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ABSTRACT 

A new synthetic route to prepare the sulfonated monomer ((2,2'-bis(4- 

sulfobenzyloxy)benzidine), was developed. This and related compounds were 

characterized by 'H and I3c NMR, FTlR and EA. This new synthetic route 

provides access to a variety of new sulfonated monomers and polymers, which in 

turn facilitates studies of structure-property relationships of proton conducting 

membranes. 

A series of novel membranes were prepared from the sulfonated polymer. 

This series of novel sulfonated polyimide membranes possesses higher 

hydrolytic stability than those prepared from polyimides in which the sulfonate 

groups are attached directly to the polyimide main chain, yet their proton 

conductivity is similar. The polymers were also characterized by nuclear 

magnetic resonance, differential scanning calorimetry, thermogravimetric 

analysis and in a fuel cell. 
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CHAPTER 1 : INTRODUCTION 

1.1 Fuel cell technology 

1 .I .I History 

The main factor that made the discovery of fuel cell possible was the 

invention of the chemical pile by Alessandro Volta in 1800. This opened the way 

to the first demonstrated electrolysis of water in 1800 by Nicholson and Carlyle. 

As will be explained later, the electrolysis of water is the reverse reduction 

reaction of the H2102 fuel cell. Even though the reactions are closely related, it 

took nearly 40 years to report that "reverse" electrolysis reaction could produce 

electricity from hydrogen and oxygen. Schoenbein was the first one to publish 

results related to the fuel cell effect in the Philosophical Magazine in 1839.' 

Indeed, after water electrolysis with platinum electrodes in a dilute sulphuric acid 

solution, he noticed that he could measure voltagelcurrent between the two 

electrodes. 

The first actual demonstration of a fuel cell was by William Grove in 1839.~ 

In this paper, published a month after Schoenbein's, he described his 

experiments with two platinum electrodes immersed half in acidified water and 

half in hydrogen and oxygen  respective^^.^ These experiments demonstrated that 

the opposite reaction of water electrolysis produces electricity. In 1842, he 

published his first paper about a working fuel cell (see Figure This fuel cell 

consisted of platinum electrodes immersed in dilute sulphuric acid. 



More than 40 years later, the first scientific paper using the term "fuel cell" 

was written by ~ s t w a l d . ~  Then, with the invention of the combustion engine in the 

1850's, almost all fuel cell research stopped due to the relatively low cost and 

simplicity of the former technology. One hundred years later, NASA used fuel 

cell technology to produce emission-less electricity and water for their Apollo 

mission. 

Figure 1 : First working fuel cell 

The first applications of fuel cell were stationary. Small plants were built to 

produce enough energy to power houses, small buildings and emergency backup 

for hospitals and bui~dings.~ 



Now, with the energy crisis, global warming and the increase of smog in 

large cities, there is a need to find a clean source of energy to reduce and to limit 

dependence on fossil fuels. 

Examples of clean energy technologies include hydroelectricity, wind 

power and solar power, but these are mostly for stationary applications. Now, 

the urgency is automotive power. The electric motor is a good candidate to 

replace the combustion engine, but batteries have severe drawbacks such as 

short range for one charge and long charge time.6 In two decades, efforts were 

directed to fuel cells for automotive power.7 

There are many advantages to use fuel cells as a source of electricity. 

There is a short "recharge" time, therefore autonomy is not a problem.' There are 

no greenhouse or toxic gases emitted if pure hydrogen is used. When pure 

hydrogen is used, the only product is water. Figure 2 shows the reactions at the 

anode, cathode and the overall reaction. 7. 9-11 Also, the theoretical efficiency of a 

fuel cell engine could be much higher than the normal combustion engine. 10, 71 

Due to its limitation by Carnot's law of thermodynamics, the combustion engine is 

restricted to a maximum thermodynamic efficiency of less than 40% under 

perfect conditions. For fuel cells, 40-70% efficiency is predicted.12 

Anode: H2 - 2H' + 2e- 

Cathode: 1/202 + 2H+ + 2e- - H20 

Overall: H2 + 1 /202 --+ H20 + electric energy + heat 



Figure 2: General reactions in a H2/02 fuel cell 

There are many types of fuel cells, each have different attributes that 

make them suitable for specific applications. In transportation and small 

applications such as cell phones, cameras and laptops, the proton exchange 

membrane fuel cell (PEMFC) is the most suitable. l3 This is because the 

operational temperature of PEMFCs is lower than other types of fuel cells and, 

therefore, it does not require long start up times to reach the right temperature.14 

PEMFCs, however, have drawbacks that have prevented their 

commercialization. One is ~ifetime.~ For the automotive industry, a fuel cell must 

last at least 5000 h.7 Another issue is of the electrode catalyst sensitivity to CO 

contamination. To reduce the effect of CO contamination, the fuel cell operating 

temperature should be >lOO•‹C. At temperatures lower than 120•‹C, CO binds to 

the catalyst, thereby preventing it from performing the necessary electrochemical 

reactions.15 By operating above 100•‹C, the kinetics of both electrodes are 

enhanced, water management and system cooling will be simplified in addition to 

dramatically enhancing CO tolerance (from 20 ppm at 80•‹C to 1000 ppm at 

1 3 0 " ~ ) . ' ~  The solid polymer electrolyte of choice is currently ~ a f i o n ~ .  This is 

based on a fluorinated polymer that possesses a high stability and has a high 

proton transport efficiency, but its efficiency decreases rapidly at a temperature 

higher than 80•‹C. 9. 10, 17, 18 



1 .I .2 Types of fuel cell 

There are five main types of fuel cells. The main difference is the type of 

electrolyte used to transport the cations (or anions) from one electrode to the 

other. This will influence fuel cell characteristics (e.g. operating temperature, 

type of fuel used, size of the fuel cell) and therefore the principal application. The 

five main types of fuel cells are: alkaline fuel cell (AFC), solid oxide fuel cell 

(SOFC), phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC) 

and PEMFC. 

1 .I .2.1 Alkaline fuel cell (AFC) 

Reid was the first to describe alkaline fuel cells as early as 1904'~, but it is 

only in the early 1950s that its viability was demonstratedT4. The alkaline fuel cell 

was first used on the Apollo lunar mission. Between 1960 and 1970, they were 

demonstrated in many more applications such as tractors, cars and boats. 

Unfortunately for this type of fuel cell, due to reliability (poisoning of electrolyte by 

C02) and safety problems as well as to the later success of PEMFCs, its 

importance has decreased over the years. 

Even if alkaline fuel cells have some problems, this type of fuel cell has 

some advantages. Because it is much less corrosive than a strong acidic 

electrolyte, it allows much greater latitude in the selection of electrocatalysts and 

material of construction. In addition, the conductivity of the alkaline electrolyte is 

nearly as high as that of a strong acid and KOH is relatively inexpensive 

compared with other electrolytes.14 Finally, it is possible to use non-precious 



metals, which also reduces the overall cost. Figure 3 represents the operating 

system of the alkaline fuel cells. 

Figure 3: Alkaline fuel cell 

1.1.2.2 Solid oxide fuel cell (SOFC) 

Solid oxide fuel cells are fuel cells that possess a solid electrolyte 

composed of an oxide ion-conducting ceramic. Both hydrogen and carbon 

monoxide can be used as fuel and it is the negatively charged oxygen ion (02-) 

that is transported from the cathode to the anode. The most common electrolyte 

used is zirconia doped with 8 to 10 mole % yttria (Y203-stabilised Zr02). The 

operating system is represented in Figure 4. 

The main advantage of solid oxyde fuel cells is the high operating 

temperature (1000•‹C). At this temperature, there is no need for expensive 

catalysts such as Pt. The fact that the electrolyte is a solid eliminates the 

problem of leached electrolyte and there is also no need for water management. 

In principle, different types of fuel (H2, CO and CH4) can also be used without the 

need of a reformer. 



The high temperature of operation, however, has important drawbacks. 

First of all, the materials used have to be very resistant to high temperature and 

to extreme oxidative and reductive environments. The others problems include: 

long start-up times, use of brittle heat resistant material, brittle electrolyte and 

differences in thermal expansion of materials.lg 

I '--..'- 
Catalyst Layers 

Figure 4: Solid oxide fuel cell 

o the PEMFC b 

1 .I .2.3 Phosphoric acid fuel cell (PAFC) 

The phosphoric acid fuel cell is similar t uses phosphoric 

acid as the electrolyte. Phosphoric acid is used due to its high thermal, chemical, 

and electrochemical stability and its low volatility. It is contained within a matrix 

of silicon carbide by capillary action. An advantage of this electrolyte is its 

tolerance to carbon monoxide. The operating system of phosphoric acid fuel cell 

is shown in Figure 5. 



v 
Catalyst Layers 

Figure 5: Phosphoric acid fuel cell 

Due to the high stability and low volatility of phosphoric acid, the 

phosphoric acid fuel cell can be operated at high temperatures (150-220•‹C). The 

use of high concentration phosphoric acid (-100%) minimises the water-vapor 

pressure so water management is easy to control. 

The main drawback of phosphoric acid fuel cells is that it cannot operate 

at a temperature lower than 150•‹C, because phosphoric acid is a poor ionic 

conductor at low temperature. Another problem is the loss of electrolyte even 

though the vapour pressure is low. The water produced at the cathode during 

operation washes out phosphoric acid.14 

Between 1980 and 1990, multi-megawatt phosphoric acid fuel cells were 

built and successfully used to provide energy to buildings in Japan by UTC 

Power (USA). Other power plants of this type were also built around the planet 

and some companies have already commercialized phoshoric acid fuel cells.'4 



1 .I .2.4 Molten carbonate fuel cell (MCFC) 

The electrolyte for this type of fuel cell is a molten mixture of alkali metal 

carbonates. Broers and Letekaar discovered this type of fuel cell in the late 

1950s. At its operating temperature (600-700•‹C), the electrolyte shows high 

conduction for the carbonate ion ( ~ 0 ~ ~ 3 .  The biggest difference between this 

type of fuel cell and the others is the fact that carbon dioxide needs to be 

supplied to the anode as well as oxygen (see Figure 6). 

The main advantage of molten carbonate fuel cells is its high operating 

temperature. At this temperature, less active catalysts metal can be used, such 

as nickel. Another one is the fact that the carbon dioxide produced at the 

cathode can be recycled and reused at the anode. It can also use carbon 

monoxide as fuel.lg 

There are, however, some disadvantages with molten carbonate fuel cells. 

The most significant is the fact that it is hard to find materials that can contain the 

molten carbonate electrolyte at this temperature; therefore, lifetimes of these fuel 

cells tend to be too short.lg 

Figure 6: Molten carbonate fuel cell 



1.1 .Z.S Proton exchange membranes fuel cell (PEMFC) 

The first PEMFC was built by General Electric in the 1960s for the NASA 

Gemini missions. The polymers used at that time (cross-linked polystyrene- 

divinylbenzene-sulfonic acid and sulfonated phenol-formaldehyde) were relatively 

unstable to oxidation, having lifetimes <500h. In 1967, Dupont introduced 

Nafiono. Even today, NafionN is still the technology standard. 

- 28-- 
Cathode 

Carbon Layer 

PEM 

Figure 7: Proton exchange membrane fuel cell 

To meet PEMFC requirements, a membrane must be electrically 

insulating, gas impermeable, resistant to oxidation, hydrolytically stable and 

posses a glass transition higher than operating temperat~re.~' To be proton 

conductive, PEMFC membranes need to be hydrated. The polymer consists of a 

hydrophobic backbone containing hydrophilic groups (usually -S03H). This 

creates a phase separation in the polymer membrane and leads to the formation 

of channel-like structures that allows protons to move from the anode to the 

cathode2'- 22 through these channels via the Grotthuss (Figure 8) and vehicular 

(water diffusion) mechanism.22 



Figure 8: Scheme representing the proposed Grotthuss mechanismZ3 

PEMFCs have many advantages that make them attractive for automotive 

applications. They operate at temperatures <lOO•‹C, and thus have a fast start- 

up time. They are simple, there are few corrosion problems and water is the only 

by product.'4 

PEMFCs are good candidates for applications such as small electronic 

devices due to their low operating temperature and their compactness. They last 

longer per "charge" compared to batteries and can be recharged faster. 

