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APPENDICES

Appendix A Fourier Transform Infrared Spectrometer (FTIR)

FTIR spectrometer (Thermo Nicolet, Nexus 670) was used to study structures of 
4,4'-diaminodiphenylmethane (DDM), 4,4'-diaminodiphenyImethane-2,2'-disulfonic acid 
disodium salt (SDDM), 3,3',4,4'-benzophenonetetracarbolylic dianhydride (BTDA). The 
spectrometer was operated in the absorption mode with 64 scans and a resolution of 4 
cm’1 in the wave number range 400-4000cm-1. Optical grade KBr was used as the 
background material. DDM, SDDM, BTDA and HDA were mixed with KBr before the 
measurement. FTIR-ATR was used to measure the spectra of sulfonated poly(aromatic 
imide-co-aliphatic imide). ZeSe was used as a background material.

F ig u r e  A 1  F T IR  s p e c tru m  o f  4 ,4 '-d ia m in o d ip h e n y lm e th a n e  (D D M ).
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Table Al Characterization of FTIR spectrum of 4,4'-diaminodiphenylmethane (DDM)

Wavenumber (cm 1) Mode of vibration
3414 The primary amine group
3336 The primary amine group
2885 C-H stretching of the methylene group

The FTIR spectrum indicates functional groups of DDM as shown in figure Al. 
The band around 3414 cm’1 and 3336 cm'1 are assigned to the primary amine group. The 
band at2885 cm"1 is assigned to the C-H stretching of the methylene group of 
DDM.(Vora et al., 2006 and Zhu et al., 2008)
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Figure A2 FTIR spectrum of 4,4'-diaminodiplienylmethane-2,2'-disulfonic acid 
disodium salt (SDDM).



Table A2 Characterization of FTIR spectrum of 4,4'-diaminodiphenylmethane-2,2'- 
disulfonic acid disodium salt (SDDM)
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Wavenumber (cm1) Mode of vibration
3434 The primary amine group
3358 The primary amine group
2885 C-H stretching of the methylene group
1279 s= 0  of the sulfonic group
1157 ร=0 of the sulfonic group
1137 S-0 stretching vibration of sulfonic group
857 S-0 stretching vibration of sulfonic group

The FTIR spectrum indicates functional groups of SDDM as shown in figure A2. 
The band around 3434 cm"1 and 3358 cm"1 are assigned to the primary amine group 
(Vora et al., 2006 and Zhu et al., 2008). The band at2885 cm"1 is assigned to the C-H 
stretching of the methylene group (Vora et ai, 2006 and Zhu et al., 2008). A band at 
1279 cm 'and 1157 cm"1 are attributed to ร=0 of the sulfonic group (Lee et al, 2007). 
The S-0 stretching vibration of sulfonic group appears at 1137 and 857 cm'1 
respectively (Li et al., 2008). These sulfonic peeks are not present in the DDM 
spectrum.
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Figure A3 FTIR spectrum of hexamethylenediamine (HDA).
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Table A3 Characterization of FTIR spectrum of hexamethylenediamine (HDA)

Wavenumber (cm 1) Mode of vibration
3363 The primary amine group
2928 C-H stretching of the methylene group

The FTIR spectrum indicates functional group of FID A as shown in figure A3. 
The band around 3363 cm'1 is assigned to the primary amine group. The band at2928 
cm'1 is assigned to the C-H stretching of the methylene group of F1DA. (Vora et al., 2006 
and Zhu et al., 2008)
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Figure A3 FTIR spectrum of 3,3',4,4'-benzophenonetetracarboxylic dianhydride 
(BTDA).
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Table A3 Characterization of FTIR spectrum of 3,3',4,4'-benzophenonetetracarboxylic 
dianhydride (BTDA)

Wavenumber (cm1) Mode of vibration
1854 c=0 asymmetric stretching of the carbonyl group
1781 c=0 symmetric stretching of the carbonyl group
1486 c=c stretching of aromatic ring
1231 C-0 stretching of anhydride

The FTIR spectrum indicates functional group of BTDA as shown in figure A4. 
The band around 1854 cm"1 is assigned to the c=0 asymmetric stretching of the 
carbonyl group. The band at 1781 cm"1 is assigned to the c=0 symmetric stretching of 
the carbonyl group. A band at 1486 cm"1 is attributed to c=c stretching vibration of 
aromatic ring. The C-0 stretching of anhydride appears at 1231 cm"1 (Vora et al., 2006 
and Zhu et al., 2008)
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1774 1657 1363

Figure A4 FTIR spectra of unsulfonated copolyimide SDH 0

SDDM: DDM: HDA = 0: 5: 5.
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Table A4 Characterization of FTIR spectrum of unsulfonated copolyimide SDH 0 
SDDM: DDM: HDA = 0: 5: 5

Wavenumber (cm 1) Mode of vibration
1774 c=0 imide carbonyl group (Lee et a l,2008)
1702 C—0  symmetric stretching vibration of imide carbonyl group 

(Genies et al, 2001)
1657 c=0 asymmetric stretching vibration of imide carbonyl group 

(Genies et al, 2001)
1368 C-N-C stretching vibration of imide ring (Lee et a l,2007)

The FTIR spectrum indicates functional group of the unsulfonated poly(aromatic 
imide-co-aliphatic imide) membrane as shown in figure A4. The band around 1774 cm 1 

is assigned to the c= 0 imide carbonyl group (Lee et al, 2008). The band at 1702 cm"1 
and 1657 cm' 1 are assigned to the symmetric and asymmetric stretching of the carbonyl 
group of polyimide (Genies et al, 2001). A band at 1368 cm"1 is attributed to the C-N-C 
stretching vibration of the imide ring (Lee et al, 2007).
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1777 1657 1368 1177 1021

(a) SDDM: DDM: HDA (1:4:5) (b) SDDM: DDM: HDA (2:3:5)
(c) SDDM: DDM: HDA (3:2:5) (d) SDDM: DDM: HDA (4:1 ะร)
(e) SDDM: DDM: HDA (5:0:5)

Figure A4 FTIR spectra of sulfonated copolyimide: (a) SDH 1; (b) SDH 2; (c) SDH 3;
(d) SDH 4; and (e) SDH 5.

Table A4 Characterization of FTIR spectra of sulfonated copolyimide (a) SDH 1, (b) 
SDH 2, (c) SDH 3, (d) SDH 4 and (e) SDH 5
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Wavenumber (cm1) Mode of vibration
1777 0 0  imide carbonyl group (Lee et a l,2008)
1709 c= 0 symmetric stretching vibration of imide carbonyl group 

(Genies et al, 2001)
1657 c= 0 asymmetric stretching vibration of imide carbonyl group 

(Genies et al, 2001)
1368 C-N-C stretching vibration of imide ring (Lee et a l,2007)
1177 SO3 asymmetric stretching vibration of hydrated sulfonic acids 

(Genies et al, 2001)
1 0 2 1 SO3 symmetric stretching vibration of hydrated sulfonic acids 

(Li et al, 2008)

The FTIR spectra indicate functional group of sulfonated poly(aromatic imide- 
co-aliphatic imide) membrane as shown in figure A4. The spectra of sulfonatated 
copolyimide copolymer with all ratio of sulfonation are interpreted in table A4. The 
band around 1777 cm’1 is assigned to the c=0 imide carbonyl group (Lee et al, 2008). 
The band at 1709 cm' 1 and 1657 cm’1 are assigned to the symmetric and asymmetric 
stretching of the carbonyl group of polyimide (Genies et al, 2001). A band at 1368 cm"1 

is attributed to the C-N-C stretching vibration of the imide ring (Lee et al, 2007). And 
the characteristic peak that represents the sulfonated of copolyimide is the S O 3 

asymmetric and symmetric stretching vibration of the hydrated sulfonic acid which 
appears at 1182 and 1019 cm"1 respectively (Li et al., 2008). These sulfonic peak are not 
present in the unsulfonated copolyimide SDH 0.
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Figure A5 TGA-FTIR spectrum of sulfonated copolyimide membranes SDH 3 at 
degradation temperature of 193 °c.



Table A5 Characterization of TGA-FTIR spectrum of sulfonated copolyimide 
membranes at degradation temperature of 193 °c
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Wavenumber (cm 1) Mode of vibration
1382 SO2 asymmetric stretching vibration
1209 SO2 symmetric stretching vibration

The TGA-FTIR spectrum of sulfonated copolyimide is shown in figure A5. At 
the degradation temperature of 193 °c, the peaks at 1382 cm’1 and 1209 cm' 1 appear 
which can be attributed to the asymmetric stretching vibration and the symmetric 
stretching vibration of sulferdioxide, respectively.
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Appendix B Thermogravimatric Analysis (TGA)

Thermogravimatric analysis (Parkins Elmer, Pyris Diamond TG/DTA) was used 
to investigate the thermal stability of the polymer membranes using the TGA technique. 
The membranes were dried in vacuum for 24 hours. The experiment was carried out by 
weighting a membrane sample of 2-4 mg and placed it in an alumina pan. The sample 
pan was heated under nitrogen atmosphere at heating rate 20 °c/min. The temperature 
range was 50-900 °c.



