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Abstract

This paper is about the synthesis and application of pyridinium-based ionic 

liquids for the enhancement of oxygen reduction and methanol tolerance on 

the Pt catalyst for DMFC. DMFC is a promising candidate for portable fuel 

cell because of the ease of transportation resulting from the liquid phase of 

methanol instead of gas phase. However, it has several unresolved problems 

that methanol crossover and the cost of Pt catalyst. To enhance the oxygen 

reduction reaction (ORR) activity and methanol tolerance of Pt catalyst,

several ionic liquids were tested on the Pt surface. Herein, the monocyclic 

cation ionic liquids that are imidazolium, pyridinium, pyrrolidinium and 

piperidinium were synthesized. In addition, the multicyclic cation ionic 

liquids, such as isoquinolinium, phenanthrolinium and bipyridinium were 

also synthesized. The anion is fixed to bis(triflouoromethane)sulfonimide to 

analyze the effects resulted from cation structure such as saturation, 

aromaticity and protonation. The cation character was developed by 

alkylation with 1-boromobutane or by protonation with various acids. 

Alkylated and protonated cations were afforded in high yield over than 90%. 

And the yields of anion metathesis reaction were moderate to obtain the 

target ionic liquid. The ionic liquids were analyzed by proton, carbon and 

fluorine NMR followed by the measurement of melting point, viscosity, 

elemental analysis and single crystal XRD. The multicyclic ionic liquids can 

improve the ORR activity over three times. The multicyclic protonated ionic 

liquids also reduce the methanol oxidation current on the surface of the Pt 

catalyst. 

Keyword : pyridinium based ionic liquid, protic ionic liquid, DMFC, Pt 

catalyst, ORR, MOR
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Chapter 1. Introduction

1.1. Ionic liquids

1.1.1 Introduction of ionic liquids

Ionic liquids (ILs) are organic molten salts with low melting points under 

100℃, some even at room temperature and sometimes measured as low as -

96℃. Generally, they contain bulky organic structures, generating lower 

ionic bond strength than inorganic salts’. It was first reported more than a 

century ago, with simple triethylammonium nitrate that a pure low melting 

salt. In the 1930s, a patent application demonstrated dissolution of cellulose 

using a molten pyridinium salt above 130℃. Also, chloroaluminates began 

to be noticed as a medium for nuclear fuel reprocessing. Among various 

cations containing positive nitrogen, the imidazolium rings proved to be the 

best choice in terms of melting points and electrochemical stability. 1

At the same time, new anions having a delocalized charge and multiple 

conformations were tried. The archetype of such anions is the 

bis(trifluoromethane)sulfonimide (CF3SO2-N-SO2CF3) ion, also known as 

TFSI or NTf2, in which the extremely electron-withdrawing CF3SO2-groups 

are conjugated and linked by flexible S-N-S bonds. Therefore, 

ethylmethylimidazolium TFSI ionic liquids has best ionic conductivity and 

it shows no decomposition or significant vapor pressure up to 300-400 ℃.2

The various kinds of cations and anions lead to various physical properties 

of ionic liquids. There are some examples with cations and anions. The 

cations can be divided into cyclic and acyclic groups. The imidazole, 

pyridine, pyrrolidine, piperidine are the respective of cyclic structures which 
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have nitrogen hetero atom. These have gotten great attention because of 

their thermal stability, low viscosity, and high ionic conductivity. In case of 

anions, for example, halides, sulfate, and fluorinated anions are generally 

used to get desirable physical properties. Especially, fluorinated anions can 

bring about dispersion of anion character that lead to weaken the ionic 

bonding. 

Therefore, ionic liquids have unique properties such as negligible vapor 

pressure, high thermal and chemical stability, moderate viscosity, flame 

retardance, good electrical conductivity, large electrochemical window, wide 

liquid phase range, solubility with many compounds high heat capacity etc. 

which make them suitable candidates for a wide variety of applications. It 

ranges from energy storage and conversion to metal deposition, reaction 

media in chemistry, biochemistry and even biomechanics. 
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Fig1. Various cations and anions of common ionic liquids
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1.1.2 Applications of ionic liquids

Owing to the desirable and unique physical properties of ionic liquids, they 

are used as various roles in the wide fields. 

A) Solvents for chemical reactions

Ionic liquids can be used as either a solvent or Lewis acid catalyst for 

chemical reaction because of their non-volatility and high solvation ability. 

The commercial organic solvents are usually volatile and difficult to be 

contained when the reaction needs large amount of solvents. Recently, some 

researches are reported showing the potential of ionic liquids as solvents for 

synthesis as below.

They are good solvents for a wide range of both inorganic and organic 

materials. They are immiscible with a number of organic solvents and 

provide a non-aqueous polar alternative for two phase systems

The first example of using ionic liquids for reaction is Diels-Alder reactions.

The reaction of cyclopentadiene with methyl acrylate and methyl vinyl 

ketone in [EtNH3][NO3] was investigated first. Both endo form and exo 

form products can be afforded form this reaction. And the solvent can 

influence on the endo/exo selectivity of the reaction. The reaction using 

ionic liquid showed a good selectivity for the endo form product and the 

reaction rate was also fast compared to the reaction using nonpolar organic 

solvents.3
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Fig2. Representative Diels-Alder reaction 
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The second example is transition metal mediated catalysis, especially Heck 

reaction. Heck reaction is representative for C-C coupling reaction using 

palladium chloride and acetate as a precatalyst in a number of 

tetraalkylammonium and phophonium bromide salts. When the complexes 

dichlorobis(triphenlphosphine)palladium (Ⅱ) and palladium (Ⅱ) acetate 

were used as the catalyst precursors, they can be reused after the reaction 

without loss of catalytic activity for at least two further runs. High levels of 

conversion were observed in these ionic liquids, over 99% in some cases. 3
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Fig3. Representative Heck reaction 
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B) Solvents for bioscience

Cellulose has been investigated as natural polymers instead of non-

renewable resources based polymers, such as coal and oil. Although it is the 

most abundant bio-renewable material on Earth, there is few aqueous of 

non-aqueous solvents to dissolute cellulose. To sustain green bio renewable 

materials, the green processing is also considered. But all these solvents 

have several drawbacks, such as volatility, toxicity, difficulty in solvent 

recovery, and so on. Therefore, green chemistry and processing are urging to 

need to develop the next generation of solvents for cellulose. Meanwhile, 

the solvation of cellulose in ionic liquids has attracted great attention

because of the unique properties of ionic liquids, such as low vapor pressure, 

high solvation ability, the ease of recovery. Also, ionic liquids could be 

easily modified with various structures of cations and anions species. As a 

result, we can choose the ionic liquid which has the proper structure and 

properties for the solvation of celluloses and bioscience. 