There are drawbacks to PEMFCs. Water management is an issue. A dry 

membrane does not conduct protons and a flooded fuel cell starves the cell of 

fuelloxidant. Secondly, the low operating temperatures make them susceptible 

to CO poisoning. CO contaminates the platinum active sites and reduces the 



amount of platinum available for electrochemical reaction.I5 Slightly higher 

temperatures (-120•‹C) could help solve this problem.'5 Unfortunately, high 

temperature (>lOO•‹C) operation is difficult since available polymers (including 

NafionB) cannot maintain sufficient level of hydration to maintain adequate proton 

conductivity. Chemical stability at these temperatures is another issue.16 

A need exists to find alternatives to NafionB. Alternatives can be classified 

into four categories: fluorinated, post-sulfonated hydrocarbons, directly 

sulfonated hydrocarbons, and acid-base complexes. 7s 99 Of all these materials, 

hydrocarbon based polymers have been the most intensively studied due to the 

wide variety of these polymers that are available and the fact that it is easier to 

synthesize and modify most of these po~ymers.~ Polyimides in particular are a 

class of polymers that have the potential to be used in fuel cells due to their high 

chemical, thermal and oxidative stability. 



CHAPTER 2: LITERATURE REVIEW 

2.1 PEMFC membranes 

There are many characteristics that PEMFC membranes need to have to 

be good candidates for fuel cell applications. These include: high proton 

conductivity, low permeability to fuel and oxidant, low electronic conductivity, 

good water transport, oxidative and hydrolytic stability, good mechanical 

properties and capability to be assembled into a membrane electrode assembly 

(MEA).' Unfortunately, none of the existing membranes can satisfy all of these 

criteria. This is at least in part due to the fact that the relationship between the 

microstructure of a PEM and its resulting properties is still not fully understood. 

Many different polymers have been investigated for fuel cell applications. 

These polymers can be divided into four main categories: perfluorinated, post- 

sulfonated, directly sulfonated and acid-base complexes. 

2.1 .I Perfluorinated polymers 

Currently, the most widely-used membrane in PEMFC is ~af ion@. It was 

first made by Dupont in 1962 and was originally designed as a separator in chlor- 

alkali production. It consists of a polytetrafluoroethylene backbone and regularly 

spaced perfluorovinyl ether pendant side chains terminated by sulfonic acid 

groups (see Figure 9). It is known for its high chemical and thermal stability due 

to its fluorinated backbone. This very hydrophobic backbone is also responsible 



for the high conductivity of Nafiono. The large polarity difference between the 

backbone and the hydrophyllic side chain increases the phase separation. This 

leads to better interconnection between hydrophilic parts to form a better ionic 

network, and this allows Nafion@ to possess a high proton conductivity (around 

0.1 Slcm) for a relatively small number of sulfonic acid groups. 22.24 

Figure 9: ~af ion@ structure 

The highly hydrophobic backbone increases the phase separation with the 

sulfonate groups located at the end of the side chain. Many groups have studied 

this characteristic and many models have been developed to explain this 

beha~iour."~ 22- 25 It was found that, at a certain concentration, the hydrophobic 

parts agglomerate leaving the hydrophilic parts outside to form a channel type 

network.26 

Other companies have tried to improve ~a f ion@ by changing the structure 

of the monomers. ~afion@-like membranes include: ~ l e m i o n ~  (ASAHI Glass), 

A C I P L E ~  (ASAHI Chemical) and DOW XUS@ (Figure 10). Still, NafionB remains 

the membrane of choice in commercial PEMFC applications. 



Nafion mu I ,  n=2, x=5-13, y=100O 
Flemion m=O, n=1-5 
Aciplex m=O, 3, n=2-5, x=1.5-14 
Dow Membrane m=O, n=2, x=3.6-10 

Linear Sulfonated poly(trifluorostyrene) 

Figure 10: Other perfluorinated polymers 

The problems of ~afion@' and similar membranes are their low conductivity 

at high temperature (>80•‹C). They are susceptible to dehydration and, therefore, 

decreased conductivity. Also, their low mechanical strength at high temperature 

is a major drawback.' Other membranes are being investigated for PEMFCs. 

2.1.2 Post-sulfonated polymers 

A large number of different polymer systems have been investigated as 

replacements for perfluorinated PEMs. After some modification, many polymers, 

usually composed of aromatic groups, can be converted to proton conducting 

membranes. The post-sulfonation method is the easiest way to obtain a proton 

conducting polymer for these systems. An advantage of this route is the potential 

to use commercially-available polymers. By using sulfonating agents, it is 

possible to add sulfonic acid groups onto the aromatic rings (Figure 11 gives one 

example of post-sulfonation). The number of S03H groups on the polymer chain 

depends on reaction time and temperature. This dependence gives the 

possibility to control different properties of the membranes. The problems with 

this method, however, are the lack of precise control over the degree and 



location of functionalization and the possibility of side reactions or degradation of 

the polymer ba~kbone.~ 

step 1 
2H2S04 - SO3+ H30' + HS04- 

step 2 

Figure I I : Example of post-sulfonation mechanism 

1 

step 3 

Different sulfonating agents can be used for post-sulfonation e.g., 

sulphuric acid, chlorosulfonic acid, sulfur trioxide-triethyl phosphate complex. 

Sulfonation is an electrophilic substitution reaction and the presence of ring- 

activating groups (e.g. NH2, OH) or ring-deactivation groups (NO2, CN) will either 

favour reaction the reaction or not." It is also important to know that the sulfonic 

-H' (fast) 

I 

acid group is usually restricted to the activated positions on the aromatic ring. 

The polymers normally used are polyarylenes, poly (arylene ethers), 

polyimides (PI), polyetherimides, poly (aryl ether ketones) (PAEK) and poly 

sulfones (PSu). 



2.1.3 Directly sulfonated polymers 

Due to the drawbacks of postmodification methods, other techniques have 

been used to synthesize PEMs. One of these methods is the use of sulfonated 

monomers whereby it is possible to control the position of the sulfonic acid group 

on the aromatic rings. Other positive aspects include the possibility to control the 

molecular weight (although the molecular weight of bare polymers used in the 

post-sulfonation can be controlled, the post-sulfonation can degrade the polymer 

backbone) and to insert different monomers to change the properties of the 

polymer. Direct sulfonation can be used as a route to many of the same systems 

obtained via post-sulfonation such as poly (ether ether ketone), poly (arylene 

ether sulfone), polysulfone and polyimide. 

The first reported sulfonated monomer was made by Robeson and 

~ a t z n e ? ~  for use as a flame retardant. More recently, Ueda et al. reported the 

synthesis of 3,3'-disulfonated-4,4'-dichlorodiphenyl s u ~ f o n e ~ ~  which has 

subsequently been demonstrated in a fuel cell by McGrath et a ~ . ~ '  Figure 12 

shows the synthesis of this monomer. 



S03H 

CI 
11 0•‹C 
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NaCl H20 NaOH NaCl 
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Figure 12: Synthesis of 3,3'-disulfonated-4,4'-dichlorodiphenyl sulfone 

The sulfonation degree of these polymers can be controlled by changing 

the ratio of sulfonated/unsulfonated monomers. Figure 13 shows an example of 

one of these polymers. 

NMP 

Figure 13: Example of directly sulfonated polymer 

As for other sulfonated polymers, these systems exhibit a 

hydrophilic/hydrophobic phase separated morphology that changes depending 

on the degree of sulfonation. As expected, water uptake, ion exchange capacity 

and conductivity increase when the sulfonation degree increases. With this 

technique, it is possible to change the membrane properties by changing the 



monomers used and not only by changing the sulfonation degree as in post- 

sulfonation. 

2.1.4 Polymeric acid-base complexes 

Other ways to potentially improve existing membranes or the synthesis of 

other type of polymers have also been investigated; such as acid-base 

complexes. There are other systems that have been studied such as: polymer 

blends and doped membranes. However, only acid-base complexes will be 

discussed here because it is the most similar with the work described in this 

thesis. 

One of the most studied examples in this category are the acid-base 

complex systems. These systems involve incorporation of an acid into an 

alkaline polymer to promote proton conduction. They seem to be a good 

alternative for membranes so as to maintain high conductivity at elevated 

temperature. The most studied polymers for this type of system is poly(2,2'-(m- 

phenylene)-5,5'-dibenzimidazole) (PBI) (see Figure 14). These polymers can be 

doped with different acids (usually H3PO4). Instead of being dependant on 

humidity levels like classical PEMs, their conductivity is dependant on the doping 

levello. The doping level is the molar percentage of acid per repeat unit of the 

polymer. By changing the doping level from 450% to 1600% it is possible to 

raise the conductivity from 4.6 x lo-' Slcm to 0.13 Slcm ( 1 6 5 0 ~ ) . ' ~  Another 

advantage of this type of PEM is its capacity to operate at high temperature 

(T>lOO•‹C), as its performance is not related to the humidity of the membrane. 



Unfortunately, the long-term stability of these systems in fuel cell application is 

still yet to be proven. 

Figure 14: Example of poly(2,2'-(m-phenylene)-5,S'-dibenzimidaoe) (PBI) 

Reynolds et al. also used PBI as a proton exchange membrane, but in this 

case they carried out a post-sulfonation by adding a sulfonated side chain.31 An 

advantage of this method is the control of the position of the sulfonic acid groups. 

The sulfonated side chains are attached to the nitrogen bearing a proton prior to 

lithiation. This technique can be considered as a post-sulfonation method, but 

with the sulfonic acid groups on a side chain instead of on the backbone. Glipa 

et al. first introduced a sulfonated side chain on PBI.~' They introduced sodium 

(4-bromomethyl)benzenesulfonate as a side chain in order to increase the 

solubility of PBI as well as to make it proton conductive. They were able to 

obtain conductivity values of 1 o-~-I 0-' S cm-' at room temperature. Figure 15 

shows the sulfonation reaction they used. Karlsson et al. also published details 

on a similar type of post-sulfonation33 in which they introduced a sulfonated side 

chain on polysulfone by sulfination. Figure 16 shows the reaction sequence they 

used. 



S03H HOBS, 

LiH 

XR-S03H 

Figure 15: PBI sulfonation 

Figure 16: Sulfination example 

Another method that has been investigated is the incorporation of 

submicron particles of metal (IV) phosphates in polymer matrices to increase 

their proton conductivity. This technique could offer some advantages such as 

the increase of hydration at high temperature, and the increase of proton 

conductivity. This method is still relatively unexp~ored.'~ 

2.2 Polyimides 

The first aromatic polyimides were produced by Bogert in 1908 through 

polycondensation of either the ester or the anhydride of Caminophthalic acid.34 

In 1955, high molecular weight polymers were synthesized by two-stage 

polycondensation of pyromellitic dianhydride with a diamine. Since then, many 

other polyimides have been synthesized. Interest in this type of polymer is due 



to their superior thermal and chemical stability as well as their non-flamrnabi~ity.~~ 

The main applications of polyimides are in electronic, electrical engineering and 

aviation materials.359 36 More recently, they have been used for gas permeability 

and gas separation as well as having attracted the attention of the fuel cell 

community. 37-39 

Sulfonated polyimides (sP1) are thought to be good candidates for fuel cell 

applications. First, their vitreous backbones do not swell as much as other 

polymers (depending on external conditions) due to the lack of polymer chain 

mobility to permit the structural rearrangement required for water uptake (e.g., 

sulfonated polyimides typically exhibit only small dimensional changes with 

increasing water uptake).37 They also possess a high polymer glass transition 

that would be useful for relatively high temperature operation. 38, 40 At first, 

sulfonated phthalic polyimides (Figure 17a) were used in fuel cells, but they were 

found to degrade quickly. It was then found that naphthalic polyimides (Figure 

17b) are chemically more stab~e.~' Further analyses have determined that the 

phthalic imide structure is more susceptible to hydrolysis than the naphthalenic 

imide, thus making the latter more suitable for fuel cell application. 

a b 

Figure 17: Phathalic (a) and naphthalic (b) imides 

The stability of five and six-membered ring sulfonated polyimides was 

studied by Genies et al. using model compounds.42 Two models were used for 



this study (Figure 18). The first model, composed of sulfonic acid-containing 

phthalic imide (a), was compared to a second model composed of sulfonic acid- 

containing naphtalinic imide (b). 

b 
R'= NHEt3 

Figure 18: Sulfonated polyimides models 

When aged in distilled water at 80•‹C, it was found by NMR ('H and I3c)  and 

FTlR that the naphthalenic model (b) was stable for 120 h versus 1 h for the 

phthalic model (a). This is mainly attributed to the strained five-membered imide 

m~iet ies .~ '  The NMR and FTlR analysis have led to the development of a 

possible degradation mechanism for phthalic and naphthalenic sulfonated 

polyimides. These results suggest that an equilibrium occurs between the 

starting material and the product in the naphthalenic model (Figure 19), limiting 

conversion to the hydrolysis products to only -1 2%.' 