71

Figure B1 TGA curve of sulfonated copolyimide membranes SDH 0 
SDDM: DDM: HDA (0:5:5).

Table B1 Characterization of TGA curve of sulfonated copolyimide membranes 
SDDM: DDM: HDA (0:5:5)

Temperature
(°C)

Characterization

451 The degradation of polymer main chain (Genies et al., 2001)
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Figure B2 TGA curve of sulfonated copolyimide membranes SDH 1 
SDDM: DDM: HDA (1:4:5).

Table B2 Characterization of TGA curve of sulfonated copolyimide membranes 
SDDM: DDM: HDA (1:4:5)

Temperature
(°C)

Characterization

179 The degradation of sulfonic group (Genies et ai, 2001)
452 The degradation of polymer main chain (Genies et al, 2001)
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Figure B3 TGA curve of sulfonated copolyimide membranes SDH 2 
SDDM: DDM: HDA (2:3:5).

Table B3 Characterization of TGA curve of sulfonated copolyimide membranes 
SDDM: DDM: 1 IDA (2:3:5)

Temperature
(°C)

Characterization

194 The degradation of sulfonic group (Genies et al, 2001)
476 The degradation of polymer main chain (Genies et al, 2001)
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Figure B4 TGA curve of sulfonated copolyimide membranes SDH 3 
SDDM: DDM: HDA (3:2:5).

Table B4 Characterization of TGA curve of sulfonated copolyimide membranes 
SDDM: DDM: HDA (3:2:5)

Temperature
(°C)

Characterization

225 The degradation of sulfonic group (Genies et al, 2001)
471 The degradation of polymer main chain (Genies et al, 2001)
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Figure B5 TGA curve of sulfonated copolyimide membranes SDH 4 
SDDM: DDM: HD A (4:1:5).

Table B5 Characterization of TGA curve of sulfonated copolyimide membranes 
SDDM: DDM: HD A (4:1:5)

Temperature
(°C)

Characterization

197 The degradation of sulfonic group (Genies et al, 2001)
476 The degradation of polymer main chain (Genies et ai, 2001)
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Figure B6 TGA curve of sulfonated copolyimide membranes SDH 5 
SDDM: DDM: HDA (5:0:5).

Table B6 Characterization of TGA curve of sulfonated copolyimide membranes 
SDDM: DDM: HDA (5:0:5)

Temperature
(°C)

Characterization

250 The degradation of sulfonic group (Genies et al, 2001)
481 The degradation of polymer main chain (Genies et al., 2001)

The thermal property of sulfonated copolyimide at all ratios of sulfonation are 
shown in figure B1 to figure B6 ; the weight loss at about 200 °c is assigned to the 
decomposition of the sulfonated groups The weight loss due to degradation of the 
polymer backbone structure appears at nearly 500 °c.
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Appendix c  Ion Exchange Capacity

Ion exchange capacity of the sulfonated polyimide membranes was measured by 
a titration. The membranes were cut into small pieces. Then the membranes were 
immersed into I M NaCl solution and stirred for 2 days. The solution was titrated with a
0.0IN NaOH solution. Phenolphthalein was used as an indicator in the titration. Ion 
exchange capacity was calculated from following equation:

Consumed NaOH (ml) X molarity NaOH (M) (Q ทIEC (meq/๙ =---------- C w ----------
(Deligdz et al, 2008).
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Table Cl Ion exchange capacity of sulfonated copolyimide membranes

Sample Ratio Weight
(mg)

Consume
NaOH

(ml)

Molarity 
of NaOH 

(M)

IEC
(meq/g)

Average
IEC

(meq/g)
SD

SDH 0 0:5:5 0.1052 0 0.01165 0
0 00.0977 0 0.01165 0

SDH 1 1:4:5 0.0571 4.3 0.01125 0.85 0.84 0 .0 20.0571 4.2 0.01165 0.82

SDH 2 2:3:5 0.0451 5.4 0.01125 1.35 1.28 0 .1 00.0576 6 .0 0.01165 1.21

SDH 3 3:2:5 0.0679 13.0 0.01125 2.15
2 .2 0 0.060.0679 13.5 0.01125 2.24

SDH 4 4:1:5 0.0782 18.6 0.01125 2 .6 8 2.82 0 .2 00.0550 14.0 0.01165 2.96

SDH 5 5:0:5 0.1052 28.2 0.01165 3.12 3.12 0 .0 10.1052 28.3 0.01165 3.13
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Figure Cl Ion exchange capacity of sulfonated copolyimide.
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Appendix D Degree of Sulfonation (DS)

The polymer membranes were acidified by a 0.1 M HCL solution at room 
temperature for 24 hours. Then the membranes were washed with DI water and dried at 
80 °c for 24 hours. After that the membranes were placed in a NaCI solution for 24 
hours. The degree of sulfonation of solution was determined by the titration with 0.01 
M NaOH using phenolphthalein as an indicator. Degree of Sulfonation of sulfonated 
copolyimide was calculated by following equation:

pp /y j _  (̂ NaOH(rn0 x MNaOH(Molar))/1000 ^ (Dl)
Mole of polymer membrane

where V N aO H  is volume of NaOH consumed and M NaOH is molarity of NaOH.
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Tabic D1 Degree of sulfonation of sulfonated copolyimide membranes

Sample ratio Weight
(mg)

Mole of 
polymer

Consumed
NaOH
(ml)

Molarity 
of NaOH 
(Molar)

DS
(%)

Average 
DS (%)

SDH 0 0:5:5 0.0977 0.0003174 0 0.01165 0
00.0977 0.0003174 0 0.01165 0

SDH 1 1:4:5 0.0571 0.0002474 4.3 0.01125 19.55 19.320.0571 0.0002474 4.2 0.01165 19.09

SDH 2 2:3:5 0.0451 0.0001676 5.4 0.01125 36.25 34.460.0576 0.0002140 6 .0 0.01165 32.66

SDH 3 3:2:5 0.0679 0.0002525 13.0 0.01125 57.92 58.940.0679 0.0002525 13.5 0.01125 59.97

SDH 4 4:1:5 0.0782 0.0002903 18.6 0.01125 72.08 75.960.0550 0.0002042 14.0 0.01165 79.87

SDH 5 5:0:5 0.1052 0.0003418 28.2 0.01165 96.12 96.290.1052 0.0003418 28.3 0.01165 96.46



100

0 : 5 : 5  1 : 4 : 5  2 : 3 : 5  3 : 2 : 5  4 : 1 : 5
S-DDM: DDM: HDA ratio

Figure D1 Degree of sulfonation of sulfonated copolyimide.
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Appendix E Water Uptake

Water sorption was measured by placing several polyimide membranes into 
distilled water at 80 °c for 5 hours. Then the membranes were taken out, quickly wiped 
with a tissue paper and weighted on a microbalance. The water uptake of sulfonated 
copolyimide film was calculated form following equation:

Water uptake = —“ 7—- X 100%พd
where พร and wd refer to the weights of the wet and dry samples, respectively 

(Pan et al, 2010).
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Table El Water uptake of sulfonated copolyimide membranes

Sample Ratio
Weight (nig) Water uptake Av.Water

uptake
(%)พร Wd (mg) (%)

SDH 0 0:5:5 0.0988 0.0977 0.0011 1 .1 2 2.180.1086 0.1052 0.0034 3.23

SDH 1 1:4:5 0.0635 0.0623 0 .0 0 1 2 1.93 2.340.0448 0.0436 0 .0 0 1 2 2.75

SDH 2 2:3:5 0.0796 0.0782 0.0014 1.79 2.180.1045 0.1072 0.0027 2.58

SDH 3 3:2:5 0.0618 0.0597 0 .0 0 2 1 3.52 3.820.0655 0.0682 0.0027 4.12

SDH 4 4:1:5 0.0826 0.0797 0.0029 3.64 3.200.0560 0.0545 0.0015 2.75

SDH 5 5:0:5 0.0461 0.0448 0.0013 2.90 1.990.0560 0.0554 0.0006 1.08
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Appendix F Proton Conductivity

The proton conductivity of the films was recorded on an Agilent E4980A LCR 
meter. The fully hydrated films was cut to 0.5 cmx 0.5 cm pieces and coated with silver. 
The coated film was measured at a IV potential using the alternating current in the 
frequency range of 20 Hz -  2 MHz. The graph shows relationship between the radian 
and the impedance. The conductivity a was calculated from the impedance as follow:

Œ(Sc๓" ) = r4 a <F1)
where cr is the proton conductivity, d is the thickness of the membrane, ร is the 

area of the interface of membrane in contact with the electrodes, and R refers to the 
measured resistance of the membrane -  derived from the low frequency semicircle on 
the complex impedance plane with the z axis (Park et ai, 2006).



