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Abstract
A proton exchange membrane for a direct methanol fuel cell was fabricated from 

sulfonatedpoly(aromatic imide-co-aliphatic imide) (SPI). 4.4'-diaminodiphenylmethane- 
2,2'-disulfonic acid disodium salt (SDDM) was synthesized from 4,4'- 
diaminodiphenylmethane (DDM), using concentrated sulfuric acid and fuming sulfuric 
acid. Then SPI was synthesized from SDDM, DDM, hexamethylenediamine (HDA), 
3,3',4,4'-benzophenonetetracarboxylic dianhydride (BTDA), where dimethylsulfoxide 
(DMSO) was used as the solvent. SPI was synthesized at various degrees of sulfonation 
by varying the amount of SDDM in SPI. The membrane film was fabricated by solution 
casting. The sulfonated position of SDDM was characterized by 'H-NMR and FTIR. 
The chemical structure of SPI was characterized by FTIR, where the characteristic peaks 
of SPI occur at 1777, 1709, 1368, 1248, and 1157 cm'1 respectively. Thermogravimetric 
analysis shows that the sulfonated group of SPI decomposes at around 200 ๐c  and the 
degradation of the polymer main chain occurs at 480 °c. Sulfonated polyimide with the 
highest degree sulfonation possesses the proton conductivity of 0.003241 S/cm. The 
highest methanol permeability of sulfonated copolyimide is 2.7482 X 10-8 cm2/s which 
is much lower than of Nafion® (1.7400 X 10-6 cm2/s) by two orders of magnitude. The 
effects of the degree of sulfonation on the properties of the membrane were also 
investigated and reported here: the water uptake (พบ), the dynamic mechanical analysis 
(DMA) and the ion exchange capacity (IEC).

Keywords: Sulfonatedpoly(aromatic imide-co-aliphatic imide); Direct methanol fuel 
cell; Proton conductivity; Methanol permeability
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1 . I n t r o d u c t i o n

Direct methanol fuel cells (DMFC) are proton exchange membrane fuel cells 
which use methanol as the fuel. The main applications of DMFC are energy sources of 
small vehicles such as a forklift, a tugger, consumer goods like laptop, a mobile phone, 
and a digital camera.

The important part of direct methanol fuel cell is the polymer electrolyte. The 
main application of polymer electrolyte membrane is to conduct protons. The protons 
from oxidized methanol migrate through this electrolyte membrane. One of the 
commercial proton exchange membrane is Nafion®. Nafion® possesses many 
advantageous properties as a proton exchange membrane. It has high proton 
conductivity, good mechanical and chemical properties, and also has high thermal 
stability. But Nafion® still has some weak points. The conductivity of Nafion® is low at 
a high operating temperature, high methanol crossover, and high cost.

Various sulfonated polymers were used as a proton exchange membrane. 
Sulfonated polyether ether ketone, poly (styrene sulfonic acid), sulfonated polysulfone 
have been developed as a candidate material for DMFCs.

In this work, sulfonated poly(aromatic imide-co-aliphatic imide) membranes 
were synthesized at various degrees of sulfonation. The polyimide membranes were 
synthesized from 4,4'-diaminodiphenylmethane, sulfonated 4,4'- 
diaminodiphenylmethane, hexamethylenediamine and 3,3',4,4'-
benzophenonetetracarboxylic dianhydride using dimethylsulfoxide as a solvent. The 
membrane film was fabricated by casting the mixture solution on to a petri dish. The 
effect of the degree of sulfonation on the membrane properties was investigated. The 
chemical structure of SDDM and SPI were characterized by Fourier transform infrared 
spectrum (FT1R) and the proton nuclear magnetic resonance (’H-NMR). Degradation 
temperature of SPI was analyzed by the thermogravimetry analysis (TGA). The 
measured membrane properties were obtained and will be reported here: the proton 
conductivity, the methanol permeability, the ion exchange capacity, and the water 
uptake.
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2 .  E x p e r i m e n t a l

