-05
0.030 | 0.030 | 0.030 5.47E-05 5.49E-05 5.49E-05
0.035 | 0.035 | 0.035 6.70E-05 6.71E-05 6.72E-05
0.040 | 0.040 | 0.040 7.39E-05 7.40E-05 7.40E-05
0.045 | 0.045 | 0.045 8.71E-05 8.70E-05 8.70E-05
0.050 | 0.050 | 0.050 9.39E-05 9.38E-05 9.40E-05
0.060 | 0.060 | 0.060 1.18E-04 1.19E-04 1.19E-04
0.070 | 0.070 | 0.070 1.40E-04 1.40E-04 1.40E-04
0.080 | 0.080 | 0.080 1.62E-04 1.62E-04 1.62E-04
0.090 | 0.090 | 0.090 1.85E-04 1.85E-04 1.85E-04
0.100 | 0.100 | 0.100 2.08E-04 2.08E-04 2.08E-04
0.110 | 0.110 | 0.110 2.40E-04 2.40E-04 2.40E-04
0.120 | 0.120 | 0.120 2.65E-04 2.65E-04 2.65E-04
0.130 | 0.130 | 0.130 2.90E-04 2.90E-04 2.90E-04
0.140 | 0.140 | 0.140 3.16E-04 3.16E-04 3.18E-04
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Appendix J Conductivity Measurement

The specific conductivity can be mesured with a two point probe connect to a
source meter (Keithley, Model 6517A), and in contact with sample surface and a
constant voltage is applied. So a responsive current was measured under the atmospheric
pressure, 54-60% relative humidity and 24-25°C. At a responsive current varies linearly
does not change with voltage this region is called the linear ohmic regime which can be
identified by plotting the applied voltage versus the current. The applied voltage and the °
current change in the linear ohmic regime were converted to the electrical conductivity

of the polymer by using equation (J.1) as follows:

YV /el o N (.1)
P R, xt KxVxt .

ag =

where ¢ is specific conductivity (S/cm), p is specific resistivity (.cm), Rs is sheet
resistivity (©2), I is measure current (A), K is geometric correction factor, V is applied
voltage (voltage drop) (V), tis pellet thickness (cm).

In this mesurement, the geometric correction factor (K) of probe A is 2.8x107
and the thickness of sample pellets was mesured by using a thickness gauge.

In addition the conductivity of matrixes can be measure 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 (J.2 — J.3) as follows:

K, = n'x(DJ;LBng 0.2)

where K, is effective area of the guarded electrode for the particular electrode

arrangement employed (cm?), D is diameter of the guarded electrode (cm), B is effective



100

area coefficient (cm?) (B is always zero), g is distance between the guarded electrode

and the ring electrode (cm).

1 tx 1
U: am— —

—_— J.3
Yo 229xV 2

where ¢ is specific conductivity (S/cm), p is specific resistivity (Q.cm), I is

measure current (A), V is applied voltage (voltage drop) (V), t is sheet thickness (cm).

Table J1 Determination the specific conductivity (S/cm) of undoped and doped poly(3-

thiopheneacetic acid)

Codde Specific conductivity AVG STD
(S/em)
Pth_u 2.69E-04 | 2.73E-04 | 2.69E-04 | 2.70E-04 | 2.43E-06
Pth_200:1 | 4.84E-02 | 4.84E-02 | 4.89E-02 | 4.85E-02 | 3.23E-04
Table J2 Determination the specific conductivity (S/cm) of Zeolite
Code Specific conductivity AVG STD
(S/cm)
L 1.75E-03 | 1.16E-03 1.45E-03 | 4.21E-04
MOR | 4.80E-03 | 5.56E-03 5.18E-03 | 5.35E-04
BEA | 9.29E-04 | 9.62E-04 9.46E-04 | 2.35E-05
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Table J3 The raw data of the determination of linear regime of undoped poly(3-

thiopheneacetic acid) at 24-25°C, 54-60% R.H.

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

Pth_u 1)0.01097 2.00 5.00 5.00 1.08E-10 1.07E-10 1.03E-10 1.22E-04 1.23E-04 1.17E-04
2)0.01077 10.00 10.00 10.00 1.08E-10 1.09E-10 1.06E-10 6.14E-05 6.27E-05 6.04E-05
3) 0.01090 15.00 1500 | 15.00 1.10E-10 1.09E-10 1.09E-10 4.15E-05 4.21E-05 4.14E-05
20.00 20.00 20.00 1.13E-10 1.10E-10 1.12E-10 3.19E-05 3.19E-05 3.19E-05

25.00 25.00 25.00 1.15E-10 1.15E-10 1.15E-10 2.61E-05 2.66E-05 2.63E-05

30.00 30.00 30.00 1.18E-10 1.17E-10 1.16E-10 2.22E-05 2.25E-05 2.21E-05

35.00 35.00 35.00 1.19E-10 1.19E-10 1.19E-10 1.93E-05 1.96E-05 1.94E-05

40.00 40.00 40.00 1.22E-10 1.22E-10 1.22E-10 1.72E-05 1.76E-05 1.73E-05

45.00 45.00 45.00 1.24E-10 1.24E-10 1.24E-10 1.57E-05 1.59E-05 1.58E-05

50.00 50.00 50.00 1.27E-10 1.27E-10 1.27E-10 1.44E-05 1.46E-05 1.44E-05

55.00 55.00 55.00 2.59E-09 | 2.56E-09 | 2.54E-09 2.66E-04 2.68E-04 2.63E-04

60.00 60.00 60.00 2.77E-09 | 2.76E-09 2.74E-09 2.61E-04 2.65E-04 2.60E-04

65.00 65.00 65.00 2.97E-09 2.98E-09 2.97E-09 2.58E-04 2.64E-04 2.60E-04

70.00 70.00 70.00 3.35E-09 3.36E-09 3.35E-09 2.71E-04 2.77E-04 2.73E-04

75.00 75.00 75.00 3.58E-09 3.59E-09 3.59E-09 2.70E-04 | 2.76E-04 2.72E-04

80.00 80.00 80.00 3.87E-09 3.83E-09 3.82E-09 2.74E-04 2.76E-04 2.72E-04

85.00 85.00 85.00 4.12E-09 | 4.10E-09 | 4.11E-09 2.75E-04 2.78E-04 2.75E-04

90.00 90.00 90.00 4.36E-09 | 4.33E-09 | 4.34E-09 2.74E-04 2.77E-04 2.75E-04

95.00 95.00 95.00 4.54E-09 | 4.51E-09 | 4.52E-09 2.70E-04 2.74E-04 2.71E-04

100.00 10000 | 100.00 | 4.74E-09 | 4.78E-09 4.72E-09 2.69E-04 2.76E-04 2.69E-04
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Table J4 The raw data of the determination of linear regime of doped poly(3-

thiopheneacetic acid) at 24-25°C, 54-60% R.H

SamplE Thickness Applied voltage (V) Measured Current (A) Conductivity (S/cm)
(em) 1 2 3 1 2 3 1 2 3

Pth_200:1 1) 0.0284 0.10 0.10 0.10 2.12E-08 | 2.13E-08 2.18E-08 ,| 6.84E-02 | 6.85E-02 7.08E-02
2)0.0285 0.20 0.20 0.20 3.04E-08 | 3.06E-08 3.10E-08 | 4.91E-02 | 4.92E-02 5.03E-02
3)0.0283 0.30 0.30 0.30 441E-08 | 446E-08 | 4.50E-08 474E-02 | 4.79E-02 | 4.86E-02
0.35 0.35 0.35 5.04E-08 | 5.02E-08 5.00E-08 | 4.65E-02 | 4.62E-02 4.63E-02

