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ABSTRACT

Provided is a vinyl polymer of a sulfonated monomer having a basic skeleton

represented by the following formula (1),

l n

(CHZ)x M

SO;H
wherein x1s 1 to 20 and n 1s 10 to 10,000.

Also provided 1s a novel hydrocarbon vinyl polymer aimed at providing a hydrocarbon
solid polymer electrolyte which can become a substitute for a fluorine electrolyte, and which
has chemical and physical properties sufficient for practical use, yet can be produced at a low
cost. Additionally, provided is a polymer electrolyte membrane suitable as the ion-exchange
membrane of a solid polymer fuel cell by employing the polymer of a sulfonated vinyl

monomer which has excellent film-forming properties and a large 1on-exchange capacity (EW).
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DESCRIPTION

VINYL POLYMER OF SULFONATED MONOMER, PRODUCTION METHOD
THEREOF, POLYMER ELECTROLYTE, POLYMER ELECTROLYTE MEMBRANE

AND FUEL CELL

Technical Field

The present invention relates to a vinyl polymerization method of a sulfonated
monomer, which conventionally has been said to be difficult, and to a novel polymerized vinyl
polymer of a sulfonated monomer. The present invention also relates to a novel polymer
electrolyte which comprises the vinyl polymer of a sulfonated monomer and which can serve
as a substitute for a conventional fluoropolymer electrolyte, and to a polymer electrolyte
membrane. In addition, the present invention relates to a solid polymer fuel cell containing

as a solid polymer electrolyte membrane a polymer electrolyte membrane comprising of a

vinyl polymer of a sulfonated monomer.

Background Art

Fuel cells are devices which generate electrical energy according to an operational
theory based on the reverse action of the electrolysis of water. In a fuel cell, generally,
hydrogen obtained by reforming a fuel such as natural gas, methanol and coal, and oxygen in

air are fed to generate direct-current power while producing water. Thus, because the

generation efficiency is high, and clean energy can be supplied, fuel cell power generation is

attracting attention.

Depending on the type of electrolyte used, fuel cells can be classified as phosphoric
acid fuel cells, molten carbonate fuel cells, solid oxide fuel cells, solid polymer fuel cells and
the like. Of these, because solid polymer fuel cells which use an ion-exchange membrane
(solid polymer electrolyte membrane) as the electrolyte essentially consist of only a solid, they

have the advantages of being free from problems of electrolyte dissipation or retention,
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operating at low temperatures of 100°C or less, having a very short start-up time and enabling
a higher energy density, smaller size and lighter weight.

Therefore, solid polymer electrolyte fuel cells are being developed as power sources for
automobiles, dispersed-type power sources for homes and buildings, power sources for space
vehicles, and portable power sources. Specifically, from the standpoint of environmental
1ssues such as global warming and measures to decrease automobile exhaust gas, solid
polymer electrolyte fuel cells are gaining attention as fuel cells for mounting on automobiles.

Solid polymer electrolytes are a solid polymer material having an electrolyte group
such as a sulfonic acid group in a polymer chain. Since solid polymer electrolytes have
properties to strongly bind to specific 1ons and to allow positive or negative 1ons to be
selectively transmutted, they are formed as particles, fibers, or membranes and used for various
applications such as electrodialysis, diffusion dialysis, and battery diaphragms.

Solid polymer electrolyte fuel cells comprise, for example, a proton-conducting solid
polymer electrolyte membrane and a pair of electrodes provided with one electrode on each
side of the membrane. Hydrogen gas i1s supplied to one of the electrodes (fuel electrode) as
fuel gas, and oxygen gas or air is supplied to the other electrode (air electrode) as an oxidant to
obtain an electromotive force. Water electrolysis is a method for producing hydrogen and
oxygen by electrolyzing water using a solid polymer electrolyte membrane.

In a fuel cell or water electrolysis, peroxide is produced at the catalyst layer formed on
the interface between the solid polymer electrolyte membrane and the electrodes. The

produced peroxide turns into peroxide radicals while diffusing, and cause a degenerative

reaction to occur. As a result, it is difficult to use a hydrocarbon electrolyte membrane,
which has poor acid resistance. Therefore, in a fuel cell or water electrolysis, a
pertluorosulfonic acid membrane is generally used which has high proton conductivity and

high resistance to acid.