2 . 1  M a t e r i a l s

3,3',4,4'-benzophenonetetracarboxylic dianhydride (BTDA; Aldrich, purity 
96%), 4,4'-diaminodiphenylmethane (DDM; Aldrich, purity 97%), and 
hexamethylenediamine (HDA; Aldrich, purity 98%) were used as the starting monomer. 
Fuming sulfuric acid (Merck, 65%) and concentration sulfuric acid (บทivar, 98%) were 
used in the sulfonation. Dimethylsulfoxide (DMSO; RCI Labscan, 99.9%) was used as a 
solvent and benzoic acid (Univar, purity 99.9%) was used as a catalyst in the synthesis. 
Triethylamine (Fluka, purity 98%) was used in the membrane synthesis. Hydrochloric 
acid (HC1; Univar, 37%) was used to protonate the synthesized membrane. Sodium 
chloride (Lab-Scan, 99.0%) and sodium hydroxide (NaOll; Univar, pellet purity 97%) 
were used to determine the ion exchange capacity and the degree of sulfonation. 
Methanol (MeOH; Lab-Scan, 99.9%) and ethanol (EtOH; Lab-Scan, 99.9%) were used 
in measuring the methanol permeability.

2 . 2  S y n t h e s i s  o f  4 , 4 ' - d i a m i n o d i p h e n y l m e t h a n e - 2 , 2 ' - d i s u l f o n i c  a c i d  d i s o d i u m  s a l t  

( S D D M )

In a round bottom flask in ice bath, 10 g of 4,4'-diaminodiphenylmethane was 
dissolved in 20 ml of sulfuric acid. The solution was stirred until 4,4'- 
diaminodiphenylmethane was completely dissolved. Fuming sulfuric acid (5 ml) was 
added to the solution. The solution flask was continuously stirred in an ice bath for 2 
hours. The solution temperature was heated up to 80 °c for 2 hours. After that the 
solution was cooled down to room temperature and poured into crushed ice. Sodium 
hydroxide solution was added to the solution until the basic solution precipitated. The 
precipitate was washed with DI water. The 4,4'-diaminodiphenylmethane-2,2'-disulfonic 
acid disodium salt was dried in vacuum for at least 24 hours.

2 . 3  S y n t h e s i s  o f  s u l f o n a t e d  p o l y ( a r o m a t i c  i m i d e - c o - a l i p h a t i c  i m i d e )

The sulfonated poly(aromatic imide-co-aliphatic imide) with a molar ratio 
(SDDM:DDM:HDA) 1: 4: 5 was synthesized in a one-step reaction. 4,4'- 
diaminodiphenylmethane-2 ,2 '-disulfonic acid disodium salt, triethylamine, 
hexamethylenediamine and 4,4'-diaminodiphenylmethane were dissolved in DMSO. The 
solutions were mixed together in a round bottom flask with a magnetic stirrer under
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nitrogen atmosphere at 70 °c. 3,3',4,4'-Benzophenonetetracarboxylic dianhydride was 
added into the flask to initiate the polymerization. The benzoic acid was added as the 
catalyst to the reaction. The reaction was proceeded by stirring for 24 hours to obtain a 
polyamic acid. The sulfonated polyfaromatic imide -  CO -  aliphatic imide) was prepared 
by casting in a vacuum oven at 80 ๐c  for 24 hours, 100 ๐c  for 24 hours, 120 °c for 16 
hours and 160 °c for 18 hours, respectively. The sulfonated copolyimide membrane was 
protonated by immersing the membrane in 1 M HC1 solution for 2 days. The membrane 
was washed with D1 water and dried in an oven at 80 °c for 1 day.

2 . 4  C h a r a c t e r i z a t i o n  a n d  T e s t i n g

2 . 4 . 1  F T  J R  a n d  1H - N M R  s p e c t r o s c o p y

FTIR spectrometer (Thermo Nicolet, Nexus 670) was used to study the structures 
of 4,4'-diaminodiphenylmethane (DDM), 4,4'-diaminodiphenylmethane-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 400-4000 cm-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.