In 1934, Graenacher discovered that benzylpyridinium chloride or N-

ethylpyridinium chloride are good for solvation of cellulose. This is the first 

example of the cellulose dissolution using ionic liquids.4
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C) Ion conductive materials for electrochemical devices

Ionic liquids can be used as electrolytes for Li-ion batteries. The non-

volatile electrolyte is important regarding to battery safety. Room 

temperature ionic liquids are negligible vapor pressure, which makes them 

inflammable and thermally stable. Also, they have broad electrochemical 

stability window, generally over 4V, which is necessary for the application 

in lithium-ion batteries. 

The ionic liquids can help the formation of SEI (solid electrolyte interface) 

to operate the lithium ion battery effectively. It can protect the electrode 

surface and the electrolytes. 

Tetraalkylammononium [R4N
+] or based on cyclic amines, both aromatic 

and saturated cation structured and inorganic anions such as triflate or imide 

structured ionic liquids seem to be effective. 

The conductivity is quite good and the thermal stabilities which came from 

high Coulombic forces between cation and anions lead to stable operation of 

lithium ion battery.5
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1.2. Direct methanol fuel cell (DMFC)

1.2.1 Introduction of DMFC

Fuel cells are promising candidates for sustainable energy power technology

instead of fossil fuels with growing renewable energy demand and 

environmental concerns. They are operated by conversion of chemical 

energy into electricity through electrochemical reactions such as generating 

water from hydrogen and oxygen gas. They have several advantages, that 

are, low cost of the fuel, low operating temperature. Direct alcohol fuel cells, 

in particular direct methanol fuel cells (DMFCs), are considered ideal power 

sources for portable devices in a sustainable economy because methanol is a 

liquid at room temperature and has high energy density compared to 

hydrogen gas.6
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Fig.5 Structure and reaction of each electrode in Direct methanol fuel cell
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1.2.2 Unresolved issues of DMFC

There are still remaining technical barriers that need to be overcome for the 

development of DMFCs. The first thing is their low power density resulting 

from the sluggish kinetics of the methanol oxidation reaction (MOR) and 

oxygen reduction reaction (ORR). Therefore, DMFCs need the high cost of 

the anode and cathode catalysts, which are usually based on expensive and 

scarce platinum metal. The second barrier is the methanol crossover effect, 

that is, the methanol could be transferred to cathode from anode through the 

polymer membrane which decreases the overall efficiency. 

Although there are a lot of tries to substitute Pt with other metals or metal 

free catalysts, Pt still presents the highest activity for the ORR and also 

MOR. This observation implies that if methanol and oxygen are present at 

the cathode Pt catalyst then the selectivity toward ORR is far lower than 

100 %. In general, dilute methanol solutions are used instead of pure 

methanol in order to decrease the methanol crossover in DMFC. 

Experiments show that the optimized methanol concentration is 1-2 M (3-6 

wt%) for active DMFC.7

Additionally, the methanol barrier layer between the fuel reservoir and the 

MEA is newly investigated to decrease methanol crossover. The barrier 

layer is composed of porous materials with different permeability 

determined by physical properties such as porosity and pore distributions. 

Abdelkareem group employed a hydrophobic porous carbon and a gap 

between the fuel reservoir and MEA which reduced methanol crossover. 

Kim group also added hydrogels to the fuel reservoir to reduce methanol 

crossover.8
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1.2.3 Application of ionic liquids on DMFC

In 2005, Hagiwara and co-workers reported that 1-ethyl-3-

methylimidazolium fluorohydrogenate possess a proton transport property.

They developed the anhydrous membrane using fluorinated ionic liquids to 

get high current density of 100 mAcm-2
. According to this report, in 2010, 

Watanabe group characterized the protic ionic liquid, 

diethylmethylammonium trifluoromethanesulfonated ([dema][TFSI]) as a 

proton conductor for a fuel cell and fabricated the membrane under non-

humidifed conditions. [dema][TfO] exhibits high activity for fuel cell 

electrode reactions.9

In 2009, Richard group synthesized various protic ionic liquids for proton -

exchange membrane fuel cell regarding to the thermal stability above 150℃.

The new PIL, bicyclic guanidines MTBD TFSI was exploited first. They 

show good thermophysical properties.10 In 2010, J.Erlebacher groups 

reported MTBD TFSI the free electrons on the nitrogen enable this IKL to 

conduct protons, which are required for the reduction of oxygen and the 

perfluorinated side chain of the anion help this IL hydrophobic and give it 

an affinity for oxygen. They developed the composite electrocatalyst 

consisting of nano particle – NiPt ally and protic ionic liquids. It shows high 

oxygen reduction reaction compared with any other catalyst for this 

reaction.11
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Chapter 2. Results and Discussion

2.1. Synthesis of Ionic liquids

2.1.1 Synthesis of monocyclic ionic liquids

The monocyclic bis(triflourosulfonyl)imide with alkyl substituents was 

prepared according to the below procedures. 

According to the introduction, imidazolium and pyridinium cationic ionic 

liquids are well known to have good conductivity, viscosity, and other 

physical properties. Therefore, they are the first candidates to be tested for 

ORR and MOR. Meanwhile, imidazole and pyridine are the unsaturated 5-

or 6- membered rings, pyrrolidine and piperidine the saturate 5- or 6-

membered rings are also prepared. Comparing them, we can analyze the 

different effects resulted from conjugation in the rings. The monocyclic 4 

rings were alkylated with 1-bromobutane to make then the cationic character. 

