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APPENDICES

Appendix A FT-IR Spectrum

FT-IR spectrometer (Thermo Nicolet, Nexus 670) was used to measure
spectra of 4,4'-diaminodiphenylmethane (DDM), 4,4'-diaminodiphenylmethane-
2,2'-disulfonic acid disodium salt (S-DDM), 3,3",4,4"-benzophenonetetracarboxylic
dianhydride (BPTDA), adipic acid dihydrazide (ADH) and sulfonated poly(aromatic
imide-co-aliphatic imide) (S-coP1). The spectrometer was operated in the absorption
mode with 64 scans and a resolution of 4 ¢m'L covering a wavenumber range of
4000 - 400 cm'L Optical grade KBr was used as the background material. DDM,
DDM,BTDA and ADH were mixed with dried KBr before the measurements. ZnSe
was used as a background material for S-coPI. ZnSe was coated with S-coPI solution

and dried before the measurements.
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FigUI’EAl FT-IR spectrum of 4,4'-diaminodiphenylmethane (DDM).
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Figure A2 FT-IR spectrum of 4,4'-diaminodiphenyimethane-2,2'-disulfonic acid
disodium salt (S-DDM).
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Figure A3 FT-IR spectra of: a) DDM; and b) S-DDM.
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Figure A4 A FT-1R spectrum of adipic acid dihydrazide (ADH).
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FigureA5 A FT-IR spectrum of 3,3",4,4"-benzophenonetetracarboxylic dianhydride
(BPTDA).
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Figure AB FT-IR spectra of: a) Non S-coPI; b) S-coPI-1; ¢) S-coPI-2; d) S-coPI-3.

The absorption infrared spectra of DDM and S-DDM are shown in Figure A3.
The absorption bands at 3434 cm’land 3358 cm'lcan be assigned to the primary
amine group. The peak at 2866 cm'lis assigned to the C-FI stretching of the
methylene group, 1280 cm'land 1157 cm'lare assigned to the =0 of the sulfonic
group not present in DDM, 1137 c¢m'l and 857 cm'l are assigned to the S-0
stretching of the sulfonated group not presentin DDM. (Vora etal, 2006 and Zhu et
al, 2008)

Figure A4 shows the IR spectrum of ADH. Absorption band at 3315 cm'Lis
assigned to the N-H stretching of amide, 2926 cm'land 2863 cm'Llare assigned to
the C-H stretching of alkanes, 1636 c¢cm'Lis assigned to the carbonyl group (C=0) of
amide, and 1533 cm™1lis assigned to the N-H bending of amide.
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Figure A5 shows the IR spectrum of BTDA. Absorption band at 1854 ¢m'Lis
assigned to the asymmetric stretching of the carbonyl group (C=0) of anhydride,
1781 c¢cm'Llis assigned to the symmetric stretching of the carbonyl group (C=0) of
anhydride, 1622 cm'land 1486 cm'lare assigned to the C:C stretching of aromatic,
and 1229 cm'lis assigned to the C -0 stretching of anhydride.

Figure A6 shows the IR spectrum of S-coPI of various sulfonation degrees.
Absorption band at 1740 cm'lis assigned to the asymmetric stretching of carbonyl
group (C=0) of the imido ring, 1665 cm'lis assigned to the symmetric stretching of
the carbonyl group (C=0) of the imido ring, 1386 c¢m'lis assigned to the C-N-C
stretching of the imide ring (for non sulfonated coPl is shown at 1412 cm'l). The
peaks at 1298 cm™1 1159 cm'land 1098 cm'Llare assigned to the sulfonic group ( =0
and S-0) (Vora etal., 2006 and Zhu etal., 2008). .
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Appendix B Thermograviinetric Analysis (TGA)

The thermogravimetric analysis (Perkins Elmer, Pyris Diamond TG/DTA)
was carried out to determine the thermal stability of the polymer membrane. The
experiment was carried out by weighting a film sample of 2 - 4 mg and placed it in
an alumina pan, and then it was heated under a nitrogen atmosphere with the heating
rate of 10 c/min in the temperature range of 50 - 800 c¢. All the samples were dried

at 100 ¢ for 24 h before the measurements.
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Figure Bl The therm ogravimetric analysis curves of S-coPI membranes.

The thermal property of S-coPI is shown in Figure BI; the weight loss at
about 320 °C is assigned to the decomposition of the sulfonated group. The weight
loss due to degradation of backbone structure appears at 560 ¢. The decomposition
of each polymer molecule due to the bond dissociation energy, the bond energy of
C-S and C-C are about 272 and 348 kJ/mol, respectively. So the sulfonated group
connected with the C-  bond is decomposed before the C-C backbone. However,
the polymer structure contains the N-N bond whose bond energy isonly 170 kJ/mol;
this is the lowest bond energy of this polymer structure, and this bond is broken
before the C- bond. Therefore, the polymer structure should not contain the N -N

bond for further development in the future.
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Appendix C Methanol Permeability