86

Table FI Proton conductivity of sulfonated copolyimide membranes

Sample ratio Proton Conductivity (ร cm'1)
No.l No.2 Average

SDH 0 0:5:5 0.001603 0.001603 0.001603
SDH 1 1:4:5 0.001868 0.001864 0.001866
SDH 2 2:3:5 0.002734 0.002711 0.002723
SDH 3 3:2:5 0.002793 0.002826 0.002810
SDH 4 4:1:5 0.002991 0.002991 0.002991
SDH 5 5:0:5 0.003241 0.003241 0.003241

Nation® - - - 0.00683*
* Matsuguchie? a/.(2006)

Figure FI Proton conductivity of sulfonated copolyimide.
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Table F2 P ro to n  c o n d u c tiv i ty  ra w  d a ta  o f  S D H  0 ( 1 )  S D D M : D D M : H D A  (0 :5 :5 )

Frequency
(Hz)

z (Ohm) r (Radius) Z'=Zcos r 
(Ohm)

Z"-Zsin r 
(Ohm)

400000 27.4093 -0.0108 27.4077 -0.2956
600000 27.4021 -0.0162 27.3985 -0.4430
800000 27.3890 -0.0215 27.3826 -0.5898

1 0 0 0 0 0 0 27.3740 -0.0269 27.3641 -0.7363
1 2 0 0 0 0 0 27.3659 -0.0322 27.3517 -0.8813
1400000 27.3538 -0.0376 27.3345 -1.0272
1600000 27.3456 -0.0428 27.3205 -1.1706
1800000 27.3220 -0.0482 27.2903 -1.3151
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Z' (Ohm)
27.0 27.1 27.2 27.3 27.4

Figure F2 N y q u is t  p lo t o f  S D H  0 (1).
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Table F3 P ro to n  c o n d u c tiv i ty  ra w  d a ta  o f  S D H  0 (2 )  S D D M : D D M : H D A  (0 :5 :5 )

Frequency
(Hz)

z (Ohm) r (Radius) Z'=Zcos r 
(Ohm)

Z"=Zsin r 
(Ohm)

400000 27.4057 -0.0108 27.4041 -0.2957
600000 27.3982 -0.0162 27.3946 -0.4431
800000 27.3825 -0.0216 27.3761 -0.5901

1 0 0 0 0 0 0 27.3706 -0.0269 27.3607 -0.7362
1 2 0 0 0 0 0 27.3640 -0.0322 27.3498 -0.8804
1400000 27.3554 -0.0376 27.3361 -1.0274
1600000 27.3439 -0.0428 27.3188 -1.1709
1800000 27.3223 -0.0481 27.2907 -1.3146
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Z" (Ohm)
27.0 27.1 27.2 27.3 27.4

Figure F3 Nyquist plot of SDH 0 (2).
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Table F4 Proton conductivity raw data of SDH 1 (1) SDDM: DDM: HDA (1:4:5)

Frequency
(Hz)

z  (Ohm) r (Radius) Z'=Zcos r 
(Ohm)

Z"=Zsin r 
(Ohm)

1000 23.5529 -0 .000070 23 .5529 -0 .0017
2000 23.5542 -0 .000084 2 3 .5542 -0 .0020
4000 23.5875 -0 .000156 23.5875 -0 .0037
6000 23.6098 -0 .00 0224 23.6098 -0.0053
8000 23.6259 -0 .00 0284 2 3 .6259 -0 .0067
10000 23.6431 -0 .000347 23.6431 -0 .0082
20000 23.6578 -0 .000625 23 .6578 -0 .0148
40000 23.6734 -0.0011 2 3 .6734 -0.0255
60000 23.7412 -0 .0014 23 .7412 -0.0341
80000 23.7550 -0 .0018 23 .7550 -0 .0420
100000 23.7889 -0.0021 23.7888 -0 .0495
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Z' (Ohm)
23.6 23.8 24.0 24.2

Figure F4 Nyquist plot of SDH 1 (1).
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Table F5 Proton conductivity raw data of SDH 1 (2) SDDM: DDM: HDA (1:4:5)

Frequency
(Hz)

z  (Ohm) r (Radius) Z'=Zcos r 
(Ohm)

Z"-Zsin r 
(Ohm)

8000 23 .6094 -0 .000286 23 .6094 -0 .0068
10000 23.6423 -0.000345 23.6423 -0 .0082
20000 23.6583 -0.0006 23.6583 -0 .0147
40000 23.6717 -0 .0 0 1 1 23.6717 -0 .0254
60000 23.7101 -0.0014 23.7101 -0 .0342
80000 23.7518 -0 .0018 23.7518 -0 .0422
100000 23.7589 -0 .0020 23.7588 -0 .0494
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Z' (Ohm)
23.5 23.6 23.7 23.8 23.9 24.0 24.1 24.2 24.3

Figure F5 Nyquist plot of SDH 1 (2).
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Table F6 Proton conductivity raw data of SDH 2(1) SDDM: DDM: HDA (2:3:5)

Frequency
(Hz)

z  (Ohm) r (Radius) Z'=Zcos r 
(Ohm)

Z"=Zsin r 
(Ohm)

200000 6.6341 -0 .0068 6 .6339 -0.0452
400000 6.6763 -0 .0132 6 .6757 -0.0886
600000 6.8582 -0 .0197 6 .8568 -0.1349
800000 6.8645 -0.0261 6.8621 -0.1791
1000000 7.0733 -0.0323 7 .0696 -0.2283
1200000 7.0695 -0 .0384 7.0643 -0 .2712
1400000 7.2388 -0 .0444 7 .2316 -0.3213
1600000 7.7580 -0.0501 7 .7482 -0.3883
1800000 7.4605 -0.0461 7 .4526 -0.3442
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Z' (Ohm)
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Figure F6 Nyquist plot of SDH 2 (1).
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Table F7 Proton conductivity raw data of SDH 2 (2) SDDM: DDM: HDA (2:3:5)

F re q u e n c y
(H z)

z  (O h m ) r  (R a d iu s ) Z '= Z c o s  r  
(O h m )

Z " = Z s in  r  
(O h m )

2 00000 6.5734 -0.0068 6 .5732 -0 .0450
4 0 0 0 0 0 6.6171 -0.0133 6 .6165 -0.0878
6 00000 6.8303 -0 .0197 6 .8290 -0.1345
800000 6.9262 -0 .0260 6 .9239 -0.1801
1000000 7.0350 -0.0323 7 .0314 -0.2271
1200000 7.0521 -0 .0384 7 .0469 -0 .2709
1400000 7.2252 -0.0445 7 .2180 -0 .3212
1600000 7.4984 -0 .0504 7 .4889 -0 .3777
1800000 7.8979 -0 .0558 7 .8856 -0 .4408
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Z' (Ohm)
6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0

Figure F7 Nyquist plot of SDH 2 (2).
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Table F8 Proton conductivity raw data of SDH 3(1) SDDM: DDM: HDA (3:2:5)

Frequency
(Hz)

z  (Ohm) r (Radius) Z'=Zcos r 
(Ohm)

Z"=Zsin r 
(Ohm)

80000 16.5991 -0 .0094 16.6031 -0 .0094
100000 16.4279 -0.0105 16.4252 -0.0105
600000 16.0569 -0 .0258 16.1154 -0.0261
800000 15.8918 -0 .0314 15.8358 -0.0312
1000000 15.6266 -0.0353 15.6221 -0.0353
1200000 15.1391 -0 .0375 15.1719 -0.0377
1400000 15.1302 -0 .0412 15.1386 -0.0413
1800000 14.9437 -0.0451 14.4988 -0.0426
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Figure F8 Nyquist plot of SDH 3 (1).
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Table F9 Proton conductivity raw data of SDH 3 (2) SDDM: DDM: HDA (3:2:5)

Frequency
(Hz)

z  (Ohm) r (Radius) Z'=Zcos r 
(Ohm)

Z"=Zsin r 
(Ohm)