0.40 0.40 0.40 5.48E-08 5.45E-08 5.48E-08 442E-02 | 4.38E-02 4.44E-02

0.45 0.45 0.45 6.04E-08 | 6.16E-08 6.30E-08 | 434502 | 441E-02 4.54E-02

0.50 0.50 0.50 7.17E-08 | 7.16E-08 | 720E-08 | 4.63E-02 | 4.61E-02 4.67E-02

0.55 0.55 0.55 7.67E-08 7.71E-08 | 7.748E-08 | 4.50E-02 | 4.51E-02 4.57E-02

0.60 0.60 0.60 9.40E-08 | 9.46E-08 9.38E-08 5.06E-02 5.08E-02 5.07E-02

0.65 0.65 0.65 9.58E-08 | 9.54E-08 9.63E-08 | 4.76E-02 472E-02 | 4.80E-02

0.70 0.70 0.70 1.04E-07 1.06E-07 1.08E-07 | 4.79E-02 | 4.88E-02 5.01E-02

0.75 0.75 0.75 1.15E-07 1.16E-07 1.17E-07 | 4.97E-02 | 4.99E-02 5.05E-02

0.80 0.80 0.80 1.24E-07 1.23E-07 1.21E-07 5.00E-02 4.94E-02 4.92E-02

0.85 0.85 0.85 1.28E-07 1.29E-07 1.30E-07 | 4.87C-02 | 4.87E-02 4.95E-02

0.90 0.90 0.90 1.45E-07 1.46E-07 1.47E-07 5.20E-02 5.24E-02 5.31E-02

0.95 0.95 0.95 1.56E-07 1.56E-07 1.54E-07 5.30E-02 5.27E-02 5.27E-02

1.00 1.00 1.00 1.61E-07 1.59E-07 1.59E-07 5.20E-02 5.13E-02 5.14E-02

1.50 1.50 1.50 232E07 | 2.34E07 | 240E-07 5.00E-02 5.03E-02 5.19E-02

2.00 2.00 2.00 3.23E07 | 323E07 | 3.24E07 5.22E-02 5.20E-02 5.25E-02

2.50 2.50 2.50 3.92E-07 3.87E-07 3.83E-07 5.07E-02 4.99E-02 4.96E-02

3.00 3.00 3.00 4.32E07 | 432E-07 | 4.34E-07 4.65E-02 | 4.64E-02 4.69E-02

3.50 3.50 3.50 526E-07 | 528E-07 | 529E-07 | 4.85E-02 | 4.85E-02 4.90E-02

4.00 4.00 4.00 6.02E-07 | 5.96E-07 | 590E-07 | 4.86E-02 | 4.80E-02 4.78E-02

4.50 4.50 4.50 6.34E-07 | 6.36E-07 641E-07 | 4.55E-02 | 4.55E-02 | 4.62E-02

5.00 5.00 5.00 7.57E-07 | 7.58E-07 7.58E-07 | 4.89E-02 | 4.88E-02 4.92E-02

5.50 5.50 5.50 7.97E-07 8.12E-07 8.19E-07 | 4.68E-02 | 4.75E-02 4.83E-02

6.00 6.00 6.00 9.37E-07 | 9.35E-07 9.29E-07 5.05E-02 5.02E-02 5.02E-02

6.50 6.50 6.50 1.04E-06 1.07E-06 9.29E-07 5.18E-02 5.30E-02 4.63E-02

7.00 7.00 7.00 1.15E-06 1.14E-06 1.13E-06 5.31E-02 5.25E-02 5.24E-02
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Table J5 The raw data of the determination of linear regime of Zeolite L at 24-25°C,

54-60% R.H.
Thickness Applied voltage (v) Measure Current (A) Conductivity (S/cm)
e (cm) 1 2 1 2 1 2
L 1) 0.02847 5.00 5.00 4.77E-08 1.87E-08 1.54E-03 5.97E-04
2) 0.02892 6.00 6.00 6.05E-08 2.54E-08 1.63E-03 6.75E-04
7.00 7.00 6.85E-08 3.25E-08 1.58E-03 7.40E-04
8.00 8.00 8.00E-08 3.91E-08 1.62E-03 7.79E-04
9.00 9.00 944E-08 4.69E-08 1.70E-03 8.30E-04
10.00 10.00 1.O7E-07 5.52E-08 1.73E-03 8.80E-04
11.00 11.00 1.19E07 6.46E-08 1.75E-03 9.36E-04
12.00 12.00 1.32E-07 7T.41E-08 1.77E-03 9.84E-04
13.00 13.00 1.42E-07 8.18E-08 1.77E-03 1.00E-03
14.00 14.00 1.52E-07 9.15E-08 1.76E-03 1.04E-03
15.00 15.00 1.60E-07 1.01E-07 1.73E-03 1.07E-03
16.00 16.00 1.67E-07 1.10E-07 1.69E-03 1.09E-03
17.00 17.00 1.73E-07 1.19E-07 1.65E-03 1.12E-03
18.00 18.00 1.78E-07 1.29E-07 1.60E-03 1.14E-03
19.00 19.00 1.81E-07 1.42E-07 1.54E-03 1.19E-03
20.00 20.00 1.80E-07 1.47E-07 1.46E-03 1.17E-03
21.00 21.00 1.86E-07 1.56E-07 1.43E-03 1.18E-03
22.00 22.00 1.91E-07 1.61E-07 1.40E-03 1.17E-03
23.00 23.00 1.94E-07 1.68E-07 1.37E-03 1.17E-03
24.00 24,00 1.98E-07 1.74E-07 1.34E-03 1.15E-03
25.00 25.00 2.04E-07 1.77E-07 1.32E-03 1.13E-03
26.00 1.86E-07 1.14E-03
27.00 1.93E-07 1.14E-03
28.00 2.03E-07 1.15E-03
29.00 2.10E-07 1.15E-03
30.00 2.14E-07 1.14E-03
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Table J6 The raw data of the determination of linear regime of Zeolite MOR at 24-25°C,
54-60% R.H.

Thickness | Applied voltage (v) Measure Current (A) Conductivity (S/cm)
Sample
(em) 1 2 1 2 1 2
MOR 1) 0.02659 5.00 10.00 7.98E-08 1.72E-07 2.77E-03 2.94E-03
2) 0.02706 6.00 11.00 1.15E-07 2.01E-07 3.33E-03 3.11E-03
7.00 12.00 1.49E-07 2.32E-07 3.69E-03 3.29E-03
8.00 13.00 1.82E-07 2.63E-07 3.95E-03 3.44E-03
9.00 14.00 2.17E-07 2.96E-07 4.18E-03 3.61E-03
1000 | 15.00 2.51E-07 3.34E-07 4.35E-03 3.79E-03
11.00 16.00 2.85E-07 3.71E-07 4.50E-03 3.95E-03
12.00 17.00 3.07E-07 4.06E-07 4.43E-03 4.07E-03
13.00 18.00 3.40E-07 4.44E-07 4.53E-03 4.20E-03
14.00 19.00 3.69E-07 4.74E-07 4.57E-03 4.25E-03
15.00 20.00 3.92E-07 5.07E-07 4.53E-03 4.32E-02
16.00 21.00 4.26E-07 5.59E-07 4.61E-03 4.53E-03
17.00 22.00 4.62E-07 6.01E-07 4.71E-03 4.65E-03
18.00 23.00 4.90E-07 6.53E-07 4.72E-03 4.84E-03
19.00 24.00 5.24E-07 6.95E-07 4.78E-03 4.93E-03
20.00 25.00 5.51E-07 7. 52E-07 4.78E-03 5.12E-03
21.00 26.00 5.85E-07 7.90E-07 4.83E-03 5.17E-03
22.00 27.00 6.12E-07 8.44E-07 4.82E-03 5.32E-03
23.00 28.00 6.39E-07 9.00E-07 4.81E-03 5.48E-03
24.00 29.00 6.80E-07 9.43E-07 491E-03 5.54E-03
25.00 30.00 740E-07 9.67E-07 5.13E-03 5.49E-03
31.00 1.01E-06 5.56E-03
32.00 1.05E-06 5.58E-03
33.00 1.07E-06 5.55E-03
34.00 1.12E-06 5.59E-03
35.00 1.16E-06 5.65E-03