As the purification steps, all reagents were distilled before the reactions. The 

monocyclic amines and 1-bromobutane were reacted in acetonitrile solvent 

at reflux condition for 24 hours. The acetonitrile solvent in the resulting 

crude and remained 1-bromobutane were removed by rotary evaporator 

under reduced pressure. To obtain the pure product, the crude was washed 

with diethylether and ethyl acetate for several times. The alkylated 

monocyclic amines were subjected to anion exchange reaction with lithium 

bis(trifluorosulfonyl)imide in water at room temperature for 1-3 hours. The 

anion which is called TFSI in abbreviation is known as bulky fluorinated 

form resulting low melting point and good viscosity. Throughout this paper 

the anion is fixed to TFSI, to analyze the effect from various cation 

structures. After this exchange reaction, the crude was extracted into 

dichloromethane several times. Using magnesium sulfate the remained 

water was removed from organic layer to afford the desired butyl substituted
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monocylic TFSI ionic liquids. All these 4 monocyclic cationic TFSI ionic 

liquids were afforded in high yield. They are all liquids at room temperature 

and colorless and transparent. 
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Fig.7 Synthetic routes for monocyclic ionic liquids
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2.1.2 Synthesis of fused pyridine ring ionic liquids

In addition to the monocyclic cationic ionic liquids, the fused pyridine 

based cationic TFSI ionic liquids were prepared according to the below 

procedures. 

Isoquinoline was the first candidate in the multicyclic forms. It is a 

benzopyridine, which is composed of a benzene ring fused to a pyridine ring. 

Because of the structure, the conjugation is more than the pyridine ring’s

and the result product, 1-butylisoquinolinium TFSI ionic liquid is solid at 

room temperature. To alkylate the isoquinoline, 1-boromobutane was 

reacted in pressure tube at 100 ℃ for 36 hours. The crude product was 

purified according to the same way of monocylic cation ionic liquids 

procedures and also was subjected to the anion exchange reaction with the 

same way. 

In the sight of [MTBD][TFSI] structure which is known to be good

additives for the ORR and MOR, the important factor could be the 

protonation at the nitrogen atom in the cation. Therefore, 1-protic 

isoquinolinium TFSI was the next candidate. Concentrated HCl (35-37 

wt%) and the isoquinoline were reacted at 0 → 25 ℃ for 24 hours. And 

HCl was removed by rotary evaporator with reduced pressure. And the 

product was subjected to the anion exchange reaction with lithium 

bis(trifluorosulfonyl)imide in water at room temperature for 2 hours. After 

this exchange reaction, the crude was extracted into dichloromethane several 

times. Using magnesium sulfate the remained water was removed from 

organic layer. The dichloromethane was removed by rotary evaporator to 

afford final product in high yield. It is also solid at room temperature.

Besides the isoquinoline which is composed of a benzene ring fused to a 

pyridine ring, the 1,10-phenanthroline was also protonated. 1,10-

phenanthroline is fused tricyclic compound that has one benzene ring at the 

C-C bond between two pyridine rings. It was protonated with various acids 
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that are concentrated HCl, trifluoroacetic acid, nitric acid. The best yield 

was afforded when using concentrated HCl as below. 

I tried many times to synthesize diprotic phenanthrolinium TFSI ionic 

liquids, however, only monoprotic phenanthrolinium TFSI was afforded. 

Maybe it is come from the structure and electron donating ability of 1,10-

phenanthroline. 
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Fig.8 Synthetic routes for fused-pyridine ionic liquids
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2.1.3 Synthesis of bipyridine derivatives ionic liquids

2,2’-bipyridine derivatives ionic liquids were synthesized to analyze the 

different effect resulting from the fused rings. It is composed of two 

pyridine rings with C-C bond. Also, to investigate the proton effect in the 

cation, 5 different bipyridine derivatives ionic liquids were synthesized. 

The monoprotic bipyridinium TFSI ionic liquids was afforded with 

concentrated HCl as same as other protonated ionic liquids earlier synthetic 

routes. And to afford 2,2’-diproticbipyridinium TFSI, 2,2’-bipyridine and 

LiTFSI and concentrated HCl were reacted in one pot at at 0 → 25 ℃ for 

48 hours. After the reaction, the water layer was removed and the solid 

products were washed with dichloromethane. Besides, 2,2’-bipyridine was 

methylated by Me2SO4. Varying the equivalent of Me2SO4 both 

monomethylated product and dimethylated product can be obtained. 2,2’-

bipyridine and Me2SO4 were reacted in acetonitrile at room temperature for 

48 hours. The crude was purified by washing with diethyl ether and ethyl 

acetate several times. And they are subjected to the anion exchange reaction 

with LiTFSI in water for 12 hours. In addition, to obtain the 2,2’-

methylprotic bipyridinium TFSI, mono-methylated bipyridinium methyl 

sulfate intermediate was reacted with concentrated HCl and LiTFSI at room 

temperature for 18 hours. 
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Fig.9 Synthetic routes for bipyridine based ionic liquids
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2.1.4. Physical properties of synthetic ionic liquids

The synthetic ionic liquids are classified into two types according to the 

phase at room temperature. The monocyclic ionic liquids are liquid at room 

temperature, thus, their viscosities were measured in table 1. The 

electrochemical reactions are operated at room temperature, viscosities are 

also measured at room temperature. The two unsaturated rings, imidazole 

and pyridine which are alkylated by 1-bromobutane, have the lowest 

viscosity. The saturate ring, pyrrolidine and piperidine ionic liquids have 

higher viscosities. Regarding the 3-dimensional structure of the cations, the 

un-saturate rings are planar. Therefore, the ions are easy to move with less 

hinderance. Because the viscosity is normally related to the conductivity of 

the ILs, it is important to measure them. 