80000 16.5991 -0.0005 16.5991 -0 .0094
100000 16.4279 -0.0006 16.4279 -0.0105
600000 16.0569 -0.0016 16.0568 -0.0258
800000 15.8918 -0.0020 15.8917 -0 .0314
1000000 15.6266 -0.0022 15.6266 -0.0353
1400000 15.1303 -0.0027 15.1302 -0 .0412
1600000 14.9438 -0.0030 14.9437 -0.0451
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Figure F9 Nyquist plot of SDH 3 (2).
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Table F10 Proton conductivity raw data of SDH 4(1) SDDM: DDM: HDA (4:1:5)

Frequency
(Hz)

z  (Ohm) r (Radius) Z,=:Zcos r 
(Ohm)

Z"=Zsin r 
(Ohm)

40 11.5126 0 .000134 11.5126 0.0016
60 11.2351 0 .000122 11.2351 0.0014
80 10.8804 0 .000098 10.8804 0.0011
100 10.7383 0 .000084 10.7383 0.0009
200 10.4734 0 .000058 10.4734 0.0006
400 10.3447 0 .000027 10.3447 0.0003
600 10.3017 0 .000028 10.3017 0.0003
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Figure F10 Nyquist plot of SDH 4 (1).
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Table F ll Proton conductivity raw data of SDH 4 (2) SDDM: DDM: HDA (4:1:5)

Frequency
(Hz)

z (Ohm) r (Radius) Z'=Zcos r 
(Ohm)

Z"=Zsin r 
(Ohm)

60 11.1399 0.000123 11.1399 0.001371
80 10.8079 0.000105 10.8079 0.001135
100 10.6268 0.000088 10.6268 0 .000936
200 10.4462 0.000062 10.4462 0.000648
400 10.3314 0 .000026 10.3314 0 .000264
600 10.2364 0 .000034 10.2364 0.000351
800 9.95371 0 .000014 9 .9537 0.000137
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Z' (Ohm)

Figure F il  N y q u is t p lo t o f  S D H  4 (2).
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Table F12 Proton conductivity raw data of SDH 5(1) SDDM: DDM: HDA (5:0:5)

Frequency
(Hz)

z (Ohm) r (Radius) Z'=Zcos r 
(Ohm)

Z"=Zsin r 
(Ohm)

100000 18.7428 -0.003399 18.7426 -0.0637
200000 18.6756 -0.006761 18.6752 -0.1263
600000 18.4218 -0.019358 18.4184 -0.3566
800000 18.4057 -0.025534 18.3997 -0.4699
1000000 18.3340 -0.031588 18.3248 -0.5790
1200000 18.3030 -0.037678 18.2900 -0.6895
1400000 18.3119 -0.043911 18.2942 -0.8038
1600000 18.2959 -0.050088 18.2730 -0.9160
1800000 18.1896 -0.056338 18.1607 -1.0242
2000000 18.0945 -0.062527 18.0591 -1.1307
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Z' (Ohm)
17.0 17.2 17.4 17.6 17.8 18.0 18.2 18.4 18.6

Figure F12 Nyquist plot of SDH 5 (1).
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Table F13 Proton conductivity raw data of SDH 5 (2) SDDM: DDM: HDA (5:0:5)

Frequency
(Hz)

z  (Ohm) r (Radius) Z'=Zcos r 
(Ohm)

Z"=Zsin r 
(Ohm)

100000 18.4920 -0.0067 18.4314 -0.2418
200000 18.4141 -0.0131 18.4235 -0.3569
400000 18.4139 -0.0193 18.3696 -0.4690
600000 18.3720 -0.0255 18.3051 -0.5783
800000 18.2992 -0.0315 18.3033 -0.6900
1000000 18.3360 -0.0376 18.2924 -0.8040
1200000 18.3039 -0.0439 18.2786 -0.9164
1400000 18.3025 -0.0500 18.1529 -1.0239
1600000 18.1184 -0.0562 18.0111 -1.1268
1800000 18.0290 -0.0624 17.9803 -1.1245



Z' (Ohm)
17.2 17.4 17.6 17.8 18.0 18.2 18.4 18.6

Figure F13 Nyquist plot of SDH 5 (2).



Appendix G Methanol permeability

T he m ethanol perm eab ility  th rough  the m em brane  w as d e term ined  by a liquid 
perm eation  cell w here  the  concen tra tion  o f  m ethanol that perm ea tes the cell at 60 °c 
w as m easured . The liquid  perm eation  cell is com posed  o f  tw o com ponen ts. A 
com p artm en t A con ta ined  m ethanol at 2.5 M 250 ml and a co m p artm en t B con tained  D1 
w ater 250  m l. T he  m ethanol concen tra tion  w as d e te rm in ed  using  the  gas 
ch rom atog raphy . The m ethanol perm eab ility  co effic ien t w as ca lcu la ted  from  the
fo llow ing  equation :

p (๓’Vs) =  x t )  < 0 I)
w here p  =  the m ethano l perm eab ility

CA = the m ethano l concen tra tions in the co m p artm en t A
K b= the m ethano l concen tra tion  perm eate  per tim e o f  perm eate  

(the slope o f  m ethano l concen tra tion  p ro file  in the co m p artm en t B)
VB = the so lu tion  vo lum e o f  th e  perm eate  
L =  the th ickness o f  the m em brane  
A =  the effec tive  area  o f  m em brane

T h e  m ethanol concen tra tion  p ro file  w as ob ta in ed  by u sin g  a P R 2100  gas 
ch rom atog raphy  fitted w ith  a T herm al C onductiv ity  D etec to r (T C D ); 2.5 M  o f  e thanol 
w as used as the  in ternal standard  (Z hai e t a l ., 2007).
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Table G1 M ethano l perm eab ility  o f  the su lfonated  po ly im ide m em brane  and 
N afion® ! 17 m em brane  at 60 °c

Sample Ratio Methanol permeability (cm2/s)
SD H  0 0:5:5 1 .5 6 5 4  X 1 0 ~ 9

SD H  1 1:4:5 1 .6 0 1 2  X 1 0 ~ 9

SD H  2 2:3:5 1 .6 5 1 6  X 1 0 ~ 9

SD H  3 3:2:5 1 .7 4 7 8  X 1 0 ~ 9
SD H  4 4:1:5 1 .0 8 3 9  X 1 0 “ 8
SD H  5 5:0:5 2 .7 4 8 2  X 1 0 “ 8

N afion® ! 17 - 1 .7 4 0 0  X 1 0 ~ 6
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Figure G 1 T he m ethano l perm eab ility  o f  su lfonated  copo ly im ide .

Table G 2 R aw  d a ta  o f  in ternal standard  cu rve  o f  m ethano l co n cen tra tio n
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MeOH Peak area of MeOH Peak area of EtOH Peak area ratio
Concentration No. I No.2 No.l No.2 No.l No.2

0 M 0 0 1125.37 1178.84 0 0
0.1 M 32.06 21.49 1266.55 877.48 0.0253 0 .0244
1.0 M 393.37 229.61 1535.81 806.50 0.2561 0 .2846
1.5 M 647.14 470.07 1687.83 1082.86 0 .3 8 3 4 0.4341
2.0 M 750.88 530.89 1466.95 928 .00 0 .5118 0 .5720
3.0 M 1109.34 569.73 1419.76 654 .04 0 .7813 0 .8710
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Figure G2 Internal standard curve of methanol concentration.
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Table G3 Raw data of methanol permeability calculation of SDH 0
SDDM: DDM: HDA (0: 5: 5)

No.l Thickness 0.156 mm
Time MeOH concentration (M)

(second) Comp. A Comp. B
682200 2.4802 0 .0066
702000 2.4401 0.0073
720000 2.4159 0 .0079
770400 2.4083 0 .0107
784800 2 .3539 0 .0112
806400 2.3673 0 .0122
856800 2.3179 0 .0153
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Time (ร)

Figure G3 Methanol concentration (Molar) in compartment B vs. time (ร) of SDH 0.
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Table G4 Raw data of methanol permeability calculation of SDH 1
SDDM: DDM: HDA (1:4: 5)

No.l Thickness 0.203 mm
Time MeOH concentration (M)

(second) Comp. A Comp. B
54000 2.5010 0.0016
140400 2.4993 0.0028
162000 2.4935 0.0032
183600 2.4735 0.0034
226800 2.4430 0.0042
248400 2.3439 0.0045
270000 2.2335 0.0049
313200 2.2149 0.0055
334800 2.2039 0.0059
356400 2.1949 0.0063
399600 2.1796 0.0069
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Figure G4 Methanol concentration (Molar) in compartment B vs. time (ร) of SDH 1.
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Table G4 Raw data of methanol permeability calculation of SDH 2
SDDM:DDM:HDA (2: 3: 5)

No.l Thickness 0.438 nim
Time MeOH concentration (M)