The methanol permeability of the membranes was determined by using the
two compartments diffusion cell technique. One compartment (va = 250 ml) was
filled with a solution of 2.5 M methanol. The other compartment (vg =250 ml) was
filled with deionized water. The membrane was clamped between the two
compartments. Methanol will flow across the membrane due to the methanol
concentration difference hetween the compartment A and the compartment B. The

methanol permeation in the compartment B as a function of time is given by equation

p(™2s) = A 1>
where p =the methanol permeability
Ca=the methanol concentrations in the compartment A

Cb=the methanol concentrations in the compartment B

A = the areaofamembrane

L = the thickness of a membrane
vg=the volume of the solution in the compartment B
kg —the slope of methanol concentration profile in the compartment B
The methanol concentrations were measured by using a PR2100 gas
chromatography fitted with a Thermal Conductivity Detector (TCD); 2.5M ethanol

was used as the internal standard.
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Table Cl Methanol permeability of the S-coPI and Nafionl 17 membrane

Sample Methanol permeability (109) (cm25s)
No.| No.2 Average
Non S-coPl 3.86 3.3 3.58 £0.39
S-coPI 1 5.60 6.11 5,85 +0.36
S-coPI-2 6.5 7.52 7.02£0.71
S-coPI-3 4.32 3.72 402 £0.42
Nafionl 17 174 : 174
le-7
= 838 |
S
=
5 el -
S
2 48
=
268 A

NonScoPl  ScoPl-l  ScoPl2  ScoPl3
S-CoPI Sample

Figure Cl Methanal permeability ofNon S-coPI and S-coPI membranes.



TabIe C2 Raw data of internal standard curve of methanol concentration
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MeOH  Peakareaof MeOH Peakareaof EtOH  Peak area ratio
Coneentration noj Moz Nol o2 Nol  Ne2
oM 0 0 245157 2356.09 0 0
0.0001 M 0.48 0.37 3254.14 2328.81 0.000148 0.000159
0.001 M 1.29 145 2255.64 2713.02 0.000572 0.000534
001 M 4.8 6.99 2671.15 2318.44 0.001797 0.003015
0.05 M 39.54 53.18  2779.24 349472 0.014227 0.015217
0.1 M 66,7 63.26  2251.94 205448 0.029619 0.030791
0.5 M 32482 389.44  2102.52 2402.63 0.154491 0.162089
1M 756.71 640.04  2676.57 2102.08 0.293689 0.304479
2M 132412 143936  2309.63 2347.55 0.573304 0.613133
25 M 1565.69 1727.52  2125.67 2248.69 0.736563 0.768234
3M 154167 2207.33  1822.27 2322.29 0.846016 0.950497
E
g
0.0 T T T T T |
0.0 S 1.0 1.5 2.0 2.5 3.5

Concentration (M)

Figure C2 Internal standard curve of methanol concentration.



Table C3 Raw data of methanol permeability calculation of Non S-coPl

No.| Thickness 152.80 pm

Time
(second)
0
25200
86400
115200
162000
189000
255600

Comp. A

2.49280178
2.46603995
2.40092762
2.46905434
246164641
245167293
2.48297440

MeOH concentration (M)

Comp. B
0
0.00362712
0.010370234
0.013105389
0.020537178
0.024473786
0.03172729

48

No.2 Thickness 138.71 pm

Time ~ MeOH concentration (M)
(second)  Comp. A Comp. B
0 2.49201438 0

14400 2.37979875 0.00240928
25200 2.42780807 0.00370819
82800 2.43319898 0.01016087
100800 2.47356829 0.01255020
165600 2.45203646 0.02158942
181800 2.43998647 0.02201245

035

030 -

025 A

020 A

.015 -

.010 -

Methanol Concentration (M)

S5e+4

T
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Figure C3 Methanol concentration (M) in compartment B vs. time(s) of Non

coPl.



Table C4 Raw data of methanol permeability calculation of S-coPI-1

No.| Thickness 163.67 pm

Time

(second)
0

86400
111600
172800
194400,
261000.
280800
360000

Methanol Concentration (M)

.01 1

0.00

MeOH concentration (M)
Comp. A Comp. B

2.50455181 0
2.44072832 0.01450771
2.38586010 0.01980414
2.46205575 0.02702685
247545845 0.03392855
243346108 0.04430479
2.46702794 0.04631361
247706022 0.06045419

49

No.2 Thickness 144.17 pm

Time
(second)
0
25200
86400
100800
118800
172800
190800

MeOH concentration (M)
Comp. A Comp. B
247115804 0
2.49969531  0.00565111
2.40558716 0.01665537
2.47600237 0.01927287
249767673  0.02533184
243027911  0.03638582
228611139 0.04071384

04
.03 4

02 A

Se+4

T

le+5

2e+5
Time ()

2845

3e+h

3e+5

Figure C4 Methanol concentration (M) in compartment B vs. time () of S-coPI-1.