Further, brine electrolysis 1s a method which produces sodium hydroxide, chlorine and
hydrogen from electrolysis of aqueous sodium chloride using a solid polymer electrolyte
membrane. In this case, the solid polymer electrolyte membrane is exposed to chlorine and

hot, highly concentrated aqueous sodium hydroxide, and thus a hydrocarbon electrolyte

2



CA 02628237 2008-05-01

membrane, which has poor resistance to these substances, cannot be used. Therefore, for a
solid polymer electrolyte membrane for brine electrolysis, a perfluorosulfonic acid membrane
1s generally used which 1s resistant to chlorine and hot, highly concentrated aqueous sodium
hydroxide, and is partially incorporated with carboxylic acid groups on its surface to prevent
back-diffusion of the produced ions.

However, since fluorine electrolytes represented by perfluorosulfonic acid membranes
have a C-F bond, they have a very high chemical stability, and are thus used as the above-
described solid polymer electrolyte membrane for fuel cells, water electrolysis or brine
electrolysis, the solid polymer electrolyte for hydrohalic acid electrolysis, as well as being
widely applied 1n humidity sensors, gas sensors, oxygen concentrators and the like by utilizing
proton conductivity.

Fluorine electrolyte membranes, represented by the perfluorosulfonic acid membrane

known by the trade name “Nafion®”

(manufactured by DuPont), are especially acclaimed as
an electrolyte membrane which can be used under harsh conditions due to their very high
chemical stability.

However, tluorine electrolytes have the drawbacks of being difficult to produce and
being expensive. In contrast, compared with the fluorine electrolyte membrane represented
by “Nafion®”, hydrocarbon electrolyte membranes have the advantages of being easier to
produce, and having a lower-cost, as well as a high degree of freedom in molecular design and
an 1on-exchange capacity which can be easily adjusted.

In producing a hydrocarbon electrolyte membrane, if the hydrolysate of a vinyl
polymer of an acid type sulfonated vinyl monomer or of a vinyl polymer of an ester type
sulfonated vinyl monomer can be produced, then the preferable advantages of being more
eastly produced and having a lower cost than fluorine electrolyte membranes represented by

“Nafion®”, as well as having a higher degree of freedom in molecular design and an ion-

exchange capacity which is more easily adjusted can be expected.

However, polymerization of such sulfonated vinyl monomers by ordinary radical
polymerization, cationic polymerization and coordination polymerization is known to be

difficult. For example, Japanese Patent Publication (Kohyo) No. 2005-526875 A describes

3
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the invention of a proton conducting polymer membrane having as a main component a
polyvinylsulfonic acid obtained by a method comprising the steps of: A) mixing a polymer
with sulfonic acid containing vinyl; B) forming a flat structure by using the inventive mixture
from step A) on a support; and C) polymerizing the vinyl-containing sulfonic acid present in
the flat structure from step B).

However, in the method described in Japanese Patent Publication (Kohyo) 2005-
526875 A, polymerization does not occur by the wvinyl sulfonic acid alone. The
polymerization 1s merely carried out after a very complex process by copolymerization with
other polymers, and thus 1t is difficult to say that excellent chemical and thermal properties
expected from a polymer of a sulfonated vinyl monomer would be sufficiently exhibited.

Ultimately, most conventional electrolyte materials for hydrocarbon fuel cells are super
engineering plastic electrolytes. There are few electrolyte materials having a sulfonic group
for the 1on-exchange group and a flexible main chain skeleton. Further, expressing high
proton conductivity under high-temperature, low-humidification conditions by making the
acid concentration (sulfonic group concentration) of an electrolyte higher is also a problem to
be solved.

An example of an electrolyte material for hydrocarbon fuel cells which has a flexible
main chain skeleton is polystyrenesulfonic acid. However, this substance has a structure
wherein the sulfonic group is linked to an aromatic ring. While it is comparatively easy to
introduce a sulfonic group into an aromatic ring,_ precise control of the sulfonic group
introduction rate and the degree of freedom of the molecular design are problematic.
Especially in the case of trying to synthesize a high acid concentration electrolyte by a post-
treatment (sulfonic group introduction into the polymer), there occur sites where the acid

cannot be introduced, thus making it difficult to obtain a desirable high acid concentration.
Thus, 1n the synthesis of a high acid concentration electrolyte, it is preferable to obtain

the polymer by polymerizing a monomer having a sulfonic group as a substituent. However,

currently, when trying to synthesize a polymer from a vinyl monomer having a sulfonic group

as a substituent, polymerization does not proceed in the typically-used methods of radical
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polymerization, cationic polymerization, anionic polymerization and coordination

polymerization, and a polymer cannot be obtained.