'H-NMR spectra of 4,4'-diaminodiphenylmethane-2,2'-disulfonic acid in 
deuterated dimethylsulfoxide (DMSO-d6) was recorded on a Barian mercury at 400 
MHz, to identify the sulfonated position of the monomer.

2 . 4 . 2  T h e r m o g r a v i m e t r i c  a n a l y s i s  ( T G A )

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 a heating rate of 20 °c/min. The 
temperature range was 50-900 °c.
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2 . 4 . 3  I o n  E x c h a n g e  C a p a c i t y  ( I E C )

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 1 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) / 1\
IEC (m eq/๙ = ---------------------- ------------------------------------

where VNa0H refers to the volume of sodium hydroxide solution, CNa0H refers to the 
concentration of sodium hydroxide solution [9],

2 . 4 . 4  D e g r e e  o f  S u l f o n a t i o n  ( D S )

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 NaCl 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:

D S f% ) -  (VNaOH(mI)xMNaOH(Molar) ) / 1000 ^QQ Ç 2)0 Mole of polymer membrane
where VNaOH is the volume of NaOH consumed and MNaOH is the molarity of NaOH.

2 . 4 . 5  W a t e r  U p t a k e

Water sorption was measured by placing several polyimide membranes 
into distilled water at 80 ๐c  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(%) =  W!~Wd X 100% ^Wd
where พร and พ d refer to the weights of the wet and dry samples, respectively [27],

T ๆ * * ๆ ^ * ? ' )  แ -
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2 . 4 . 6  P r o f o ท  C o n d u c t i v i t y  M e a s u r e m e n t

The proton conductivity of the films was recorded on an Agilent E4980A 
LCR meter. The fully hydrated films was cut to 0.5 cm X 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 graphs show relationship between the radian 
and the impedance. The conductivity (J was calculated from the impedance as follows:

a ( S c m - 1 )  -  - 4 “  (4)v y RxA
where <J 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 [4],

2 . 4 . 7  M e t h a n o l  P e r m e a b i l i t y

The methanol permeability through the membrane was determined by a liquid 
permeation cell where the concentration of methanol that permeated the membrane at 30 
๐c  and 60 ๐c  was measured. The liquid permeation cell is composed of two components 
assigned as A and B. A compartment A contained methanol at 2.5 M 250 ml and a 
compartment B contained DI water 250 ml. The samples from the chamber B were taken 
and analyzed to determine methanol concentration using the gas chromatography. The 
methanol permeability coefficient was calculated from the following equation:

p  ( c m 2/ s ) KBVBL
A(Ca-C b)

(5)

where Ca is the methanol concentration in feed,vb is the solution volume of the 
permeate, L is the thickness of the membrane, A is the effective area of membrane and 
Kb is the methanol concentration permeate per time of permeate (the slope of methanol 
concentration profile in the compartment B) [7],

2 . 4 . 8  D y n a m i c  m e c h a n i c a l  a n a l y s i s  ( D M A )

Dynamic mechanical analysis was performed on an EPLEXOR® 100N GABO 
qualimeter. The samples with a thickness around 0.2 mm were cut on to 1 cm X 3 cm. 
The dynamic frequency sweep test was taken at frequency between 1 -  100 Hz
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containing 25 data points. The experiment was performed with a 1% strain level, at 30 
°c and 60 °c, in the tension mode [1 1 ],

3 .  R e s u l t s  a n d  D i s c u s s i o n

3 . 1  C h a r a c t e r i z a t i o n  o f  s u l f o n a t e d  m o n o m e r

The ‘H-NMR spectrum of DDM is shown in figure 4.1 (a), the characteristic 
doublet around 6.78 ppm and 6.44 ppm can be attributed to the aromatic protons H3 and 
แ 2 respectively. The singlet at 4.79 ppm is assigned to the primary anime proton Hi, and 
the singlet at 3.53 ppm represents the methylene proton H4.