Table C5 Raw data of methanol permeability calculation of S-coPI-2
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~ No.| Thickness 181.00 pm - No.2 Thickness 126.75 pm
Time  MeOH concentration (M) ~ Time  MeOH concentration (M)
(second) Comp.A  Comp.B (second)  Comp.A  Comp. B

0 2.499460951 0 0 241380186 0
27000 2.495410412 0.004203517 14400 2.50578163 0.00474034
86400 2.458800783 0.017110451 24300 2.50876770 0.00889070
100800 2.482017954 0.019234386 82800 2.51359824 0.02617540
120600 2.469973536 0.024151167 100800 2.42515345 0.03156249
173700 2.471091453 0.033369331 165600 241709345 0.04879925
190800 2.426317034 0.035984344 180000 2.40864570 0.05184493

.06

—o— No.1 i

057 | -@-- No.2 A
3
g .04
g
g
= .03+
=]
Q
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g .02 -
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=

.01 -
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Figure C5 Methanol concentration (M) in compartment B vs. time ( ) of S-coPI-2.



Table Cs Raw data of methanol permeability calculation of S-coPI-3

51

No.| Thickness 187.83 pm No.2 Thickness 150.83 pm
Time ~ MeOH concentration (M) ~ Time  MeOH concentration (M)
(second)  Comp.A  Comp.B  (second) Comp.A  Comp.B
0 2.50511 0 0 2.504947 0
32400 2.481517  0.00306255 14400 2451174 0.00120023
81000 2467978  0.00782958 100800 2513047  0.01153467
100800 2423779  0.01018472 118800 2.420381 0.0135183
160200 2.372493 0.01753651 158400 2461952  0.01966417
198000 2.446137  0.02065207 180000 2.405483  0.02196294
- - 196200 2400274 0.02308328
025 :
Aa
—— No.l B’
g .020
g
g 015
g
% 010 A
g
s
= .005 -
0.000 © T T T T
0.0 5.0 +4 1.0e+5 1.5e+5 2.0e+5 2 545
Time ()

Figure Ce Methanol concentration (M) in compartment B vs. time ( ) of S-coPI-3.



Table C7 Raw data of methanol permeability calculation of Nafionl 17

Methanol Concentration (M)

Time
(second)
0
7200
10800
18000
21600
25200
70200
86400

Thickness 200.83 Jim
MeOH concentration (M)

Comp. A
2.502839511
2.429209137
2.386751582
2.300717399
2.361906431
2.207041532
2.194559572
2.177379724

Comp.B
0
0.02819362
0.043030645
0.070503426
0.088747749
0.102298469
0.299236676
0.34028372

35

30

235 1

.20 A

A5

10

.05 A

0.00

20000

T

40000

Time (s)

T
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Figure C7 Methanol concentration (M) in compartment B vs. time ( ) of Nafionl 17.
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Appendix D Tensile Test

The mechanical properties of the polymer films were measured using a
universal testing machine (Lloyd, model SMT2-500N) at the gauge length 30.0 mm,
at the speed of 10mm/min, and at room temperature. At least five measurements
were taken for each polymer sample. The membranes about 160 - 200 pm in
thickness were cut in to 1 cm x 5 cm pieces and soaked in a deionized water for 2

days before testing.

Table DL Tensile test results of S-coPl and Nafionl 17 membranes

sample No Thickness Young’s Tensile strength  Elongation at
' (pm) modulus (MPa) (MPa) break (%)
Non S-coPl 184+ 11.40  651.00 £53.84 28.44 £2.17 10.18 £0.65
S-coPI-1 188 17.89  829.58 £27.84 35.83 ¢+ 1.48  10.76 £0.80
S-coPl-2 180+ 12.25  980.01 £68.88 43.63 £3.37 11.93 + 1.56
S-coPI-3 174 + 1949 1065.10 + 47.86 47.67 £3.38 8.64 £ 0.42
Nafionl 17* 100 28.4 329.2
~Liu et al., 2007
ale a s 2BLLL Sp—
——————— S-coPI-1
— — —  S-coPI-2
S-coPI-3
;lf 40 - ¥ i
3 e
= L et
@ L
20 - ///
-[.
0 T T T
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Strain (%)

Figure D1 Stress-strain behaviour of S-coPI membranes.



Table D2 Tensile test results of Non S-coPl membranes

Samole No Thickness Young’s Tensile strength  Elongation at
P ' (pm) modulus (MPa) (MPa) break (%)
1 200 657.34 26.871 9.83
2 190 726.66 31.758 9.96
3 180 665.74 28.915 9.45
4 180 580.65 26.183 11.09
5 170 625.22 28.464 10.57
Average 184+ 1140  651.00 + 53.84 28.44 £2.17 10.18 £0.65
60 -
50 -
S 40 -
<
E 30 -
w
Z
o 20 A
10 -
0 - T T
0 2 4 6 8 10 12 14

Strain (%)

Figure D2 Stress-strain behaviour of Non S-coPI membranes.



Table D3 Tensile test results of S-coPI-1 membranes
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Samole No Thickness Young’s Tensile strength  Elongation at
P ' (pm) modulus (MPa) (MPa) break (%)
1 200 841.75 37.65 10.29
2 200 835.82 36.94 11.59
3 200 783.46 35.77 1157
4 160 857.63 34.61 9.79
5 180 829.23 34.18 10.57
Average 188 + 17.89  829.58 £27.84 35.83 £ 148  10.76 £0.80
60
50 A
40
:
=
; 30
5
20 A
10
0 T T T T T T T
2 4 6 8 10 12 14

Strain (%)

Figure D3 Stress-strain behaviour of S-coPI-3 membranes.