105

Table J7 The raw data of the determination of linear regime of Zeolite BEA at 24-25°C,
54-60% R.H.

Sumple Thickness | Applied voltage (v) Measure Current (A) Conductivity (S/cm)
(cm) 1 2 1 2 1 2
BEA 1) 0.04493 40.00 40.00 2.64E-07 3.60E-07 6.77E-04 9.25E-04
2) 0.04488 41.00 41.00 2.75E-07 3.71E-07 6.89E-04 9.28E-04
42.00 42.00 2.87E-07 3.82E-07 7.00E-04 9.34E-04
43.00 43.00 2.98E-07 3.94E07 7.11E-04 9.40E-04
44.00 44.00 3.09E-07 4.05E-07 7.20E-04 9.45E-04
45.00 45.00 3.20E-07 4.19E-07 7.30E-04 9.56E-04
46.00 46.00 331E-07 4.30E-07 7.38E-04 9.59E-04
47.00 47.00 3.42E-07 4.39E-07 7.46E-04 9.60E-04
49.00 48.00 3.62E-07 4.49E-07 7.5TE-04 9.61E-04
50.00 49.00 3.75E-07 4.60E-07 7.69E-04 9.65E-04
51.00 50.00 3.86E-07 4.71E-07 7.76E-04 9.67E-04
52.00 51.00 | 3.98E-07 4.82E-07 7.84E-04 9.70E-04
53.00 52.00 4.10E-07 4.92E-07 7.93E-04 9.72E-04
54.00 53.00 4.23E-07 5.03E-07 8.03E-04 9.75E-04
55.00 54.00 4.36E-07 5.14E-07 8.12E-04 9.77E-04
56.00 55.00 4.47E-07 5.25E-07 8.18E-04 9.80E-04
57.00 56.00 4.58E-07 5.37E-07 8.24E-04 9.84E-04
58.00 57.00 4.70E-07 549E-07 8.32E-04 9.88E-04
59.00 58.00 5.17E-07 5.60E-07 9.00E-04 9.92E-04
60.00 59.00 5.29E-07 5.71E-07 9.04E-04 9.94E-04
61.00 60.00 5.49E-07 5.82E-07 9.23E-04 9.96E-04
62.00 5.61E-07 9.28E-04
63.00 5.75E-07 9.36E-04
64.00 5.88E-07 9.42E-04
65.00 6.04E-07 9.53E-04
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Appendix K Density Measurement

The specific density (pp) of the conductive polymer and zeolite can be measured
by using a pyncometer. At first, we measured the weight of blank pyncometer and then
we asded the water to the pyncometer and the measured the total weight again. The

specific density of water at testing temperature can calculate by equation (K.1).

 (a-b)
P05

where py, is specific density of water (g.cm’3), a is the weigth of pyncometer with water

(K.1)

(g), and b is the weigth of blank pyncometer (g).

Next step, we measured the weight of the blank pyncometer again and then we
added polymer or zeolite powders and then remeasured the total weight. Then we added
water into the pyncometer and then measured the total weight of pyncometer. The
specific density of polymer and zeolite at testing temperature can be calculated from

equations (K2) — (K.3).
(e-d)

A= (K.2)
Pw

where A is the volume of water added into pyncometer (cm?), p,, is the specific density

of water (g.cm™), e is the weigth of the pyncometer with water and polymer or zeolite

(g), and d is the weigth of polymer or zeolite powder and pyncometer (g).

 (d-b)
B = ey (K.3)

where pn is the specific density of material (g.cm™), d is the weigth of plymer or zeolite
powder and pyncometer (g), b is the weigth of blank pyncometer (g), and A is the

volume of water which add intc pyncometer (cm?).



Table K1 Summary data of specific density of materials

Materials pw (g/cm’) | Volume of water (A, cm?) | pm (g/cm’)
Pth 0.9955 24.3768 1.6630
ZeoliteL 0.9964 244116 2.0885
Zeolit mordenite 0.9962 24.9787 ° 2.1951
Zeolite beta 0.9963 24.8527 2.1574

107
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Appendix L Determination the Amount of Cation in Zeolite

An atomic absorption spectrophotometer (Varian, spectr AA.300) was used to °
determine the amounts of cations in zeolites before and after ion exchange processes.
~ About 0.05 g of zeolite was immersed in HCI solution with 1:1 by volume of HCI and
H,0 and heated to about 60 °C. The solution after filtering was characterized. Standard,
blank and sample solutions were prepared before testing of each cation type in zeolite.
Each cation type in zeolite was identified by using the diferrent lamp sources. Mole %

was calculated by following eqution L.1

W, N
Mole % = /Wm e | %0 §

(W‘%«%.J*(W%Wm)

where Wy is weight of cation per gram of zeolite, Wy, is weight of Na per gram of

zeolite, MW, is atomic weight of cation and MWy, is atomic weight of cation.
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Table L1 Degree of cation exchange of zolite Mordenite with Na*
Sample | Weigth Determination of K* Determination of Na* Mole
(@) Conc. | g/ Mole/ | Conc. 8Na+/ Mole/ o
B (ppm) | 8 zeolite | KZreolite | (PPM) | & zeotite Kgzeolite A

MOR/1 | 0.0515 0.97 | 0.04709 | 2.0473

MOR/2 | 0.0529 0.97 | 0.04584 | 1.9931
K1°/1 | 0.0514 | 0.72 | 0.07059 | 1.8055 | 0.48 | 0.004669 | 0.2030 | 89.89
K1%/2 | 0.0506 | 0.79 |0.07806 | 1.9966 | 0.46 | 0.004545| 0.1976 | 90.99
Avg. 90.44
, SD. 0.78
K5"™1 | 0.0511 | 0.82 |0.08137| 2.0812 | 0.41 |0.004012| 0.1744 | 92.27
Ks™2 | 0.0511 | 0.81 |0.07926 | 2.0271 | 0.39 | 0.003816| 0.1659 92.44
Avg. 92.36
SD. 0.12
K9™/1 | 0.0506 | 0.68 |0.06720 | 1.7189 | 0.27 |0.002668 | 0.1160 | 93.68
K9"/2 | 0.0517 | 0.68 |0.06576 | 1.6820 | 0.26 | 0.002515| 0.1093 | 93.90
Avg. 93.79
7 ‘ SD. 0.16
K11"/1 | 0.0510 | 0.67 |0.06569 | 1.68470 | 0.13 |0.001275 | 0.0554 | 96.82
K11™/2 | 0.0519 | 0.68 |0.65510 | 1.67550 | 0.12 | 0.001156 | 0.0503 | 97.09
Avg. 96.96
SD. 0.19