The melting points of ionic liquids which are solid at room temperature 

were also measured in table 2. The butyl isoquinolinium ionic liquid has the 

lowest melting point and the protic isoquinolinium IL has higher melting 

point about 2 times than the butyl isoquinolium IL. Concerning the 

bipyridinium ILs, the diprotic bipyridinium IL has the highest melting point 

above 100℃ which means actually molten salt. And the dimethyl 

bipyridinium IL and monoprotic phenanthrolinium IL have comparable 

melting temperatures. Because the physical phase of ILs can also make 

effects of the activity of Pt in half cell test, it is also important to analyze 

their melting temperature. 
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Name Structure Viscosity (cP)

1-Butyl-3-

methylimidazolium TFSI
44.6

1-Butylpyridinium TFSI 44.6

1-

Butylmethylpyrrolidinium 

TFSI

N
TFSI 68.0

1-Butylmethylpiperidinium 

TFSI
138.9

Table 1. Viscosities of monocyclic ionic liquids
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Name Structure
Melting 

point (℃)

1-Butylisoquinolinium 48.4-48.7

1-proticisoquinolinium 94-94.5

1-Monoprotic

phenathrolinium N

N

H TFSI

87.6-88.2

2-Monoproticbipyridinium 75.3-75.6

2,2'-Diproticbipyridinium
N

N

H
H 2TFSI

160.5-161

2,2'-Dimethylbipyridinium
N

N

Me
2TFSI

Me 85.2-85.5

Table 2. Melting points of synthetic ionic liquids
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2.1.4 Synthesis of protic ionic liquids

The first reported synthetic way to afford 1-monoproticphenanthrolinium TFSI 

was published by Hadi M. Marwani in 2010. The figure 10 a) shows the reported 

way which I referred. I tried this same way, however, I got different analytical 

values from the earlier paper. According to the Hadi’s paper, the melting point of 1-

monoprotic phenanthrolinium TFSI is 134 ℃ and the 1H NMR shifts are 7.50 (d, 

1H, H-6), 7.60 (d, 1H, H-5), 7.83 (s, 1H, NH), 7.88 (m, 2H, H-3 and H-8), 8.30 (d, 

1H, H-7), 8.67 (m, 2H, H-4 and H-9), 9.20 (t, 1H, H-2). Meanwhile, when I 

synthesize the 1-monoprotic phenanthrolinium TFSI the melting point was 87.7-

88.2 ℃ and the 1H NMR shifts are δ (ppm): 8.1 (q, 2H), 8.15 (s, 2H), 8.8 (d, 2H), 

9.4 (q, 2H). 

Therefore, to verify what is the correct analytical values, the 1-

monoproticphenanthrolinium TFSI which I obtained was anlyazed the elemental 

analysis. The calculated values are C, 36.45; H,1.97; N,9.11; S, 13.90 and the 

found valueds are C, 36.41; H,1.92; N,8.82; S, 14.36. The differences are below 

0.5% that means it could be determined as a pure compound. Also, 1-monoprotic 

phenanthrolinium was dissolved CH2Cl2 and the solvent was slowly evaporated at 

r.t. to be grown a single crystal. And the single crystal was anlyzed by X-ray 

diffraction and the result is shown in figure 10-b).
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a)

N N
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N N
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S

N
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CF3

O

O

O

O

LiTFSI (1 eq.), H2O

HCl

2 hr, R.T.

Reported yield: 90%

b)

Fig.10 a) Synthesis of 1-monoproticphenanthrolinium TFSI which reported in 

2010. b) The single crystal XRD result of 1-monoproticphenanthrolinium TFSI
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Concerning the 2,2’-bipyridine, both the monoprotonated form and diprotonated 

form were synthesized. The 2-monoproticbipyridine TFSI was afforded as same 

with 1-proticisoquinolinium TFSI and 1-monoproticphenanthrolinium TFSI. 

However, it was difficault to synthesize the 2,2’-diproticbipyridnium TFSI. I tried 

various acids to protonate 2,2’-bipyridine. Trifluoroacetic acid, conc. HNO3 (60 

wt %), conc. HCl ( 35 wt %) were tested several times as figure. 11-a). As a result,

the products were always monoprotonated forms. Therefore, I shifted the synthetic 

way to figure. 9 which is the one pot reaction. With the 1H NMR data, it was 

ambiguous to inspect whether the product is monoprotonated or deprotonated. In 

this point of view, I used the elemental analysis data to differentiate both. However,

on the reason that the theoretically calculated values are different as 

monoprotonated form is C,36.45; H,1.97; N,9.11; S,13.90 and deprotonated 

form is C,23.40; H,1.40; N,7.80; S,17.85 I conducted the elemental analysis. 

Regarding the found values, the monoprotonated form is C,36.4; H,1.8; 

N,8.5; S,13.6 and the deprotonated form is C,23.37; H,1.20; N,7.25; S,19.88 

that means correspond to the calculated values. In addition to the elemental 

analysis, both compounds were dissolved at the solvent mixture (IPA: 

CH2Cl2 = 1:1) and the solvent was evaporated slowly at r.t. to obtain the 

single crystals. They were analyzed by single crystal XRD and it was shown 

in figure 11-b) and c). In figure 11-c), the N atoms in two rings are trans 

conformation and in figure 11-b) the N atoms are cis conformation. And the 

number of anions are different with 2,2’-diprotic bipyridinium TFSI and 2-

monoprotic bipyridinium TFSI. Both compounds are synthesized 

successfully on the basis of these data. 
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a)

b)                                  c)

Fig.11 a) Proposal to synthesize the 2,2’-diprotic bipyridinium TFSI b) The single 

crystal XRD result of 2-monoproticbipyridinium TFSI c) The single crystal XRD 

result of 2,2’-diprotic bipyridinium TFSI
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2.2. Electrochemical performance of DMFC

2.2.1   Oxygen reduction reaction on Pt catalyst of DMFC

The all electrochemical tests were conducted at PEEL lab, department 

of chemical and biological engineering, SNU. The synthetic ionic liquids 

were tested to analyze the oxygen reduction reaction activity. The Pt/C 

catalyst coated with IL was prepared by dissolving the commercial Pt/C 

catalyst (20 wt%) and IL in IPA or absolute ethanol solvent and dispersing 

for 20 minutes. After sonication, the solvent was removed by rotary 

evaporator as detailed in the experimental section. The electrochemical 

properties were studied using the thin film rotating disk electrode technique. 

