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Preface 

This paper is the thesis for a doctorate in engineeri ng of The University of Tokyo. 

Rapid growth in electronic industries has given to the au thor an opportunity to study in the 

interdisciplinary area between synthetic chemistry and electrochemistry. The au thor was basicall y 

a synthetic chemist, who was highl y di sciplined by Professor Masanobu Hidai and Emeritus 

Professor Y asuzo Uchida, and acquired hi s master's degree from The University of Tokyo in 1981. 

After three yea rs' experience as a synthetic chemist in the MlTl's "Cl" national project at 

Mitsubishi Petrochemi cal Co. , the author has so lel y jumped into the research of o rganic 

electrolytes for electronic devices in 1984, which was an unknow n area for most chemical 

companies. The author has succeeded in finding an epoch-making organic electrolyte based on a 

quaternary ammonium carboxylate salt and y-butyrolactone in 1985, which is now supplied to 

almost a ll manufactures of aluminum electrolytic capacitors in the world. The author has also 

succeeded in finding a new cyclic quaternary ammonium tetranuoroborate salt in 1986, which is 

partly used as a supporting electrolyte salt for electrical double layer capaci tors. After that the 

author had an opportunity to study electrochemistry in the United States from 1988 to !990. The 

studies both at University of Pittsburgh and Lawrence Berkeley Laboratory (operated by 

University of California at Berkeley for the US Department of Energy) were oriented to the lithium 

batteries, whose electrolytes are also manufactured by our company. 

The content of thi s paper, which encompasses the preparation and properties of organic 

electrolytes for aluminum electrolytic capacitors, electrical double layer capacitors and lithium 

batteries, including the industrialized materials in Mitsubishi Petrochemical Co., provides a good 

successful example of the research and development, because the electrolyte business is no more a 

niche field due to the advent of the rechargeable lithium ion battery, which is regarded as one of the 

strategic products for many portable electronic appliances. 

In the first chapter, some electrochemical devices using organic electrolytes are introduced and 

several fundamental requirements for these organic electrolytes are presented. In addition, the 

basic properties of organic solvents and the importance of purification are brieny explained. On 

the basis of the above knowledge , chapters 2, 3 and 4 are devoted to the research results on the 

organic electrolytes for aluminum electrolytic capacitors, electrical double layer capacitors and 

lithium batteries, respectively. Chapter 5 contains solid organic electrolytes. Organic electrolytes 

containing a new gelling agent are proposed as a quasi-solid electrolyte for a thin film rechargeable 

lithium cell. Application of the polymer electrolytes for a thin film rechargeable lithium cell using 

organodisulfide and titanium disulfide cathodes is also given. In chapter 6, electrical conductance 

theories and a computer program are given, on which the conductometric analysis of the dilute 

solutions of organic electrolytes is carried out. In the last chapter, the papers , society meeting 

abstracts and patents are I is ted , on which this thesis is based. 
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l. An Overview 

l.l. Introduction 

Recent rapid growth of microelectronics has spread its infiuence on every industry. Demand for 

li ghtweight, compact electronic equipment in bo th consumer and industri al appli cations has been 

requesting lighter, thinner, shorter and small e r electronic components. T hi s trend becomes 

stronger and stronger, when portability is the prime requisite for the electronic appliances such as 

laptop personal computers, camcorders and cellular phones. 

Among the elec tronic components, there are several electrochemical devices , where an organic 

e lectro lyte is one of the key materials that determine the electrical properties of the devices. 

Typical examples of these e lectroche mi cal devices are shown in Table l , where main 

compositional materials are li sted. 

An aluminum electrolytic capacitor is the mos t important electrochemical device from the 

viewpoi nt of annual output (205 billion Japanese yen in 199 1) as shown in Table 2. The second 

one is a lithium battery, whose output is only 50 billion Japanese yen, however, it is expected to 

increase rapidly due to the popularization of secondary (rechargeable) lithium batteries. Third one 

is an electrical double laye r capacito r, which is an intermedi ate device between capacitor and 

battery. The las t one is an electrochromic display, which failed in competition with a liquid crystal 

display and now is waiting commercia li zation as a smart window. 

Table 1. Typical examples of electrochemical devices using organic electrolytes. 

Device Anode Electrolyte Cathode 

Aluminum electrolytic cpacitor AI 20 3 
o:coo cooHMe4N 

/GBL 
AI 

Lithium battery Li LiCI04/PC+DME Mn02 

Electrical double layer capacitor c Et4 NBF4/PC c 

Electrochromic di splay Fe4 [Fe(CN)6h LiCI04/PC wo3 

GBL; y- butyrolactone, PC; propylene carbonate, DME; dimetoxyethane. 

Table 2. Annual output of electrochemical devices in 1991 . 