Disclosure of the Invention

In consideration of the above-described problems, the present invention provides a
novel hydrocarbon vinyl polymer aimed at providing a hydrocarbon solid polymer electrolyte
having chemical and physical properties which are equal to or better than those of a fluorine
electrolyte, or which are sufficient for practical use, yet can be produced at a low cost.
Additionally, the present invention provides a polymer electrolyte membrane suitable as the
ion-exchange membrane of a solid polymer fuel cell by employing the polymer of a sulfonated
monomer which has excellent film-forming properties and a large 1on-exchange capacity (EW).
Further, the present invention provides a solid polymer fuel cell comprising a polymer of a
sulfonated vinyl monomer having such excellent properties as a solid polymer electrolyte
membrane.

As a result of intensive research, the present inventors discovered that vinyl
polymerization of a sulfonated monomer by typical radical polymerization, cationic
polymerization, anionic polymerization or coordination polymerization, which has been said
to be difficult, is possible by making the monomer concentration high, which 1s contrary to
common technical knowledge in the art, thereby arriving at the present invention. While 1t 1s
not entirely clear why polymerization of a sulfonated monomer 1s difficult, side reactions
resulting from the sulfonic group are thought to inhibit the intended vinyl polymerization.

A first aspect of the present invention 1s an invention of a polymer compound, which 1s

a vinyl polymer of a sulfonated monomer having a basic skeleton represented by the following

formula (1).
(cl:HZ)x ™
SO,H
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In formula (1), x is 1 to 20, and 1 or 2 is preferable. Further, nis 10 to 10,000, and the
polymer may have a relatively low to ultrahigh molecular weight.

The vinyl polymer of a sulfonated monomer according to the present invention
comprises a main chain composed of a hydrocarbon and a side chain, and has an ion-
exchangeable sulfonic acid group. As a result, the vinyl polymer is flexible and capable of
exchanging 1ons.

The vinyl polymer of a sulfonated monomer having a basic skeleton represented by the
above-described formula (1) may be a homopolymer, and so long as it contains the above-
described repeating unit, may be a copolymer with another vinyl monomer. Examples
thereof include a random copolymer, block copolymer or partial-block copolymer containing
the repeating unit represented by formula (1). Even in this case, the repeating unit
represented by formula (1) confers its chemical and physical properties to the vinyl polymer of
a sulfonated monomer according to the present invention.

The vinyl polymer of a sulfonated monomer according to the present invention has
excellent ion-exchangeability and is flexible and physically stable, and thus holds promise of
becoming a substitute for fluorine electrolyte membranes as represented by the

perfluorosulfonic acid membrane known by the trade name ot “Nafion®” (manufactured by
DuPont).

A second aspect of the present invention is the invention of a method for producing the
above-described vinyl polymer of a sulfonated monomer, which 1s a vinyl polymerization
method of a sulfonated monomer having a basic skeleton represented by the following formula
(2), wherein polymerizing a monomer solution comprising at least the sulfonated monomer
having a basic skeleton represented by the following formula (2), a solvent and a
polymerization initiator 1s subjected to polymerization, characterized in that the concentration

of the sulfonated monomer 1n the monomer solution 1s 20 mol/LL or more.

CHZ:CH

(CH2)x o

SO;M
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In formula (2), x is 1 to 20, and 1 or 2 is preferable. Further, M is a metal 1on such as
sodium or potassium, or an alkyl group having 1 to 10 carbon atoms such as a methyl group or
an ethyl group.

Examples of the method for producing the polymer of a sulfonated monomer according
to the present invention include batch polymerization for polymerization by charging a
solution of the sulfonated monomer dissolved in water or the like and a polymerization
initiator together into a polymerization vessel; and consecutive addition for polymerization
while adding a solution of the sulfonated monomer dissolved in water or the like and a
polymerization 1nitiator dropwise ;' into a polymerization vessel. = However, in batch
polymerization, 1t 1s difficult to rerﬁove the heat of polymerization from the polymerization
reaction, and thus consecutive addition 1s preferably used.

In the vinyl polymerization according to the present invention, the polymerization
temperature is sufficient at the temperature where typical radical polymerization reaction is
carried out, however it is usually 10 to 100°C and more preferably 40 to 90°C. The
polymerization time is preferably 2 to 30 hours.

The added amount of the polymerization initiator used in the present invention 1s 0.01
to 20 parts by weight based on 100 parts by weight of the sulfonated monomer. The added
amount may be smaller when trying to obtain a solution of a high-molecular weight sulfonated
monomer, and larger when trying to obtain a solution of a low-molecular weight polymenzed

product. If the added amount of the polymerization initiator is less than 0.01 parts by weight,
the high-molecular weight sulfonated monomer solution is very viscous, which makes stirring
difficult during production, so that the polymerization rate slows and productivity deteriorates.
The added amount preferably does not exceed 20 parts by weight, since a lower molecular
weight sulfonated monomer solution is not obtained even if more polymerization 1nitiator 1s
added, and the excess remains as a catalyst residue.