(second) Comp. A Comp. B
54000 2.5127 0 . 0 0 1 0

140400 2.5166 0.0027
162000 2.4965 0.0032
183600 2.3766 0.0036
226800 2.3635 0.0044
248400 2.2339 0.0049
270000 2.2267 0.0054
313200 2.2330 0.0061
334800 2.2402 0.0066
356400 2.2090 0.0071
399600 2.1783 0.0078
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Figure G5 Methanol concentration (Molar) in compartment B vs. time (ร) of SDH 2.
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Table G5 Raw data of methanol permeability calculation of SDH 3
SDDM:DDM:HDA (3: 2: 5)

No.l Thickness 0.231 mm
Time MeOH concentration (M)

(second) Comp. A Comp. B
356400 2.5006 0.0044
399600 2.4945 0.0051
421200 2.4571 0.0052
442800 2.4476 0.0055
486000 2.4467 0.0063
507600 2.4051 0.0068
529200 2.4156 0.0071
572400 2.4035 0.0077
594000 2.3883 0.0079
615600 2.3764 0.0083
658800 2.3676 0.0087
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Figure G6 Methanol concentration (molar) in compartment B vs. time (ร) of SDH 3.
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Table G6 Raw data of methanol permeability calculation of SDH 4
SDDM: DDM: HDA (4:1:5)

No.l Thickness 0.179 mm
Time MeOH concentration (M)

(second) Comp. A Comp. B
302400 2.5874 0.0086
316800 2.5053 0 . 0 1 0 0

324000 2.5086 0.0098
331812 2.5079 0.0107
346032 2.4973 0.0108
389088 2.4266 0.0139
411012 2.4262 0.0160
475200 2.4259 0.0207
496800 2.4184 0.0234
518400 2.3975 0.0256
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Figure G7 Methanol concentration (M) in compartment B vs. time (ร) of SDH 4.
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Table G7 Raw data of methanol permeability calculation of SDH 5
SDDM: DDM: HDA (5:0:5)

No.l Thickness 0.209 mm
Time MeOH concentration (M)

(second) Comp. A Comp. B
190800 2.8147 0.0094
234000 2.7926 0.0191
277200 2.7646 0.0250
320400 2.7496 0.0482
342000 2.7487 0.0526
363600 2.7385 0.0574
428400 2.7284 0.0758
493200 2.7195 0.094
536400 2.7073 0.1027
622800 2.6965 0.1166
666000 2.6853 0.1301
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Figure G8 Methanol concentration (M) in compartment B vs. time (ร) of SDH 5.
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Table G8 Raw data of methanol permeability calculation of Nafion®

No.l Thickness 0.209 mm
Time MeOH concentration (M)

(second) Comp. A Comp. B
0 2.5028 0

7200 2.4293 0.0282
10800 2.3868 0.0430
18000 2.3007 0.0707
21600 2.3619 0.0887
25200 2.2070 0.1023
70200 2.1946 0.2992
86400 2.1774 0.3403
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Figure G9 Methanol concentration (M) in compartment B vs. time (ร) of Nation*'
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Appendix H Dynamic Mechanical Analysis

The mechanical properties of the copolyimide membranes were measured by 
DMA (EPLEXOR® 100N GABO qualimeter) from 1 Hz to 100 Hz at 30 °c and 60 °c. 
The membrane at least three samples were measured. The membranes were cut into 
pieces with 10 mm width for the measurement (Sultan et al., 2011).

Frequency (Uz)

SDH 0 = SDDM: DDM: HDA (0:5:5) 
SDH 2 = SDDM: DDM: HDA (2:3:5) 
SDH 4 = SDDM: DDM: HDA (4:1 ะร)

SDH 1 = SDDM: DDM: HDA (1:4:5) 
SDH 3 = SDDM: DDM: HDA (3:2:5) 
SDH 5 = SDDM: DDM: HDA (5:0:5)

Figure HI Comparison of storage modulus (E1) of sulfonated copolyimide under 
various frequency at 30 °c.
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Frequency (Hz)
1 0 0 1000

SDH 0 = SDDM: DDM: HDA (0:5:5) 
SDH 2 = SDDM: DDM: HDA (2:3:5) 
SDH 4 = SDDM: DDM: HDA (4:1:5)

SDH 1 = SDDM: DDM: HDA (1:4:5) 
SDH 3 = SDDM: DDM: HDA (3:2:5) 
SDH 5 = SDDM: DDM: HDA (5:0:5)

Figure H2 Comparison of loss modulus (E") of sulfonated copolyimide under various 
Frequency at 30 °c.
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Table HI E' of sulfonated copolyimide SDH 0 at 30 °c and 60 °c

Frequency
(Hz)

E ’ (MPa) at 30 ° c E ' (MPa) at 60 ° c
No.l No.2 No.3 No.l No.2 No.3

1.00 3077.02 3117.11 3132.23 2608 .87 2724 .67 2758.58
1.21 3165.71 3201.46 3225.88 2638.33 2747 .52 2785 .02
1.47 3194.28 3214.61 3240 .44 2653 .32 2764 .45 2800.69
1.78 3211.02 3225.92 3247 .10 2673.71 2 784 .42 2813 .02
2.15 3228 .74 3241.13 3262.61 2693 .66 2794.71 2833 .46
2.61 3241 .34 3253.40 3275.88 2711 .62 2809 .43 2844 .12
3.16 3246.65 3267.17 3290.35 2727.63 2818 .98 2864.25
3.83 3267.95 3280.31 3296 .74 2744.01 2832.11 2871 .76
4.64 3277.70 3294.66 3313 .90 2 757 .10 2848 .80 2886.38
5.62 3291.47 3307.73 3319 .26 2774 .39 2 865 .77 2901 .64
6.81 3300.71 3319.30 3337 .42 2777 .68 2879 .10 2910 .87
8.25 3319 .84 3331.01 3345.55 2797.91 2890 .88 2923.15
10.00 3334.08 3349.02 3361.21 2817.91 2907.21 2940 .38
12.12 3344.52 3355.03 3375 .26 2825 .85 2914 .87 2948.35
14.68 3354 .20 3359.81 3384 .67 2845.63 2932 .10 2963.81
17.78 3365 .12 3378.70 3401 .70 2854 .65 2941 .08 2967 .87
21.54 3376.21 3390.91 3403.63 2 869 .39 2957 .47 2986 .79
26.10 3385.17 3396.48 3415.61 2881 .65 29 7 0 .7 9 3004.39
31.62 3392 .64 3408.95 3428 .57 2888 .55 2974 .33 3010.45
38.31 3408 .64 3415 .66 3434 .29 2904 .88 2988 .09 3015 .00
46.42 3422.68 3419 .96 3438.38 2 911 .82 2992 .06 3026 .49
56.23 3419.41 3434.28 3454 .67 2931.21 2991 .08 3026.03
68.13 3439.13 3432 .79 3457 .17 2934 .67 3031 .38 3042.74
82.54 3454.48 3459.63 3484 .78 2 940 .02 3022 .56 3043 .90
100.00 3442 .50 3485.74 3465 .10 2 964 .34 3018 .08 3070 .60
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Figure H3 Mechanical strength (E1) of sulfonated copolyimide SDH 0 under various
frequency at 30 ๐c  and 60 °c.
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Table H2 E" of sulfonated copolyimide SDH 0 at 30 °c and 60 °c

F re q u e n c y
(H z)

E "  (M P a ) a t  30 ° c E "  (M P a )  a t  60  ° c
N o .l N o .2 No.3 N o .l N o.2 No.3

1.00 99 .96 105.56 100.12 100.85 103.79 101.63
1.21 104.46 106.93 106.45 103.39 105.80 105.98
1.47 104.21 106.11 108.46 107.39 107.14 103.28
1.78 105.47 105.58 104.53 107.31 105.48 104.93
2.15 104.83 105.91 106.03 104.69 103.18 104.89
2.61 107.09 103.29 106.55 112.09 106.21 104.98
3.16 101.75 108.52 107.22 108.12 119.86 98.92
3.83 104.80 104.85 106.08 110.73 108.86 106.69
4.64 108.47 103.16 102.60 109.14 107.89 105.17
5.62 104.08 106.00 106.64 109.57 101.87 99.12
6.81 107.68 104.06 101.17 110.06 100.58 101.95
8.25 101.83 104.12 104.24 110.68 103.59 104.89
10.00 102.29 107.39 104.19 105.90 109.18 107.43
12.12 103.53 99 .10 104.65 101.84 103.86 103.48
14.68 101.43 99.53 101.37 108.85 104.05 104.78
17.78 101.36 99 .30 102.81 105.91 105.38 96.88
21 .54 103.37 100.08 101.46 108.59 108.91 102.30
26.10 100.37 104.13 96.97 102.61 98.73 101.26
31.62 103.59 91.23 99.98 101.08 104.87 109.15
38.31 103.60 105.15 103.13 110.67 107.78 105.64
46 .42 103.39 104.39 102.02 108.09 117.98 107.08
56.23 107.29 110.64 110.74 123.43 108.50 120.24
68.13 121.84 114.76 114.12 129.64 121.91 116.64
82.54 122.05 126.85 117.86 130.81 115.91 132.29
100.00 105.53 137.07 130.25 155.13 147.04 155.23
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Figure H4 Mechanical strength (E") of sulfonated copolyimide SDH 0 under various
frequency at 30 °c and 60 °c.
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Table H3 E' of sulfonated copolyimide SDH 1 at 30 ๐c  and 60 °c