Device Quantity (million pes.) Value (billion yen) 

Aluminum electrolytic cpacitor 26442 205.4 

Lithium battery (primary) 376 48.5 

Lithium battery (secondary) 10 2.1 

Electrical double layer capacitor 122 6.3 



1.2. Requirements for Organic Electrolytes 

The reason the organic electrolyte i.e. nonaqueous electrolyte is preferred is that the assortment 

of solvents with widely varying properties, almost unlimited number of solvent mixtures and solute 

compounds provides nexibility in tackling a given problem. 

Although the chemicals used for the organic electrolytes vary considerably in each device, there 

are several fundamental requirements common to all these electrolytes. 

These requirements are as follows: 

1) High chemical stability 

2) Wide operationaltemperalllre range 

3) High eleclrolytic conductivity 

4) Good compatibility with electrodes 

5) High safety 

6) Low cost 

A wide liquid range (requirement I , 2) and a wide accessible potential range (electrochemical 

window, a part of requirement 4) are main factors that recommend nonaqueous electrolytes rather 

than aqueous electrolytes for use in the electrochemical devices. 

For example, the operational temperature for a popular aluminum electrolytic capacitor ranges 

from- 5YC to lOYC and the nominal voltage for a single lithium ce ll is 3 V, which cannot be 

realized by any aqueous electrolytes due to the high melting point, low boiling point and narrow 

electrochemical window of water, itself. 

Drawbacks of nonaqueous electrolytes include lower electrolytic conductivities (requirement 

3), when compared to aqueous electrolytes or molten salts as indicated in Table 3, where the 

electrolytic conductivities of several technically important ionic conductors are compared [1]. 

Other disadvantages arise from the toxicity or nammability of the electrolyte material s 

(requirement l , 5) and their appreciably higher costs (requirement 6). The compatibility with 

electrodes (requirement4) includes complex chemistry, which depends on the nature of the device 

and of course, the kind of the electrode. This requirement will be explained in detail in each 

chapte.r. 
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Table 3. Electrolytic conductivities of several technically important ionic conductors. 

System Temp. I oc Conductivity I mS cm-1 

Aqueous *5.68 M HCIIH20 + 25 849 
*6.80 M -20 353 

2.8 1 M LiCI04IH20 + 25 !52 
2.84M 0 88 

Nonaqueous *0.66 M LiCI041PC + 25 5.4 
*0.34 M -45 0.3 

* 1.39 M LiCI041PC(42wt%)+DME + 25 14.6 
*0.74 M LiCI041PC(28wt%)+DME - 45 3.3 

Molten salt LiCI + 637 5854 
~ 

Me .... N_Q,N-...Et AICI4 + 25 20.6 

Solid Li3N +25 

Li ( CF3S02hNI(CH2CH20ln + 25 0.1 

*the concentration where maximum conductivity was obtained. 
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1.3. General Features of Organic Solvents 

An organi c electrolyte is basically composed from a solvent and a so lute. Although the 

properties of the organic electrolyte are dependent on both the solvent and the solute, it is desirab le 

to describe the solvent properties before movi ng to special topics. 

Two aspects detem1ine the role of solvent. One is the bulk properties of the solvent, i.e. relative 

permitti vity s,, viscos ity Y) and density d, the other is the electron donor or acceptor abilities of the 

solvent (ON; donar number, AN; acceptor number). Vatious attempts have been made to classify 

so lven ts on the basis of various criteria, however, class ifi cation on the basis of the acid-base 

properties and the magnitude of rel a ti ve pem1itti vity seems to be rational (cf Fig. I). A typical 

modern breakdown differentiates between the following types of solvents: "amphiprotic" 

(sometimes called simpl y "protic"), which means capabl e of accepting and donating protons and 

"aprotic" , which means incapabl e of transferring protons to any appreciable extent. A pro tic 

so lvents can be di vided into two categories. "Dipolar aprotic" so lvents are moderatel y good 

solvating and ionizing media due to their dipolar nature and their intermediate relative permittivity. 

Within the dipolar aprotic class Kalthoff makes a further fine distinction between solvents that are 

protophilic (s li ghtl y basic) and protophobi c (without basic properties). "Inert" solvents are 

nonpolar aprotic liquids characteri zed by low relative permitti vity (s, < 10). 

It is the dipolar aprotic solvent that is important for electrochemical devices, because it gives 

distinctly different electrochemical properties from water. The phys icochemical properties of 

some dipolar aprotic solvents are given in Table 4, where protophilic ones are signed with asterisk. 

Table 4. Physical properties of dipolar aprotic solvents at 25°C. 