Fig.12 shows correlation between the ORR activities and the amount of 

monocyclic ionic liquids at room temperature in 0.1 M HClO4 solution in 

oxygen gas. The 1-butyl3-methylimidazolium TFSI, 5-membered and 

unsaturated monocyclic ionic liquids, shows the enhanced ORR activity 

than neat Pt/C about 1.5 times. And after showing maximum peak, the ORR 

activity decreases drastically. It means there is optimum thickness of IL 

layer on the Pt/C catalyst. Also, the 1-butylpyridinium TFSI, 6-membered 

and unsaturated monocyclic ionic liquids, shows slightly better ORR 

activity than neat Pt/C catalyst. Although both unsaturated monocyclic ionic 

liquids show better ORR activities, the saturated monocyclic ionic liquids, 

the 1-methylbutylpyrrolidium TFSI, and 1-methylbutylpiperidinium TFSI 

reduced the ORR activities. It maybe resulted from the saturated monocyclic 

ionic liquids which have lower electrical conductivities than unsaturated 

monocyclic ionic liquids. 

Fig. 13 shows correlation between the ORR activities and the amount 

of multicyclic ionic liquids which are protonated and alkylated. These 

samples were teste also same condition with monocyclic ionic liquids. They 

show the similar graphs to monocyclic ionic liquids. All multicyclic ionic 

liquids improve the ORR activities than neat Pt/C. Especially 1-

butylisoquinolinium TFSI, the 2-fused ring ionic liquid, and 1-
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monoproticbipyridinium TFSI enhanced the ORR activities about 1.7 times. 

They also have each maximum peak. 

In earlier studies about the application of ionic liquids for DMFC, the 

reason why the ORR activities are enhanced, is that the oxygen gas 

solubility in ionic liquids. Because the cations and anions are bulky, there 

are lots of spaces in the ionic liquids. Therefore, gas can be more soluble in 

ILs than aqueous solutions. Then the mass transportation of oxygen gas to 

the Pt catalyst could be increase. However, because the viscosities of ILs are 

high and the diffusion coefficients of oxygen in IL are low, there is 

maximum thickness of ionic liquids. 

In Fig.14, we can compare the maximum ORR activities of all synthetic 

ionic liquids. The multicyclic ionic liquids whether alkylated or protonated, 

show the enhanced ORR activities than the neat Pt/C catalyst. 
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Fig.12 ORR activities of monocyclic ionic liquids at room temperature.
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Fig.13 ORR activities of protic/aprotic multicyclic ionic liquids 
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Fig.14 The maximum ORR activities of all synthetic ionic liquids compared 

to the commercial neat Pt/C
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2.2.2   Methanol oxidation reaction on Pt catalyst of DMFC

The all electrochemical tests were conducted at PEEL lab, department 

of chemical and biological engineering, SNU. The synthetic ionic liquids 

were tested to analyze the methanol oxygen reduction reaction activity. 

While the commercial Pt/C catalyst shows high methanol oxidation reaction 

activity which means low selectivity for the ORR activity, the Pt catalyst 

coated with IL is inert for methanol oxidation. When a kind of ionic liquid is 

applicated at the surface of the Pt catalyst, the methanol tolerant ability 

could be enhanced. It is because of the less solubility of ionic liquids to 

methanol and water solution which can keep the surface of Pt catalyst to the 

methanol. The Pt/C catalyst coated with IL was prepared by dissolving the 

commercial Pt/C catalyst (20 wt%) and IL in IPA or absolute ethanol solvent 

and dispersing for 20 minutes. After sonication, the solvent was removed by 

rotary evaporator as detailed in the experimental section. The 

electrochemical properties were studied using the thin film rotating disk 

electrode technique.  

Fig.15 shows the MOR activities in 0.1 M HClO4 and 1 M Methanol 

solution in Argon gas. The 1-butyl3-methylimidazolium TFSI which shows 

the 1.5 times better ORR activity could not reduce the methanol oxidation 

reaction current. However, the others, pyridinium, pyrrolidinium, 

piperidinium ILs can reduce the MOR current slightly. 

In Fig.16, we can investigate the difference between alkylated ionic 

liquid and protonated ionic liquids. The 1-butylisoquinolinium TFSI that 

improved the ORR activity over 1.7 times, doesn’t have methanol tolerance 

at all. However, the 1-monoproticphenanthrolinium TFSI can prevent the 

MOR current at the surface of Pt/C catalyst. It means the protonation form 

ionic liquids is the key to have methanol tolerance. In Fig. 17, we can 

compare the methanol tolerance among the alkylated ionic liquids and 

protonated ionic liquids.
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Fig.15 MOR activities of monocyclic ionic liquids at room temperature.
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Fig.16 MOR activities of protic/aprotic fused pyridine ring ionic liquids at 

room temperature
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Fig.17 Synthetic routes for bipyridine based ionic liquids
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Chapter 3. Conclusions

Ionic liquids (ILs) are promising compounds as solvents, catalysts, 

electrolytes, and other additives due to their unique physical properties. Also, 

ILs are infinitely designable as what properties we want. From this point of 

view, various ILs were designed and synthesized in this paper for 

enhancement of oxygen reduction and methanol tolerance on the Pt catalyst 

for Direct Methanol Fuel Cell (DMFC). The synthetic ionic liquids have 

different physical properties such as viscosities and melting points 

according to their cation ring structures. The alkylation of cyclic amine was 

conducted with 1-bromobutane in high yield over 90%. Moreover, the 

protonation of pyridinium based multicyclic rings was also conducted to 

obtain protonated ILs with various acids. The 1-

monoproticphenanthrolinium TFSI was compared to the analytical values

reported earlier where the characterizations of the compound should be 

corrected. Also, as controlling the workup condition, both the diprotic 

bipyridinium IL and monoprotic bipyridinium IL can be afforded. 

These synthetic pyridinium based ILs can be used to enhance the oxygen 

reduction reaction (ORR) activity and methanol tolerance of Pt catalyst. 