Frequency
< z

E' (MPa) at 30 °c E' (MPa) at 60 °c
No.l No.2 No.3 No.l No.2 No.3

1.00 2912.59 2966.06 2991.00 2217 .72 2 2 4 6 .8 4 2297.55
1.21 2937.83 2987.09 3008.34 2341 .34 2 344 .92 2374.33
1.47 2943.46 3003.83 3018.56 2274 .36 23 6 5 .5 2 2396.02
1.78 2912.59 2966.06 2991.00 2344 .62 23 8 8 .0 0 2405 .47
2.15 2937.83 2987.09 3008.34 2354 .76 23 9 9 .1 0 2422 .42
2.61 2943.46 3003.83 3018.56 2365 .67 2406 .03 2434 .84
3.16 2912.59 2966.06 2991.00 2383.63 2426 .25 2449.21
3.83 2937.83 2987.09 3008.34 2388.51 2431 .65 2467.93
4.64 2943.46 3003.83 3018.56 2442 .74 2450 .93 2476 .17
5.62 2912.59 2966.06 2991 .00 2430 .62 2459.01 2486 .36
6.81 2937.83 2987.09 3008.34 2468 .84 24 6 3 .6 7 2500 .09
8.25 2943.46 3003.83 3018.56 2460 .34 24 7 1 .3 0 2555 .80
10.00 2912.59 2966.06 2991.00 2463.41 25 2 9 .9 6 2540.18
12.12 2937.83 2987.09 3008.34 2475.03 25 0 0 .3 2 2539.38
14.68 2943.46 3003.83 3018.56 2480 .84 2 5 1 6 .1 6 2543.01
17.78 2912.59 2966.06 2991.00 2492 .18 25 2 1 .5 9 2559 .49
21 .54 2937.83 2987.09 3008.34 2506.63 25 3 9 .5 0 2564.05
26.10 2943.46 3003.83 3018.56 2514 .67 2 538 .05 2574.13
31.62 2912.59 2966.06 2991 .00 2 515 .77 25 4 7 .1 7 2583 .92
38.31 2937.83 2987.09 3008.34 2 529 .27 25 6 6 .1 9 2591.85
46.42 2943.46 3003.83 3018.56 2540 .78 2 5 7 9 .4 4 2596 .52
56.23 2912.59 2966 .06 2991.00 2554 .38 25 7 6 .5 6 2601 .40
68.13 2937.83 2987.09 3008.34 2593 .34 2 6 2 3 .0 7 2648.18
82.54 2943.46 3003.83 3018.56 2555 .56 2614.41 2596 .42
100.00 2912.59 2966.06 2991 .00 2526 .27 2 567 .08 2546 .04
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Figure H5 Mechanical strength (E') of sulfonated copolyimide SDH 1 under various
frequency at 30 °c and 60 °c.
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Table H4 E" of sulfonated copolyimide SDH 1 at 30 °c and 60 ๐c

F re q u e n c y
(Hz)

E "  (M P a ) a t  30  ° c E "  (M P a ) a t  60 ° c
No.l No.2 No.3 No.l No.2 No.3

1.00 81.08 80.07 77.19 90.10 96.50 94.56
1.21 82 .90 83.28 84.78 92.52 95.06 99.03
1.47 86 .99 85.1 1 83.55 89.89 96.95 96.96
1.78 82.31 83.04 82.63 95.11 98.71 100.15
2.15 82.47 82.77 81.60 98 .69 98.85 101.86
2.61 82 .37 84.08 80.51 101.52 97.27 100.87
3.16 79.13 80.08 84.15 102.22 97.51 99.47
3.83 82.33 77 .86 81.91 97.01 98.33 97.36
4 .64 82.49 82.33 81.04 104.22 98.50 100.33
5.62 74.71 77 .67 82.07 100.06 101.72 101.24
6.81 76 .98 73.65 78.36 96 .30 96.49 96.02
8.25 76.51 77.48 74.68 96 .27 97.68 100.43
10.00 77.53 79 .22 78.94 101.72 104.36 101.68
12.12 75.53 73.87 75.25 97.91 98.71 94.65
14.68 74 .04 76.93 72.06 94.75 97.60 96.60
17.78 70.95 74.72 72.50 91.98 92.42 96.50
21 .54 76.45 72 .34 75.07 95.11 96.64 95.06
26 .10 68 .34 71 .00 70.90 98 .42 92.87 92.63
31 .62 72 .57 79 .02 73.57 96.88 95.92 93.35
38.31 78 .67 72.33 69.06 94.90 96.13 96.56
46 .42 74 .40 81.33 78.18 99 .12 99.28 97.74
56.23 78 .02 75.19 76.24 95.11 98.10 107.50
68.13 96 .52 85.69 81.66 114.49 100.67 104,12
82 .54 90 .06 93.11 91.77 104.98 106.55 111.98
100.00 98 .84 108.49 89.90 131.58 122.05 117.80
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F re q u e n c y  (H z)

Figure H6 Mechanical strength (E") of sulfonated copolyimide SDH 1 under various
frequency at 30 ๐c  and 60 °c.
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Table H5 E' of sulfonated copolyimide SDH 2 at 30 °c and 60 °c

F re q u e n c y
(H z)

E ' (M P a )  a t  30 ° c E ' (M P a )  a t  60 ° c
N o .l N o.2 No.3 N o .l N o.2 N o.3

1.00 2768.38 2797 .96 2795.71 2 662 .86 2752.95 2271.51
1.21 2957.32 2973 .16 2969.82 2776 .27 2826 .02 2464.20
1.47 2969.95 2984 .22 2981.02 2800 .98 2842 .88 2519.54
1.78 2986.34 2994.31 2986.03 2807 .66 2854.93 2538.97
2.15 2991.58 3000.95 3008.98 2828 .75 2 892 .76 2585.21
2.61 3012.07 3001.22 3013.70 2834 .82 2895 .05 2599.01
3.16 3021.93 3024.13 3026.51 2853 .72 2909.83 2606.32
3.83 3030.44 3028.56 3033.65 2864 .63 2920 .30 2626.90
4.64 3029.96 3035.02 3037.66 2 876 .66 2930 .54 2644.52
5.62 3044.56 3068 .44 3046.01 2889 .19 2935 .52 2653.80
6.81 3046.15 3061.19 3058.13 2 899 .04 2950.71 2668,71
8.25 3054.30 3056 .62 3062.44 2 911 .30 2963.01 2677.56
10.00 3059.89 3062.28 3073.12 2927.33 29 7 6 .1 0 2685.79
12.12 3088.54 3075 .02 3077.11 2 941 .19 2 991 .16 2688 .54
14.68 3090.80 3084.05 3082.86 2 948 .12 3 001 .09 2714.04
17.78 3089.33 3094.70 3108.98 2955.31 3006 .55 2720 .86
21.54 3089.80 3093.44 3100.76 2971 .97 3018.05 2731.58
26.10 3112.14 3098.32 3115.48 2978 .49 3024.01 2731.35
31.62 3100.75 3120.97 3099.03 2989 .15 3039.11 2738.41
38.31 3093.78 3114.21 3097.57 2996 .29 3054 .48 2739.47
46.42 3103.64 3110.53 3094.44 3001 .29 3051 .94 2732.52
56.23 3103.03 3095 .74 3094.48 3 001 .04 3063 .96 2752.78
68.13 3066.06 3082.56 3076.14 3 017 .94 3059 .87 2756.94
82.54 3024.96 3047 .62 3036.37 3 023 .24 3068.91 2723.63
100.00 2893.32 2893.15 2926.36 3032 .95 3054.23 2621.47
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Figure H7 Mechanical strength (E') of sulfonated copolyimide SDH 2 under various
frequency at 30 °c and 60 °c.
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Table H6 E" of sulfonated copolyimide SDH 2 at 30 °c and 60 °c

F re q u e n c y
(H z)