Solvent s, mp bp 1] d ON AN 
1- ;oc I oc I cp I cm·3 

Ethylene carbonate (EC) "4ooc 90a 37 238 l.85a 1.32 16.4 

Propylene carbonate (PC) 65 -49 242 2.51 1.20 15.1 18.3 

Dimethylsulfoxide (DMSO) * 47 19 189 1.99 l.lO 29.8 19.3 

Sulfolane (TMS) ~O"C 43 b 28 287 lO.Ob 1.26 14.8 19.2 

y-Butyrolactone (GBL) 42 -44 204 1.73 1.12 18 

Nitromethane (NM) 38 -29 101 0.62 1.13 2.7 20.5 

Dimethylformamide (DMF) * 37 -61 153 0.80 0.94 26.6 16.0 

Acetonitrile (AN) 36 -49 82 0.34 0.78 14.1 18.9 

Methyl formate (MF) 9 -99 32 0.33 0.97 

1, 2-Dimethoxyethane (DME) * 7 -58 85 0.41 0.86 20 10.2 

Tetrahydrofuran (THF) * 7 -109 66 0.46 0.88 20 8.0 

1, 3-Dioxolane (DO)* 7 -95 78 0.59 1.06 

Dimethyl carbonate (OM C) 3 3 90 0.59 1.06 
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1. Acid-base properties ( pKs) ~([]) 

2. Relative permittivity ( s,) 2([]) 

Amphiprotic 
(protic) 

Dipolar aprotic 

Inert 
(Nonpolar aprotic) 

( 

( 

Neutral 
(Hydroxylic) 

neutral 

Proto genic 

acidic 

Protophilic 

basic 

Protophilic 

basic 

Protophobic 

solvent 

) .... 

) .... 

Fig. 1. Classification of solvent 
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1.4. Importance of Purification 

In aprotic solvent sys tems useful for electrochemical device applications, the presence of even 

trace impurities in the e lectrolyte can affect the performance and re li abili ty of the system. For 

exam ple, a few ppm of chloride ion corrode aluminum electrodes in the a luminum electro lytic 

capacitors, a few ppm bromide ion deteriorate the performance of electri cal double layer capacitors 

opera ted at an elevated temperature , and several tens ppm of water degrade lithium anode in the 

lithium ce ll s. It is very important, therefore, to use thoroughl y purified materials. No solven t or 

solute can be said to have been adeq uately explored unless they have been very carefull y purified. 

Since many of the organic solvents of interes t a re made by condensati on reactions, which are to 

some ex tent reversible, it is common to find other protic substances like alcohols, organic acids as 

potentially harmful impurities. 

The author would like to mention tha t much time was consumed fo r the purification of solvents 

and solutes rather than their preparation , even though the troublesome purification procedures a re 

omitted in this thesis. In some cases, a synthetic route had to be altered to avoid the contamination 

of a hannful impurity. 

Purification procedures vary from solvent to solvent, depending on the its properti es , including 

thermal stabili ty, and the type and amount of impurity present. The purifi cation s tra tegies for 

indiv idual solvents are outlined in several publications. Generall y, fracti onal di stillation and 

recrystalli zation were effective for the purification of so lvents and solutes, respectively . It is 

important to identify the impurities both qualitati vely and quantitati ve ly. The mos t commonl y 

used methods were gas chromatography, liquid chromatography a nd ion chromatography. 

Voltammetry and conductometry were a lso used very often. 
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1.5. Summary 

In this first chapter, some electroche mical devices using organic electrolytes were introduced 

and several fundamental requirements fo r these organic electrolytes were presented. In addition , 

the basic propenies of organic solve nts were explained and it was shown that the dipolar aprotic 

so lve nt is impo rtant for electrochemical devices, because it gives distinctly different 

electrochemical properties from water. The physicochemical properties of some dipolar aprotic 

solvents and the impo rtance of purification were brieny explained. 

There are man y books that deal with fundamentals of nonaqueous solution chemistry. These are 

listed in the next secti on. 
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2. Organic Electrolytes for Aluminum Electrolytic Capacitors 

2. 1. Introduction 

An aluminum electrolytic capaci tor contains an alumi num oxide dielectric, which is formed by 

the anodic oxida tion of an aluminum fo il e lectrode. This capac itor had achi eved an important 

pos iti on in circuit applications through its unsurpassed volumetric effic iency of capacitance and 

low cos t per unit of capacitance by 1952 [I] . Electric charges Q stored in the d ie lec tric are 

determined by CV product, where C and V are capacitance and appl ied voltage, respectively. T he 

la rge capacita nce of the a luminum electrolyti c capacitor is achieved by the presence of an 

extremely thin die lec tri c oxide film on a luminum anode(< 1 f.tm) and by the creation of a high 

surface a rea of the a node foil th ro ugh e lectrochemical etching (rough ness fac tor> 100). An 

organi c e lectro ly te is used as a true cathode, whi ch enabl es to penetrate into the fine porous 

struc ture and to obtain the la rges t poss ible capacitance as shown in Fig. 1. T he appearance and 

construction of the capacitor a re given in Fig. 2. T he production process is depicted in Fig. 3. 