The 'H-NMR of SDDM is shown in the Figure 4.2 (b). The signal at 7.16 ppm 
(doublet), 7.12 ppm (doublet of singlet), and 6.71 ppm (doublet of doublet) are assigned 
to the aromatic protons H3, H5, and H2, respectively. The singlet at 5.55 ppm is 
attributed the primary anime proton, which is correlated with Hi. The methylene proton 
H4 between the phenyl groups appears at 3.82 ppm as a singlet signal.

3 . 2  C h a r a c t e r i z a t i o n  o f  s u l f o n a t e d  p o l y  ( a r o m a t i c  i m i d e - c o - a l i p h a t i c  i m i d e )

The FT1R spectra identifying functional group of sulfonated poly(aromatic 
imide-co-aliphatic imide) membrane is shown in figure 4.4. The spectra of copolymer 
with a molar ratio of SDDM: DDM: HDA = 1: 4: 5 and unsulfonated copolyimide 
(SDDM: DDM: HDA = 0: 5: 5) are interpreted: the band around 1777 cm"1 and 1709 cm" 
1 can be assigned to the c= 0  imide carbonyl group [1], The band atl662 cm"1 is assigned 
to the carbonyl group of benzophenone [24], A band at 1368 cm"1 is attributed to the C- 
N-C stretching vibration of the imide ring [26], The characteristic peek that represents 
the sulfonated of copolyimide is the SO3 asymmetric and symmetric stretching vibration 
of hydrated sulfonic acids which appear at 1182 and 1019 cm"1 respectively [3], These 
spectra show that polyamic acid was successfully converted to polyimide.

3 . 3  T h e r m o g r a v i m e t r i c  a n a l y s i s

The thermogravimetric analysis of membrane is important for fuel cell 
membrane application. The membrane should be stable when fuel cell operates at high 
temperature. The thermal behavior of sulfonated copolyimide is shown in figure 4.5. 
Sulfonated copolyimide membrane possesses similar two steps weight losses. The 
decomposition occurs at around 180 to 480 °c. The first decomposition occurs between



38

180 - 250 °c representing the degradation of sulfonic groups. The decomposition of 
polymer main chain occurs at around 450 °c [2], This sulfonated copolyimide possesses 
a fairly good thermal stability.

3 . 4  I o n  e x c h a n g e  c a p a c i t y  a n d  w a t e r  u p t a k e

The IEC of sulfonated copolyimide as determined by titrating the ion exchanged 
sulfonated copolyimide with sodium hydroxide is shown in table 4.1. The IEC of the 
membranes is controlled by the sulfonation level. A higher sulfonation level result in a 
higher IEC, as the ion is exchanged at the position of the sulfonic group. The hydrogens 
of sulfuric acid are exchanged with sodium ions as a function of the sulfonation level. 
The IEC of sulfonated copolyimide is in the range of 0 - 1.32 ทาeq/g. The experimental 
IEC values of copolyimides are lower than the theoretical value due to incomplete 
acidification of the membrane. The membrane with the highest degree of sulfonation 
shows the highest IEC value which is 3.4 times higher than that of the Nafion®. The 
membranes were soaked in DI water at 80 °c for 5 hours and the weight differences 
between before and after hydration were measured as the water uptakes. The sulfonated 
copolyimide membranes generally show a low relative water uptake values less than 4%. 
The water uptake could be interpreted by the aromatic ring of copolyimide and the non 
side chain aliphatic part which is closely packed limiting the water uptake.

3 . 5  P r o t o n  c o n d u c t i v i t y

The proton conductivity was measured by a LCR meter. The membranes were 
hydrated by immersing in deionized water in room temperature for 24 hours before the 
measurement. Figure 4.7 shows the proton conductivity of sulfonated copolyimide 
membranes as a function of degree of sulfonation at room temperature. The 
conductivities of sulfonated copolyimide membranes increase significantly with 
increasing degree of sulfonation; as protons pass through the sulfonic channels, they 
increase in size. The proton conductivity value of the sulfonated copolyimides are in the 
range of 0.001603 -  0.003241 s/cm, the maximum value is higher than that of the 
sulfonated polybenzimidazoles from 3,3'-disulfonate-4,4'-dicarboxylbiphenyl which is 
0.00279 S/cm [28], and also higher than that of the sulfonated polybenzimidazoles 
which is 0.0027 s/cm [29]. However, the conductivity values of the sulfonated
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copolyimides in the present work are lower than that of the Nafion® (0.00683 s/cm) 
[14].