E "  (M P a ) a t  30 ° c E "  (M P a )  a t  60 ° c
N o .l N o .2 N o.3 N o .l N o.2 N o.3

1.00 71 .27 71.63 73.99 86.36 91.72 77.95
1.21 77.26 76.14 76 .86 93 .80 95.25 83.01
1.47 78.31 77.65 80.27 96 .99 95.15 84.89
1.78 78.15 78.56 76.88 89.36 94.38 87.04
2.15 78.70 77.70 80 .36 95.85 95.70 88.66
2.61 76.05 75.55 76.68 99 .10 94.73 85.91
3.16 78 .97 78.71 70.75 97 .96 98.06 90.03
3.83 75.03 75.39 75 .54 98 .07 95.62 88.48
4 .64 74.78 74.17 73.08 97.55 97.67 91.71
5.62 78 .96 77.09 74 .54 100.71 96.48 90.90
6.81 69.65 71.89 73.29 94 .69 97.46 87.51
8.25 73 .22 71.27 69.93 96.18 96.78 87.45
10.00 68 .92 74.83 72 .70 95 .57 95.52 88.39
12.12 70 .72 67.91 68.31 97 .90 95.95 84.00
14.68 70 .32 66.65 71 .66 94.98 93.33 86.38
17.78 68.95 69.97 70.31 93.93 92.02 84.11
21.54 68.58 68.28 66 .90 93.96 93.75 86.54
26 .10 67.08 65.52 67.15 95 .56 94.31 83.12
31 .62 59.45 62.57 64 .07 91 .09 89.37 87.13
38.31 63 .92 64.45 66 .59 97.73 98 .10 87.91
46 .42 71 .59 74.38 65.32 98 .86 98.40 90.66
56.23 78.28 80.74 76.34 101.86 102.70 92.67
68.13 76.95 69.96 73 .86 99.93 103.58 94.33
82.54 80 .57 76.92 90 .77 119.09 111.52 94,85
100.00 74 .79 102.25 74.42 95 .10 103.71 90.30
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Figure H8 Mechanical strength (E") of sulfonated copolyimide SDH 2 under various
frequency at 30 °c and 60 ๐c.
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Table H7 E' of sulfonated copolyimide SDH 3 at 30 °c and 60 °c

F re q u e n c y
(H z)

E ' (M P a ) a t  3 0  ° c E ’ (M P a )  a t  6 0  ° c
N o .l N o.2 No.3 N o .l N o.2 N o.3

1.00 2640 .04 2639.81 2735.45 2283.26 2352.55 2227 .67
1.21 2799 .84 2813.30 2939.00 2414.37 2442 .42 2329 .39
1.47 2842.45 2831.48 2952.98 2432 .29 2457.65 2 355 .44
1.78 2845.08 2851.05 2968.97 2443.92 2476 .67 2364 .14
2.15 2851 .34 2855.18 2983.39 2451.92 2487 .56 2376.31
2.61 2868 .40 2866.43 2990.70 2469.31 2498.61 2 391 .99
3.16 2867 .97 2881.43 2998.99 2468.61 2501 .90 2408.61
3.83 2873.11 2879.35 3010.29 2482 .30 2519 .98 2416.91
4.64 2899 .66 2891.42 3016.64 2488.41 2526 .28 2434 .44
5.62 2902.73 2909.69 3031.40 2501.89 2538 .06 2439 .63
6.81 2894.96 2910.63 3040.89 2510.75 2552 .72 2451.11
8.25 2907.13 2920.91 3046.69 2521.08 2553 .10 2460 .89
10.00 2922.43 2923.53 3058.60 2528 .26 2572 .32 2477 .68
12.12 2928.75 2928.49 3065.02 2532.42 2572 .54 2 478 .20
14.68 2940.11 2939.94 3071.79 2542 .24 2587.15 2480 .72
17.78 2942.93 2947.66 3077.86 2550.16 2 589 .52 2 487 .39
21 .54 2948 .62 2954.74 3085.99 2550 .34 2589 .86 2 492 .10
26 .10 2959 .24 2962.53 3092.56 2558 .54 2596 .28 2498 .65
31.62 2959 .39 2961.47 3106.30 2566 .32 2600 .18 2 512 .96
38.31 2956 .09 2957 .19 3110.03 2571 .32 2601 .59 2 509 .82
46 .42 2958.48 2960.53 3112.96 2570 .09 2612.13 2506.61
56.23 2955 .67 2962.14 3122.26 2571 .44 2622 .42 2510.21
68.13 2953 .10 2959.69 3119.98 2567.58 2595 .42 2496 .85
82.54 2926.68 2940.85 3146.55 2534.01 2566.71 2452.81
100.00 2839 .36 2845.07 3175.18 2433.13 2464 .92 2 369 .86
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Figure H9 Mechanical strength (E1) of sulfonated copolyimide SDH 3 under various
frequency at 30 °c and 60 °c.
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Table H8 E " o f  s u lfo n a te d  c o p o ly im id e  S D H  3 a t 30  ° c  an d  6 0  ° c

Frequency
(Hz)

E" (MPa) at 30 °c E" (MPa) at 60 °c
No.l No.2 No.3 No.l No.2 No.3

1 . 0 0 77.25 75.65 83.85 72.36 75.14 78.00
1.21 82.83 84.55 93.41 83.80 80.37 81.86
1.47 83.50 82.10 91.17 81.79 82.49 81.37
1.78 85.14 84.41 88.77 78.12 80.58 80.30
2.15 84.14 85.08 91.47 81.11 82.66 81.95
2.61 83.17 83.71 91.73 81.00 79.55 81.61
3.16 80.66 85.44 90.18 83.10 75.27 83.58
3.83 82.56 80.74 89.88 83.34 84.73 82:14
4.64 77.37 81.04 84.89 84.46 79.12 8 8 . 2 1
5.62 82.89 80.87 83.79 83.61 80.48 82.53
6.81 82.91 78.00 83.45 81.80 82.48 83.85
8.25 78.25 74.71 83.27 83.68 82.78 82.80
1 0 . 0 0 80.23 80.15 79.35 83.30 75.17 82.69
1 2 . 1 2 77.77 74.89 80.37 82.22 76.59 77.36
14.68 70.93 75.56 74.73 75.49 79.00 81.26
17.78 74.79 73.00 78.51 76.76 77.48 80.59
21.54 71.41 78.01 82.01 77.44 76.65 84.78
26.10 70.80 70.22 77.17 77.06 76.10 80.76
31.62 74.67 73.78 81.09 79.00 75.20 77.54
38.31 78.05 75.84 80.14 75.33 78.78 79.00
46.42 70.57 74.40 87.91 80.61 78.57 81.34
56.23 92.80 81.00 81.18 84.90 83.23 83.06
68.13 80.42 88.40 93.26 8 8 . 8 8 88.65 85.00
82.54 87.41 84.30 98.92 97.84 89.56 85.80
1 0 0 . 0 0 117.99 91.40 93.09 116.22 111.71 83.38
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Figure H10 M e c h a n ic a l s tre n g th  (E ")  o f  s u lfo n a te d  c o p o ly im id e  S D H  3 u n d e r  v a r io u s
f re q u e n c y  a t  3 0  ๐c  an d  6 0  ° c .
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Table H9 E ' o f  s u lfo n a te d  c o p o ly im id e  S D H  4  a t 3 0  ° c  an d  6 0  ๐c

Frequency
(Hz)

E' (MPa) at 30 °c E' (MPa) at 60 °c
No.l No.2 No.3 No.l No.2 No.3

1 . 0 0 2588.77 2644.19 2639.70 2588.06 2588.06 2721.80
1.21 2712.47 2751.69 2767.58 2624.19 2624.19 2763.27
1.47 2730.36 2767.76 2780.76 2644.44 2644.44 2781.80
1.78 2744.32 2774.30 2791.43 2660.39 2660.39 2794.56
2.15 2750.95 2785.72 2799.81 2684.17 2684.17 2808.46
2.61 2765.97 2790.70 2806.88 2686.49 2686.49 2820.53
3.16 2776.12 2794.84 2816.95 2701.97 2701.97 2832.14
3.83 2787.64 2807.55 2821.08 2715.92 2715.92 2847.69
4.64 2797.83 2815.32 2830.15 2730.41 2730.41 2855.05
5.62 2810.13 2827.18 2845.64 2742.27 2742.27 2865.14
6.81 2813.21 2835.25 2843.62 2755.22 2755.22 2879.07
8.25 2823.39 2841.55 2857.92 2766.62 2766.62 2885.23