Examples of the sulfonated monomer in the vinyl polymerization according to the
present invention include an alkali metal salt of 1-butenesulfonic acid or 1-butenesultonic acid

alkyl ester.
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A preferred example of the polymerization initiator in the vinyl polymerization
according to the present invention is 2,2’-azobis(2-amidinopropane)dihydrochloride
(AAPDHC).

Further, a preferred example of the solvent in the vinyl polymerization according to the
present invention 1s water.

Figure 1 illustrates one example of a polymerization scheme of a sulfonated monomer
according to the polymerization reaction and hydrolysis reaction of the present invention.

A third aspect of the present invention is a polymer electrolyte comprising the above-
described vinyl polymer of a sulfonated monomer. The above-described formula (1) has in
the repeating unit a sulfonic group having a large ion-exchange capacity which functions as an
electrolyte. As a result, the vinyl polymer of a sulfonated monomer according to the present
invention has excellent proton conductivity.

The polymer electrolyte according to the present invention may be used as a polymer
electrolyte for a fuel cell, a polymer electrolyte for water electrolysis and a solid polymer
electrolyte for brine electrolysis, as well as a solid polymer electrolyte for hydrohalic acid
electrolysis, and can even be widely applied in humidity sensors, gas sensors, oxygen
concentrators and the like by utilizing the proton conductivity.

The electrolyte solution according to the present invention 1s a solution in which the
above-described vinyl polymer of a sulfonated monomer is dissolved in a suitable solvent (e.g.
water, alcohol, ether, mixtures thereof etc.). The vinyl polymer of a sulfonated monomer can
be used alone or by mixing with some other polymer electrolyte or the like.

A fourth aspect of the present invention is a polymer electrolyte membrane obtained by
forming a membrane of the above-described vinyl polymer of a sulfonated monomer. The
polymer electrolyte membrane according to the present invention can have a smaller ion-
exchange level (EW value) due to its chemical structure. This 1on-exchange level can be 200
or less, and preferably 150 or less. It 1s noted that, when the x in the sulfonated monomer is 1,

the EW value 1s theoretically 122.
The vinyl polymer of a sulfonated monomer according to the present invention has

hydrocarbon groups on the main chain and side chain, and these linear hydrocarbon groups

8
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provide the vinyl polymer with a suitable flexibility. Further, the sulfonic acid group, which
1s a functional group, renders the vinyl polymer soluble in water. These features contribute
to the vinyl polymer of a sulfonated monomer according to the present invention having
excellent workability, such as film-forming properties, as well as high proton conductivity.

The polymer electrolyte membrane according to the present invention is formed from
the above-described vinyl polymer of a sulfonated monomer by a proper method. The
method for forming a film of the vinyl polymer of a sulfonated monomer 1s not especially
limited, and can be carried out using a common method, such as casting a solution onto a flat
plate, coating a solution onto a flat plate with a die coater, a comma coater and the like, or
stretching a molten vinyl polymer of a sulfonated monomer.

The electrolyte membrane composed of the vinyl polymer of a sulfonated monomer
according to the present invention can be formed by flow coating a polymer electrolyte
solution containing a solvent such as water onto a glass plate and then removing the solvent.
Further, in order to improve the mechanical strength of the electrolyte membrane, the
membrane may be crosslinked by irradiating with an electron beam, radiation and the like, or
may even be formed as a compound membrane by dipping a porous film or sheet, or may be
reinforced by mixing with fiber or pulp. The thickness of the electrolyte membrane i1s not
especially limited, but 1s preferably 10 to 200 um. For an electrolyte membrane thinner than

10 pm, strength tends to decrease. For an electrolyte membrane thicker than 200 um, the

membrane resistance increases, whereby the properties of the electrochemical device tend to

be inadequate. Film thickness can be controlled by the solution concentration or the coating

thickness applied onto the substrate.

A fifth aspect of the present invention is an invention of a solid polymer fuel cell
comprising the above-described polymer electrolyte membrane, characterized by stacking a
plurality of fuel cell units comprising reaction electrodes which sandwich both faces of the
electrolyte membrane and separators which sandwich the reaction electrode.

Employing an electrolyte membrane like that described above, which has excellent

chemical and physical properties, allows the various capabilities of the fuel cell as a whole to
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also be improved. Further, by employing a low-cost electrolyte membrane and electrolyte
solution, the fuel cell can also be provided more cheaply.