3 . 6  M e t h a n o l  P e r m e a b i l i t y

The methanol permeability is the diffusion of methanol through the membrane. 
The concentration of methanol passing through the membrane is shown a function of 
time in figure 4 . 8  where methanol permeability was obtained from the slope. The 
methanol permeability of the sulfonated copolyimides was measure at 30 °c and 60 °c 
in a period of one week. The synthesized polymer posseses the ability to prevent 
methanol permeation. At 30 ๐c , the methanol cannot permeate through the membrane 
within 7  days. At 60 °c, the methanol cannot pass through the membrane in the first two 
days, after that the methanol slightly passes through the membrane. The methanol 
permeability values of sulfonated copolyimides were measured as a function of the 
sulfonation level and compared with that of the Nafion® as shown in figure 4 . 9 .  A higher 
sulfonation level displays higher methanol permeability. Methanol permeation is 
controlled by the hydrophilic channel size [ 4 ] ,  Methanol permeates through the 
hydrophilic water channel consisting of the sulfonic group [5]. The highest methanol 
permeability of the sulfonated copolymer is 2 . 7 4 8 2  X  1 0 - 8  cm2/ร which is 63 times 
lower than that of Nafion® ( 1 . 7 4 0 0  X  1 0 ~ 6 cm2/s). The present permeability values are 
lower than all series of sulfonated copolyimides from the experiment of Okamoto et al. 
( 0 . 3 4 X  1 0 ~ 2 cm2/s -  2 . 4 x  1 0 - 2  cm2/s) [ 1 3 ] .  This might be caused by the stiffness of the 
polymer chain which is consisted of the aromatic and non branched aliphatic that are 
closely packed together preventing the permeation of methanol.

3 .7  D y n a m i c  m e c h a n i c a l  a n a l y s t

The mechanical property of sulfonated copolyimide was observed by DMA 
using the frequency sweep and temperature sweep methods with a low amplitude strain. 
The frequency dependence of the storage modulus of the unsulfonated and sulfonated 
copolyimide membranes is in figure 4.10. The storage modulus values of the sulfonated 
copolyimides are in the range of 2589 -  3465 MPa for 30 ๐c  and 2218 -  3071 MPa at 60 
°c. The storage modulus value of the sulfonated copolyimides is higher than those of 
sulfonated poly[2,20-( p-oxydiphenylene)-5,50-bibenzimidazole] which is between 81 -  
98 MPa [10]. The temperature depends on tan 5. The membrane shows a higher tan §



40

indicating a higher flexibility with increasing temperature. It could be suggested that the 
polymer chain is stretched when heated leading to a decrease in the storage modulus at a 
higher temperature. The tan 8 of the membrane also does not possess a distinct Tg peak 
from 30 °c to 90 °c. This shows that the membrane is strong enough to operate in this 
temperature range and a potential candidate as a fuel cell membrane [1 1 ].