1 0 . 0 0 2835.31 2849.85 2867.84 2779.53 2779.53 2901.94
1 2 . 1 2 2838.04 2856.33 2877.81 2789.74 2789.74 2912.79
14.68 2847.86 2867.80 2880.13 2802.15 2802.15 2924.78
17.78 2852.89 2872.28 2890.57 2812.18 2812.18 2935.66
21.54 2859.92 2877.44 2888.90 2822.20 2822.20 2941.71
26.10 2866.55 2880.17 2900.68 2840.70 2840.70 2942.64
31.62 2865.88 2884.53 2903.44 2842.70 2842.70 2959.18
38.31 2872.67 2887.64 2901.53 2849.23 2849.23 2969.37
46.42 2874.16 2885.54 2900.76 2855.69 2855.69 2968.47
56.23 2869.42 2888.74 2902.49 2866.04 2866.04 2980.46
68.13 2855.90 2870.00 2891.82 2867.70 2867.70 2977.67
82.54 2822.17 2831.97 2849.23 2869.48 2869.48 2971.21
1 0 0 . 0 0 2765.86 2780.24 2773.82 2869.98 2869.98 2922.81
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Figure H ll M e c h a n ic a l  s tre n g th  (E ')  o f  s u lfo n a te d  c o p o ly im id e  S D H  4  u n d e r  v a r io u s
f re q u e n c y  a t 3 0  ° c  a n d  6 0  ° c .
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Table H10 E "  o f  s u lfo n a te d  c o p o ly im id e  S D H  4 at 30 ° c  a n d  60 ๐c

Frequency
(Hz)

E" (MPa) at 30 °c E" (MPa) at 60 °c
No.l No.2 No.3 No.l No.2 No.3

1 . 0 0 69.60 69.20 68.39 73.22 73.22 74.30
1.21 70.80 71.91 72.80 73.45 73.45 77.03
1.47 71.28 73.94 74.28 74.53 74.53 75.95
1.78 72.00 73.12 72.17 75.27 75.27 78.99
2.15 72.42 72.97 73.34 77.89 77.89 76.53
2.61 73.50 73.16 74.69 77.90 77.90 77.21
3.16 64.61 76.35 72.55 75.93 75.93 79.37
3.83 71.05 72.34 72.15 78.65 78.65 78.64
4.64 72.15 71.65 71.42 76.00 76.00 78.24
5.62 74.38 71.92 69.78 77.51 77.51 80.80
6.81 72.81 72.22 75.13 79.46 79.46 79.89
8.25 68.53 69.61 70.60 77.53 77.53 77.28
1 0 . 0 0 70.66 73.57 72.16 80.42 80.42 80.75
1 2 . 1 2 65.38 67.02 66.55 77.84 77.84 74.60
14.68 66.72 65.75 67.82 74.69 74.69 74.21
17.78 65.43 70.88 66.34 75.22 75.22 73.45
21.54 67.20 66.84 67.15 73.64 73.64 74.54
26.10 6 6 . 2 0 58.91 66.36 73.59 73.59 78.66
31.62 69.95 63.58 69.54 76.99 76.99 74.80
38.31 66.62 69.80 68.57 74.50 74.50 75.93
46.42 68.17 76.96 74.07 77.60 77.60 78.27
56.23 77.00 79.61 75.91 77.48 77.48 75.64
68.13 80.95 79.17 75.72 88.74 88.74 88.52
82.54 89.69 79.15 82.73 91.40 91.40 83.78
1 0 0 . 0 0 82.72 85.84 82.51 84.97 84.97 115.19
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Figure H12 M e c h a n ic a l s tre n g th  (E " )  o f  s u lfo n a te d  c o p o ly im id e  S D H  4  u n d e r  v a r io u s
f re q u e n c y  a t  3 0  ° c  an d  6 0  ° c .
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Table HI 1 E ' o f  s u lfo n a te d  c o p o ly im id e  S D H  5 a t 3 0  ๐c  an d  6 0  ° c

Frequency
(Hz)

E' (MPa) at 30 °c E'(MPa) at 60 °c
No.l No.2 No.3 No.l No.2 No.3

1 . 0 0 2630.58 2666.74 2674.99 2487.59 2547.77 2589.65
1.21 2677.79 2706.44 2712.39 2542.94 2601.78 2648.33
1.47 2688.42 2715.14 2721.41 2557.59 2610.78 2654.72
1.78 2698.38 2724.47 2727.31 2574.02 2621.42 2666.46
2.15 2704.92 2730.67 2735.32 2584.59 2638.98 2677.65
2.61 2716.09 2737.50 2746.13 2602.72 2649.18 2685.70
3.16 2723.13 2742.52 2748.44 2616.46 2651.95 2694.64
3.83 2727.89 2748.70 2756.57 2627.88 2666.61 2702.28
4.64 2734.14 2755.19 2765.19 2637.60 2674.64 2711.88
5.62 2739.29 2763.65 2773.17 2648.43 2683.45 2720.03
6.81 2751.03 2770.14 2774.54 2657.48 2691.61 2731.84
8.25 2754.30 2772.24 2781.08 2667.72 2702.74 2743.70
1 0 . 0 0 2764.11 2780.25 2789.63 2679.53 2714.33 2753.63
1 2 . 1 2 2769.96 2784.03 2795.95 2687.13 2721.35 2754.59
14.68 2772.98 2793.43 2801.14 2694.01 2726.91 2762.16
17.78 2781.73 2799.20 2809.59 2694.85 2730.66 2766.55
21.54 2789.35 2803.85 2813.90 2703.69 2739.16 2776.18
26.10 2794.89 2808.72 2817.78 2718.29 2746.43 2781.86
31.62 2798.78 2818.55 2822.75 2716.19 2753.38 2789.95
38.31 2805.95 2820.32 2827.92 2724.25 2768.10 2799.21
46.42 2806.91 2830.73 2828.03 2732.04 2762.37 2805.03
56.23 2810.69 2829.82 2839.28 2727.90 2772.27 2809.44
68.13 2824.33 2842.33 2849.34 2741.26 2782.69 2812.51
82.54 2840.61 2855.42 2861.86 2757.40 2775.30 2810.46
1 0 0 . 0 0 2885.33 2901.60 2949.35 2771.09 2782.47 2819.63
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Figure H13 M e c h a n ic a l s tre n g th  (E’) o f  s u lfo n a te d  c o p o ly im id e  S D H  5 u n d e r  v a r io u s
f re q u e n c y  a t 3 0  ๐c  a n d  6 0  ° c .
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Table H12 E " o f  s u lfo n a te d  c o p o iy im id e  S D H  5 a t 3 0  ° c  a n d  6 0  ° c

Frequency
(Hz)

E" (MPa) at 30 °c E" (MPa) at 60 °c
No.l No.2 No.3 No.l No.2 No.3

1. 00 60.11 60.58 62.22 74.98 72.29 70.90
1.21 61.73 57.77 60.66 70.86 74.70 75.20
1.47 60.09 61.74 62.40 72.51 73.44 75.27
1.78 61.24 59.69 59.95 77.16 77.16 74.85
2.15 60.27 63.09 59.84 77.59 76.28 75.22
2.61 61.82 62.44 62.38 73.78 78.39 75.20
3.16 63.90 60.69 64.21 78.49 76.62 75.27
3.83 63.50 61.65 60.98 73.61 76.08 75.55
4.64 61.20 61.37 61.41 73.97 75.47 75.31
5.62 62.26 59.96 59.40 72.92 77.17 78.21
6.81 59.87 59.81 60.47 74.27 75.43 73.97
8.25 61.09 59.51 61.15 75.28 74.56 74.06
1 0 . 0 0 64.20 59.47 61.65 74.81 74.74 73.88
1 2 . 1 2 58.77 58.86 58.98 77.04 77.33 74.80
14.68 56.90 60.08 55.70 72.99 72.38 76.75
17.78 57.65 60.69 60.91 72.39 71.85 74.45
21.54 59.88 54.46 62.34 73.15 74.81 73.03
26.10 51.90 54.97 56.77 73.51 74.84 73.88
31.62 62.82 56.07 55.80 70.41 74.59 74.70
38.31 62.36 63.54 64.53 72.20 79.19 77.26
46.42 61.92 62.04 59.35 77.46 78.79 77.04
56.23 62.35 67.13 65.59 75.35 84.30 82.29
68.13 72.35 75.10 73.76 84.76 88.05 90.64
82.54 70.61 79.91 77.36 96.24 92.77 88.76
1 0 0 . 0 0 95.82 82.87 69.44 8 8 . 2 2 71.15 81.30
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Figure H14 M e c h a n ic a l s tre n g th  (E " )  o f  s u lfo n a te d  c o p o ly im id e  S D H  5 u n d e r  v a r io u s
f re q u e n c y  a t  30  ° c  an d  6 0  ° c .
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