Table L2 Degree of cation exchange of zolite Mordenite with Li*

- 110

Sample | Weigth | Determination of Li* Determination of Na* Mole
(@) Cone. | griv/ Mole/ | Conc. 8Na+/ Mole/ o
& (Ppl'ﬂ) g zeolite kgzeo]ite (Ppm) £ zeolite kgzcolite =
MOR/1 | 0.0515 : 0.97 | 0.04709 | 2.0473
MOR/2 | 0.0529 0.97 | 0.04584 1.9931
Li1®/1 | 0.0510 [ 0.23 |0.01127 | 1.6243 | 0.21 |0.010290 | 0.4476 | 78.40
Lil*/2 | 0.0502 | 0.23 |0.01145 | 1.6502 | 0.18 | 0.008964 | 0.3897 | 80.90
Avg. 79.65
SD. 1.77
Li3"/1 | 0.0515 | 0.29 | 0.01408 | 2.0282 | 0.11 | 0.00534 0.2322 | 89.73
Li3"/2 | 0.0514 | 0.29 | 0.01411 | 2.0321 | 0.11 | 0.00535 0.2326 | 89.73
Avg. 89.73
SD. 0.00
Lis"/1 | 0.0513 | 0.31 [0.01511 [2.1765 | 0.14 |0.006823 | 0.2966 88.10
Li5s"/2 | 0.0503 | 0.30 |0.01491 |2.1481 | 0.10 | 0.004970| 0.2161 90.86
Avg. 89.48
SD. 1.95




Table L3 Degree of cation exchange of zolite L with Na*
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Sample | Weigth | Determination of Na* Determination of K* Mole
) Conc. | gna+/ Mole/ | Conc. gx+/ Mole/ %
- (PPM) | Zacolite | KGaeolite | (PPM) | Greolite | KEzeolite
L/1 0.0510 1.76 | 0.1725 | 4.4132
L/2 0.0506 1.72 | 0.1700 | 4.3470
Na 1°/1 | 0.0508 | 0.17 | 0.01663 | 0.7232 | 1.66 | 0.1634 | 4.1789 | 14.75
Na 1572 | 0.0508 | 0.17 |0.01663 [0.7232| 1.64 ' 0.1614 | 4.2185 | 14.91
Avg. | 14.83
SD. 0.11
Na2"%1 | 0.0514 | 0.22 |0.02140 | 0.9305 | 1.56 | 0.1518 | 3.8813 | 19.34
Na2"/2 | 0.0508 | 0.18 [0.01772 | 0.7703 | 1.16 | 0.1142 |2.9202 | 20.87
Avg. | 20.11
SD. 1.08
Na3"/1 | 0.0500 | 0.28 [0.02800 | 1.2174 | 1.28 0.1280 | 3.2738 | 27.11
Na 32 | 0.0510 | 0.22 | 0.02157|0.9378 | 1.05 | 0.1029 | 2.6329 | 26.26
Avg. | 26.69
SD. 0.60
Na 5™1 | 0.0503 | 0.26 |0.02584 | 1.1237 | 1.01 0.1004 | 2.5678 | 30.44
Na5"/2 | 0.0502 | 0.29 | 0.02888 | 1.2558 | 1.06 | 0.1056 | 2.7003 | 31.74
Avg. | 31.09
SD. 0.92
Na 8"/1 | 0.0500 | 0.29 [0.02918 | 1.2685 | 1.02 | 0.1026 | 2.6246 | 32.58
Na8"2 | 0.0497 | 0.29 |0.02918 | 1.2685 | 1.04 | 0.1046 | 2.6760 | 32.16
Avg. | 32.37
SD. 0.30
Nal9"™/1 | 0.0516 | 0.39 | 0.03779 | 1.6431 0.7 0.06783 | 1.7349 | 48.64
Nal9"/2 | 0.0516 | 0.44 |0.04264 | 1.8537 | 0.72 | 0.06978 | 1.7844 | 50.95
Avg. | 49.80
SD. 1.63
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Appendix M Surface area and Pore size of Zeolite

Surface area and pore size of each zeolite were measured by BET (Sorptomatic

1990, Thermo Finnigan). Zeolite powder was weighed and out gassed at 300°C over

night before the adsorption and the desorption with i{e and N, gases. During the
operation, zeolite powder was cooling by liquid N,.

The specific surface area can be determined by the equation M. 1.

SS = ZxaxVy, M.1)
W
where SS is the specific surface, W is the sample mass, Vm is the monolayer volume, Z
is the avogadro number and a is the average molecular area of the adsorbate.

The pore size and pore volume of zeolite were determined by method of Horvath
Kawazoe. This model originates from a thermodynamic point of view combined with the
10:4 potential functions of Lennard-Jones. Staring with the Gibbs free energy of
adsorption.

AGags = RT In(p/p°) = AH 45 - TAS s M.2)
with: AH s = -qaiy— RT +L (Ta,/ 0)[0 20T (M.3)

As AS,4s is constant and AG,4s reaching p° is zero. The differentialheat of adsorption can
gp P

be calculated from a molecular theoretyl way resulting in the eqution:

AGas = RT In(p/p°) = U, + Pa (M.4)

where U, is a measure for the potential of the adsorptive and P, a measure for the
potential of the adsorbate adsorbent interactions giving the sum of potential functions

f(r) that can be expressed in the following way:
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o(r)=w*—"-i-[-[2]'+(§}w-[ o )'+[,—";]m]=(un+ﬂ./f-) (M.5)

20!

The constant 4, and 44 from the Lennard Jones Potential can be calculated with the

Xirkwood-Miiller-equation:

2
A e SE BG (M.6)
aa /X- "'“.1/3.’4
3, =§£§=_z_ (M.7)

Thus the average potential of the one mole adsorbent can be integrated from eq. (M.5)
according to the distance of the atom centers. With the limits of the minimal and
maximal possible dis tance between the adsorbate-atoms and the adsorbent-atoms in a
micropore (Figure M.1), the integal in eq. (M.8) can be solved to give eq. (M.9). This

equation gives a function correlating the relative pressure with the pore radius:

Figure M1 Model of a slit pore ; big circle adsorbate, small circle adsorbent
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This function is determined by four constants that can be calculated from the tabulated

physical constants setting 6=0.858 d,:

il ’/ ,n)_if\’ﬂgl_‘-ﬁ,\f‘;l, | .“Jf- (o -1.’ o Iu_ o 4f o o ;
PRI 6 (1=(d,+d,)) ; [r] (r] (l—r] [ _,-J M.8

L Nod AN | o o' ¢’ Fo fad
In ) O b S -1 = + — + M.9
L (’—MDJ[ W-d,) oi-d,) 3(d,) q(d,)"]

The pore width is correlated with the distance of the atom centers as d,=I-d,. Thus a
function is available that converts the pore sizes to relative pressures, if the physical
parameters of adsorbate and adsorbent are available. The reciprocal fuction enable the

conversion of p/p°=> d, by a plot of W(d,) and dW/dd,(d,).