Table D4 Tensile test results of S-coPI-2 membranes
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Samole No Thickness Young’s Tensile strength  Elongation at

PN "om)  modulus (MPa) (MPa) break (%)
1 180 990.66 45.714 12.25
2 160 980.75 42.621 13.91
3 190 904.14 40.352 12.78
4 190 937.99 41.053 10.12
5 180 1086.5 48.388 10.61

Average 180 + 12.25  980.01 +68.88 43.63 £3.37 1193 £ 1.56
60
50 A
40 -

d’?

=

> 30 A

7
20 A
10 A
0 T T T T T T T

0 2 4 6 8 10 12 14
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Figure D4 Stress-strain behaviour ol'S-coP1-2 membranes.



Table D5 Tensile test results of S-coPI-3 membranes

51

Samole No Thickness Young’s Tensile strength  Elongation at
P ' (pm) modulus (MPa) (MPa) break (%)
1 200 1013.6 48.837 8.9199
2 190 1118.6 52.989 8.9199
3 160 1109.6 46.628 8.4175
4 160 1059 45.323 7.996
5 160 1024.7 44,584 8.9457
Average 174 £19.49  1065.10 £47.86 47.67 £3.38 8.64 £0.42
60
50 A
40 -
d‘?l
=
> 30
@
20
10 A
0 T T T

0 2 4 6 8 1 D

Strain (%)

Figure D5 Stress-strain behaviour of S-coPI-3 membranes.
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Appendix E Water Uptake and Moisture Absorption

The polymer membranes were dried in an oven at 100 ¢ for 24 h. The
dried membranes were weighed {wd)- Then the polymers were soaked in de-ionized
water at a room temperature for 2 days. They were removed from the water, quickly
dry-wiped with an absorbent paper to remove any surface moisture, and then
weighed immediately to determine their wet masses (ww. The measurements were
repeated three times to obtain the average water uptake value. The water uptake was

calculated with the following formula (EI):
W ater uptake(% ) = — 3\/de0° (EI)

The moisture absorption was determined in the same method of the water
uptake but after the membranes were dried, the membranes were placed at a room
temperature for 2 days before weighted ¢ , ) again. The moisture absorption was

calculated with the following formula (E2):

Moisture absorption(% ) — (tvm 1~ * 100 (E1)

Table EI The Water uptake and moisture absorption of S-coP| and Nafionl 17 films

Sample Water uptake (%) Moisture absorption (%)
Non S-coPl 8.367 +0.219 4.268 + 0.247
S-coPI 1 7.778 £ 0.462 3.501 + 0.601
S-coPI-2 8.134£0.270 4.149 £ 0.468
S-coPI-3 11,173 + 0.252 5.091 + 0.185

Nafionl 17 20.525 £0.028 3.499 £0.198
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Figure EI Water uptake of S-coP1 and Nafionl 17 films.

Table E2 Raw data of water uptake calculations

Sample  No. Wet(mg) Dry(mg) Water (mg) Water uptake (%)

1 25 9 23.9 2.0

Non S-coPl 2 29.2 27.0 2.2
3 215 19.8 1.7

1 17.1 15.8 13

S-coPI-1 2 19.1 17.8 13
3 16.6 15.4 1.2

1 24.8 23.0 1.8

S-coPl-2 2 19.7 18.2 15
3 20.8 19.2 1.6

1 23.4 21.1 2.3

S-coPI-3 2 22.8 20.5 2.3
3 215 19.3 2.2

1 78.1 64.8 13.3

Nafionl 17 2 78.6 65.2 13.4
3 77.6 64.4 13.2

8.36820
§.14814
§.58586
8.22785
7.30337
1.79221
7.82609
8.24176
8.33333
10.9005
11.2195
11.3989
20.5246
20.5521
20.4968
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Table E3 Raw data of moisture absorption calculations

Sample  No. Troom (ni§) Dry (mg) Water (mg) Water uptake (%)

1 24 9 23.9 10 4.1841

Non S-coPl 2 28.1 27.0 11 4.0741
3 20.7 19.8 0.9 45454

1 16.4 159 0.6 3.7975

S-coPl-1 2 18.3 17.8 0.5 2.8089
3 16.0 15.4 0.6 3.8961

1 23.9 23.0 0.9 3.9130

S-coPI-2 2 18.9 18.2 0.7 3.8461
3 20.1 19.2 0.9 4.6875

1 222 21.1 11 52133

S-coPI-3 2 21.5 20.5 1.0 48780
3 20.3 19.3 1.0 5.1813

1 67.0 64.8 2.2 3.3951

Nafionl 17 2 67.4 65.2 2.2 3.3742
3 66.9 644 2.4 3.7267
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Appendix F Determination of Proton Conductivity

Proton conductivity of the films was measured by an Agilent E4980A LCR
meter in terms of the impedance data. The fully hydrated films (immersed in
deionized water for 2 days) were cut into 0.5x0.5 ¢cm pieces and painted with a silver
paint on both sides of the films. The films were measured at a potential of 1V and an
alternating current with the frequency range of 20 Hz - 2 MHz. Then data were
plotted between Z' and Z". The conductivity a of the samples was calculated from

the impedance data by the following equation;
orbem-1) = (FI)

where o = proton conductivity
d

thickness of the membrane

the area of the interface between the membrane and the electrode
R = the measured resistance of the membrane - derived from the
intersection of the low frequency semi-circle on the complex

impedance plane with the z* axis.