Attention must be paid to the fact that there are two different electrolytes fo r the producti on of the 

aluminum electrolyti c capacitors. One is a "forming electrol yte" and the other is an "opera ting 

electrolyte ". The fo rmer is the aqueous e lec trolyte used in the production of the anodi zed 

aluminum fo il , and the latter is the nonaqueous electrolyte used inside the capacitor. 

~------- v -------..;>J 

-Q+Q 

~~d<1f.tm 

AI 

Q = CV 

l_ = _l_ + _l_ 
c c+ c_ 

EoErS 
C+= -d--

Fig . 1. Principle of aluminum electrolytic capacitor. 
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0 
0 

rubber gasket 

anode 
separator+ electrolyte 
cathode 

~;=:::::::::;~~ aluminum case 

Fig . 2. Appearance and construction of aluminum electrolytic capacitors. 

High Purity AI Foil 

• Electrolytic Etching Etching Electrolyte 
(Aqueous Electrolyte) 

Anodic Oxidation Forming Electrolyte 

j 
Slitting (Aqueous Electrolyte) 

Lead Wire Bonding 
Rolling 

Element I 
II mpregnation t As embling 

Aging 
(Re-Anodization) 

~ Inspection 

Product I 

Operating Electrolyte 
(Nonaqueous Electrolyte) 

Fig . 3. Production process of aluminum electrolytic capacitors. 
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Advances of great significance have been made throug h the research and development on its 

two principal components; the foil electrode and the operat ing electrolyte. This progress has been 

demonstra ted by a marked reduction in size, extension of the operating temperature range , 

improved electri cal characteris ti cs, increased reliability, and longer life. 

The information on the organic electrolytes for aluminum electrolytic capacitors is very limited 

(I - 3], however, many fo rmulations are disclosed in patent applications. 

In the earl y 1950 's virtua ll y a ll a lumin um elec trolytic capaci to rs utilized as the operating 

electrolyte the reaction mixture of ammoni um bora te and ethylene glycol, which was developed 

twenty years earlier [ I] . However, the increased demands of electroni c equipment manufacturers 

for more ri gorous service conditions revealed that the glycol-borate electrolyte system had serious 

limitations. Hi gh melting poin t of ethylene glycol (-l3°C) and the presence of water arisen from 

the es teri ficati on reaction be tween two princi pal components res tri ct its operation to -25- 85°C. 

The deve lo pm e nt of e nti re ly new e lec tro lyte syste ms has bee n carried out and 

dimethylfo rmamide (DMF) was fo und to be a suitable solvent for capacitor application. The 

DMF-based electrolyte enlarged the operation temperature range to -55- 12SOC, although special 

chemicall y res istant closures such as a Ten on seal with a butyl rubber gas ket were req ui red. In 

addi tion to DMF, a number of other organi c so lvents have fo und applicat ion, parti cu larly, y­

butyro lactone (GBL) became a major solven t. 

Concurrent with the introducti on of new solvents, the development of an extensive number of 

solutes has been carried out. Organic compounds dominated this field and the salts of carboxylic 

acids such as adi pic acid, maleic acid and sali cylic acid , fo und application. 

Although the particular choice of e lectrolyte among thi s bewi ldering array of poss ibilities is 

determined by many factors, the emergence of many alternati ve systems permitted capacitors to be 

more closely tailored to diverse appli cations. The author has classified the organic electrolytes into 

fo ur categories from the hi s tori cal view as shown in Table 1. It is the fo urh generation which the 

author has found. For more detai ls, refer to author's rev iews and patents (4-7]. 

The electrolyti c conducti vity and the electrochemical stability of the organic electrolyte are the 

major controlling factors to determine the di ssipation factor (internal resistance) and the shelf life 

of the capacitor, respectively. 

A specific compatibili ty condition must be fulfill ed fo r the organic e lectrolyte of aluminum 

electrolytic capacitors. The electrolyte should act as a good oxide fo rming agent, maintaining the 

electrochemical state of repair of the oxide layer during the life time of the capaci tor. Since the 

edge parts of the capacitor element must be anodi zed in the operating electrol yte during the aging 

process as illustrated in Fi g. 3, thi s film forming ability is the very important property of the 

electrolyte. 

When alum inum metal is anodi call y oxidi zed in an electrolyte contain ing water, a luminum 

oxide is produced in the forn1 of a film on the metal surface as shown in Fig. 4. Depending on the 

type of e lectrolyte used, two di s tinc t types of layers are formed, whose characte ris tics are 

compared in Fig. 5. T he barri er-type oxide characterized by low poros ity and hi gh resis tivity 

represents the basis of aluminum electrolytic capacitor production. 
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Table 1. Typical examples of organic electroly1es for aluminum electroly1ic capacitors. 