R A N N - M.10
inlp/p }_A(i-Zdo) =l -d,) DJ :

Table M1 Surface area and pore size of zeolite

Pozzmv?};)mc Pore size (A°)
I MOR BEA L | MOR | BEA L, MOR | BEA
Tosoh Co. | 280.00 | 360.00 | 580.00
Ist 290.07 | 341.09 | 583.25|0.20| 025 | 040 | 545 | 590 | 6.57
2nd 275.99 | 330.84 | 527.15|0.33 | 022 | 035 | 6.28 | 6.46 | 6.01
Average | 283.03 | 335.96 | 555.20 | 0.27 ! 0.23 | 0.37 | 586 | 6.18 | 6.29
SD 9.95 7.24 39.67 [0.09] 0.02 [ 0.04 | 0.59 | 0.40 | 0.39

Surface area (m’/g)
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Appendix N Electrical Conductivity Sensitivity Measurement

Sensitivity measurements of polythiophene and polythiophene/zeolite pellets
were carried out by using the two point probe with pure hydrogen gas (99.999%) under
the pressure of 1.3 atm, 57-67% relative humidity, and 29+1°C. The electrical
conductivity response of sample was calculated from the difference between the
equilibrium conductivity of sample upon exposed to H; and the steady state conductivity
value of sample in N,.

AG = GHz- Ginitial N2 (N.1)

The sensitivity is defined as the electrical conductivity response divided by the
conductivity itself at the N
Sensitivity = AG/G initial N2 (N.2)
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Figure N2 Specific conductivity of Pth_200:1(1) after evacuating H, and exposed to N,.
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Figure N3 Specific conductivity of Pth_200:1/L_20(1) when exposed to H,.
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after evacuating H, and
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Figure N5 Specific conductivity of Pth_200:1/MOR_20(1) when exposed to H.
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Figure N9 Specific conductivity of Pth_200:1/MOR_Li[90]20(1) when exposed to Hj.
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Figure N12 Specific conductivity of Pth_200:1/MOR_K[90]_20(1) after evacuating H,

and exposed to N».
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Figure N14 Specific conductivity of Pth_200:1/L_Na[15]_20(1) after evacuating H,
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Figure N15 Specific conductivity of Pth_200:1/L._Na[20]_20(1) when exposed to H,.
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and exposed to Nj.



6e-6

Se-6

4e-6

3e-6

o (S/cm)

2e-6 -

le-6 Q

300

600

900

time (sec)

1200

1500

1800

6e-6

Se-6

4e-6

3e-6

o (S/cm)

2e-6 A

le-6 1 ©O

Ak b bl

10

time (sec)

T

100

1000

130

Figure N17 Specific conductivity of Pth_200:1/L._Na[30]_20(1) when exposed to H,.



131

Se-6

—~ 3e-6
g
o
A
S’
O 2e-6 -
le-6 1
$
0 T T ] ) T T
0 500 1000 1500 2000 2500 3000
time (sec)

Figure N18 Specific conductivity of Pth_200:1/L._Na[30]_20(1) after evacuating H,

and exposed to N,.



1.4e-5
1.2e-5 %
1.0e-5 €

8 0e-6 %

o (S/em)

6.0e-6 -

4.0e-6

2.0e-6

0.0

500

T T T

1000 1500 20

time (sec)

1.4e-5

1.2e-5 10

1.0e-5 A

8.0e-6

o (S/cm)

6.0e-6

4.0e-6 -

2.0e-6

0.0

10

100

time (sec)

1000

132

Figure N19 Specific conductivity of Pth_200:1/L_Na[50] 20(2) when exposed to H;.
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Figure N21 Specific conductivity of Pth_200:1/MOR_10(1) when exposed to H,.
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Figure N22 Specific conductivity of Pth_200:1/MOR_10(1) after evacuating H,

and exposed to N,.
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Figure N23 Specific conductivity of Pth_200:1/MOR_30(1) when exposed to H,.
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Figure N24 Specific conductivity of Pth 200:1/MOR_30(1) after evacuating H,

and exposed to N,.
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Figure N25 Specific conductivity of Pth_200:1/MOR_40(2) when exposed to I,.
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Figure N27 Specific conductivity of Pth_200:1/MOR_50(2) when exposed to H,.
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Table N1 Specific conductivity and sensitivity of Pth_200:1 when exposed to Hp,* T, = chamber temperature, °t; = the time

that oy, reaches equilibrium, “t, = the time that o reaches equilibrium after evacuate H,

Vapplied (V) : 5 2941 t (min) : 105 t° (min) : 21
K =5.06%10" for sample 1 K =2.17x10" for sample 2
No. Thickness 1(A) o (S/em) Ao(S/cm) Aclow
(cm) Air Vac Nz imicial N3 faat Ha Air Vac N2 initiat N2 finat H;

1 0.01826 2.65E-06 | 3.68E-11 | 6.55E-11 | 340E-11 | 4.83E-11 | 5.73E0l | 7.96E-06 1.42E-05 7.36E-06 | 1.04E-05 | -3.73E-06 | -2.63E-01

2 0.01821 6.93E-06 | 7.47E-11 | 1.15E-10 | 7.38E-11 | 9.48E-11 | 3.51E-01 | 3.78E-06 5.82E-06 3.74E06 | 4.80E-06 | -1.02E-06 | -1.76E-01

Avg. 4.79E-06 | 5.57E-11 | 9.03E-11 | S39E-11 | 7.15E-11 | 4.62E-01 | 5.87E-06 1.00E-05 5.55E-06 | 7.62E-06 | -2.38E-06 | -2.19E-01

sD 3.02E06 | 2.68E-11 | 3.51E-11 | 2.81E-11 | 329E-'1 | 1.58E-01 | 2.95E-06 5.90E-06 2.56E-06 | 3.99E-06 | 1.91E-06 6.15E-02

Table N2 Specific conductivity and sensitivity of Pth_200:1/L 20 when exposed to H,

Vapplied (V) : 4 Tz 2941 t° (min) : 28 t°(min) : 15
4
K =4.27x10 for sample 1 K =2.20x10" for sample 2
No. | Thickness I(A) o (S/em) Ao(S/em) Aolow
(cm) Air Vac N2 intiat N2 aal H, Air Vac N2 iniia N2 ot H,
| | 001619 | 142EX9 | 368E-11 | 8.O9E-12 | 743E-12 | 7.55E-12 | S.A3E-05 | 2.72E07 | 2.93E07 | 2.69E07 | 2.73E07 | -197608 | 672502
2 | 001594 | 16SE-09 | 747E-11 | 208E-12 | 1.70E-12 | 1.90E-12 | LI7E04 | 131E07 | 1.50E07 | 121E07 | 135E07 | -143E08 | -8.60502
Avg. 1.53E-09 | SSTE-11 | SO8E-12 | 4.57E-12 | 4.72E-12 | 468E-05 | 9.94E-08 | 1.01E07 | 1.04E-07 | 9.74E08 | -1.62E-08 | -7.66E.02
SD 1.63E-10 | 2.68E-11 | 426E-12 | 405E-12 | 4.00E-12 | 468E-05 | 9.94E-08 | 1.01E-07 | 1.04E07 | 9.74E08 | 491E09 | 133E.02

(44!