Table FI The proton conductivity of Non S-coPI and S-coPl membranes

Proton Conductivity ( c¢m

Sample
no.l no.2 Average
Non S-coPl 4.48 x 10'Y 5.66 x 10"V 5.07 x 10_li
S-coPI-1 1.41 x 10'8 106 x nr7 6.01 x 10'8
S-coPl-2 1.85 x 10" 1.61 x 10'3 173 x 10'3

S-coPI-3 111 x ler2 121 x 10 1.16 x 10~2



Table F2 Raw data of proton conductivity calculations

Sample  Thickness (cm) Area (cm2) R (ohms)  Conduct( cm'])
Non - 0.026767 0.070714286 845000000  4.47951 x 10'1®
coPl 0.019817 0.070714286 495000000  5.66134 x 10'10
0.019933 0.070714286 2000000 1.40943 x 10

S-coPl-1 0.014967 0.070714286 2000000 1.05825 x 10'7
$-coP|-2 0.024233 0.070714286 185 1.85240 x 10'3
0.024267 0.070714286 213.3 1.60884 x 10'3
S-coP -3 0.018167 0.070714286 23.22 1.10640 x 10'2
0.023300 0.070714286 27.33 1.20562 x 10'2
le+0
le-1 A a
'-A 10'2 T
5 le-3 A
s Nafionll7
? le-4 7 |:0— S-coPl
g le-5 A
=
8 le-6
=
S le-7 A
£
&~ 1e-8 -
le-9
1(‘-10 T T T T T

Non S-coPI S-coPI-1  S-coPI-2 S-coPI-3 Nafionll7

Samples

Figure FI' The proton conductivity of and the S-coPI and Nafionl 17 films..



Table F3 Proton conductivity raw data of Non S-coPI film

Frequency, Hz Z(106), ohm o, degree r, Radius Z'=Zcosr Zf-Zsinr
20 624.066 -19.9473  -0.348158 5.87E+08 -2.13E+08
40 529.496 -26.6371  -0.464921 4.73E+08 -2.37E+08
60 454,893  -32.0577 -0.5595315 3.86E+08 -2.41E+08
70 418.494 -34.2018 -0.5969544 3.46E+08 -2.35E+08
80 385.897 -36.8876 -0.6438321 3.09E+08 -2.32E+08
150 280.888  -46.136 -0.8052526 1.95E+08 -2.03E+08
200 236.218  -49.6981 -0.8674251 1.53E+08 -1.80E+08
400 147.818  -57.431 -1.0023943 7.96E+07 -1.25E+08
600 109.128  -59.7091  -1.042156 550E+07 -9.42E+07
800 88.5599 -60.8933 -1.0628249 4.31E+07 -7.74E+07
1500 55.3957  -62.7847 -1.0958372 2.53E+07 -4.93E+07
2000 447716 -63.1995 -1.103077L 2.02E+07 -4.00E+07
4000 26.5671  -64.2066 -1.1206549 1.16E+07 -2.39E+07
6000 20,0167 ~ -64.7196 -1 1296087 8.55E+06 -1.81E+07
8000 16,3 -65.5601 -1.1442787 6.74E+06 -1.48E+07
20000 8.19351  -69.5236 -1.2134572 2.87E+06 -7.68E+06
40000 471219 -72.2555 -1.2611395 1.44E+06 -4.49E+06
60000 3.37299  -73.8167 -1.2883885 9.40E+05 -3.24E+06
80000 2.64441  -74.8033 -1.3056085 6.93E+05 -2.55E+06
200000 1.20779  -78.4692 -1.3695927 2.41E+05 -1.18E+06
400000 0.656202 -81.3784 -1.4203696 9.83E+04 -6.49E+05
Z’ (ohms)
0.0 2.0e+8 4.0e+8 6.0e+8 8.0e+8
0.0 ‘ . . : B
-5.0e+7 <‘
®
_ -1.0e+8 ®
g [
S -1.5¢+8 -
N ©
-2.0e+8 A ° *
-2.5¢+8 Yo -
-3.0e+8

Figure F2 Nyquist plot of the Non S-coPI membrane.
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Table F4 Proton conductivity raw data of Non S-coP! film

Frauwncy,gé Z(106), ohm

40

60

10

80

150
200
400
600
800
1500

. 2000
4000
6000
8000
120000
40000
60000
80000
200000
400000

0.0

422619
282.251
221.152
213,035
207.4433
151.214
131,301
90.8722
718308
59.8875
38.9979
31.2065
17.8669
12.7291
9.99419
441681
2.32185
158873
1.22845
0.5139
0.266283