4 .  C o n c l u s i o n s

4,4'-diaminodiphenylmethane-2,2'-disulfonic acid was synthesized as monomer. 
Sulfonated copolyimides with different degrees of sulfonation were synthesized. The 
structure of SDDM was characterized by 'H-NMR. The chemical structure of 
unsulfonated and sulfonated copolyimides was confirmed by FTIR. The functional 
groups of imide carbonyl, imide ring and sulfonic groups appear at 1709, 1368 and 1021 
cm'1, respectively. Sulfonated copolyimides show high operating temperature where the 
first degradation of sulfonic groups occurs at around 180 °c. A higher degree of 
sulfonation of copolyimide results in a higher IEC. The water uptake of this sulfonated 
copolyimide is less than 4%. The proton conductivity of sulfonated copolyimide at room 
temperature depends on the proportion of SDDM. The obtained membranes possess the 
proton conductivities between 0.0016 and 0.0032 ร cm'1. The methanol permeability of 
sulfonated copolyimide also depends on the degree of sulfonation; the higher degree of 
sulfonation shows the higher methanol permeability. The highest methanol permeability 
of the sulfonated copolyimide is 2.7482 X 10- 8  cm2/s which is extremely lower than 
that of Nafion® (1.7400 X 10- 6  cm2/s).
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T a b le  C a p tio n
Table 4.1 The ion exchange capacity, water uptake and actual degree of sulfonation of 
sulfonated copolyimide

F ig u re  C a p tio n s
Figure 4.1 Synthesis of the SDDM monomer.
Figure 4.2 The H'-NMR spectra of monomer and sulfonated monomer: (a) DDM; (b) 
SDDM.

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7 
sulfonation

Synthesis of the sulfonated copolyimide.

The FTIR spectra of unsulfonated copolyimide and sulfonated copolyimide. 

The TGA curves of sulfonated copolyimides.

Ion exchange capacity and degree of sulfonation of sulfonated copolyimides.

The conductivity of sulfonated copolyimides as a function of degree of 
by LCR meter.

Figure 4.8 The comparison of methanol permeability of SDF1 3, SDH 4 and SDH 5 at
60  °c.

Figure 4.9 Methanol permeability of sulfonated copolyimides at 60 °c.

Figure 4.10 Comparison of storage modulus (E') of sulfonated copolyimides vs. 
frequency at 30 °c by DMA.
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Table
Table 4.1 The ion exchange capacity, water uptake and actual degree of sulfonation of 
sulfonated copolyimide

Sample SDDM: DDM: HDA 
ratio

Calculated
IEC

(meq/g)

Experimental
IEC

(meq/g)

Water
uptake

(%)

Actual DS
(%)

SDH 0 0: 5: 5 0 0 2.18 0
SDH 1 1:4: 5 0.87 0.84 2.14 19.32
SDH 2 2: 3: 5 1.49 1.28 2.18 34.46
SDH 3 3: 2: 5 2.23 2.20 3.82 58.94
SDH 4 4: 1: 5 2.97 2.82 3.20 75.96
SDH 5 5: 0: 5 3.24 3.12 1.99 96.29

Nafion® [17] - - 0.91 -

Figures

Figure 4.1 Synthesis of the SDDM monomer.
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Figure 4.2 The H'-NMR spectra of monomer and sulfonated monomer: (a) DDM; (b) 
SDDM.

SOjH
HvN /  * HjN—f  V" V -NHj + N / '

รอDM MOjS DOM I w HDÀ
! 70 ''c, 24 h

& : c sc ^  - < r p ]  f ̂ 0 l 0 ^ < y - 0 ]« ]x r* ic x ^
Sullon̂fld y
üCçiOeyïniidü

m 2

Figure 4.3 Synthesis of the sulfonated copolyimide.
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Wavenumber (cm"”*)

Figure 4.4 The FTIR spectra of unsulfonated copolyimide and sulfonated copolyimide.

Figure 4.5 The TGA curves of sulfonated copolyimides.
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S-DDM: DDM: HDA ratio
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Figure 4.6 Ion exchange capacity and degree of sulfonation of sulfonated copolyimides.

Figure 4.7 The conductivity of sulfonated copolyimides as a function of degree of 
sulfonation by an LCR meter.
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Figure 4.8 The comparison of methanol permeability of SDH 3, SDH 4, and SDH 5 at
60  °c.

SDDM : DDM : HDA ratio

Figure 4.9 Methanol permeability of sulfonated copolyimides at 60 ๐c .
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Figure 4.10 The storage modulus (E1) of sulfonated copolyimides vs. frequency at 30 
°c by DMA.
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