Table N3 Specific conductivity and sensitivity of Pth_200:1/MOR_20 when exposed to H,
T 2941

Vapplied (V) : 17
K =5.06%10" for sample 1

K =2.17x10" for sample 2

t? (min) : 45

t,° (min) : 30

No. | Thickness 1(A) o (S/em) Ao(S/cm) Ao/awn
(cm) Air Vac N2 it N3 finat H, Air Vac N2 iniciat Ni tau H,
| 0.01609 | 4.32E-07 | 6.87E-11 | 3.68E-11 | 4.37E-11 S8SE-LI | 3.12E02 | 4.97E-06 | 6.99E-06 | 3.16E06 4.23E06 | -2.76E-06 | -3.95E01
2 | 001544 | 862E-07 | 146E-10 | 3.05E-10 | 1.17E-10 | 1 S9E-10° | 1.51E-02 | 2.56E06 | 535E06 | 2.06E.06 2.79E-06 | -2.56E-06 | -4.79E-0]
Avg. 647E07 | 1.07E-10 | 1.71E-10 | 8.05E-11 | 1.09E-10 232E02 | 3.76E06 | 6.17E06 | 2.61E-06 3.51E06 | -2.66E-06 | 4.37E-01
sD 304E07 | SA4E-11 | 1.89E-10 | S21E-11 | 7.09E-11 | 1.14E02 | I-70E-06 | LI6E06 | 7.75E07 | 102606 | 1.42E.07 5.91E-02
Table N4 Specific conductivity and sensitivity of Pth 200: 1/BEA_20 when exposed to H,
Vapplied (V) : 24 Te : 2941 ti (min) : 111 t; (min) : 20
K =5.06x10" for sample 1 K =2.17x10* for sample 2
No. | Thickness I(A) o (S/cm) Ac(S/cm) Aclopn
(cm) Air Vac N2 iiiat N3 faal H; Air Vac N2 initias N2 nat H;
1 0.01658 | 1.21E-06 | 747E-10 | 1.70E08 | 5.03E-10 3.99E09 | S.99E-02 | 37IEQ5 | 844E-04 | 2.50E05 1.98E-04 | 6.45E-04 | -7.65E01
2 | 001564 | 2.50E06 | 133E-09 | 138E-08 | 5.64E-10 | 4. [6E-09 | 3.06E-02 | 1.64E0S | 1.70E-04 | 6.92E.06 5.11E05 | -1.19E-04 | -6.99E.0]
Avg. I.85E-06 | 1.04E-09 | 1.54E-08 | 533E-10 | 4.08609 | 4.535.02 2.67E-05 | S.OTE04 | 1.59E05 | 125E.04 -3.82E-04 | -7.32E-01
SD 9.12E07 | 414E-10 | 223E-09 | 434E-11 | 1.19E.10 207E-02 | I47E0S | 4.76E04 | 128E05 | 1.04E.04 3.72E-04 | 4.65E-02

vl



Table N5 Specific conductivity and sensitivity of Pth_200: 1I/MOR_Li[90]_20 when exposed to H,

Vapplied (V) : 19 Te: 2941 ti (min) : 24 t-(min) : 16
- -
K =5.06%10" for sample 1 K =2.17x10 for sample 2
No. | Thickness 1(A) o (S/em) Ao(S/em) Aclawe
(cm) Air Vac N2 initiat N2 fnat H, Air Vac N2 iniciat N3 H,
| | QOIS43 | 666E07 | 7.17E-11 | 7.66E-11 | 682E-11 | 7.05E-11 | 449602 | 483606 | 5.17E.06 4.59E-06 | 4.75E-06 | 4.14E-07 | -8.02E-02
2 | 001595 | 445E06 | 136E-10 | 1.52E-10 | 1.37E-10 | 1.41E-10 | 677602 | 2.06E06 | 231508 2.08E-06 | 2.14E-06 | -1.75E-07 | -7.55E-02
Avg, 236E06 | 1O4E-10 | 1.14E-10 | 1.02E-10 | 1.06E-10 | 563E-02 | 345E06 | 374E06 | 334506 3.44E-06 | -2.94E-07 | -7.78E-02
SD 2G8E06 | 4SIE-IN | S33E-11 | 48SE-11 | 496E-1 | 161E02 | 1.96E06 | 202606 | 178506 | 1 85E06 | 1.69E-07 | 3.30E-03
Table N6 Specific conductivity and sensitivity of Pth_200:1/MOR_K[90] 20 when exposed to H,
Vapplied (V) : 13 T : 2911 ti (min) : 46 tr(min) : 19
K =4.27x10" for sample 1 K=2.17x10" for sample 2
No. | Thickness I(A) o (S/em) * Aa(S/cm) Ac/ow
(cm) Air Vac N2 iniiat N2 finas H; Air Vac N2 nicias N2 gt H;
| | 001602 | 1.64E08 | 2.13E-10 | 2.56E-10 | 1.72E-10 | 1.98E-10 | 184E-04 | 239506 | 233508 I.94E-06 | 222E-06 | -6.58E-07 | -2.28E-01
2 | 001602 | 262E08 | 2.56E-10 | 3.04E-10 [ 2.10E-10 | 240E-10 | S.80E-04 | 566506 | 673506 4.65E-06 | S3IE-06 | -142E-06 | -2.11E-01
Avg, 213E08 | 234E-10 | 280E-10 | 1.91E-10 | 2.19E-10 | 3.82E-04 | 4.03E-06 | 481506 | 329506 3.77E06 | -1.04E06 | -2.20E-01
SD S96EQ9 | 303E-II | 338E-11 | 267E-11 | 299E-11 | 2.80E-04 | 231E06 | 272606 | 192506 | 2. I8E06 | 5.38E-07 | 1.24E-02
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Table N7 Specific conductivity and sensitivity of Pth_200: 1/L._Na[15]_20 when exposed to H,

Vapplied (V) : 7 Te : 2941 t; (min) : 29 t(min) : 29
K =5.06x10" for sample 1 K =2.17x10" for sample 2
No. | Thickness 1(A) o (S/em) As(Slem) | Aclow
(cm) Air Vac N2 inisat N; ozt H; Air Vac N2 inicat N2 final H;
! | 001410 | 3.50E-08 | 8.58E-12 | 927E-12 | 8.99E-12 | 9.07E-12 | 831E:04 | 1.72E-06 | 186E06 | 1.80E06 | 1.82E-06 | 3.89E08 | 2.10502
2 | 001468 | 428E-08 | 6.57E-11 | 738E-11 | 62SE-11 | 7.02E-11 | 189E03 | 2.95E-06 | 3.31E06 | 2.80E06 | 3.15E06 | 163507 | 291E02
Avg. 389E-08 | 3.72E-11 | 4ISE-1l | 3.S7E-Il | 3.96E-11 | 1.36E-03 | 233E-06 | 2.58E-06 | 2.30E06 | 248E-06 | -1.01EQ7 | 351502
SD S48E-09 | 404E-11 | 4.56E-11 | 3.78E-11 | 432E-11 | 7.50E-04 | 870807 | 103E06 | 7.09E07 | 9.41E07 | 8.74E08 | 1.99E.02
Table N8 Specific conductivity and sensitivity of Pth_200:1/ L_Na[20] 20 when exposed to H,
Vapplied (V) : 18 Te : 2941 t; (min) : 25 tr(min) : 13
K =5.06x10" for sample 1 K'=2.17x10" for sample 2
No. | Thickness I(A) o (S/em) Ao(S/cm) Adc/owg
(cm) Air Vac N2 nitial N2 finat H; Air Vac N2 initia N2 aat H;
| | 001522 | 3.55E-08 | 2.86E-I1l | 3.24E-11 | 281E-11 | 287E-11 | 3.03E-04 | 206E06 | 2.34E-06 | 2.02E06 | 207E-06 | 2.65E07 | -L13E01
2 | 001489 | 240E08 | 1.30E-10 | 146E-10 | 1.26E-10 | 1.29E-10 | 4.13E-04 | 223E-06 | 2.50E-06 | 2.17E06 | 222E06 | 2.84E07 | -LI3E0I
Avg. 297E08 | 791E-11 | 8.90E-11 | 7.72E-11 | 7.89E-11 | 3.58E-04 | 2.1SE06 | 2.42E-06 | 2.10E06 | 2.15E06 | 2.74E07 | -L.13E01
SD 809E09 | 7.1SE-11 | 8OIE-11 | 69SE-11 | 7.10E-11 | 7.77E-05 | L17E07 | 1.19E-07 | 1.06E-07 | 106E07 | 135E08 | 246E0S
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Table N9 Specific conductivity and sensitivity of Pth_200:1/ L_Na[30]_20 when exposed to H,