5.0e+7

0, degree

-55.222
-51.8081
-37.4474
-35.4134
-31.3822
-48.0372
-50.6591
-54.3176
-57.1935
-59.8492
-65.1958
-67.6121

-T2.677
-74.9821
-76.5781
-80.6549
-82.6716
-83.5588
-83.9835
-85.0736
-85.5993

r. Radius
-0.9638387
0.9042528
0.6536028
10.6181015
06524648
-0.838436
10.8841983
10.9480534
-0.998249
-1.0446013
-1.1379202
-1.1801046
-1.2684963
-1.3087292
-1.3365856
14077417
-1.4430456
-1.458426
-1.4658387
-1.4848652
-1.4940407

Z' (ohms)

1.0e+8

1.5e+8

2.0e+8

64

Z'=7¢cosr 2 =Zsinr

241 E+08
1.75E+08
1.80E+08
1.74E+08
1.65E+08
101 E+08
8.32E+07
5.30E+07
3.89E+07
3.01E+07
1.62E+07
1.19E+07
5.32E+06
3.30E+06
2.32E+06
7.17E+05
2.97E+05
1.78E+05
1.29E+05
4 41E+04
2.04E+04

2.5e+8

-3.47E+08
-2.22E+08
-1.38E+08
-1.23E+08
-1.26E+08
-1.12E+08
-1.02E+08
-1.38E+07
-6.04E+07
-5.18E+07
-3.50E+07
-2.89E+07
-1 71E+07
-1.23E+07
-9.72E+06
-4, 36E+06
-2.31E+06
-1.58E+06
-1.22E+06
-5.12E+05
-2.65E+05

3.0e+8

0.0 ‘.

-2.0e+7 4
-4.0e+7

-6.0e+7 A

Z" (ohms)

-8.0e+7 -

-1.0e+8 -

-1.2e+8 -

-1.4e+8

Figure F3 Nyquist plot of the Non S-coPI membrane.



Table F5 Proton conductivity raw data of S-coPI-1 film

Frequency, Hz  Z(106), ohm r, Radius z-Zcosr Z"=Zsinr
600 182364 -349175 L7IE+07 -6.24E+06

800 176301 -383.135 164E+07 -6.59E+06
1500 155794 -517.34  135E+07 -7.7LE+06
2000 141361 602373 116E+07 -8.0LE+06
4000 104525 -860.246 6.82E+06 -7.92E+06
6000 8.00525 -1009.71 4.29E+06 -6.82E+06
8000 658051  -11156 2.89E+06 -5.91E+06
20000 300568 -130385 7.93E+05 -2.90E+06
40000 161166 -1358.39 3.40E+05 -1.58E+06
60000 112512 -1399.12  192E+05 -L.11E+06
80000 0866728 -139%6.79 L50E+05 -8.56E+05
200000 0402614 -1256.89 1.24E+05 -383E+05
400000 0322829 -114561 133E+05 -2.94E+05
800000 0063371 -1204.87 2.27E+04 -592E+04
2000000  0.026316 -1368.42 5.29E+03 -2.58E+04

Z' (ohms)
0 5e+6 le+7 2e+7' 2e+7

0 r
®
-2e+6 -

-4e+6 A

Z" (ohms)

-6e+6 o

-8e+6 - ® ®

-let+7

Figure F4 Nyquist plot of the S-coPI-1 membrane,



Table F6 Proton conductivity raw data of S-coPI-1 film

Z" (ohms)

Frequency, Hz  Z(106,_ohm r, Radius Z'=Zcosr Z'-Zsinr
2000 L7319 297451 165E+06 -5.05E+05
4000 157333 -393501 145E+06 -6.03E+05
6000 149221  -454.83 1.34E+06 -6.56E+05
8000 131343  -543405 1.12E+06 -6.79E+05
20000 0895521 -773515 6.41E+05 -6.26E+05
40000 0582558  -911.05 357E+05 -4.60E+05
60000 0457174 -983.104 253EE05 -3.80E+05
80000 0375313 -1027.69 194E+Q5 -3.21E+05
200000 0202614 -1133.15 8.59E+04 -1.84E+05
400000 0122829 -1165.97 4.84E+04 -1.13E+05
800000  0.073371 -1200.34 266E+Q4 -6.84E+04
2000000  0.036316  -1269.7 1.08E+04 -3.47E+04
Z' (ohms)
0 5e+h le+6 2e+6 2e+6
0 1 ; . X
%
2e+5 4 ®
4e+5 - e
-6e+5 A @
-8e+5

Figure F5 Nyquist plot of the S-coPI-1 membrane.