AI 

Generation Solvent Acid component Base component 

1st GLY , EG Boric acid Ammonia 

2nd EG Adipic acid Ammonia 

3rd DMF, GBL Maleic acid Triethylamine 

4th GBL Phthalic acid Tetramethylammonium 

GLY; glycerine, EG; ethylene glycol, DMF; N,N-dimethylformamide, 

GBL; y-Butyrolactone. 

Anode: AI ~ AJ3+ + 3 e· 

AJ3+ + 3/2 H20 ~ l /2 AI203 + 3 H+ 

Cathode: 3 H+ + 3 e· ~ 3/2 H2 

Fig. 4. Principle of anodic oxidation of aluminum. 

Barrier-type 

thin ( < 1 !Am) 

low porosity 

Aluminum oxide 

Aluminum metal 

high breakdown voltage (::: I V nm-1) 

Porous- type 

thick (> 1 !Am) 

high porosity 
low breakdown voltage (::: 10 V) 

Fig . 5. Comparison between barrier and porous-type anodic oxide films. 
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2.2. Preparation of Electrolyte Salts 

Quaternary ammonium carboxylates were prepared by the neutralization of carboxylic acids 

with quaternary ammonium aqueous alkali solutions. 

l) Tetraethylammonium salts were prepared by the titration of carboxy li c acids with 

tetraethylammonium hydroxide aqueous solution (SACHEM Inc.). <Method A> 

2) Tetramethyl-, ethyltrimethyl-, diethyldimethyl- and triethylmethylammonium carboxylates 

were prepared by the neutra lization of carboxylic acids with the corresponding quaternary 

ammonium bicarbonate aqueous solutions obtained from the reaction of appropriate amines with 

dimethyl carbonate. <Method 8> For more details , refer to author's patent [8]. 

All salts were recrystallized from acetone and then vacuum dried. 

2.2.1. Experimental 

Preparation of quaternary ammonium bicarbonate aqueous solutions are described below. 

Tetramelhylammonium melhylcarbonale 

67.5 g (0.75 mol) of dimethyl carbonate, 36.9 g (0.62 mol) of trimethylamine and 90 g of 

methanol were filled in an 300 ml autoclave. They were reacted at 110°C for3 hours. The reaction 

pressure was about 6 kg em·'. The unreacted materials and the so lvent were removed by 

evaporation. The amount of the resulting solid was 85.0 g (0.57 mol). 

The yield was 92.5 %. mp: 127•c. 

Telrameihylammonium bicarbonale 

53.2 g (0.36 mol) of tetramethylammonium methyl carbonate was dissolved in 53.2 g of water 

in a 300 ml three neck distillation nask equipped with a thermometer and a condenser. While the 

mixture was renuxed at 40°C and 20 mmHg for I hour, methanol was distilled off. The 

concentration of the resulting aqueous solution was determined by titration. 

The yield was 95.0 %. mp: 7SOC (solid). 

Trielhylmelhylammonium melhylcarbonale 

117.2 g (1.30 mol) of dimethyl carbonate, 101.2 g (1.00 mol) of ttiethylamine and 101.2 g of 

methanol were fi ll ed in an 500 ml autoclave. They were reacted at 120•c for 14 hours. The 

average reaction pressure was about 6 kg em·'. The unreacted materials and the solvent were 

removed by evaporation. The amount of the resulting solid was 180.0 g (0.94 mol). 

The yield was 94.1 %. mp: 46°C. 

Trielhylmelhylammonium bicarbonate 

150.0 g (0.69 mol) of triethylmethylammonium methylcarbonate was dissolved in 150.0 g of 

water in a 500 ml three neck distillation nask equipped with a thermometer and a condenser. While 

the mixture was renuxed at40°C and 20 mmHg for 1 hour, methanol was distilled off. The 

concentration of the resulting aqueous solution was determined by titration. 

The yield was 95.0 %. 
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2.3. Electrochemical Properties of Organic Electrolytes 

Carboxy li c acids and thei r sailS have been tested as a solute fo r both opera ting electrolyte and 

forming electrolyte . These include fo rmi c acid, ace tic acid, propioni c acid, butyric acid , oxalic 

acid, maloni c acid , succinic acid , adipi c acid, maleic acid , sali cyli c acid , phthali c acid, lacti c acid, 

citric acid and tartari c acid [9- 11] . Howeve r, most work was carri ed out in aq ueous solutions and 

there is no sys temati c data in nonaqueo us solutions. 

Therefore, the author examined the electrolyti c conducti vity and scintill a ti on voltage of organi c 

elec trolytes based on these carboxylic acids. 

2.3.1. Experimental 

ElecLrolyte preparation 

Formic acid, aceti c acid , caproic acid and oxali c acid were used as received. Adipic acid, maleic 

acid, benzoic acid , sali cyli c acid and phthali c ac id were purified by recrystalli zati on from water. 