Vapplied (V) : 13 Te329%1 t; (min) : 28 t-(min) : 16
K =5.06x107 for sample 1 K =2.17x10" for sample 2
No. | Thickness [(A) o (S/cm) Ac(S/cm) Aclow
(cm) Air Vac N2 initial N2 ol H; Air Vac N3 initial N3 finat H;
| | 001543 | 1.S8E08 | 2SIE-1l | 307E-11 | 2.17E-11 | 242E-11 | 156E03 | 2476-06 | 3.02E06 | 2.13506 | 238506 | 41507 -2.12E01
2 | 001544 | 334E08 | 625E-11 | 848E-1l | 622E-11 | 676E-1l | 7.66E-04 | 1.43E-06 | L95E06 | 143606 | 155606 | 3.95E.07 -2.03E01
Avg. 24608 | 438E-11 | ST7E-11 | 4.19B-11 | 4.S9E-UN | 1AI6E-03 | 19SE-06 | 248E06 | 1.78E-06 | 197606 | -5.18507 | 2.08501
SD 124E-08 | 264E-11 | 383E-11 | 286E-11 | 307E-Ll' | 5.59E04 [ 734E07 | 7.60E07 | 500E07 | S86E07 | 174807 | 658503
Table N10 Specific conductivity and sensitivity of Pth_200:1/1_Na[50]_20 when exposed to H,
Vapplied (V) : 12 Te : 2921 t; (min) : 32 tr(min) : 18
K =5.06x10" for sample 1 K =2.17%10™* for sample 2
No. | Thickness 1(A) o (S/em) Ac(S/cm) Ac/ow
(cm] Air Vac Nz initial N; final H: Air Vac Nz imitial N: final H:
| | 001560 | 306E08 | 23910 | 2.70E-10 | 1.95E-10 | 221E-10 | 323E-03 | 2.52E-05 | 2.85E05 | 207605 | 233505 | -3.20500 -1.82E01
2 | 001570 | 130E07 | 2.80E-10 | 3.22E-10 | 2.38E-10 | 263E-10 | 3.18E-03 | 6.85E-06 | 7.89E06 | 581E06 | 644508 -1.45E06 | -1.83E-01
Avg. 802E08 | 2.59E-10 | 2.96E-10 | 2.16E-10 | 242E-10 | 320E-03 | 160E-05 | 182E05 | 133805 | 149605 | 332606 | 1 $3E-01
SD T02E08 | 292E-11 | 369E-11 | 303E-11 | 3.00E-11 | 348E-05 | 130E-0S | 146E05 | 1.OSE05 | 119505 | 2.66E06 | 653504
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Table N11 Specific conductivity and sensitivity of Pth_200:1/ MOR_10 when exposed to H,

Vapplied (V) : 13 Te : 2941 t; (min) : 26 t(min) : 38
K =5.06x10" for sample 1 K =2.17x10" for sample 2
No. | Thickness 1(A) o (S/cm) Ao(S/em) Aolow
(cm) Air Vac N2 initiat N3 fral H; Air Vac N3 imisial N2 fnat H,
| | OOI808 | 408607 | 261E-10 | 3.58E-10 | 2.04E-10 | 237E-10 | 343602 | 220503 3.01E-05 | 1.72E05 | 1.99E-05 | -1.02E-05 | -3.37E01
2 | 001816 | 123E-06 | 338E-10 | S44E-10 | 327E-10 | 3.52E-10 | 240602 | 6.605.06 L.OGE-05 | 6.39E06 | 6.87E-06 | -3.74E06 | -3.52E01
Avg. 820E-07 | 3.00E-10 | 4.51E-10 | 2.66E-10 | 2.95E-10 | 2.92E-02 | 1.43E.05 2.04E-05 | 1.18E05 | 1.34E-05 | -6.95E06 | -3.45E01
SD S82E07 | SA4E-1l | 131E-10 | 87IE-11 | 812EHM | 728E-03 | 1.09E.05 | 138505 7T61E-06 | 925E-06 | 4.54E-06 | 1.07E-02
Table N12 Specific conductivity and sensitivity of Pth_200:1/ MOR_30 when exposed to H,
Vapplied (V) : 16 T, : 29#] t; (min) : 24 t-(min) : 23
K =5.06x10" for sample 1 K =2.17x10" for sample 2
No. | Thickness 1(A) : o (Slem) so(Siem) | Aol
(cm) Air Vac N2 fmitiat N2 final H, Air Vac N2 ity N3 fina H,
| | OOI87S | 1.78E-07 | I180E-10 | 2.08E-10 | 1.66E-10 | 1.75E-10 | 118502 | 115503 |.37E05 | 109E-05 | LISEQS | -2.17E06 | -1.58E.01
2 | 001834 | 473E-07 | 284E-10 | 372E-10 | 303E-10 | 341E-10 | 743603 | 445506 S84E06 | 4.75E-06 | S.36E-06 | 4.80E07 | -821E.02
Avg. 326E07 | 232E-10 | 290E-10 | 234E-10 | 2.58E-10 | 9.59E03 | 8.15E.06 | 97750 7.85E-06 | 845E06 | -132E-06 | -120E-01
SD 208E07 | 734E-11 | 1IGE-10 | 965E-11 | LISE-10 | 3.06E03 | 523E.06 | 55608 438E-06 | 436E-06 | 1.19E06 | 5.39E.02
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Table N13 Specific conductivity and sensitivity of Pth_200:1/ MOR_40 when exposed to H,
T, : 2911
K=2.17x10" for sample 2