According to the present invention, vinyl polymerization of a sulfonated monomer,
which conventionally was said to be difficult, has become possible. The vinyl polymer of a
sulfonated monomer according to the present invention has a dramatically improved degree of
freedom 1n molecular design, excellent flexibility, a large 1on-exchange capacity (EW) and
excellent film-forming properties. Further, this vinyl polymerization method of a sulfonated
monomer 1s simple and can be carried out at low cost. In addition, the vinyl polymer of a
sulfonated monomer according to the present invention is suitable as an 1on-exchange

membrane for a solid polymer fuel cell.

Brief Description of the Drawings

Figure 1 illustrates the reaction scheme for the vinyl polymerization method of a
sulfonated monomer according to the present invention;

Figure 2 1llustrates the synthesis scheme for sodium 1-butenesulfonate;

Figure 3 1llustrates the synthesis scheme for methyl 1-butenesulfonate; and

Figure 4 illustrates the synthesis scheme for methyl allylsulfonate.

Best Mode for Carrying Out the Invention

How the present invention is carried out will now be described in more detail.

|Synthesis of the sulfonated vinyl monomer}j

The tollowing four monomers were synthesized or prepared as the monomers for

polymerization investigation.
1. Synthesis of “sodium 1-butenesulfonate”

Synthesis was carried out according to the synthesis scheme illustrated in Figure 2, to
obtain the subject compound “sodium 1-butenesulfonate” in a yield of 50.4%. Below, this is

referred to as “BuSANa”.

2. Synthesis of “methyl 1-butenesulfonate”

10
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Synthesis was carried out according to the synthesis scheme illustrated 1n Figure 3, to
obtain the subject compound “methyl 1-butenesulfonate” in a yield of 45.5%. Below, this 1s
referred to as “BuSAMe”.

3. Synthesis of “sodium allylsulfonate™

A commercially available product was used (manufactured by Wako Pure Chemical
Industries Ltd.). Below, this 1s referred to as “AySANa”.

4. Synthesis of “methyl allylsulfonate™

Synthesis was carried out according to the synthesis scheme 1llustrated in Figure 4, to
obtain the subject compound “methyl allylsulfonate” 1n a yield of 68.2%. Below, this 1s
referred to as “AySAMe”.
|[EXAMPLES]

The present invention will now be described in more detail with reference to examples
and comparative examples.

[Investigation of various polymerization methods]

Vinyl polymerization was investigated using the four sulfonated vinyl monomers which
had been synthesized and prepared.

1. Polymerization investigation of “sodium 1-butenesulfonate (BuSANa)”
1-1. Investigation of radical polymerization (1)

Mixed together were 4.0 g of deionized water and 2.5 g of BuSANa. The resultant
mixture was purged with nitrogen, and then charged with 0.025 g of potassium persulfate and
0.01 g of sodium sulfite. The resultant mixture was reacted at 50°C for 24 hours. After the
reaction was finished, the mixture was reprecipitated with 15 mL of methanol. The resultant
solution was filtered, and the obtained residue was dried to obtain white crystals. The
recovered product was confirmed by NMR to be a monomer, meaning that a polymerization
reaction did not occur.

1-2. Investigation of radical polymerization (2)

Mixed together were 10 g of deionized water and 2.0 g of BuSANa. The resultant

mixture was heated to 80°C and then purged with argon gas. To this mixture was added

dropwise 0.06 g ot 30% aqueous hydrogen peroxide, and the resultant mixture was reacted for

11
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12 hours. After the reaction was finished, the mixture was dried at 110°C to obtain 1.86 g of
reaction product. The recovered product was confirmed by NMR to be a monomer, meaning
that a polymerization reaction did not occur.

1-3. Investigation of radical polymerization (3)

Mixed together were 10 g of toluene and 20 g of BuSANa. The resultant mixture was
heated to 80°C under vigorous stirring. This mixture was charged with 0.02 g of AIBN, and
the resultant mixture was reacted for 8 hours. After the reaction was finished, the mixture
was dried at 100°C to obtain 1.86 g of reaction product. The recovered product was
confirmed by NMR to be a monomer, meaning that a polymerization reaction did not occur.
1-4. Investigation of cationic polymerization (1)

Mixed together were 10 g of methylene chloride and 20 g of BuSANa. The resultant
mixture was cooled to 0°C, and then 0.05 mL of a boron fluoride diethyl ether complex was

added dropwise. The resultant mixture was reacted for 3 hours. After the reaction was

finished, the mixture was dried at 40°C to obtain 1.93 g of reaction product. The recovered
product was confirmed by NMR to be a monomer, meaning that a polymerization reaction did

not occur.
1-5. Investigation of cationic polymerization (2)
The reagents were charged together in the same manner as in the above-described 1-4,

and the temperature was changed from -80°C to room temperature over 1 day. 1.75 g of

reaction product was obtained. The recovered product was confirmed by NMR to be a

monomer, meaning that a polymerization reaction did not occur.