Figure 19: Equilibrium for hydrolysis of naphthalenic sulfonated polyimides 

Although hydrolytically more stable than the five membered ring 

derivative, six-membered ring polyimides exhibit poor solubility.43 To improve 

solubility, Genies et al. introduced ether linkages into the main chain and/or bulky 

groups as substituents. The synthesized polymers were soluble enough to cast 

as membranes. Figure 20 shows some examples of these polymers. 



C 

Figure 20: Examples of sulfonated polyimides 

With their study, Genies et al. discovered that the solubility of sulfonated 

polyimides is governed by the nature of the hydrophobic sequence in which 

solubility is improved by the introduction of phenylether bonds and/or bulky 

groups in the polymer backbone. Solubility is also increased for polyimides 

containing meta-amino-substituted diamines in comparison to the para-amino- 

substituted derivatives. They also found that the random polyimides exhibit 

better solubility than sequenced po~yimides.~~ 

Even if the stability was greatly increased for the six-membered rings 

polyimides, they are generally still too unstable for fuel cell applications. 

Okamoto et al. were able to increase water stability by synthesizing a sufonated 

monomer containing an ether bond.44 Figure 21 gives examples of this polymer. 

This new polyimide is reported 5 times more stable than the one made by Genies 

et al. 



Usually, the hydrolytic stability of polymers is strongly dependent on the 

water uptake, which is mainly determined by the ion exchange capacity: the 

higher the water uptake, the lower the stability. However, with the Okamoto 

polymer system, water uptake was actually higher for the more stable polymer. 

These results showed that stability is dependant on backbone flexibility. A 

flexible chain can undergo relaxation more easily than a rigid one, and this is 

likely the main reason that sulfonated polyimides containing ether bonds display 

better water stability.44 

Figure 21: Example of sulfonated polyimides with ether bonds in the main 
chain 

Since the polyimides synthesis reaction is an equilibrium (Figure 22), the 

water stability of these ones are not only due to backbone flexibility, but also on 

the basicity of the amine.34 When the membrane is hydrated during the operation 

of the fuel cell, the reaction is pushed to the starting material, resulting in ring 



opening. An increase in temperature is also an important factor that increases 

the hydrolysis rate. Therefore, another way to increase the hydrolytic stability of 

polyimides is to change the basicity of the amine groups. 27.45 

Figure 22: General Example of Naphthalenic Polyimides Equilibrium 

Okamoto et al. studied the basicity effect on sulfonated polyimides 

intended for fuel cell applications."~ 441 46'50 By adding the sulfonic acid groups 

away from the amine groups, they were able to increase the basicity, thus 

increasing hydrolytic stability. Due to its strong electon-withdrawing power, the 

sulfonic acid groups decrease the electron density of the phenyl ring and thus the 

basicity of the amine functiona~ity.~' By adding this group on a side chain or 

another phenyl ring, they were able to increase hydrolytic stability. Figure 23 

shows some of the monomers they synthesized. 



Figure 23: Sulfonated monomers with sulfonated side chains 

With these monomers, hydrolytic stability was increased by a factor of 20 

for d), 100 for c), 300 for e), 1000 for b) and more than 1000 for a) in comparison 

with the non-flexible monomer that has the sulfonic acid groups attached directly 

to the backbone (f). 17, 46, 50 

Increasing the distance between the sulfonic acid groups and the amines 

also helps to increase hydrolytic stability. Because the hydrolysis of the imido 

ring is an acid-catalyzed reaction, the protons will be mostly restricted to the ion- 

rich domains, thus isolated from the polymer main chain and, therefore, 

hydrolysis of the imido ring of the sulfonated polyimide will be depressed.46 

2.3 Sulfonated polyimides synthesized in this work 

This work focuses on the synthesis of polyimides with the sulfonic acid 

groups attached to a side chain. It was shown that by adding the sulfonic acid 

groups on side chains, it is possible to increase the hydrolytic stability of the 

polyimides and obtain good proton conductivity even at lower water uptake.40 

Indeed, it has been demonstrated that a graft block co-polymer, compared to the 



analogous randomly sulfonated polymer, exhibits higher conductivity even at low 

water uptake.52 

Three sulfonated side chains (Figure 24) were considered: (4- 

bromoethyl)benzenesulfonic acid (I) ,  4-chlorobenzenesulfonic acid (2) and 3- 

bromopropanesulfonic acid (3). Since 3 was shown by Reynolds to be 

un~table,~ '  it was decided to use one of the other two. 2 is commercially 

available, but attempts to incorporate this side chain was unsuccessful do to is 

low reactivity. Side chain 1 was therefore investigated. 

Figure 24: Potential side chains for sulfonated polyimides 

By distancing the sulfonic acid groups from the imine functionality, the 

hydrolytic stability of the polyimide should increase due to the higher basicity of 

the amine and the increase in degree of phase separation. This was previously 

demonstrated by Okamoto et al.I7* 471 50 The main difference between their work 

and this work is the side chain and the synthetic method used. The method 

developed in this work allows access to a larger variety of sulfonated monomers, 

which may lead to sulfonated polyimdes with even better hydrolytic stability. This 

could be potentially accomplished by using a sulfonated monomer with higher 

hydrophobicity, e.g., introduction of CF3 groups and/or greater flexibility such as 

introduction of an ether bond. These modifications may increase the hydrolytic 

stability of sPls further.40 Sulfonated 3,3'-dihydroxybenzidine was the monomer 



used due to its relatively low cost and availability. Other possible sulfonated 

monomers will be discussed in the conclusion section (Chapter 5). 

In order to be suitable for use in a fuel cell, the synthesized polymers must 

possess high molecular weight and good conductivity as well as hydrolytic and 

oxidative stability. High molecular weight, important in order to cast membranes 

with good mechanical proper tie^,^ was verified by viscosity measurements (see 

section 3.2.3). We expect that the membranes will have good hydrolytic stability 

and good conductivity and, more importantly, the method developed in this work 

will provide the possibility to synthesize different sulfonated monomers that could 

lead to even greater hydrolytic stability as well as permit further studies on the 

structure-property relationships of these polymers. 

2.4 Goals 

The goal of this work was to synthesize novel sulfonated polyimides that 

will possess a hydrolytic stability that will allow further studies on the structure- 

property relationships e.g., mechanical properties, proton conductivity, water 

uptake, hydrolytic stability. Methods reported for preparing grafted polyimides 

are limited to the use only of a few different types of monomers. The method 

outlined in this thesis should allow the synthesis of monomers that improve 

hydrolytic stability of the polyimides. This sulfonated polyimide may also lead to 

a greater understanding of the relationship between the polymer structure and 

their properties. 



At the time of starting this project, polyimides were considered possible 

candidates for fuel cell applications.'7r 46v 501 53 A drawback of polyimides is their 

potential hydrolytic instability and the resultant deterioration in mechanical 

properties. Many types of sulfonated polyimides have been synthesized by other 

groups, but none have yet exhibited the desired stability.54 It has been previously 

shown that hydrolytic stability can be increased by increasing polymer backbone 

flexibility and/or by increasing imine basicity.40 It is also shown that grafted 

polyimide may be more stable than a purely linear polymer membranes. 54-56 



CHAPTER 3: RESULTS AND DISCUSSION 

This section contains results and a discussion of the synthesized 

sulfonated polyimides. A description of instrumentation and characterization 

procedures can be found in chapter 6. 

3.1 Synthesis 

This section describes the synthesis of the sulfonated polyimides. It 

includes the synthesis of the sulfonated aromatic side chain, sulfonated 

monomer and its intermediate product, followed by the series of sulfonated 

polyimides. Detailed synthetic procedures are provided in Chapter 6. 

3.1 .I Sulfonated side chain (4-(bromomethyl)benzene sulfonic acid) 

The first compound to be synthesized was the sulfonated side chain (4- 

(bromomethy1)benzene sulfonic acid). Hubbuch et al. developed this route, using 

the compound as a protecting group in amino acids synthesis.57 The same 

method was used to synthesize the required sulfonated side chain. Section 6.1 . I  

describes in detail the synthetic procedure. Figure 25 shows the synthesis 

proposed by Hubbuch et al. 57 

Compound 4 was sulfonated using concentrated sulphuric acid. The 

proton para to the amine was replaced by the S03H group to form compound 5. 

This electron-withdrawing group has a deshielding effect on the ortho and meta 

protons, and moves them downfield (from 7.06 ppm and 7.14 ppm to 7.21 ppm 



and 7.53 ppm, respectively). It also has the effect to increase the distance 

between these two peaks since the protons at the meta position are more 

affected by the electron withdrawing group. 

The amine group was then converted to the hydroxyl form to give product 

6. The amine peak (broad singlet at 2.72 ppm) disappeared and was replaced 

by the hydroxyl triplet at 5.20 ppm. The CH2 became a doublet (at 4.49 ppm) due 

to the slowest rate exchange with the hydroxyl group (compared with the amine 

group) 

The final product (1) was obtained by converting the hydroxyl group to a 

bromine. The CH2 NMR peak was shifted downfield (from 4.49 pprn to 4.69 ppm) 

and converted to a singlet due to the electron-withdrawing effect of the bromine. 

The triplet at 5.20 pprn (from the hydroxyl group) also disappeared. 

Since this reaction was previously carried out and confirmed by Hubbuch 

et al., no further characterization was performed on the final pr~duct .~ '  

6 1 
Figure 25: Reaction scheme developed by Hubbuch et al. for the synthesis 

of 4-(bromomethyl)benzene sulfonic acid5' 

3.1.2 Sulfonated monomer (2,2'-bis(4-sulfobenzyloxy)benzidine) 

The next compound synthesized was the sulfonated monomer (2,2'-bis(4- 

sulfobenzyloxy)benzidine). Different approaches were used. The addition of the 



side chain without protecting the amine groups by a SN2 reaction was attempted. 

This method was tried with different reagents until it was realized that the amines 

were too reactive (no primary amine peaks were found in FTlR spectra of the 

product), thus indicating the necessity for protecting the amine groupm2' The first 

protecting group used was benzaldehyde. However, even though the protecting 

reaction worked, it was unstable at high temperature. This was determined using 

FTlR and 'H NMR, which showed side products (not shown in this work). The 

exothermic reaction of the deprotonation step (section 6.1 -2, 2" step) might have 

regenerated the amine. The product was finally determined that benzophenone 

imine could serve as a good protecting group for the reaction.58 The side chain 

reagent was attached to N,N1-bis(diphenylmethy1ene)-o-aminophenol by a SN2 

reaction and the amines were deprotected via hydrolysis.59 Figure 26 shows the 

reaction scheme for the synthesis of 2,2'-bis(4-sulfobenzyloxy)benzidine (11). 

See section 6.1.2 for more experimental details. 



1 Sr Step 

7 
2nd Step 

Figure 26: Scheme reaction for the synthesis of 2,2'-bis(4- 
sulfobenzyloxy)benzidine (1 1) 

The first step was the protection of the amine groups of compound 7 to 

form 9. After the addition of 8, the reaction mixture turned from brown to yellow. 

No purification was needed to obtain the final product. In the I H  NMR spectrum, 

the amine peak (4.51 ppm) disappeared and the hydroxyl group remained 

(singlet at 9.07 ppm). The hydroxyl peak was identified by adding deuterated 

water to the NMR solution. The fast exchange between the deuterium from the 

deuterated water and the proton of the hydroxyl group caused the hydroxyl peak 

to disappear. Figure 27 shows the 'H NMR spectrum of 9. The integration and 

positions of the peaks coincide with the expected structure. Figure 28 shows the 

I3c NMR spectrum of 9. The number of peaks and their position confirm the 



predicted structure. The structure was also confirmed by the presence of 0-H 

(broad peak at 3200 cm-I), C=N (1560 cm-') and C-N (1323 cm-') peak in the 

FTlR spectrum. Results from elemental analysis (C, 83.55; H, 5.39; N, 4.91) 

were in good agreement with the theoretical composition (C, 83.80; H, 5.18; N, 

5.14). 