Vapplied (V) : 25
K =5.06x10" for sample 1

ti (min) : 17

t; (min) : 21

No. | Thickness 1(A) a (S/em) Ac(S/em) Ao/own
(cm) Air Vac N; initial N; final H; Air Vac Nz initial N: final H:
| | 002097 | 8.32E07 | S84E-10 | 740E-10 | S.99E-10 | 6.93E-10 | 314502 220805 | 2.79B05 | 2.26E05 | 261E05 | -1.77E06 | 6.356.02
2 | 002057 | LSIEQ6 | 7.73E-10 | 7.93E-10 | 685E-10 | 656E-10 | 135602 693E06 | 7.11E-06 | 6.14E-06 | 5.88E-06 | -123E.06 | -1.73E01
Avg. LITE06 | G78E-10 | 7.67E-10 | 642E-10 | 674E-10 | 224E02 | 145605 | 175503 1.44E-05 | 1.60E-05 | -1.50E-06 | -1.18E01
SD 479E07 | 134E-10 | 37SE-11 | 6.10E-11 | 2.62E-11 | 126E:02 | 107E.05 LATE0S | 1.16E-05 | 143E05 | 3.84E07 | 7.73E.02
Table N14 Specific conductivity and sensitivity of Pth_200:1/MOR_50 when exposed to H,
Vapplied (V) : 21 Te : 2941 ti (min) : 16 t-(min) : 37
K =5.06%10" for sample 1 K =2.17x10" for sample 2
No. | Thickness 1(A) o (S/lem) ao(siem) | Aclong W
(cm) Air Vac Nz it N2 faat Ha Air Vac N2 inicia N2 inal H,
| | 002339 | 377E-07 | 4.89E-10 | 524E-10 | 5.14E-10 | 4.59E.10 | 152502 L9TEQS | 211E05 | 2.07E-05 | 1.8SE0S | 2.64E06 | -125E01
2 | 002462 | 146E-06 | 6.60E-10 | 6.16E-10 | 632E-10 | 5.82E-10 | 130502 S8BE06 | S49E06 | 5.04E-06 | 5.19E06 | 307607 | -5.59E.02
Avg. 9.-16E-07 | S.74E-10 | S.70E-10 | 5.73E-10 | 520E-10 | 141E-02 | 12850 1.33E-05 | 132E-05 | 1I8E0S | -147E06 | -9.055.02
SD T63E-07 | 120E-10 | 6.50E-11 | 8.35E-11 | 871E-11 | 155603 | 9.76E.08 L.I0E-05 | 1.06E05 | 9.39E-06 | 1.65E-06 | 4.90E02
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Appendix O The Interaction between Ptk, L, MOR, BEA and H; by FTIR

FTIR spectra of Pth_200:1, Pth_200:1/MOR_20, L, MOR and BEA were
taken by KBr pellet technique. The sample pellet was placed on sample holder and
put it into the gas cell. The spectrums of samples were recorded, before H, exposure,
when exposed to Hy, and after the H, exposure, in order to study interaction between

these samples and H,.
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Figure O1 The FT-IR spectra of Pth_200:1: before, exposed and after exposed to H,.
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Figure O2 The FT-IR spectra of Pth 200:1/MOR_20: before, exposed and after |

exposed to Hj.
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Figure O3 The FT-IR spectra of zeolite L: before, exposed and after exposed to

H,.
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Figure O4 The FT-IR spectra of MOR: before, exposed and after exposed to H.
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Figure OS5 The FT-IR spectra of BEA: before, expose and after expose to Hs.
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Table O1 Peak position in FT-IR spectra of Pth_200:1 before, exposed and after

exposed to H,.

Characteristic Ref. Wavenumber (cm™)
before | exposed | after
CH str of thiophene ring 3200-3000" | 2960 2966 2962
CH str of aliphatic: 3000-2800* 2919 2921 2920
C=0 str 1700° 1707 1711 1709
C=C str 1700-1575° | N/A 1632 | N/A
C=C str asym, thiophene ring 1468° 1465 1470 1467
thiophene ring str 1410° 1396 1404 1398
C-C str, thiophene ring 1350° 1319 1322 1320
C-O str 1300-1200° 1180 1181 1180
Cloys 1140-1060° | 1146 | 1147 | 1147
thiophene cycle deformation 1015¢ 1026 1025 1026
C-S str, thiophene ring 962 ¢ 936 936 935
N/A 7 890 890 890
N/A 835 835 835
N/A 743 744 744

* Kim et al., 1999, ® Skoog and Leary, 1992, ¢ Van et al., 2001, ¢ Gunzler and
Gremlich, 2002, © Weitkamp and Puppe, 1999
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Table O2 Peak position in FT-IR spectra of Pth_200:1/MOR_20 before, exposed

and after exposed to H,.

Characteristic Ref. Wavenumber (cm™')

before | exposed | after

CH str of thiophene ring 3200-3000° 2961 2962 2961

CH str of aliphatic 3000-2800° 2926 2922 2924

C=0 str 1700° 1708 1709 1709

C=C str 1700-1575° | 1627 | 1631 | 1639

C=C str asym, thiophene ring 1468° 1463 1469 1467

thiophene ring str 1410° 1397 1400 1399
C-C str, thiophene ring 1350° 1320 1325 1321
O-T-O ex asym 1150-1050°sh | 1220 1217 1221
C-T-O in asym 1250-950° 1081 1081 1081
O-T-O ex sym 820-750° 813 813 813

Table O3 Peak position in FT-IR spectra of L before, exposed and after exposed to
H,.

Characteristic Ref. Wavenumber (cm™)
(Weitkamp and Puppe, 1999) | before | exposed | after
-OH str. N/A 3458 3462 3449
N/A 1639 1636 1642
O-T-O ex asym 1150-1050 sh 1109 1105 1108
O-T-O in asym 1250-950 1027 1024 1017
O-T-O ex sym 820-750 772 772 172
O-T-0O in sym 720-650 727 727 728

T= Si or Al, ex = external linkages, in = internal tetrahedra, sh = shoulder

asym = asymmetric siretching vibration, sym = asymmetric stretching vibration
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Table O4 Peak position in FT-IR spectra of MOR before, exposed and after exposed

to Hs.
Characteristic Ref. Wavenumber (cm™)

(Weitkamp and Puppe, 1999) before | exposed | after
-OH str. N/A 3636 3636 3648
-OH str. N/A 2461 3466 3465

N/A 1633 1631 1631
O-T-O ex asym 1150-1050 sh 1226 1226 1226
O-T-O in asym 1250-950 1074 1075 1068

O-T-O ex sym 820-750 811 810 811

Table OS5 Peak position in FT-IR spectra of BEA before, exposed and after exposed

to Ha.
Characteristic Ref. Wavenumber (cm™)

(Weitkamp and Puppe, 1999) | before | exposed | after
-OH str. N/A 3658 3661 3646

-OH str. N/A 3431 3433 3445

N/A 1629 1624 1630

O-T-O ex asym 1150-1050 sh 1229 1229 1229
O-T-O in asym 1250-950 1096 1096 1096
O-T-O ex sym 820-750 801 800 789
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Appendix P Temperature Program Pesorption (TPD)

Adsorption property of sample powder Zeolite L, MOR and BEA, Pth 200:1
and Pth_200:1/MOR, was investigated by TPD. Sample powder was weighted about
0.1-0.2 g and pretreated under N, atmosphere, and adsorbed with H; at 50°C. Then

H; was desorbed from the samples and the data was analyzed.
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Figure P1 TPD signals of Zeolite L, MOR and BEA for the adsorption at 50°C.



156

50 -
40
30 A ["

20 4 |

Signal (mv/g)

10

=10 1

-

0 100 200 300 400

Temperature (aC)

Figure P2 TPD signal of Pth_200:1 for the adsorption at 50°C.
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Figure P3 TPD signal of Pth_200:1/MOR_20 for the adsorption at 50°C



D

157

CURRICULUM VITAE
Name: Ms. Kanuengnit Thuwachaosuan
Date of Birth: November 5, 1981

Nationality: Thai
University Education:

2000-2004 Bacnelor Degree of Petrochemical Engineer and Polymeric
Materials, Faculty of Engineering and Industrial Technology, Silpakorn University,
Nakornphathom, Thailand



	References
	Appendix
	Vita