1-6. Investigation of cationic polymerization (3)
Mixed together were 10 g of methylene chloride and 20 g of BuSANa. The resultant

mixture was heated to 50°C, and then 0.05 mL of a boron fluoride diethyl ether complex was

added dropwise. The resultant mixture was then reacted for 3 hours. After the reaction was

finished, the mixture was dried at 40°C to obtain 1.90 g of reaction product. The recovered

product was confirmed by NMR to be a monomer, meaning that a polymerization reaction did

not occur.

1-7. Investigation of coordination polymerization (1)

12
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Mixed together were 10 g of hexane and 1.0 g of BuSANa, and the resultant mixture
was dispersed by stirring. Then, 2.0 mL of a 0.2 mol/L solution of isobutylaluminum in
hexane and 2.0 mL of a 0.2 mol/L solution of titanium tetrachloride in hexane were
simultaneously added dropwise. The resultant mixture was reacted for 1 hour as 1s at room
temperature. The reaction was terminated with a small amount of IPA. The mixture was
then filtered, and the obtained residue was dissolved by washing with methanol. The
resultant solution was concentrated to dryness, and the obtained solid was dried under reduced
pressure to obtain 0.9 g of a white powder. The recovered product was confirmed by NMR
to be a monomer, meaning that a polymerization reaction did not occur.

1-8. Investigation of coordination polymerization (2)

Mixed together were 6.5 g of n-hexane and 1.0 g of BuSANa, and the resultant mixture
was dispersed by stirring. Then, 4.8 mg of titanium trichloride and 0.03 mL of a 1 mol/L
solution of triethylaluminum in hexane were added dropwise. The temperature of the
resultant mixture was increased to 70°C, and then the mixture was reacted for 1 hour. After
the reaction was finished, the mixture was extracted with methanol. The resultant product
was concentrated to dryness. The obtained solid was dried under reduced pressure to obtain

0.9 g of a white powder. The recovered product was confirmed by NMR to be a monomer,

meaning that a polymerization reaction did not occur.
1-9. Investigation of radical polymerization (4)

Mixed together were 6.4 g of BuSANa and 2.0 g of deionized water. The resultant
mixture was charged with 0.5 g of 2,2’-azobis(2-amidinopropane)dihydrochloride (AAPDHC)

and then dissolved at 90°C. The resultant mixture was then reacted at 100°C for 10 hours.

After the reaction was finished, the mixture was dissolved by adding 8.0 g of deionized water,

and then reprecipitated with ten times that amount of methanol. The mixture was filtered and
then dried at 50°C to obtain 1.6 g of reaction product. Inherent viscosity was 0.018 (water

0.5 g/dL. at 30°C), and also from NMR analysis the double bond was found to have

disappeared, meaning that a polymerization reaction had occurred.

13
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The following Table 1 shows all of the results of the polymerization investigations of

sodium 1-butenesulfonate (BuSANa). In the Table, “monomer concentration” 1s denoted 1n
mol/L.
Table 1

14
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It can be seen from the results in Table 1 that polymerization only occurs when the
monomer concentration is 20 mol/L or more.
2. Polymerization investigation of “methyl 1-butenesulfonate (BuSAMe)”

2-1. Investigation of anionic polymerization
Mixed together were 10 g of anhydrous THF and 10 g of BuSAMe. The resultant

mixture was cooled to -80°C, and then 0.26 mL of a solution of 154 mol/L butyllithium 1n
hexane was added dropwise. The resultant mixture was then reacted for 2 hours. After the
reaction was finished, the mixture was dried at 40°C to obtain 0.37 g of reaction product.
Although a peak was seen at Mw = 1,000 by SEC, no decrease 1n vinyl groups was seen by
NMR, so polymerization was not confirmed.
2-2. Investigation of cationic polymerization

Mixed together were 10 g of methylene chloride and 10 g of BuSAMe. The resultant

mixture was cooled to 0°C, and then 0.025 mL of a boron fluoride diethyl ether complex was

added dropwise. The resultant mixture was then reacted for 3 hours. After the reaction was
finished, the mixture was dried at 40°C to obtain 1.0 g of reaction product. No peaks were
seen with SEC, and the recovered product was confirmed by NMR to be a monomer.