Ne utra l a mmo nium salts were prepa red by the titratio n of the carboxylic ac ids wi th 25 % 

aqueous ammonia (Nakala i Tesque , Inc.), fo llowed by recrystalli zati on and vacuum drying. T hese 

ammonium salts were di ssolved in eth ylene glycol (Wako Pure Chemical Industri es). 

Neutra l amine sal ts we re prepa red in siru by the neutrali zati o n o f carboxyli c ac ids with 

tri eth ylamine (Wako Pure Che mical Indus tri es) in y-b utyro lacto ne (Mitsubi shi Pe trochemi cal 

Co.). 

T ri c th ylmeth ylammo nium hydrogen maleate (TEMAM), te trame th yla mmo nium hydrogen 

phtha late (TMAP) were pre pared by the ne utrali za ti o n of the acids w ith the corresponding 

quaternary ammonium bicarbona te aqueous solutions (See Chap. 2.2). These were dissolved in y­

bu tyrolactone and the resulting electrolytes were vacuum dri ed. 

Measuremenrs 

The electrolyti c conducti vity and water content of electrolytes were measured by a conducti vity 

meter equipped with a standard type conductivity cell (Toa Electronics, CM-30S/CGT-511B) and 

a moisture meter (Mitsubishi Kasei Co., CA-06), respectively. 

The sc inti ll atio n voltage was meas ured by the galvanostatic anodi zation o f al uminum. A 

smooth a luminum foi l of 100 f.tm thi c kness and 99.99 % purity (Mitsubi shi Aluminum Co.) was 

cut into a 10 x 20 mm rec tangle with a thin long tag for electrical contact. Th is flag shape coupon 

was was hed with ace tone and pure water, fo llowed by drying in air. A constant current of 0.5 A 

dm·' was applied to this coupon in an organic electrolyte from a power source (Kikusui Electroni cs 

Co. , PAD500-2L), and the vo ltage across the cell was recorded on an intelligent reco rde r (Toa 

Electroni cs, INR-606 1). 
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2.3.2. Results and Discussion 

Tradiiional electrolyies 

The salts of carboxylic acids were evaluated in both ethylene glycol (EG) and y-butyrolactone 

(GBL). Since most ammonium carboxylate salts did not dissolve in GBL, triethylammonium salts 

were used for GBL electrolytes. The electrolytic conductivity a at 25•c and scintillation voltage 

V, at 0.5 A dm·' of 10 wt % solution are given in Table 2. 

The salts o f smaller and/or stronger acid generall y showed higher electro lytic conductivity with 

lower scintillation vo ltage. Scintillation was not observed for monocarboxylic acids , and 

therefore , the maximaum voltage a ttained was given in parenthesis. This is the indication of 

in ferior film forming abi lity of monocarboxyli c acids [9]. 

Table 2. Electrolytic conductivity and scintillation voltage of organic electrolytes. 

EG-NH4 system GBL-NEt3 system 
Carboxylic Acid pKa MW a v, a v. 

I mS cm·l / V 

Formic acid 3.75 46.0 7.5 (46) 4.0 (123) 

Acetic acid 4.76 60.1 4.6 (90) 0.8 (120) 

Caproic acid 4.88 116.2 1.3 (524) 0.6 (467) 

Oxalic acid 1.27 90.0 insoluble 1.4 180 

Adipic acid 4.43 146.1 3.2 376 0.6 448 

Maleic acid 1.94 116.1 4.0 175 2.8 133 

Benzoic acid 4.21 122.1 2.7 390 0.8 333 

Salicylic acid 3.00 138.1 2.9 186 1.2 162 

Phthalic acid 2.95 166. 1 2.2 147 1.8 130 
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New electrolytes 

During the course o f pursuing a highl y conducti ve electro lyte, the autho r has found that 

quaternary ammonium salts o f carboxylic acids show much higher conductivities than tertiary 

ammonium counterparts in y- butyro lactone . Outstanding e lec trochem ical properties of the 

quaternary ammonium carboxylate/y- butyro lactone e lectrolytes will be demonstrated in 

comparison wi th the traditional e lectrolytes. The chemical structures and abbreviations of the used 

solutes are given in Table 3. 

Table 3. Chemical structures and abbreviations of the solutes used . 

Quaternary ammonium salt 

Tertiary ammonium salt 

Simple ammonium salt 

TEMAM : Triethylmethylammonium Hydrogen Maleate 

[COOH 
COO- + N(CH3)(C2H 5)3 

TMAP :Tetramethylammonium Hydrogen Phthalate 

~COOH 
~COO- + N(CH3)4 

MA.TEA : Triethylammonium Hydrogen Maleate 

[COOH 
COO- + NH(C2H 5) 3 

AA.A : Diammonium Adipate 

H
4
N+ -OOC(CH

2
)
4 

COO- +NH 
4 
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The electrolytic conductivities of the new electrolytes are two or three times higher than those of 

the traditional electrolytes at practical concentrations as given in Table 4. Concentration 

dependence of electrolytic conductivities is shown in Fig. 6. The electrolytic conductivity 

generally increases with concentration, reaches its maximum and then decreases due to ionic 

association. The high electrolytic conductivities of the quaternary ammonium carboxylate/y­

butyrolactone electrolytes are based on the high solubility and dissociating ability of the quaternary 

ammonium carboxylate salts. Temperature dependence of electrolytic conductivities is shown in 

Fig. 7. The new electrolytes do not freeze even at -5SOC and show some conductivity, which is also 

based on the high solubi lity of the quaternary ammonium carboxylate salts. 