Among the monocyclic ionic liquids, the ionic liquids with unsaturated ring, 

imidazolium and pyridinium can enhance the ORR activities. The saturated 

monocyclic ionic liquids show the less effective ORR activity. Furthermore,

all synthetic multicyclic ionic liquids can increase the ORR activities even 
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when alkylated or protonated. Regarding the MOR activity, the protonated 

ionic liquids such as 1-monoprotiphenanthrolinium TFSI can reduce the 

MOR current at the surface of Pt/C catalyst efficiently. Among the tested 

synthetic ionic liquids of various structures, the anion was fixed to 

bis(triflouoromethane)sulfonimide to analyze the effects resulting from 

cation structure such as saturation, aromaticity and protonation. Moreover, 

to inspect the reason of tunable activity by ILs, the surface chemistry 

between Pt and IL should be investigated. Using these ionic liquids, the 

methanol crossover and ORR activity can be improved for Pt catalyst in 

DMFC.
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Experimental Details

1. General

Materials were purchased from commercial suppliers and used without 

further purification. 1-methylimidazole, pyridine, 1-methylpyrrolidine, 1-

methylpiperidine, 1-bromobutane were distilled prior to use to obtain pure 

product. All experimental glassware, syringes, and magnetic stirring bars 

were oven dried and stored in a desiccator before use. 

1H and 13C NMR spectra were obtained in CDCl3, Acetone-d6 and DMSO-

d6 on a Bruker Avance Ⅲ spectrometer (400 MHz for 1H and 100 MHz for 

13C NMR). The 1H NMR spectroscopic data were reported as follows in 

ppm from the internal standard (TMS, 0.0 ppm): chemical shift (multiplicity, 

coupling constant in Hz, integration). The 13C NMR spectra were referenced 

with the 77.16 resonance of CDCl3 and 39.52 in DMSO-d6. 

Viscosity measurements were carried out on a Brookfield DC-Ⅱ+cone/plate 

viscometer. 

2. General Procedure for the Preparation of the 

monocyclic ionic liquids

2.1 General procedure for the preparation of N-butyl-

monocyclicamine bromide

To an acetonitrile (MeCN, 3ml) solution in a 50 mL RB flask, 

monocyclic amine (1.5 mL, 1 eq.) and 1-bromobutane (1.3 eq.) were 

added at room temperature. The reaction mixture was stirred at reflux 

condition for 24 hours. After the reaction was done, the MeCN in the 
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solution was removed under reduced pressure by rotary evaporator. To 

remove the unreacted 1-bromobutane and other impurity, the solution 

was washed with diethyl ether and ethyl acetate 10 min.ⅹ3. 

2.2 General procedure for the anion metathesis –

preparation of N-butyl-monocyclic amine 

bis(trifluoromethanesulfonyl)imide.

To an aqueous solution of N-butyl-monocyclic amine bromide in a 50 

ml RB flask was added lithium bis(trifluoromethnesulfonyl)imide 

(LiTFSI) (1.2 eq.) at room temperature. After the reaction mixture was 

stirred for several hours, the bottom layer containing the desired product 

was partitioned from the top aqueous layer. The aqueous layer was 

extracted with CH2Cl2. Afterward, the organic layers were dried over 

MgSO4, filtered, and concentrated under reduced pressure to give a 

colorless oil.

2.3 General procedure for preparation of multicyclic amine

bis(trifluoromethanesulfonyl)imide.

To an acetonitrile (MeCN, 3ml) solution in a 50 mL RB flask, 

isoquinoline (1.5 mL, 1 eq.) and 1-bromobutane (1.3 eq.) were added at 

room temperature. Isoquinoline and 1-boromobutane were reacted in 

pressure tube at 100 ℃ for 36 hours. The crude product was purified 

according to the same way of monocylic cation ionic liquids procedures and 

also was subjected to the anion exchange reaction with the same way. 
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2.4 General procedure for preparation of bipyridine 

derivatives bis(trifluoromethanesulfonyl)imide.

2,2’-bipyridine (1 eq.) was reacted with concentrated HCl (35-37 wt%, 5ml) 

at room temperature for 24 hours. The monoprotic bipyridinium TFSI ionic 

liquids was afforded with concentrated HCl as same as other protonated 

ionic liquids earlier synthetic routes. And to afford 2,2’-diproticbipyridinium 

TFSI, 2,2’-bipyridine and LiTFSI (2.2 eq.) and concentrated HCl were 

reacted in one pot at at 0 → 25 ℃ for 48 hours. After the reaction, the 

water layer was removed and the solid products were washed with 

dichloromethane. Besides, 2,2’-bipyridine was methylated by Me2SO4. 

Varying the equivalent of Me2SO4 (1.2 eq.) both monomethylated product 

and dimethylated product can be obtained. 2,2’-bipyridine and Me2SO4 (2.2 

eq.) were reacted in acetonitrile at room temperature for 48 hours. The crude 

was purified by washing with diethyl ether and ethyl acetate several times. 

And they are subjected to the anion exchange reaction with LiTFSI (2.2 eq.)

in water for 12 hours. In addition, to obtain the 2,2’-methylprotic 

bipyridinium TFSI, mono-methylated bipyridinium methyl sulfate 

intermediate was reacted with concentrated HCl and LiTFSI at room 

temperature for 18 hours. 

1. 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide

1H NMR (400 MHz) _DMSO-d6: d 0.90 (q, 3H), 1.27 (m, 2H), 1.76 (m, 2H), 

3.32 (s, 3H), 4.15 (d, 2H), 7.69 (s, 1H), 7.76 (s, 1H), 9.09 (s, 1H) 

13C NMR (100 MHz) _DMSO-d6: 

d 13.1, 19.2, 31.8, 36.2, 49.9, 115.0, 118.2, 121.4, 122.4, 123.7, 124.6, 136.0

Viscosity value at 25 ℃ : 44.6 cP
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2. 1-butylpyridinium bis(trifluoromethanesulfonyl)imide

1H NMR (400 MHz) _ DMSO-d6: d 0.90 (q, 3H), 1.27 (m, 2H), 1.76 (m, 

2H), 4.17 (t, 2H), 7.69 (s, 1H), 7.76 (s, 1H), 9.09 (s, 1H) 

13C NMR (100 MHz) _ DMSO-d6: 

d 13.0, 19.2, 31.8, 36.8, 49.8, 115.0, 118.2, 121.4, 122.4, 123.7, 124.6, 135.