In relation to Figure 27, the singlet at 9.07 pprn is assigned to the hydroxyl 

group (proved by adding D20) Due to the resonance in the Ar-N=C bond, the 

imine groups cannot rotate freely around the Ar-N bond (due to its double bond 

character) and thus, the aromatic rings cannot be considered as being 

symmetrical with the hydroxyl group having a stronger effect on the closest 

aromatic ring (aromatic ring a). The doublet at 7.64 pprn is assigned to the 

aromatic protons orfho to the imine on ring a. The triplet at 7.51 pprn is assigned 

to the proton para to the imine on ring a. The doublet of doublet (with the 

appearance of a triplet) centered at 7.44 pprn is assigned to the protons meta to 

the imine on ring a. The multiplet at 7.29 pprn is assigned to the protons meta to 

the imine on ring b and the proton para to the imine on ring 6. The doublet at 

7.16 pprn is assigned to the protons orfho to the imine on ring 6. The singlet at 

6.85 pprn is assigned to the proton orfho to the hydroxyl on ring c. The doublet 

at 6.68 pprn is assigned to the proton para to the hydroxyl group on ring c. 

Finally, the doublet at 6.37 pprn is assigned to the proton ortho to the hydroxyl 

group on ring c. 



Figure 27: 'H NMR spectrum of N,N'-bis(diphenylmethy1ene)-o-aminophenol 
(9) in ds-DMSO 

Figure 28 shows the 13c NMR spectrum of 9. The peak at 168.19 pprn is 

assigned to the carbon linked by a double bond in the imine group. The peak at 

147.87 pprn is assigned to the carbon linked to the hydroxyl group. The peak at 

138.97 pprn is assigned to the carbon para to the imine and meta to the hydroxyl. 

The peak at 138.42 pprn is assigned to the carbon linked to the imine and ortho 

to the hydroxyl group The peak at 136.49 pprn is assigned to the carbon linked to 

the imine on ring a. The peak at 135.44 pprn is assigned to the carbon linked to 

the imine on ring b. The peak at 130.78 pprn is assigned to the carbon para to 

the imine on rink a. The peaks at 128.23 pprn are assigned to the carbons ortho, 



meta and para to the imine on ring b, and ortho and meta to the imine on ring a. 

The peak at 120.69 ppm is assigned to the carbon ortho to the imine and meta to 

the hydroxyl. The peak at 11 6.36 ppm is assigned to the carbon meta to the 

imine and para to the hydroxyl. The peak at 112.75 ppm is assigned to the 

carbon meta to the imine and ortho to the hydroxyl. 

Figure 28: I3c NMR spectrum of N,Ny-bis(diphenylmethylene)-o- 
aminophenol (9) in d6-DMSO 

The second step of the synthesis consists of the addition of the sulfonated 

side chain (1) onto the protected amine (9) via a Sn2 reaction. Evidence for the 

reaction was the change of colour (yellow to red) and the presence of bubbles 

(from hydrogen formation) during the reaction. The intermediate product (10) 



was not purified and characterized. The deprotection was carried out via a 

hydrolyzation of the imine group. The purification of the final product (1 1) is done 

by precipitation. Compound 11 is soluble in aqueous solution in its salt form and 

can be precipitated when converted to its acid form. Due to its water solubility, it 

was possible to remove excess of 1 by multiple washings. The by-product 

(benzophenone, 12) formed from the hydrolyzation is a liquid; therefore it was 

possible to wash it out. 

Figure 29 shows the 'H NMR spectrum of 11. The presence of the amine 

group (broad peak at 4.68 ppm) is clear. The OH peak (from 9), as expected, 

was not present. The spectrum shows the characteristic peaks of the sulfonated 

side chain (1). The doublets at 7.61 ppm and 7.47 ppm are the aromatic protons 

from 1. Aliphatic protons are also present at 5.14 ppm. The peak integrals and 

position are conformed to the predicted structure. Figure 30 shows the I3c NMR 

spectrum of 4 1 .  The number of peaks and their position are consistent with the 

predicted structure. The presence of the sulfonic acid group was revealed on the 

FTlR spectrum with the S=O asymmetric and symmetric stretches at 1238 and 

1 123 cm-', respectively. The NH2 stretch peaks are also present between 3405 

and 2621 cm-'. Elemental analysis was also used to confirm the structure. The 

result obtained (C, 55.89; H, 4.54; N, 4.90) are within an acceptable range from 

the theoretical composition (C, 56.10; H, 4.35; N, 5.03). The slight difference 

between the result and the theoretical value may be due to the hygroscopic 

character of the product. 



In relation to Figure 29 the doublet at 7.61 pprn is assigned to protons 

ottho to the sulfonic acid. The doublet at 7.47 pprn is assigned to the protons 

meta to the sulfonic acid group. The doublet at 7.06 pprn is assigned to the 

proton meta to the amine and oHho to the ether. The doublet of doublet at 6.89 

pprn is assigned to the proton meta to the amine and para to the ether. The 

doublet at 6.66 pprn is assigned to the proton ottho to the amine and meta to the 

ether. The singlet at 5.14 pprn is assigned to the aliphatic protons. The broad 

peak at 4.68 pprn is assigned to the protons of the amine. 



Figure 29: 'H NMR spectrum of 2,2'-bis(4-sulfobenzyloxy)benzidine (11) in 
ds-DMSO 

In relation to Figure 30, the peak at 152.97 pprn is assigned to the carbon 

linked to the sulfonic acid group. The peak 150.79 pprn is assigned to the carbon 

linked to the ether and ortho to the amine. The peak at 142.99 pprn is assigned 

to the carbon para to the sulfonic acid. The peak at 141.52 pprn is assigned to 

the carbon linked to the amine. The peak at 134.74 pprn is assigned to the 

carbon para to the amine. The peak at 132.03 is assigned to the carbons ortho 

to the sulfonic acid. The peak at 130.77 pprn is assigned to the carbons meta to 

the sulfonic acid group. The peak at 123.80 pprn is assigned to the carbon meta 

to the amine and para to the ether. The peak at 119.57 pprn is assigned to the 

carbon ortho to the amine and meta to the ether. The peak at 115.35 pprn is 



assigned to the carbon meta to the amine and ortho to the ether. The peak at 

74.47 ppm is assigned to the aliphatic carbon. 

Figure 30: 13c NMR spectrum of 2,2'-bis(4-sulfobenzyloxy)benzidine (11) in 
d6-DMSO 

3.1.3 Sulfonated polyimides (sPlx) 

The condensation method used for the synthesis of sulfonated polyimides 

is a well known reaction, and is well describe by Okamoto et The 

polycondensation reaction was performed with different ratios of sulfonated and 

non-sulfonated monomers (4,4'-oxybisbenzenamine) in order to change the ionic 

exchange capacity of the polymers. 4,4'-oxybisbenzenamine was chosen 

because it contains an ether bond which should offer more flexibility to the chain, 



thereby increasing hydrolytic stability and its mechanical properties.44 Figure 31 

shows the synthetic scheme for the general reaction. 

1 )I 50•‹C for I h 
2)180•‹C for 24h 

/ \ 
NH2 + ( l - x ) H ~ N O O ~ N H 2  + :s! - 

0 
\ / do " O h  m-Cresol 13 14 

Figure 31: Proposed scheme for the synthesis of the random sulfonated 
polyimides (sPI,) 

H03S S03H 

After a few hours of polymerization, the solution viscosity is observed to 

Et3N 
Dean-Stark azeotropic distillation 

increase, a sign that polymerization is taking place. Due to the high viscosity of 

the solution of polymerization, solvent was added prior to precipitation. Figure 32 

shows the 'H NMR spectrum of s P ~ ~ . ~ .  The other polymers exhibited 'H NMR 

having peaks at the same chemical shift except that the integrals between the 

aromatic and aliphatic protons varied. These results are shown in Table 2. It 

should be noted that most protons present in the polymer are aromatic in nature. 

The only non-aromatic protons are those associated with the sulfonated side 

chain. These protons are located at 5.28 ppm. The aromatic protons of the side 



chain are located at approximately the same position found in the 'H NMR 

spectrum of the sulfonated monomer (11) (7.77 pprn and 7.49 pprn). The 

protons on the naphthalene sections are the most deshielded (8.78 pprn). 

Protons at the ortho position from the imide group (both sulfonated and non- 

sulfonated parts) exhibit a similar chemical shifts (7.56 ppm). Other protons are 

situated in the broad peak between 7.39 and 7.22 ppm. The sharp peak at 5.50 

pprn is probably due to an impurity. The compound responsible of this peak 

could not be identified. Due to poor peak resolution, it was not possible to obtain 

a value for the coupling constant. FTlR was also used to confirm the structure. 

The presence of the sulfonic acid group was confirmed with peaks of S=O stretch 

(1 123 cm-I), SOa symmetric stretch (1 037 cm-I) and S-OH stretch (1 01 2 cm-'). 

Peaks from the imide group are also present (C=O symmetric stretch (1715 cm- 

'1, C=O asymmetric stretch (1675 cm-') and C-N stretch (1349 cm-I)). 

Figure 32 shows the 'H NMR spectrum of S P I ~ , ~ .  The peaks at 8.78 pprn 

are assigned to the protons on the naphthalene structure. The peak at 7.77 pprn 

is assigned to the protons ortho to the sulfonic acid. The peak at 7.56 pprn is 

assigned to the protons meta to the ether and ortho to the imide on both the 

sulfonated and non-sulfonated parts. The peak at 7.49 pprn is assigned to the 

protons meta to the sulfonic acid group. The peaks between 7.39 and 7.22 pprn 

are assigned to the protons para to the ether and meta to the imide on both 

sulfonated and non-sulfonated parts. It is also assigned to the proton para to the 

ether and meta to the imide. Finally, the peak at 5.28 is assigned to the aliphatic 

protons. 



Figure 32: 'H NMR spectrum of S P I ~ . ~  in d6-DMSO 

A series of six polymers was synthesized by changing the molar feed ratio 

(x) of the monomers. The molar feed ratio of sulfonated monomer (11) and non- 

sulfonated monomer (13) was changed to obtain different ion exchange capacity 

(IEC) values. Table 1 shows the nomenclature of the synthesized polymers. As 

shown in Figure 33, the sulfonated component of the polymer is represented by 

(x) and the non-sulfonated, (x-I). NMR was also used to calculate the ion 

exchange capacity (see section 3.3.5) 



Figure 33: Sulfonated polyimide synthesized in this work containing a 
sulfonated (x) and non-sulfonated (I-x) section 

Table 1: Nomenclature of sulfonated polyimides (sPI,) based on the feed 
ratio of sulfonated monomer (x) to non-sulfonated monomer (I-x) 

Due to the peak proximity and low resolution, it was not possible to get 

accurate integrations of each peak. To solve this problem, a different approach 

was used to confirm the polymer structure. The integrations of the aromatic and 

aliphatic protons (only present in the sulfonated monomer component (x)) were 

compared to obtain a ratio for aromatic/aliphatic protons. This ratio was 

compared to that determined by the molar feed ratio to give a good indication of 

the polymer structure. Table 2 shows the results of each polymer (see section 

6.3.5 for detailed calculation). As it can be seen in this table, the ratios obtained 

experimentally are very close to those predicted from the molar feed ratio. The 



experimental ratios vary from 11.72 (SPIO.~) up to 5.34 ( s P ~ ~ . ~ ) .  The differences 

between the ratios are within 15% error. 

Table 2: Ratio between aromatic and aliphatic protons based on the feed 
ratio (FR) and the results obtained by 'H NMR. 

3.2 Characterization 

This section describes the characterization of the sulfonated polyimides. 

3.2.1 Differential scanning calorimetry (DSC) 

Thermal transitions in a polymer are very important properties for a material 

because they dictate many of the possible applications for the polymer. 

Differential scanning calorimetry is an important technique utilized for 

determining the glass transition temperature and the crystalline melting transition 

temperature of polymers. The crystalline-melting transition temperature (Tm) of 

a polymer is the melting temperature of the semi-crystalline domains within the 

polymer. The glass transition temperature (Tg) of a polymer is the temperature 

at which backbone segments in the amorphous domains of the polymer attain 

sufficient thermal energy to move in a coordinated manner. In the region of the 

glass transition temperature, the polymer will change from a glassy material to a 



rubbery material. 