Table 4. Compariso n of e lectrolytic conductivities at 25°C. 

Electrolyte C / wt% a ! mS cm-1 

TEMAM/GBL 25 14.5 

TMAP /GBL 25 10. 1 

MA.TEA/GBL 25 4.6 

AA.A I EG 10 3.2 

20 

• TEMAM/GBL 
• TMAP/GBL 

15 _.. MA.TEA/GBL 
+ AA.A/EG 

i: 
u 

r/) 10 
E 

0 

5 

0 
0 10 20 30 40 

Cw i wt% 

Fig . 6 . Concentration dependence of electrolyti c conductivities 

a t 25°C. 
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Fig. 7. Temperature dependence of electrolytic conductivities. 
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The another character of the new electrolytes is high chemical stability. Fig. 8 shows the 

deterioration of electrolyti c conductivi ty at 25°C, when electrolytes were left at ILSO C for a long 

period. Ammonium adipate undergoes the esterification with ethylene glycol solvent and results in 

the deposition of adipamide as shown in Fig. 9a. Tertiary ammonium salts tend to lose amines by 

evaporation as shown in Fig. 9 b. The new electro ly te deteriorates slowly than the traditional 

electrolytes. Particularly , the quate rnary ammonium hydrogen phthalate electrolyte shows 

amazi ngly hi gh stability. This is presumabl y because the decomposition reaction shown in Fig. 9c, 

is suppressed by high activation energy for C-N bond sciss ion (See Chap. 2.8.). 

20 

15 

E 
u 

UJ 10 
E 

0 

5 

0 
0 5000 

t I hr 

• TEMAM/GBL 
• TMAP/GBL 
.t. MA .TEA/GBL 
• AA.A/EG 

10000 15000 

Fig. 8. Deterioration of electrolytic conductivities at 25•c caused by heat at 115•c. 

(a) 

(c) RCOO-+NR 4 --A----- RCOOR + NR 3 t 
Fig . 9. Deterioration mechanisms of the electrolytes. 
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2.4. Conductometric Analysis of Quaternary Ammonium Salts 

In the previous chapters, it was shown that quaternary ammonium salts of carboxylic acids in y­

butyrolactone have acquired a potential application in aluminum electrol ytic capacitors. 

However, the conductivity data for quaternary ammonium carboxylates have been reported 

on ly for acetonitrile (AN) [12- 14], N,N-dimethylformamide (DMF) [15- 17] and propylene 

carbonate (PC) [ 18]. 

Therefore, a systematic study on the transport properties of quaternary ammonium ca rboxylate/ 

y-butyrolactone electrolytes was carried out. The conductivity data of several quaternary 

ammonium bimaleates, biphthalates and benzoates , which invo lve symmetric and asym metric 

cati ons from tetramethylammonium to tetraethylammonium, are presented. 

2.4.1. Experimental 

Electrolyle preparalion 

Tetraethylammonium bimaleate, biphthalate and benzoate were prepared by the neutrali zation 

of maleic acid (Tokyo Chemical Industry Co.), phthalic acid (Tokyo Chemical Industry Co.) and 

benzoic acid (Wako Pure Chemical Industries) with 40 wt% tetraethylammonium hydrox ide 

aqueous solution (SACEM Inc., Ultapure grade) . Tetramethylammonium bimaleate, biphthalate 

and benzoa te were prepared by the neutrali zation of the acids with tetramethylammonium 

bicarbonate aqueous solution obtained from the reaction of trimethylamine with dimeth yl 

carbonate in methanol. Asymmetric quaternary ammonium bimaleates , biphthalates and 

benzoates were prepared similarly using asymmetric quaternary ammonium bicarbonate aqueous 

solutions obtained from the reaction of appropriate amines with dimethyl carbonate. 

The exact concentrations of quaternary ammonium hydroxide and bicarbo nate aqueous 

so lutions were determined by potentiometric titration with a s tandard sulfuric acid aqueous 

solution using an auto titrator (Hiranuma Sangyo Co., COMTITE-8/UCB-7) . 