7 Viscosity value at 25 ℃ : 44.6 cP

3. 1-butylmethylpyrrolidinium bis(trifluoromethanesulfonyl)imide

1H NMR (400 MHz) _ DMSO-d6: d 0.93 (q, 3H), 1.3 (m, 2H), 1.67 (m, 2H), 

2.01 (s, 4H), 2.97 (s, 3H), 3.31 (m, 2H), 3.45 (m, 4H) 13C NMR (100 MHz) 

_ DMSO-d6: 

d 13.4, 19.2, 21.0, 24.8, 47.5, 63.4, 116.2, 117.8, 119.6, 121.0 Viscosity 

value at 25 ℃ : 68.0 cP

4. 1-butylmethylpiperidinium bis(trifluoromethanesulfonyl)imide

1H NMR (400 MHz) _ DMSO-d6: d 0.93 (q, 3H), 1.3 (m, 2H), 1.54 (m, 2H), 

1.63 (m, 2H), 1.77 (s, 3H), 2.97 (s, 3H), 3.34 (m, 7H) Viscosity value at 

25 ℃ : 138.9 cP

5. 1-butylisoquinolinium bis(trifluoromethanesulfonyl)imide

1H NMR (400 MHz) _CDCl3: d 0.95 (q, 3H), 1.37 (m, 2H), 2.02 (m, 2H), 

4.73 (m, 4H), 8.08 (t, 1H), 8.27 (t, 1H), 8.35 (d, 1H), 8.48 (d, 1H), 8.59 (d, 

1H), 8.80 (d, 1H), 10.09 (s, 1H) 13C NMR (100 MHz) _CDCl3: 

d 13.2, 18.8, 32.4, 60.5, 114.6, 117.8, 121.0, 124.3, 125.8, 127.2, 130.3, 131

.1, 134.8, 136.8, 136.9, 149.9  
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6. 1-proticisoquinolinium bis(trifluoromethanesulfonyl)imide

1H NMR (400 MHz) _ DMSO-d6: d 8.04 (t, 1H), 8.22 (t, 1H), 8.3 (d, 1H), 

8.52 (m, 2H), 8.7 (t, 1H), 9.88 (t, 1H), 13C NMR (100 MHz) _ DMSO-d6: 

d 114.6, 117.8, 121.0, 124.3, 127.2, 127.3,130.1, 130.3, 130.5, 136.2, 148.2  

Melting point: 94-94.5 ℃

 

7. 1-monoproticphenanthrolinium bis(trifluoromethanesulfonyl)imide

1H NMR (400 MHz) _CDCl3: d 8.13 (m, 2H), 8.16 (s, 2H), 8.79 (d, 2H), 

9.39 (q, 2H). 

13C NMR (100 MHz) _CDCl3: 

d 118.2, 121.4, 125.6, 127.5, 129.7, 137.8, 141.3, 147.7 Elemental analysis 

value (Found): C,36.4; H,1.8; N,8.5; S,13.6 / (Calc.): C,36.45; H,1.97; 

N,9.11; S,13.90 Melting point: 87.6-88.2 ℃

8. 1-monoproticbipyridinium bis(trifluoromethanesulfonyl)imide

1H NMR (400 MHz) _ DMSO-d6: d 7.72 (s, 2H), 8.24 (t, 2H), 8.56 (d, 2H), 

8.82 (d, 2H). 

13C NMR (100 MHz) _ DMSO-d6: 

d 116.2, 119.6, 122.8, 124.5, 126.0, 128.6

Elemental analysis value (Found): C,33.08; H,2.00; N,9.55; S,14.94 / 

(Calc.): C,32.96; H,2.07; N,9.61; S,14.66 Melting point: 75.3-75.6 ℃

9. 1-methylbipyridinium bis(trifluoromethanesulfonyl)imide

1H NMR (400 MHz) _ CDCl3: d 4.38 (s, 3H), 7.61 (1, 1H), 7.89 (d, 1H), 

8.05 (q, 3H), 8.55 (t, 1H), 8.82 (d, 1H), 8.89 (d, 1H). 
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10. 2,2’-diproticbipyridinium bis(trifluoromethanesulfonyl)imide

1H NMR (400 MHz) _ DMSO-d6: d 7.69 (s, 2H), 8.21 (t, 2H), 8.563(d, 2H), 

8.80 (d, 2H). 

13C NMR (100 MHz) _ DMSO-d6:

d 114.5, 117.9, 121.1, 123.4, 124, 126.9, 142.4, 146.8, 148.2

Elemental analysis value (Found): C,23.37; H,1.20; N,7.25; S,19.88 / 

(Calc.): C,23.40; H,1.40; N,7.80; S,17.85 Melting point: 160.5-161 ℃

11. 2,2’-dimethylbipyridinium bis(trifluoromethanesulfonyl)imide

1H NMR (400 MHz) _ DMSO-d6: d 4.13 (s, 6H), 8.45 (m, 4H), 8.86 (t, 2H), 

9.38 (d, 2H). 

13C NMR (100 MHz) _ DMSO-d6: d 47.3, 130.1, 130.4, 146.6, 149.1 

Elemental analysis value (Found): C,25.3; H,1.50; N,6.80; S,16.8 / (Calc.):

C,25.74; H,1.89; N,7.51; S,17.18 Melting point: 85.2-85.5 ℃

12. 2,2’-methylproticbipyridinium bis(trifluoromethanesulfonyl)imide

1H NMR (400 MHz) _ CDCl3: d 4.35 (s, 3H), 7.61 (1, 1H), 7.89 (d, 1H), 

8.02 (q, 3H), 8.56 (t, 1H), 8.78 (d, 1H), 8.80 (d, 1H). 
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Appendices

List of 1H NMR Spectra of compounds

1. 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide_CDCl3

2. 1-Butylpyridinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

3. 1-Butylmethylpyrrolidinium bis(trifluoromethylsulfonyl)imide_ DMSO-

d6

4. 1-Butylmethylpiperidinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

5. 1-Butylisoquinolinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

6. 1-Proticisoquinolinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

7. 1-Monoproticphenathrolinium bis(trifluoromethylsulfonyl)imide_ CDCl3

8. 2-MonoProticbipyridinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

9. 2,2'-Diproticbipyridinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

10. 2-Methylbipyridinium bis(trifluoromethylsulfonyl)imide_CDCl3

11. 2,2'-Dimethylbipyridinium bis(trifluoromethylsulfonyl)imide_ DMSO-

d6

12.2,2'-Methylproticlbipyridiniumbis(trifluoromethylsulfonyl)imide_CDCl3
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1. 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide_CDCl3