Table F7 Proton conductivity raw data of S-coPI-2 film

Frequency, Hz
eIy 20

40
o0
10
80
100
120
150
200
600
700
800
1200

.04

Z, ohm
184,518
184.473
184,313
184.174
183,857

183.69
183479
183.135
182.664
182.529
182.295
182.256
182.038

r, Radius
-26.3343
41,375
80.4786
98.929
147.624
158.727
167.664
181.636
170.883
158.141
146.022
135.847
110.812

Z'=700sr
1.85E+02
1.84E+02
1.84E+02
1.84E+02
1.84E+02
1.84E+02
1.83E+02
1.83E+02
1.83E+02
1.83E+02
1.82E+02
1.82E+02
1.82E+02

Z"=ZsInr
-4 86E-03
1.63E-03
1.48E-02
1.82E-02
2.11E-02
2.92E-02
3.08E-02
3.33E-02
3.12E-02
2 89E-02
2.66E-02
2.48E-02
2.02E-02

034

(ohms)

.02 A

01 A

0.00

181

Figure F6 Nyquist plot of the S-coPI-2 membrane.
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Table Fs Proton conductivity raw data of S-coPI-2 film

08

06 -

0 -

= (ohms)
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-02 .
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Figure F7 Nyquist plot of the S-coPI-2 membrane.

H

Frequency, Hz
ey 20 213,504

1
I

30
40
0
60
10
80
100
500
600
700
800
1200

Z. ohm

213.336

21301
212.333
212.194
211,995
211.855
211334
210.141

209.98
209.218
208.633
207.379

1
I

r, Radius
-89.992
13212
61.714
106.281
143,06
176.702
201.215
220.605
231,961
248.756
240.407
250.02
217.493

1
I

Z-200Sr Z"=Zsinr

1 214E+02

2.13E+02
2.13E+02
2.13E+02
2.12E+402
2.12E402
2.12E+02
2 11E+02
2.10E+02
2 10E+02
2.09E+02
2.09E+02
2.07E+02

1
I

-1.92E-02
2.82E-03
131E-02
2.26E-02
3.04E-02
3.70E-02
4.26E-02
4.66E-02
4.87E-02
9.22E-02
9.03E-02
5.22E-02
4.51E-02

204

206

208

210
Z' (ohms)

212

214

216
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Table F9 Proton conductivity raw data of S-coPI-3 film

Frequency, Hz Z,ohm r,Radius Z-Zcosr Z"=Zsinr
10 27293 139169 273E+01  3.80E-04

140 271148 65018 2.71E+01  L76E-03
150 26,783 879159 268E+01  2.35E-03
160 26342 948511 2.63E+01  2.50E-03
170 26169 88.6188 262E+01  2.32E-03
180 26.0332 80.1256 2.60E+01  2.09E-03
200 259006 759692 259E+01  1.97E-03
50 257242 582141 257E+01  1.50E-03
300 255984 474546 256E+01  121E-03
400 254643 265109 255E+01  6.75E-04
500 254053 159183 254E+01  4.04E-04
600 253882 6.89512 254E+01  L.75E-04

0030
0025 -
0020
0015 -
0010
0005 H

0.0000
250 255 260 26.5 210 21.5

Z' (ohms)

(ohms)

Figure F8 Nyquist plot of the S-coPI-3 membrane.



Table F10 Proton conductivity raw data of S-coPI-3 film

Frequency, Hz
quency 1

120
140
150
160
110
180
200
250
300
400
500
600

z, ohm r, Radius

0 233131

23.2909
231261
230191

22.588
224721
22.3685

22.302
22.1882
22,1323
22,0353
22,0139
22,0085

18.7128
21.2667
70.7905
19.7906
90.3542
86.5161
18.4426
67.2836
516313
39.1974
211312

10.174

2.6426

7 -Z00Sr
2.33E+01

2.33E+01
2.31E+01
2.30E+01
2.26E+01
2.25E+01
2.24E+401
2.23E+01
2.22E+01
2 21E+01
2 20E+01
2.20E+01
2.20E+01

Z"=Zsinr
4.36E-04
4.95E-04
1.64E-03
1.84E-03
2.04E-03
1.94E-03
1.75E-03
1.50E-03
1.15E-03
8.68E-04
4.66E-04
2.24E-04
5.82E-05

0025

0020 -

0015 A

0010 -

z" (ohms)

0005 A

0.0000 ¢

Figure F9 Nyquist plot of the S-coPI-3 membrane.
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Appendix G 'H-NMR

'H-NMR spectrum of 4,4'-diaminodiphenyl methane (DDM) and 4,4
diaminodiphenyl methane-2,2"-disulfonic acid disodium salt (S-DDM) in deuterated
dimethylsulfoxide (DMSO-de) were measured on a Varian mercury 400 MHz. The
degree of sulfonation was determined by integration of distinct aromatic signals
(Javaid Zaid, 2003).

2 3 4 3 2
1 1
2l 3 2 1
3 2

1 |

T T 1 1 T 1T 1 1 e B ForeooFores T Fooee Forne B ForereBersnebnenefaree Foese Foren FoveeeFoveesBorees Fronn Fooee Forooeforsneforene Frone Fooe Foveobone Foren Froenborms oo

Figure GL The 'H-NMR spectrum of DDM

Figure GL shows the 'H-NMR spectrum of DDM, the signal at 6.78 ppm
(doublet) and 6.44 ppm (doublet) are assigned to the aromatic proton 3 and H2
respectively. The signal at 4.79 ppm (singlet) is assigned to the primary anime proton
H| and the signal at 3.53 ppm (singlet) is attributed to the methylene proton .