There are many factors that affect the glass transition of a polymer. Some 

of these factors include polymer structure, molecular symmetry, molecular 

weight, structural rigidity and the presence of secondary forces.60 The secondary 

forces may be due to the presence of polar groups that can induce interactions 

such as hydrogen bonding. For sulfonated ionomer-type polymers, the sulfonic 

acid group usually has an additional effect. The introduction of sulfonate groups 

raises the glass transition temperature by increasing bulkiness of the polymer 

repeat unit, thereby increasing the barrier to rotation of the chains.26 

Differential scanning calorimetry measurements were performed on three 

sulfonated polyimides with different ion exchange capacity values (SP I~ ,~ :  1.03, 

s P ~ ~ . ~ :  1.73, s P ~ ~ , ~ :  2.1 0). Figure 34 shows the thermograms obtained for three 

samples with different ion exchange capacity (SP I~ .~ ,  s P ~ ~ . ~ ,  s P ~ ~ . ~ ) .  Differential 

scanning calorimetry was used to find the glass transition temperature of the 

synthesized polymers. For a non-sulfonated polyimide, the glass transition is 

reported to be - 3 0 0 " c . ~ ~  For a sulfonated polyimide, the Tg should be higher due 

to the introduction of bulky groups. As reported in the literature, it is not possible 

to obtain the glass transition temperature due to the decomposition of the product 

between 200•‹C and 350•‹C. 40161 The decomposition temperature are determined 

by thermogravimetric analysis as described in section 3.2.2. 



Figure 34: Exothermic thermograms of SPIO.~, s P ~ ~ . ~ ,  SPIO.~ with IEC of 1.03, 
1.73 and 2.10 mmeqlg respectively at a rate of 10•‹C/min under NZ. 

3.2.2 Thermogravimetric analysis (TGA) 

The thermal stability of the sulfonated polyimides was determined using 

thermogravimetric analysis. Thermal stability studies of polyimides have shown 

that these polymers exhibit a high degradation temperature (-500•‹C and -250•‹C 

for bare and sulfonated p o ~ ~ i m i d e s ) . ~ ~  Three samples were examined in their acid 

form. All of the sulfonated samples were pre-heated at 150 "C for 30 minutes in 

the thermogravimetric analysis instrument furnace to remove traces of solvent 

and moisture. The dynamic thermogravimetric analysis experiments were then 

run from 50 to 550 "C, at a heating rate of 10 "Clmin under nitrogen. 

Thermogravimetric analysis may also give the temperature of desulfonation. 

It has been previously demonstrated that desulfonation occur at a much lower 



temperature than the backbone decomposition.56 It is also hoped that the 

desulfonation will be at a higher temperature than when the sulfonate groups are 

on an alkyl side chain. According to Reynolds et al., the partly aromatic 

sulfonated side chain has a higher thermal stability than the aliphatic side 

chain.31 

Figure 35 shows the thermogravimetric analysis of three sulfonated 

polyimides with different concentrations of sulfonated monomer ( S P I ~ . ~ ,  S P I ~ , ~ ,  

s P ~ ~ , ~ ) .  The first loss in mass (at -220•‹C) is, according to the literature, due to 

side chain degradation and desu~fonation.~~ It occurs at the same temperature as 

compared to other sulfonated polymers mentioned in the ~i terature.~~ The second 

loss in mass (at -550•‹C) is due to degradation of polymer backbone degradation 

since there is change in the slope.40 

Figure 35 also shows the effect of ion exchange capacity on the thermal 

properties. The mass loss between 220•‹C and 375•‹C (desulfonation) increases 

as the polymer ion exchange capacity increases. This is due to the higher 

number of sulfonic acid groups. 



200 300 400 
Temperature (OC) 

Figure 35: TGAs of sPl~.~(a),  sPl~.~(b), sPl~.~(c)  with IEC of 1.03, 1.73 and 2.10 
mmeqlg respectively at a rate of 10•‹C/min under Nz. 

3.2.3 Solution viscosity 

Since the viscosity of a polymer solution is related to molecular weight of 

the polymer this method was used to give an indication of polymer molecular 

weight by comparing the results with those in the ~iterature.~~ Because these 

polymers are ionomers, they behave differently to non-ionic polymers in solution. 

The reduced and inherent viscosity of strong polyelectrolytes increases rapidly 

with dilution, instead of decreasing linearly with concentration as is the case for 

neutral polymers.63 This phenomenon, the "polyelectrolyte effect", is well 

documented, and is due to intramolecular and/or intermolecular ionic 

 interaction^.^' As the solution are diluted, the concentration of the counter ions 



decreases, forcing ionomer chains to extend (repulsion of anions). This results in 

an increase of reduced and inherent v i s ~ o s i t y . ~ ~  

To avoid the polyelectrolyte effect, two different approaches were used. 

The first consisted of the addition of 1 wt% LiCl to the DMSO solution in order to 

counter the polyelectrolyte effect. 311 64 LiCl was dissolved in water (the smallest 

possible amount of water) prior to the addition in DMSO due to the insolubility of 

LiCl in this solvent. Unfortunately, this method turned out not to be applicable, 

since the polymer precipitated after the addition of the LiCl solution. 

The second method used was the one employed by Pineri et a ~ . ~ ~  This 

method consists of using m-cresol as solvent and triethylammonium as a 

counter-ion. According to their research, the low dielectric constant of the 

solvent and large hydrophobic counter-ions mask the effect of electrostatic 

interactions, which cause the polyelectrolyte effect. This method enabled the 

measurement of reduced and inherent viscosity (see section 6.3.1) at different 

polymer concentrations. Unfortunately, a polyelectrolyte effect was still observed 

even at low concentrations of polymer (Figure 36).63 This might be due to the fact 

that not enough counter ions was added to the solution (triethyl amine in this 

case). 



Table 3: Viscosity measurements data for s P ~ ~ . ~  obtained at 30•‹C in 
m-cresol with 0.1% (wlw) triethylamine. 

[polymer] (q/dL) t (s) rlr Uinh (d~g-11 I qred (d~g-11 I 

Figure 36: Reduced (a) and inherent (b) viscosity measurements at 30 "C 
for S P I ~ . ~  in m-cresol containing 0.1 wt% triethylamine. 

0.3314 
0.2278 
0.1736 

The reduced viscosity results were consistent with those present in the 

literature. From Figure 36, it was concluded that the reduced viscosity at 0.5 

g/dL is 4.7 dL/g. This is in the range of the reduced viscosities for sulfonated 

polyimides found in the literature at this concentration (2.0 - 7.7 d ~ l ~ ) . ~ '  Although 

34.24 
28.81 
26.26 

Wdrv 

2.526 
2.125 
1.937 

0,0729 

2.796 
3.309 
3.809 

4.605 
4.939 
5.399 

to (s) 13.56 



molecular weights cannot be extracted from this data, the solution viscosities are 

consistent with a polymer solution. 

3.2.4 Ion exchange capacity (IEC), water uptake (WU) and A 

The ion exchange capacity is a measure of the number of ionic groups 

(sulfonic acid) per gram of polymer. Ion exchange capacity has a direct influence 

on membrane properties such as water uptake, swelling, and proton conductivity. 

Table 4 shows the experimental ion exchange capacity data obtained by 

titration, NMR and feed ratio (see sections 6.3.4 and 6.3.5) . These comparisons 

show good agreement (+ 10%) between methods. 

Table 4: Ion Exchange Capacity (IEC) based on the feed ratio (FR), NMR 
and titration for synthesized polymers. 

The protonic conductivity of proton exchange membrane is strongly 

dependant on membrane structure and membrane water content.221 37 Increasing 

Membrane 

the water content helps shield the proton from the negative charge of the SO? 

I E C  (FR) 
(mmol/g) 

I E C  (NMR) 
(mmol/g) 

groups, thus increasing its mobility.22 Conversely, decreasing humidity will 

I E C  (titration) 
(mmol/g) 

decrease the proton mobility and hence lower conductivity. 



Water uptake, or the level of hydration, is a function of a number of 

parameters such as: chemical nature of the polymer, temperature, ion exchange 

capacity, and time required to reach an equilibrium state within the film.67v 68 The 

water uptake for the series of the synthesized sulfonated polyimides in this 

research was determined as a weight percent. The results are shown in Table 5. 

As expected, the water uptake increases with increasing ion exchange capacity. 

The increase in ion exchange capacity leads to an increase in the hydrophilicity 

of the membrane and allows more water sorption. 

Table 5: Water uptake (WU) and A (nH201S03H) comparison for membranes 
at different IEC based on their feed ratio (FR) 

Membrane 11 IEC  (FR) (mmol/g) I WU ('?lo) I A (nH20/S03H) 

The sulfonated polyimides bearing sulfonated side chains generally 

possess a higher water uptake compared to those sulonated polyimides in which 

the backbone is directly sulfonated for a similar ion exchange capacity.40 This 

might be due to better interconnectivity between ionic domains67. 

However, water uptake is influenced by many parameters: the nature of 

the non-sulfonated monomer, temperature and even the way membranes are 

cast can have great influence on the results. 40v 67 For these reasons it sometimes 

meaningless to compare results with those in the literature. A more hydrophobic 

diamine will result in a lower water uptake due to the higher hydrophobicity of the 



backbone." A non-linear sulfonated polymide backbone possess a suppressed 

water uptake due to the entanglement of the polymer backbone (see later for 

more details)." Since sulfonated polyimides are glassy polymers with high glass 

transition values, a change in the casting method (temperature, solvent) will also 

influence the results.40 

The number of water molecule per acid group (A) was also calculated 

(Table 5), but no trend is observed. These results are contradictory to the values 

obtained from most membranes. In typical ionomer membranes such as 

perfluorosulfonated or radiation-grafted membranes, A generally increases with 

ion exchange capacity.43 In the case of sulfonated polyimides, water uptake 

increases with the ion exchange capacity; however, A remains almost constant. 

This surprising result could be explained by a specific morphology of the 

membranes due to their preparation. The fact that membranes are cast with a 

specific solvent at a relatively low temperature compared to the polymer glass 

transition could influence this result.40 

3.2.5 Volume uptake 

Another important characteristic for PEMs is the change in dimension 

between the dry and hydrated states. Large dimensional changes during 

hydration-dehydration cycles could increase the stress on the membrane 

electrode assembly (MEA), leading to a decrease in performance and even 

cause the MEA to delaminate." The results obtained for the membranes are 

listed in Table 6. 



Table 6: Dimensional change (swelling) of sulfonated polyimides 

The results obtained show that there is a relation between the ion 

Dimensions Increase (010) 

exchange capacity and the volume uptake. It is especially obvious for the lowest 

and highest thickness increase with ion exchange capacities. It also has to be 

Membranes 

spIo.5 
spIo.6 
spIo.7 
~ ~ 1 0 . 8  

noticed that the change in thickness (21.3 to 81.6 %) is larger than the change in 

Lenqth 010 

4.1 
11.9 
9.5 
5.7 
9.0 
12.8 

Width O10 

8.6 
10.3 
10.0 
5.6 
6.6 
10.9 

length (4.1 to 12.8 %) and width (8.6 to 10.9 %). Other groups have explained 

these behaviours by the anisotropic character of this type of polymer. 401 72 From 

Thickness 010 

7.4 
24.7 
19.8 
36.4 
23.0 
45.3 

our results and from what was showed in the literature, it may be that the 

Volume 010 

21.3 
53.8 
44.2 
52.3 
42.9 
81.6 

polymers synthesized have a similar anisotropic character. 

3.2.6 Membrane stability 

As mentioned before, the polymers synthesized in this work may possess 

higher hydrolytic stability than linear sulfonated polyimides due to the distancing 

of the sulfonic acid groups compared to linearly sulfonated polyimides in which 

the sulfonate is attached directly to the main chain. By having the sulfonic acid 

on a side chain, the amine basicity is increased and the distance between the 

hydrophobic (backbone) and hydrophilic (sulfonic acid groups) domains are 

increased. This should lead to an increase in domain separation and reduces 

the presence of water near the weakest points.42 



The hydrolytic stability was evaluated as the time required for the 

membrane, soaked in hot water, to lose its mechanical properties. The loss of 

mechanical property was judged to have occurred when the membrane broke 

after being lightly bent. This method is commonly used for evaluating the stability 

of sulfonated po~y imides.~~ 

Five types of membranes were studied: sulfonated polyimide synthesized 

in this work (sPlo,, (IS)), Nafion 115 (17), sPEEK (18) and two other types of 

sulfonated polyimides made in-house, in which the sulfonic acids were directly 

attached to the main chain (19, 20). All were soaked in 80•‹C water until they 

suffer of mechanical failure. 