2-3. Investigation of coordination polymerization (1)

Mixed together were 10 g of n-hexane and 1.0 g of BuSAMe, and the resultant mixture
was dispersed by stirring. Then, 2.0 mL of a 0.2 mol/L solution of isobutylaluminum in
hexane and 2.0 mL of a 0.2 mol/L solution of titanium tetrachloride in hexane were
simultaneously added dropwise. The resultant mixture was reacted for 1 hour as is at room
temperature. The reaction was terminated with a small amount of IPA. The mixture was
then concentrated to dryness to obtain 0.9 g of a mixture of a white solid and a liquid. A
peak was seen at Mw = 3,000 by SEC. 0.08 g of a solid product was obtained by filtration.
Although a decrease 1n protons in the methyl ester was confirmed by NMR, no decrease in
vinyl groups was seen, so polymerization was not confirmed.

2-4. Investigation of coordination polymerization (2)

Mixed together were 6.5 g of n-hexane and 1.0 g of BuSAMe, and the resultant mixture

was dispersed by stirring. Then, 4.8 mg of titanium trichloride and 0.03 mL of a 1 mol/L
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solution of triethylaluminum in hexane were added dropwise. The temperature of the
resultant mixture was increased to 70°C, and then the mixture was reacted for 1 hour. After
the reaction was finished, the mixture was extracted with methanol. The resultant product
was concentrated to dryness. The obtained solid was dried under reduced pressure to obtain
0.9 g of a white powder. Although a peak was seen at Mw = 3,000 by SEC, no decrease 1n
vinyl groups was seen by NMR, so polymerization was not confirmed.

The following Table 2 shows all of the results of the polymerization investigations ot

methyl 1-butenesulfonate (BuSAMe). In the Table, “monomer concentration” 1s denoted 1n

mol/L.
Table 2
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It can be seen from the results in Table 2 that polymerization did not occur 1n any of the

cases where the monomer concentration was less than 20 mol/L.
3. Polymerization investigation of “sodium allylsulfonate (AySANa)”
3-1. Investigation of radical polymerization (1)

Mixed together were 10 g of deionized water and 2 g of AySANa. The resultant

mixture was heated at 80°C and then purged with argon gas. To this mixture was added
dropwise 0.06 g of 30% aqueous hydrogen peroxide, and the resultant mixture was reacted for
12 hours. After the reaction was finished, the mixture was dried at 110°C to obtain 1.9 g of
reaction product. The recovered product was confirmed by NMR to be a monomer.

3-2. Investigation of cationic polymerization

Mixed together were 10 g of methylene chloride and 2 g of AySANa. The resultant
mixture was cooled to 0°C, and then 0.025 mL of a boron trifluoride diethyl ether complex,
which 1s a polymerization initiator, was added dropwise. The resultant mixture was then
reacted for 3 hours. After the reaction was finished, the mixture was dried at 40°C to obtain
1.0 g of reaction product. The recovered product was confirmed by NMR to be a monomer.
3-3. Investigation of radical polymerization (2)

Mixed together were 2.0 g of deionized water and 6.4 g of AySANa. The resultant
mixture was charged with 0.6 g of 2,2’-azobis(2-amidinopropane)dihydrochloride (AAPDHC)
and then dissolved at 90°C. The resultant mixture was then reacted at 100°C for 10 hours.
After the reaction was finished, the mixture was dissolved by adding 8 g of deionized water,
and then reprecipitated with ten times that amount of methanol. The mixture was filtered and

then dried at 50°C to obtain 1.6 g of reaction product. Inherent viscosity was 0.025 (water
0.5 g/dL at 30°C), and also from NMR analysis the double bond was found to have

disappeared, meaning that a polymerization reaction had occurred.
The following Table 3 shows all of the results of the polymerization investigations of

sodium allylsulfonate (AySANa). In the Table, “monomer concentration” is denoted in

mol/L.
Table 3
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[t can be seen from the results in Table 3 that polymerization only occurs when the
monomer concentration i1s 20 mol/L or more.
4. Polymerization investigation of “methyl allylsulfonate (AySAMe)”

4-1. Investigation of anionic polymerization
Mixed together were 10 g of anhydrous THF and 1.0 g of AySAMe. The resultant

mixture was cooled to -80°C, and then 0.26 mL of a solution of 1.54 mol/L butyllithium 1n

hexane was added dropwise. The resultant mixture was then reacted for 2 hours. After the

reaction was finished, the mixture was dried at 40°C to obtain 0.05 g of reaction product. A

peak was seen at Mw = 1,000 by SEC.
4-2. Investigation of cationic polymerization

Mixed together were 10 g of methylene chloride and 1.0 g of AySAMe. The resultant
mixture was cooled to 0°C, and then 0.025 mL of a boron fluoride diethyl ether complex was

added dropwise. The resultant mixture was reacted for 3 hours. After the reaction was

finished, the mixture was dried at 40°C to obtain 1.0 g of reaction product. Although a peak
was seen at Mw = 1,000 by SEC, the recovered product was confirmed by NMR to be a
Monomer.