The 'H-NMR of S-DDM peak is shown in the Figure G2. The signal at 7.16
ppm (doublet), 7.12 ppm (doublet of singlet), and 6.71ppm (doublet of doublet) are
attributed to the aromatic protons 3 Hj, and H2 respectively. The signal at 5.55
ppm (singlet) is assigned the primary anime proton, correlated with Hi. The signal at
382 ppm (singlet) is assigned to the methylene proton H4 between the phenyl
groups.
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Figure G2 The 'H-NMR spectrum of S-DDM.
1 AW 4 32
H,NQ HIN—QCQ—-hﬁz )
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Figure G3 The "H-NMR spectrum of DDM and S-DDM.




Appendix H X-Ray Diffraction (XRD)

monitoring the diffraction appearing in the 20 range

600

500 -

400 -

Intensity (cps)

100

0

The wide angle X-ray diffraction microscope (Bruker AXS, model D8
Advance) was used to study the crystallinity of Non S-coPI and S-coPl, the S-coPI-3
was selected for a sample of sulfonated polymer membrane. The Cu K-alpha
radiation source was operated at 40 kv / 30mA. K-beta filter was used to eliminate
the interference peak. A divergence slit and a scattering slit of 0.5 deg together with a
0.3 mm receiving slit are set on the instrument. The film was placed into a sample
holder and the measurement was continuously run. The experiment were recorded by

300 -

200 A

Non S-coPI

— S-coPI-3

M

20

40 60
Diffraction Angle, 20(degree)

80

Figure HI' The XRD diffraction patterns of Non S-coPI and S-coPI-3 films.
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Appendix | Degree of sulfonation (DS) and lon Exchange Capacity (IEC)

Polymer membranes were acidified with an excess 0.1 M HCL solution at a
room temperature for 24 h. Then, they were washed and dried at 80 °c for 24 h. The
membranes were immersed in 50 ml of 1 M NaCl for 24h. The solution was titrated
by 0.0L M NaOH using phenolphthalein as an indicator. The titrations were repeated
two times, the DS and IEC value were calculated by equations II and 12

respectively.

Ejc/-n/N _ FyNaOHxM NaOH)l1000  ~
2 Mole of polymer membrane (11)

IEC (meg./g) = d (12)

where ViiaoH = the volume of sodium hydroxide solution
M ncOH = the concentration of sodium hydroxide solution
Wd  =the weight of the dry polymer membrane

Table [l The DS and IEC of S-coPI

Sample DS (%) IEC
Non S-CoPl 0 0

S-coPI-1 18.450 + 1.287 0.380 £0.026

S-CoPI-2 34.530 £0.042 0.689 £0.001

S-coPl-3 65.585 0.417 1.230 +0.008



DS (%)

70

60 -

50 1

40 -

30

20 A

10 A

0

1.6

—o— DS

—e— [EC

- 1.4

- 1.2

- 1.0

Non S-coPl

—

S-coPI-1 S-coPl-2
Samples

S-coPI-3

Figure Il The DS and IEC of the S-coPI membranes.

Table 12 Raw data of the DS and IEC calculations

Sample

Non S-coPI

S-coPI-1
S-CoPI-2
S-CoPI-3

Wd

i
0.2784
0.2547
0.2383
0.2530
0.3803
0.2221
0.2787

Mole
5411x104
5.928* 104
5.245X10-4
4.905x10'4
5.044X10-4
7581 xi04
4174X10"4
5.223x10'4

92
95
174
26.2

215
341

WeH(m) DS é%)

0
17.54
19.36
34.50
34.56
65.88
65.29

15

IEC

0

0
0.361
0.398
0.688
0.689
1235
1.224
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Appendix J Comparison of Polyimide Membrane Properties

S-coPI-3 has the highest selectivity value obtained from the experiment; it
properties are compared with those of other polyimide membranes as shown in Table
Jl.

Table JL Films comparisons

Samplename  IEC ~ Water uptake 0 P >

(meq/g) (wt.%) (Slem) — (cm2s)  ( slemd)
S-CoPI-3" 13 1L 1.16x102  4.02x108  2.89x10s
Nafionl.17 0916 2053 8.00xI02 174x106 459X104
SPI 63¢ 175 1589 410x10 A 7.34x 10" 558x10*
SP1-807 095 270 5.50x103  113x10 7 4.87x 104
NPI(?/SPP(70y 200 720 2.07x10"  6.20x10~7  3.20x10s
PVA/10%MMT/ - : 3.68X102 367x106 1.00xI04

"this experiment; * Akbarian-Feizi et al., 2010;c\Wo0 et al., 2003; d Pan et al., 2010;
eLietai, 2008-"Yang et al., 2009

S-coPI-3 s of the lowest methanol permeability compared with other
polyimide membranes, as shown in Table JI. But it has a lower proton conductivity
value than some polyimide membranes. The selectivity of S-coPI-3 Is higher than
Nafionl 17, SPI-80rf, and PVA/I0"oMMT*, so the S-CoPI-3 is of a higher performance
than others with respect to the DMFC membrane. However, S-coPI-3 is of a lower
selectivity value than SPI 63c and NPI(I)/SPP(70)e due to the lower proton
conductivity.
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