Figure 37: Polymer used to compared the hydrolytic stability (sufonated 
polyimides (15, sPI), NafionC3 (17), sufonated poly ether ether 
ketone (18, sPEEK), angled sulfonated polyimide (19, a-sPI) and 
linear sulfonated polyimide (20, I-sPI). 

As expected, ~a f ion@ 115 is the most hydrolytically stable; its ~ef lon@ 

backbone makes it extremely hydrolytically stable and it exhibited no observable 

loss in mechanical properties offer 120 hours of soaking at elevated temperature. 

The sulfonated polyimide 15 (synthesized in this work) became brittle after 120 

hours. In contrast, the linear sulfonated polyimide (20) lost its mechanical 

properties after < 20 minutes. It is known that these membranes are not 

hydrolytically stable due to their rigid backbone, relatively low amine basicity of 

the sulfonated monomer and the proximity of the sulfonic acid to the weakest 

point of the amine.40 It also has a high ion exchange capacity and was thinner 



than any other membranes (except 15), which may also account for its instability. 

The angled sulfonated polyimide (19) kept its mechanical properties for two 

hours due to its lower ion exchange capacity and the fact that it was a thicker 

membrane.54 The angled structure might have also influenced the result. Due to 

this structure, the membrane possesses a lower water and volume uptake, thus 

less chance of hydrolysis. s-PEEK (18), an alternative membrane, was 

completely dissolved after 20 minutes. 18 is known for its high swelling and lost 

of mechanical properties in water at high ion exchange capacity. 73,74 

Table 7 summarizes these results and indicates the main factors (ion 

exchange capacity and thickness) that can influence the hydrolytic stability of 

membranes in addition to the polymer str~cture.~' 

Table 7: Hydrolytic stability at 80•‹C different membranes with their ion 
exchange capacity (IEC) and thickness increase 

1 Nafion 115 11 0.97 0.125 > 120 

Membrane -1 SPIn.7 

3.2.7 Proton conductivity 

Conductivity is an important property for investigating the suitability of 

IEC (mmol/g) 

1.94 

membranes for PEMFC applications. The magnitude of the specific conductivity 

is determined by a combination of charge carrier concentration and charge 

Thickness (mm) 

0.090 

carrier mobility.** The charge carrier concentration for PEMs is dependent on the 

Time (h) 
120 

number of pendent sulfonic acid groups along the polymer chain. It also 



depends on other factors such as ion exchange capacity, water uptake, acidity of 

the sulfonic acid groups and membrane morphology.g A larger ion exchange 

capacity leads to a higher water uptake, higher acidity of sulfonic acid groups (i.e. 

lower pKa) increases proton dissociation and a better phase separation in the 

membrane will all lead to higher proton conductivity.40 It should also be 

recognised that the method of proton conductivity measurement can influence 

the results. It was shown that in plane proton conductivity gives higher values 

than through-plane, due to the anisotropic character of sulfonated p o ~ ~ i m i d e s . ~ ~  

Figure 38 shows the effect of temperature on conductivity for the series of 

sulfonated polyimides with ~a f i on@ (N117 for comparison) at 95% relative 

humidity. It is important to notice that the conductivity increases with the 

increases of ion exchange capacity (sPIo,~ + S P I ~ , ~ ) .  A constant increase with 

temperature means that the membrane remains hydrated (e.g. SP I~ .~ ) .  A drop in 

the conductivity at higher temperature indicates a dehydration of the membrane 

(e.g. Nafion 117 at 95% relative humidity). An increase of conductivity with the 

temperature is important for proton exchange membrane applications. As 

expected, it shows that conductivity increases with temperature and with an 

increase in sulfonic acid content (IEC). The two curves with the higher 

conductivity represent the value obtained for N117. They both have the same 

conductivity value at lower temperature, but the conductivity at 95% relative 

humidity falls when the temperature increases above 50•‹C. N117 requires a 

higher relative humidity (N117 curve at 98% relative humidity) to maintain 

hydration at higher temperature. It has been suggested that a different 



contribution of the proton transport mechanism (Grotthuss and vehicular) could 

explain the increase in conductivity with temperature phenomenon. 55.66 

Table 8: Proton conductivity of membranes with different ion exchange 
capacities at 30•‹C and 95% RH. 

Membrane 
P 

SpIo.3 

spIo.4 

s P I ~ . ~  

S P I ~ . ~  

spIo.7 

sPIo.8 

W (cm) 
0.92 

0.91 

1.00 

0.78 

1.13 

1.19 

t (cm) 
0.027 

0.033 

0.032 

0.005 

0.013 

0.023 

I (cm) 
1.00 

0.50 

1.00 

0.50 

1.00 

1.00 

RM (a) 
3837 

1140 

1322 

4384 

2233 

676 

u (S/cm) 
0.010 

0.015 

0.024 

0.027 

0.030 

0.053 



- Na'ion 117 (98% Rl-) 
; + Na'ion 1 1 7  (95% Rl-) 
i +sP10.8 (95% IPH: 
I *sP10.7 (95% W: 
1 +sPI0.6 (95% RH) 

sP10.5 (95% UH) 

Figure 38: Proton conductivity of ~af ion@ 117 (95% and 98% RH) and 
sP10.3-0.8 (c-h) at 95% RH at different temperatures (30-80•‹C) 

Since most research groups use different procedures for measuring the 

conductivity (e.g. different relative humidity and/or temperature) it is not always 

meaningful to compare the results with literature values. It is also difficult to 

meaningfully compare the effect of the new sulfonated monomer since other 

groups use different non-sulfonated monomers to synthesize their polymers. 

However, as mentioned previously, using different monomers changes the 

properties of the resultant polymer (i.e. flexibility, hydrophobicity and linearity) 

and this can influence the results (water uptake, swelling, proton conductivity). 

An example of a similar structure to the one prepared in this work (15) was 

prepared by Pineri et al. (16) (Figure 39). The difference between these two 



polymers is the position of the sulfonic acid. In the Pineri system (16), it is 

directly attached to the backbone whereas in our case, it is attached to the 

aromatic side chain (15). Another difference is that 16 is block copolymer (with 

x=5) while 15 is a random copolymer. Also, the backbone rigidity of 16 is due to 

the absence of flexible bond in the sulfonated monomer block. 

Figure 39: Sulfonated polyimides used to compare proton conductivity: 
sulfonated polyimides synthesized in this work (15) and from 
pineri3' (1 6). 

It can be observed in Figure 40 that the conductivity of 16 reaches a 

plateau at lower ion exchange capacity than 15. This can be explained 

assuming the existence of highly anisotropic ionic domains with a percolation 

threshold that requires a lower ion concentration due to the higher rigidity of the 

backbone of 16. 



1.30 1.20 1.43 1.60 1.80 2.33 2.20 
IEC (meq g-') 

Figure 40: Proton conductivity of 15 (a) and 16 (b) at 30•‹C and 95 %RH for 
different IEC (Data (b) taken from: Cornet, N. et al. Journal of New 
Materials for Electrochemical Systems 2000, 3, (I), 33-42.) 

An important result is shown in Figure 41. It shows that the polymer 

synthesized in this work (15) possesses a higher conductivity at the same water 

uptake than 16. This can be explained in term of better interconnection between 

ionic domains, which results from the sulfonated groups. This was also 

demonstrated for grafted polystyrene system (PS-~-PssA).'= 
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Figure 41: Proton conductivity of 15 (a) and 16 (b) at 30•‹C and 95 %RH for 
different WU (Data (b) taken from: Cornet, N. et al. Journal of New 
Materials for Electrochemical Systems 2000, 3, (I), 33-42.) 

3.2.8 Fuel cell test 

Figure 42 shows an example of a typical polarization curve for a fuel cell. 

The initial drop in potential is due to the sluggish kinetics of the oxygen reduction 

reaction (ORR). The linear drop at moderate current densities is due to Ohmic 

losses. It is related to the internal fuel cell resistance mainly due to the 

resistance of the membrane and other components. At high current densities, 

mass transport losses are observed. Bellow 80•‹C, most water produced by the 

ORR is liquid, and it can flood the fuel cell, increasing the resistance to mass 

transfer (diffusion of O2 and H2 through water is slow). Vehicular transport 



(electro-osmotic drag) increases this resistance by bringing water to the 

~athode.'~ 

t Open-circuit potential 
........................................................... 

Mass transport 
limited region 

Current Density 

Figure 42: Example of a polarization curve showing losses for a fuel cell 

Two different techniques were used to form the membrane electrode 

assembly (MEA). Hot pressed membranes (HPM) and catalyst coated 

membranes (CCM) were assembled before testing. Figure 43 shows the 

polarization curves obtained with NafionB 115 (CCM (a) and HPM (c)) and S P I ~ . ~  

(CCM (b) and HPM (d)) at 50•‹C and fully humidified conditions. 

The main regions of interest are the Ohmic and mass transport regions. A 

steep slope in the Ohmic region is due to a high resistance from the membrane. 

In both cases, S P I ~ . ~  shows a steeper slope compared to NafionB. With the 

catalyst coated membrane method, the polarization curves are very similar. The 

mass transport effect is observed at high current, indicated by a change in the 

curve of the slope. A mass transport limitation can be observed in the catalyst 

coated Nafionm and hot pressed Nafionm in fuel cells. 



The fuel cell performance of sPlo.6 was evaluated. This membrane was 

chosen because of its good mechanical properties and adequate proton 

conductivity. Two different assembling methods were used to prepare the 

membrane electrode assembly (MEA). The hot pressed membrane (HPM) 

method consisted of assembling the membrane and the separately prepared 

electrodes by hot pressing them at high temperature (135•‹C). The second 

method is called the Catalyst Coated Membrane (CCM) technique; it consists of 

spraying the electrode (catalyst, carbon, ~a f ion@ solution) directly onto the 

membrane. 

The thicknesses of the membranes used were 30 pm and 35 pm for S P I ~ . ~  

hot pressed membrane and catalyst coated membrane methods, respectively. 

Nafion 1 15 (1 25pm) and 1 12 (50pm) were used for hot pressed membrane and 

catalyst coated membrane methods, respectively. Figure 43 shows the results 

obtained at 50•‹C. From this, it can be seen that Nafion 115 performed better 

than s P ~ ~ . ~  with the hot pressed membrane method. It is important to note that 

the membrane electrode assembly was not optimized for sulfonated polyimide 

membranes. Even using high pressure and temperature, the membrane 

electrode assembly did not bind well due to the high glass transition of S P I ~ . ~ .  

Nafion, due to its low glass transition, forms a better interface with the electrodes 

with the hot pressed membrane method. 

The catalyst coated membrane method gave improved fuel cell 

performance. S P I ~ . ~  membrane performed similarly to Nafion 112 at 50•‹C (even 

though it possess a lower proton conductivity). This is due to s P ~ ~ . ~  being thinner 



than Nafion 11 2 (35pm vs 50pm). By decreasing the thickness, the membrane's 

Ohmic resistance is reduced, thereby resulting in a higher performance.77 

Further investigations will have to be performed in order to obtain a better 

understanding of the effect of sulfonated polyimides microstructure effect on fuel 

cell performance. 

4- Nafion (CCM) a 
+ sPI 0.6 (CCM) b 
+ Nafion (HPM) c 

Figure 43: Fuel cell test performance at fully humidified conditions for 
NafionB 112 (CCM (a)), NafionB 115 (HPM (c)) and sPI 0.6 (CCM 
(b), HPM (d)) at 50•‹C 



CHAPTER 4: CONCLUSION 

A series of novel sulfonated polyimides (sPI) containing sulfonated 

aromatic side chains was synthesized using a novel sulfonated monomer. The 

successful synthesis of sPI was verified by the 'H NMR spectra, the 

aromaticlaliphatic proton integral ratio, the ion exchange capacity (from both 

titration and 'H NMR) and through FTIR. 

A series of sulfonated polyimides was evaluated for ion exchange 

capacity, water uptake, volume uptake, proton conductivity, and hydrolytic 

stability. The hydrolytic stability was improved in comparison to linear and rigid 

sulfonated polyimides previously synthesized in-house. This was probably due to 

a higher basicity of the amine groups in the modified polymer and possibly due to 

a better phase separation of the hydrophilic and hydrophobic domains. 

Preliminary studies indicated the polymer membrane shows an encouraging 

performance in a fuel cell operated at 50•‹C. 