4-3. Investigation of coordination polymerization (1)

Mixed together were 10 g of n-hexane and 1.0 g of AySAMe, and the resultant mixture
was dispersed by stirring. Then, 2.0 mL of a 0.2 mol/L solution of 1sobutylaluminum 1n
hexane and 2.0 mL of a 0.2 mol/L solution of titanium tetrachloride in hexane were
simultaneously added dropwise. The resultant mixture was reacted for 1 hour as 1s at room
temperature. The reaction was terminated with a small amount of IPA. The mixture was
then concentrated to dryness to obtain 0.99 g of a mixture of a white solid and a iquud. A
peak was seen at Mw = 1,000 by SEC. Although a decrease in protons in the methyl ester
was confirmed by NMR, no decrease in vinyl groups was seen, so polymerization was not
confirmed.

4-4. Investigation of coordination polymerization (2)
Mixed together were 6.5 g of n-hexane and 1.0 g of AySAMe, and the resultant mixture

was dispersed by stirring. Then, 4.8 mg of titanium trichloride and 0.03 mL of a 1 mol/L
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solution of triethylaluminum in hexane were added dropwise. The temperature of the
resultant mixture was increased to 70°C, and then the mixture was reacted for 1 hour. After
the reaction was finished, the mixture was extracted with methanol. The obtained product
was concentrated to dryness, and the resultant solid was dried under reduced pressure to obtain
a small 0.9 g amount of a mixture of a white solid and a liquid. Although a peak was seen at
Mw = 3,000 by GPC, no decrease in vinyl groups was seen by NMR, so polymerization was
not confirmed.

The following Table 4 shows all of the results of the polymerization investigations of
sodium methyl allylsulfonate (AySAMe). In the Table, “monomer concentration” 1s denoted

in mol/L.

Table 4
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It can be seen from the results in Table 4 that polymerization did not occur in any of the
cases where the monomer concentration was less than 20 mol/L.

From the above results, it can be seen that polymerization does not occur in any of the
cases where the sulfonated monomer concentration was less than 20 mol/L, and that the vinyl
polymer of a sulfonated monomer according to the present invention can be obtained by

polymerization only when the monomer concentration 1s 20 mol/L or more.
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CLAIMS
1. A vinyl polymer of a sulfonated monomer having a basic skeleton represented by the
follovﬁng formula (1),
{er—en);
(CHy), W

SO;H

wherein x is 2 to 20 and n is 10 to 10,000.

2. A vinyl polymerization method of a sulfonated monomer having a basic skeleton
represented by the following formula (2), wherein a monomer solution comprising at least the
sulfonated monomer having a basic skeleton represented by the following formula (2), a
solvent and a polymerization initiator is subjected to polymerization, characterized in that the

concentration of the sulfonated monomer in the monomer solution is 20 mol/L or more,

CHZZCH

(CH2)x )

SO-M

and wherein x is 2 to 20 and M is a metal ion or an alkyl group having 1 to 10 carbon atoms.

3. The vinyl polymerization method according to claim 2, characterized in that the

sulfonated monomer is an alkali metal salt of 1-butenesulfonic acid or an alkyl ester of 1-

butenesulfonic acid.

4. The vinyl polymerization method according to claim 2 or 3, characterized in that the
polymerization  initiator in the vinyl polymerization is  2,2’-azobis(2-

amidinopropane)dihydrochloride.

5. The vinyl polymerization method according to any one of claims 2 to 4, characterized

in that the solvent is water.

6. The vinyl polymer of a sulfonated monomer according to claim 1 as a polymer

electrolyte.
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7. A polymer electrolyte membrane, characterized in that the membrane is formed from

the vinyl polymer of a sulfonated monomer according to claim 1.

8. The polymer electrolyte membrane according to claim 7, characterized in that an ion-

exchange level (EW value) thereof is 200 or less.

9. A solid polymer fuel cell, characterized by stacking a plurality of fuel cell units
comprising the polymer electrolyte membrane according to claim 7 or 8, reaction electrodes
which sandwich both faces of the electrolyte membrane and separators which sandwich the

reaction electrode.
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