2. 1-Butylpyridinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6
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3. 1-Butylmethylpyrrolidinium bis(trifluoromethylsulfonyl)imide_ DMSO-

d6

4. 1-Butylmethylpiperidinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6
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5. 1-Butylisoquinolinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

6. 1-Proticisoquinolinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

N

TFSI

1-Butylisoquinolinium
bis(trifluoromethylsulfo

nyl)imide

N
TFSI

1-Proticisoquinolinium
bis(trifluoromethylsulfonyl)

imide
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7. 1-Monoproticphenathrolinium bis(trifluoromethylsulfonyl)imide_CDCl3

8. 2-Monoproticbipyridinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6
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9. 2,2'-Diproticbipyridinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

10. 2-Methylbipyridinium bis(trifluoromethylsulfonyl)imide_CDCl3

N

N

H
H 2TFSI

2,2'-Diproticbipyridinium
bis(trifluoromethylsulfonyl)imide
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11.2,2'-Dimethylbipyridinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

13. 2,2'-Methylproticlbipyridiniumbis(trifluoromethylsulfonyl)imide

_CDCl3
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List of 13C NMR Spectra of compounds

1. 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide_CDCl3

2. 1-Butylpyridinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

3. 1-Butylmethylpyrrolidinium bis(trifluoromethylsulfonyl)imide_ DMSO-

d6

4. 1-Butylisoquinolinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

5. 1-Proticisoquinolinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

6. 1-Monoproticphenathrolinium bis(trifluoromethylsulfonyl)imide_CDCl3

7. 2-Monoproticbipyridinium bis(trifluoromethylsulfonyl)imide_Acetone-d6

8. 2,2'-Diproticbipyridinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

9.2,2'-Methylproticlbipyridinium bis(trifluoromethylsulfonyl)imide_

DMSO-d6
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1. 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide_CDCl3

2. 1-Butylpyridinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6
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3. 1-Butylmethylpyrrolidinium bis(trifluoromethylsulfonyl)imide_ DMSO-

d6

4. 1-Butylisoquinolinium bis(trifluoromethylsulfonyl)imide_ DMSO-

d6

N

TFSI

1-Butylisoquinolinium
bis(trifluoromethylsulfo

nyl)imide
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5. 1-Proticisoquinolinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6

6. 1-Monoproticphenathrolinium bis(trifluoromethylsulfonyl)imide_CDCl3

N
TFSI

1-Proticisoquinolinium
bis(trifluoromethylsulfonyl)

imide
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7. 2-Monoproticbipyridinium bis(trifluoromethylsulfonyl)imide_Acetone-d6

8. 2,2'-Diproticbipyridinium bis(trifluoromethylsulfonyl)imide_ DMSO-d6
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9. 2,2'-Methylproticlbipyridinium bis(trifluoromethylsulfonyl)imide_

DMSO-d6
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Elemental analysis data

Name Structure EA

1-Monoprotic

phenathrolinium TFSI

C, 36.4; 

H, 1.8;

N, 8.5;

S, 13.6

2-

Monoproticbipyridiniu

m

TFSI

C, 

33.08; 

H,2.00;

N, 9.55; 

S, 

14.94;

2,2'-

Diproticbipyridinium

TFSI

C, 

23.37; 

H,1.20;

N.7.25; 

S,19.88

;

2,2'-

Dimethylbipyridinium

TFSI

C, 25.3; 

H, 1.5;

N, 6.8;

S, 16.8
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Abstract in Korean

본 논문은 직접메탄올연료전지의 양극촉매인 Pt의 산소환원반응과

메탄올 내성을 향상시키기 위한 피리디늄계 이온성 액체를 합성하는

법을 다루고 있다. 직접메탄올연료전지는 수소 기체 대신 메탄올을

사용함으로써 휴대하기 간편하다는 장점을 가져 차세대 연료전지의 한

종류로 주목 받고 있다. 하지만 음극에 흐르는 메탄올이 중간의 막을

지나 물과 함께 양극으로 넘어오게 되면 연료전지의 효율이 감소하는

Methanol crossover문제가 해결되지 않고 있고, 촉매로 사용하는 Pt의

가격이 비싸다는 단점이 있다. 따라서 이온성액체를 합성하여 이를 Pt 

표면에 코팅하고 이를 통해 Pt의 산소환원반응 활성을 높이고 메탄올

내성을 향상시켜 문제점을 해결하고자 하였다. 이온성 액체는 유기

양이온과 음이온으로 이루어져 있는데, 본 논문에서는 음이온은 전기

전도도가 높다고 알려진 bis(trifuoromathane)sulfonimde로 고정하고

양이온의 구조를 바꿔가면서 합성하였다. 먼저, 단환식의 구조인

이미다졸, 피리단, 피롤리딘, 피페리딘 고리에 뷰틸기를 도입하여

양이온으로 만든 이온성 액체를 합성하였다. 이에 더하여 다환식의

구조를 가진 아이소퀴놀린, 페넨스롤린, 바이피리딘 고리에 뷰틸기와

H+를 도입하여 양이온으로 만든 이온성 액체를 합성하였다. 뷰틸기를

도입하는 반응의 수율을 90% 이상으로 높았으며 H+를 도입하는

반응에서도 60% 이상의 수율을 얻었다. 합성된 이온성액체는 H, C, F 

NMR과 녹는점 측정, 점도 측정, 원소 분석등으로 확인하였다. 이렇게

합성한 이온성 액체를 Pt 표면에 적용한 결과 다환식의 이온성액체는

산소환원반응 효율을 증가시키며 H+가 도입된 이온성 액체는 Pt촉매의

메탄올 내성을 증가시켜 표면에서 메탄올 산화반응 전류가 흐르는 것을

막아주었다. 이온성 액체의 구조적 특성과 촉매 특성 개선의 연관성을

알 수 있다는 데에 이 연구에 의의가 있다. 

주요어: 피리디늄계 이온성액체, 프로틱 이온성액체, 직접메탄올연료전지, 

산소환원반응, 메탄올산화반응
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