The route used to synthesize sulfonated monomers developed in this work 

can be used to synthesize other novel sulfonated monomers. Studies of 

sulfonated polyimides reported in the literature focus on the effect of the non- 

sulfonated components. It would be interesting to synthesize sulfonated 

monomers in order to modify the properties of the polymer backbone and to 

affect the polymer's flexibility and hydrophobicity. Figure 44 shows the possible 

monomers that could be made using this method as a means for future study. 



The fluorinated groups on 21 should increase the backbone hydrophobicity and 

increase the hydrolytic stability due to a better phase separation. The ether bond 

in 23 should help increase the hydrolytic stability of the polymer by increasing 

backbone relaxation. Monomer 21, 22 and 23 could be used to study the effect 

of a spacer in the sulfonated monomer on the properties of the resultant polymer. 

Figure 44: Alternative sulfonated monomers for preparing sulfonated 
polyimides. 



CHAPTER 5: EXPERIMENTAL 

This section describe the synthesis and the characterization of the 

sulfononated monomer (2,2'-bis(4-suIfobenzyloxy)benzidine) and the series of 

sulfonated polyimides (sPI). The starting materials were bought from Sigma 

Aldrich and were used as received. 

5.1 Synthesis 

5.1 .I Synthesis of 4-(bromomethyl)benzene sulfonic acid (1) 

See Figure 25 (page 33) for reaction scheme. 

1'' step6: Benzylamine (4) (1 mL, 9.155 mmol) was added dropwise to 1 

mL of ice-cooled, concentrated sulfuric acid. The mixture was allowed to warm 

to room temperature before adding 3 mL of 30% oleum. The new mixture was 

poured into ice-water and the precipitate filtered, washed with water, methanol 

and finally ether to give 0.8 g of the crude product. Recrystallization from water 

gave pure 5 (0.60 g, 3.21 mmol) in 35.0% yield. 

(5) 'H NMR (DMSO-ds, 500 MHz) 8 7.53 (2H, d), 7.21 (2H, d), 3.69 (2H, s), 2.72 

(2H, br) 

2" step: A suspension of 5 (1.1235 g, 6.0016 mmol) in 0.04M solution of 

sodium acetate was adjusted to pH 3.3 and treated drop wise with sodium nitrite 

(0.4141 g, 6.002 mmol) at 40•‹C until it dissolved. The solution was evaporated 



and the residue taken up in water and transferred onto a cationic exchanger IRC- 

50 for 24 hours. After filtration, the solution was evaporated, dissolved in 

methanol, treated with ether and filtered to give 6 (0.5911 g, 2.812 mmol) for a 

yield of 46.9%. 

(6) 'H NMR (DMSO-d6, 500 MHz) G 7.51 (2H, d), 7.25 (2H, d), 5.20 (AH, t), 4.49 

(2H, d) 

3rd step: 6 (4.9610 g, 23.604 mmol) was treated with 65 mL 33% wt.% 

HBr in acetic acid solution for 48 h at room temperature. The solution was 

evaporated and the residue taken up in methanol, treated with ether and filtered 

to give 1 (6.1460 g, 22.424 mmol) for a yield of 95%. 

(1) 'H NMR (DMSO-d6, 500 MHz) G 7.59 (2H, d), 7.38 (2H, d), 4.69 (2H, s) 

5.1.2 Synthesis of the Sulfonated ~onome;  

See Figure 26 (page 35) for reaction's scheme. 

This section describes the synthesis of 2,2'-bis(4- 

suIfobenzyloxy)benzidine used in the synthesis of the sulfonated polyimide. 

1" step: To a suspension of 3,3'-dihydroxybenzidine (7 )  (1.000 g, 4.625 

mmol) in 30 mL of anhydrous ethanol was added benzophenone imine (8) 

(1.7604 g, 9.713 mmol). The suspension was refluxed overnight. The light 

brown suspension turned bright yellow after 5 h. The suspension was then 

filtered and washed with methanol to give the pure bright yellow compound (N,N1- 

bis(diphenylmethy1ene)-o-aminophenol (9)) with a yield of 88%. 

A similar synthetic route was used by Yasuda et al. in Journal of Polymer Science Part A- 
Polymer Chemisty, 2006, 44(13), 3995-4005. 



'H NMR (9) (DMSO-ds, 500 MHz) 6 9.07 (IH, s), 7.64 (2H, d, 7.0 Hz), 7.51 (AH, 

t), 7.44 (3H, m), 7.29 (2H, t, 8.0 Hz), 7.16 (2H, d, 7.5 Hz), 6.85 (AH, s), 6.68 (AH, 

d, 8 Hz), 6.37 (AH, d, 8Hz) 

13c (9) (DMSO-ds, 100 MHz) 8 168.19, 147.87, 138.97, 138.42, 136.49, 135.44, 

130.78, 128.23, 120.69, 116.36, 112.75 

FTlR (9) (KBr cm-'): 3200(0-H stretch), 3050 (Ar-H stretch), 1588 (C=C stretch), 

1560 (C=N stretch), 1480 (C=C stretch), 1323 (C-N stretch), 1188 (C-0 stretch) 

EA (9): Calcd for C38H2802N2: C,  83.80; H, 5.18; N, 5.14 Found: C, 83.55; H, 

5.39; N, 4.91 

2" step: To a suspension of 9 (1.0000 g, 1.921 mmol) and 1 (1.0129 g, 

4.034 mmol) in DMF was added sodium hydride (0.0968 g 4.03 mmol). The 

reaction was left stirring overnight under nitrogen at room temperature. The 

yellow suspension turned instantly red after adding NaH and became soluble 

after 2h, with a red precipitate forming after approximately 5h. Methanol was 

added to the solution and the white precipitate filtered and washed with methanol 

to give 10. The yield was not measured since this product was not purified and 

characterized. 

3rd step: 10 was acidified with 2M HCI for 24 h to remove the protecting 

groups. The remaining solid was filtered and rinsed with Millipore water. The 

intermediate was then solubilized in 1M NaOH. The reddish solution was then 

filtered to remove the insoluble products. The filtrate was then poured in 2M HCI 



and gives a light brown precipitate. The precipitate was then isolated by 

centrifugation and dried under vacuum at 80•‹C overnight. The dry product was 

washed with chloroform to give 2,2'-bis(4-sulfobenzyloxy)benzidine (11). The 

total yield for steps 2 and 3 was 83%. 

'H NMR (11) (DMSO-d~, 500 MHz) S 7.61 (2H, d, 8.0 Hz), 7.47 (2H, dl 8.0 Hz), 

7.06 (AH, d), 6.89 (AH, dd, 8.5Hz), 6.66 (AH, d, 8Hz), 5.14 (2H, s), 4.68 (2H, s) 

I3c (11) (DMSO-ds, 100 MHz) G 152.97, 150.79, 142.99, 141.52, 134.74, 132.03, 

130.77, 123.80, 119.57, 115.35, 74.47 

FTlR (11) (KBr cm-I): 3405 to 2621 (NH3 stretch), 3050 (Ar-H stretch), 2919 (C-H 

stretch), 1628 (N-H rocking), 1502 (C=C stretch), 1398 (N-H rocking), 1270 (C-N 

stretch), 1238 (S=O assym. stretch), 1123 (S=O sym. stretch), 1030 (C-0 

stretch) 

EA (1 1): Calculated for C26H2408N2S2: C, 56.1 0; H, 4.35; N, 5.03 Found: C, 

55.89; H, 4.54; N, 4.90 

5.1.3 Synthesis of Sulfonated Polyimides (sP~).~) 

See figure 31 (page 43) for reaction scheme. 

To a dry, three necked flask equipped with a Dean Stark trap and 

condenser was added 2,2'-bis(4-sulfobenzyloxy)benzidine (1 1) (0.2783 g, 0.5000 

mmol), 4,4'-oxybisbenzenamine (13) (0.06674 g, 0.3333 mmol) and 1,4,5,8- 

naphthalenetetracarboxylic dianhydride (14) (0.2235 g, 0.8333 mmol) under 

nitrogen. The solvent, m-cresol (5 mL), was added followed by chlorobenzene 

(7 mL) and triethyl amine (0.1214 g, 1.200 mmol). The mixture was stirred for 2 



- 3 hours until complete dissolution of the monomers occurred. Benzoic acid 

(0.1221 g, 1.000 mmol) was then added to the solution and the temperature 

increased to 150•‹C for 2 h. The chlorobenzene was then removed from the 

solution and the temperature was brought to 180•‹C for 24h. After cooling down 

the solution, 10 mL of m-cresol was added to the solution. Finally, the polymer 

was precipitated in methanol. 

After filtration, the remaining m-cresol was removed using a Soxhlet 

extractor with methanol as solvent for 48h. The polymer was then dried under 

vacuum at 80•‹C for 24h and dissolved in DMSO. The viscous solution was then 

filtered and cast on a flat glass petri dish at 80•‹C for 24h. Based on the feed 

ration of monomers, the yield of the reaction is 99%. 

A series of six polymers was synthesized by changing the feed ratio of the 

monomers. The molar ratio of sulfonated monomer (11) and non-sulfonated 

monomer (13) was changed to obtain different ion exchange capacity. 

'H NMR (sPlo6) (DMSO-d6, 500 MHz) 6 8.78 (br), 7.77 (br), 7.56 (br), 7.49 (br), 

7.39-7.22 (br), 5.28 (br) 

FTlR (drop cast on NaCl cm-'): 3442 (H20/0-H stretch), 3074-3007 (Ar-H 

stretch), 2915 (C-H stretch), 1715 (C=O sym. stretch), 1675 (C=O asym. 

stretch), 1582 (C=C stretch), 1499 (C=C stretch), 1448 (C=C stretch), 1349 (C-N 

stretch), 1251 (Ar-0 stretch), 11 99 (C-0 stretch), 11 23 (S=O stretch), 1037 (SOs 

sym. stretch), 101 2 (S-OH stretch) 



5.1.4 Membrane Casting 

Polymers were precipitated from methanol. Soxhlet extraction with 

methanol was carried out on the precipitated polymers for 48 h to remove 

residual m-cresol. It was then dried in a vacuum oven at reduced pressure at 

80•‹C overnight. The dry polymers were dissolved in DMSO. Solutions were 

filtered and spread on a flat Petri dish. The solvent was evaporated at 80•‹C until 

the membrane formed. The membrane was then cut into rectangular pieces (-1 

cm x 2 cm) before characterization. Figure 45 shows the process of membrane 

casting. 

S o w  Extract)on 
Dry (80•‹C under vaunm) 

Precipitation from CH&H Soll&m ( M O )  
4 Fllbation 

Evaporation (8O0C) 
Thickwss: 00 - 300 pm 

Figure 45: General process of membrane casting of sulfonated polyimides 

5.2 Instrumentation 

5.2.1 Nuclear magnetic resonance (NMR) 

'H NMR spectra were obtained on a Varian Unity Spectrometer 500 MHz 

operating at 500MHz and I3c NMR spectra from a Bruker Unity Spectrometer 

400MHz operating at 100.4 MHz. The compounds were dissolved in DMSO-d6 

at a concentration of -10 mg/mL. Triethylamine was added to the sulfonated 



monomer solution to increase its solubility. For the sulfonated polyimides, the 

salt form (S0<(CH3CH2)3NH') was used due to its higher solubility compared to 

the acid form. 

5.2.2 Fourier transform infrared spectroscopy (FTIR) 

The instrument used was a Bomem FTLA2000-154 FTIR system. For the 

sulfonated monomer and its intermediate, KBr pellets were made with the 

appropriate compound. Sulfonated polyimides (sodium form) were drop-cast 

from a DMSO solution on a NaCl window and dried under vacuum at 80•‹C for 2 

hours prior to measurements. 

5.2.3 Elemental analysis 

Elemental analysis was used to determine the composition of the sulfonated 

monomer (12) and its intermediate (10). Elemental analysis was performed by 

Dr. Miki Yang on a Carlo Erba model 1106 CHN analyzer. 

5.2.4 Differential scanning calorimetry (DSC) 

Measurements were performed on the sulfonated polyimides (acid form) 

by Marianne Rodgers on a DSC Q10 instrument at a rate of 10•‹C/min under 

nitrogen from 30•‹C to 550•‹C. Prior to measurement, the samples were dried at 

150•‹C for 30 minutes in the instrument chamber to remove excess water. 

5.2.5 Thermogravimetric analysis (TGA) 

Measurements were performed on the sulfonated polyimides (acid form) 

by Marianne Rodgers on a 2950 TGA HR instrument at a rate of 10•‹C/min under 



nitrogen from 50•‹C to 550•‹C. Prior to measurement, the samples were dried at 

150•‹C for 30 minutes in the instrument chamber to remove excess water. 

5.3 Characterization procedures 

5.3.1 Viscosity determination 

The measurements of reduced and inherent viscosity of synthesized 

sulfonated polyimides were performed using a homemade viscometer, thermally 

controlled by a circulating water system. An automatic timer, controlled by a 

refractive index detector, was used to make the time measurements. Viscosities 

were measured at 30•‹C in m-cresol. Viscosity provides information on the size of 

a polymer molecule in solution. 

The measurements of reduced and inherent viscosity of synthesized 

sulfonated polyimides were performed using a homemade viscometer, thermally 

controlled by a circulating water system. 

Inherent and reduced viscosity were measured and compared with 

literature va~ues.'~ Equation 1 and 2 were used to respectively calculate the 

reduced and inherent viscosity 



qred and qinh can be calculated using equations 3 and 4. Considering that 

the viscosities are measured for dilute solution, and knowing that q = Apt (where 

A is a constant for a given viscometer and p is the density), q, = t/to (for dilute 

solution, p - 

(1) qo is the viscosity of the solvent and q is the viscosity of a polymer solution at a concentration [ 
polymer] (gldL). (2) t and to are the flow times of a polymer solution of concentration c and the 
pure solvent respectively. 

The next two equations show a typical calculation of inherent and reduced 

viscosity for s P ~ ~ . ~  at the highest concentration (0.6075 g/dL). The flow time for 

the pure solvent (to) and the polymer solution (t) are respectively 53.33 s and 

13.56 s. 

5.3.2 Water uptake 

After casting, the membrane was soaked in 2 M HCI for 48 h. The 

membrane was then rinsed and soaked for 2 h in Millipore water. The 

membrane was dried in a vacuum oven at 80•‹C under reduced pressure for 24 h. 

The dry membrane was then weighed, soaked again in Millipore water for 48 h, 

and weighed again. 

The water uptake is reported as a percentage uptake and determined by 



taking the equilibrium weight difference between the wet film (Wwet) and the dry 

film (Wdv) and dividing by the dry film (Wdv) weight. The equation is given 

below. 

(5) Water Uptake = 
w, - "dry 

x I00 
+"dry 

To obtain the value of water uptake of a membrane, the average water uptake of 

three membranes with the same theoretical ion exchange capacity was 

measured. 

The next equation shows a typical water uptake calculation (SPI~.~) .  The dry 

(wdry) and wet (wwet) weights were 16.1 mg and 27.1 mg. 

'VW,  - M1d,V 27. lnzg - 16. Img 
Water Uptake = x loo= x 100 = 40.5 % 

''h) 27. Img 

5.3.3 Volume uptake 

The acidified membranes were first immersed in Millipore water for 24h. 

Membranes thickness was measured with Mitutoyo Quickmike Series 293 

caliper. Length and width were measured with a Mitutoyo Digimatic Calipers 

(Series 500). The membranes were dried under vacuum at 80•‹C overnight. 

Their volume was then re-measured. 

The volume uptake was calculated using equation 6. It is followed by a 

water uptake calculation example for s P ~ ~ . ~ .  The dry (Vdry) and wet (Vwet) 

volumes were 7.74 mm3 and 11.72 mm3. 



5.3.4 Ion exchange capacity from titration (IECT) 

A typical sulfonated polyimide titration is conducted as follows: sodium 

hydroxide was used as titrant (0.02 N) for the titration of sulfonic acid groups in 

the polymer. The titrant was standardized against dry potassium biphthalate 

immediately prior to titrating. Acidified sulfonated polymers were dried overnight 

at -80 "C under vacuum before being weighed. The membrane was then 

immersed in 2N NaCl solution for one hour to obtain the sodium form and release 

protons. The end-point was detected by using phenolphthalein. 

Ion exchange capacity is defined as the millimolar equivalents of reactive 

-S03H sites per gram of polymer and has units, of mmeqlg. The measured ion 

exchange capacity values are compared to the theoretical or calculated ion 

exchange capacity value based on the moles of sulfonated monomer charged to 

the reaction flask. 

The end point was used to calculate the ion exchange capacity (meqlg) of 

the sulfonated membrane. The reported experimentally-determined ion 

exchange capacities are the average of at least three separate titrated samples. 

Equation (7) was used to calculate the ion exchange capacity. The volume of 

NaOH used to reach the end point (VNaO~), the concentration of the NaOH 



solution used ([NaOH]) and the dry weight of the membrane (wmembrane) were 

needed to calculate the ion exchange capacity. 

The next equation shows an ion exchange capacity (IECT) calculation 

example for S P I ~ . ~ .  The volume of NaOH (0.009 mol/L) needed to neutralize the 

solution was 7.74 x 10" 1. The membrane's dry weight (wd,) was 40.7 x 10" g. 

5.3.5 Ion exchange capacity from H' NMR (IECNM~) 

1 H NMR was used to confirm the polymer structure and to measure the ion 

exchange capacity (IECN~R) and compare the results with the titration method 

(IECT). To determine the ion exchange capacity, the ratio between the aliphatic 

protons (only present in the sulfonated monomer (SM)) and the aromatic protons 

(present in SM and other monomers (M)) was measured. 

This ratio, based on the molar feed ratio (RatioFR), was compared with the 

ratio obtained from the peak integration in 'H NMR specta (RatioNMR). Equation 

8 was used to calculate the aromaticlaliphatic protons ratio from the molar feed 

ratio. The number of aromatic protons in the sulfonated part (H(SMAromatic)), in 



the non-sulfonated part (H(MAmmatiC) and the aliphatic proton (H(SMAliphatic)) were 

needed. 

The next equation shows an example of the calculation of the 

aromaticlaliphatic protons ratio obtained from the molar feed ratio (for sPlo,s 

where x = 0.6). 

The ion exchange capacity from NMR (lECNMR) was obtained using 

Equation 9. The aromaticlaliphatic proton ratio obtained from NMR (RatioNMR) 

and molar feed ratio were first calculated. 

IEC, x Rutio,,, 
(9) IEC,\W = 

Ratio, 

The next equation shows an ion exchange capacity (IECNMR) calculation 

example for S P I ~ . ~ .  The ion exchange capacity obtained by the molar feed ratio 

(lECFR) was 1.73 mmollg. The aromaticlaliphatic protons ratios obtained from 

feed (RatioFR) and NMR (RatioNMR) were 6.50 and 6.98, respectively. 

IEC, x Ratio ,\,:, 1.73inmollg x 6.98 
m , , m  = 

- - = 1 . 8 5 n z n d / g  
Rut io,, 6.50 



5.3.6 Lambda (A) 

This value represents the average number of water molecules for each 

sulfonated groups. It can be calculated using the value obtained for the water 

uptake (WU) and ionic exchange capacity obtained by titration (IEC,) using the 

Equation 1 o . ~ '  

The next equation shows a calculation example of lambda for S P I ~ , ~ .  The 

ion exchange capacity (IECT) and water uptake (WU) are 1.73 mmollg and 

39.8%, respectively. The water molecular weight used is 18 mollg. 

a = 
((WUI1OO)IMW H,O) x 1000 - ((39.8%/100)/18 ,qmofl)  - = 13 

IEC 1.73 mrnol ,g-' x 1000-I 

5.3.7 Proton conductivity 

The membrane resistivity (R) was measured with a Solartron SI-1260 

ImpedanceIGain phase analyser at an alternative current of 0.1 mA in a 

frequency range between 10 MHz and 100 Hz. The environmental conditions of 

temperature and relative humidity were controlled with an Espec SH-241 

Environmental Chamber. Figure 46 illustrates the cell used for conductivity 

measurements. The length (I) and width (w) were measured with a pair of 

Mitutoyo Digimatic Calipers Series 500 and the thickness (t) was measured with 

a Mitutoyo Quickmike Series 293. The membranes resistivity was calculated 

using Zplot 2.8 for windows (Scribner Associates, Inc.). 



Teflon Support 
\ Membrane 
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Figure 46: Conductivity cell 

The proton conductivity (0) is calculated using Equation 11. The 

membranes length (I), width (w) and thickness (t) were measure prior to the 

resistivity measurement. Membrane resistance (RM) was measured by 

impedance spectroscopy and obtained using Zplot 2.8 for Windows (Scribner 

Associates, Inc.). The system used in this work can be represented as an 

equivalent circuit (Figure 47) where Rs (solution resistance), Cdl (bulk 

capacitance) and RM (membrane resistance) are the main components. The 

relationship between the applied potential and the current flow is known as the 

impedance, which is analogous to the resistance-current-potential relationship of 

a dc circuit. The impedance (Z) has a magnitude (AEIAi) and phase (9 and is 

thus a vector quantity. Figure 49 shows a typical result obtained for our system. 

The important feature is the diameter of the semi-circle. The larger it is, the 

higher is the resistance. At low frequency (the right side of the semi-circle)where 

it intersects the Z axis, the system is considered as pure resistance. When the 

frequency increases, the membrane capacitance influences the impedance. The 



combination of the capacitance and resistance leads to the semi-circle. Due, to 

the complexity of the results, a software (Zplot 2.8) is needed to extract the 

membrane resistance (RM). Results obtained at 30•‹C and 95% relative humidity 

are presented in Table 8. 

Figure 47: A typical impedance plot from which conductivity data is 
calculated 

The next equation shows an example of a calculation of conductivity (for 

s P ~ ~ , ~  (a)) at 30•‹C and 95 %RH. The length (I), width (w), thickness (t) and 

membrane resistance (RM) were 0.50 cm, 0.78 cm, 0.005 cm and 4384 Ohm 

respectively. 

I - - 0.50 crn 
O =  = 0.027 ~ c m - '  

R ,  x 1.v x t 4384 Q x 0.78 cm x 0.005 cm 



5.3.8 Membrane stability 

The hydrolytic stability of the sulfonated polyimide membrane was 

determined by immersing the membranes into distilled water at 80•‹C and 

characterized by the loss of mechanical strength. The mechanical stability test 

was made every 20 minutes for the first hour, every hour for five hours and once 

a day until they lost their mechanical property as judged by the bend test. The 

same test was simultaneously performed on the other membranes. Figure 48 

shows the steps followed for the membrane stability tests. 

Immersed in 80•‹C 
Millipore Water 

Mechanically stable 
Loss of mechanical 
strength 

Figure 48: Example of the hydrolytic stability test 

5.3.9 Fuel cell test 

Two different techniques were used to form the membrane electrode 

assembly (MEA). Hot pressed membrane (HPM) and catalyst coated membrane 

(CCM) were assembled before testing. 

For the hot pressed membrane method, the sublayer was composed of 0.5 

mg/cm2 Carbon (PEMEAS, E-TEK Division) with 10% PTFE (Sigma-Aldrich Co.). 



The catalyst was made of 0.25 mglcm2 20% PtIC (PEMEAS, E-TEK Division) 

with 30% wt ~a f ion@ (Sigma-Aldrich Co.) ionomer spread on Toray carbon paper 

lo%, wetproofed (PEMEAS, E-TEK Division). 

For the catalyst coated membrane method, SGL1s BC24 Gas Diffusion 

Media (GDM) (SGL Carbon Group) containing a microporous Layer (MPL) 

deposited were used as the electrodes. An ink slurry was prepared and sprayed 

directly on the membrane. An ink slurry was prepared to have the composition of 

0.4 mg/cm2 carbon supported (Vulcan XC-72) Pt (PEMEAS, E-TEK Division) and 

30 wt% Nafion ionomer content. The catalyst coated membrane was first 

laminated with a 38 pm laminating pouch as an integration of subgasket. A 125 

pm thick compressable Si-gasket was used to assemble the gas diffusion media. 

A triple serpentine 5 cm2 single cell (Teledyne Energy Systems) was used 

for this experiment. The cell was operated with 200 mUmin of H2 and 0 2  for 

anode and cathode, respectively. Gases were fully humidified and supplied in a 

co-flow manner. The cell temperature was set at 50 OC and each point of the 

polarization curve was obtained by controlling the potential from open circuit 

voltage (OCV) to 0.2 V by holding for 60 seconds at 50 mV increments. Fuel cell 

tests were performed by Makoto Adachi at the National Research Council-IF. 
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