These salts were dissolved in y-butyrolactone (Mitsubishi Petrochemical Co., F-GBL). The 

solutions were then vacuum dried until the water content dropped below 500 ppm , and were 

readjusted to desired concentrations by adding appropriate amount of the solvent. Impurities in 

these stock solutions were determined by a X-ray Ouorescence spectrometer (Rigaku Industrial 

Corp., 3370E) for Cl and an atomic absorption spectrometer (Hitachi, Z-9000) for Na, K and Fe. 

These impurities were found less than l ppm. 

Measuremenls 

The water contents in these stock solutions were measured by a moisture meter (Mitsubishi 

Kasei Co. , CA-06). Their conductivities and densities at 25 ± O.l°C were measured by a 

conductivity meter (Toa Electronics, CM-30S/CGT-5l!B) and a digital density meter (PAAR, 

DMA 45), respectively. 

The stock solutions were successively diluted and the molar concentrations C (mol dm·') were 

calculated from concentrations m' (mol kg·1-solution) and densities d (gem·') by C = m'd. The 

densities were calculated from d = d
0 

+ Dm' , where do is the density of solvent and D is a 

characteristic constant of the electrolyte. 

The conductivity measurements were carried out at 25 ± 0.1 oc by a bridge (Toa Electronics, 
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CM-25E) and a standard type conductivity cell with a cell constant 0.104 em·• (Toa Electronics , 

CG-2001PL). The molar conductivities A were calculated from the experimental electrol yti c 

conductivities after correction for the electrolytic conductivity of the solvent. 

Density, viscosity, relative permittivity and electrolytic conductivity of y-butyrolactone are 

[.l248 gem·', 1.727 X 10'2 P [19], 4!.77 [19] and 2.5 X JO·' S em·•, respectively. 

Molecular modeling 

The ionic sizes were calculated from the molecular models constructed by a molec ular 

modeli ng system CHEMLAB-11 (Molecular Design Co.) on a VAX8350 (Digital Equipment 

Corp.). The MM2 program was used for structure optimization. 

2.4.2. Results and Discussion 

Molar conductivities 

During the course of pursuing an electrolyte whi ch ex hibits the highest conductivity, the 

structural o ptimization of a cation in quaternary ammonium carboxylate/y-butyro lactone 

electrolytes has been carried out. Triethylmethylammonium salts have shown lower conductivities 

than tetraethylam monium counterparts at higher solute concentrations, particularly for benzoate 

electrolytes as shown in Fig. 10, where electrol ytic conducti vities a of each electrolyte are plotted 

against solute concentration C •. The conductivities and densities of the 1 mol dm·' solutions of 

quaternary ammonium bimaleates, biphthalates and benzoates are given in Table 5 and Table 6, 

respectively. The concentrations of tetramethylammonium bimaleate, tetramethylammonium 

benzoate and trimethylethylammonium benzoate were adjusted to 0.1 mol dm·' d ue to their low 

so lubility in y-butyrolactone. The molar conducti vities over the concentrati on range of 10·2 to 

10 3 mol dm·3 are given in Table 7. 

20 

15 

E 
u 

'E 1o 
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[] MeEt3N biphthala te 
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o Et4N benzoate 
o MeEt3N benzoate 
~; Me4N benzoate 

Fig. 10. Concentration dependence of the conductivities of quaternary ammonium 

carboxylate/GBL electrolytes at 25°C. 
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Table 5. Conductivities of 1 mol dm·3 quaternary 

ammonium carboxylate/GBL electrolytes at 25°C. 

a I mS cm·I [~gg~ o~gg~ 0 coo· 

Me4N+ 2.7" 10.1 1.5" 

Me3EtN+ 12.9 10.5 1.6" 

o +-Me 
'Me 

13.3 10.5 5.9 

Me2E~N+ 13.7 10.8 6.0 

MeEt3N+ 13 .7 10.8 6.8 

Et4N+ 13.8 10.5 8.3 

• 0.1 mol dm-3 

Table 6. Densities of 1 mol dm·3 quaternary 

ammonium carboxylateiGBL electrolytes at 25°C. 

d I g cm·3 

Me4 N+ 

Me3EtN+ 

G'-~+ - Me 
'Me 

Me2Et2 N+ 

MeEt3N+ 

Et4N+ 

• 0.1 mol dm-3 

[ coo· ~coo· o'l coo· 
COOH V.COOH -

1.1241" 1.1404 1.1231" 

1.1279 1.1379 L 1230" 

1.1362 1.1453 1.1260 

1.1249 l.l346 l.l157 

1.1227 1.1324 1.1149 

1.1200 1.1300 l.l128 

22 



-
Table 7. Molar concentrations and molar cond uctivities of 

quaternary ammonium carboxylate/GBL electrolytes at 25°C. 

10'C 1\ 10'C 1\ 10'C 1\ 
I mol dm-3 I S cm2 moJ· I 

Me4 N bimaleate Me4 N hi phthalate Me4 N benzoate 

9.7352 40.189 9.9677 35.540 9. 9975 29.482 

7.7479 40.960 7.9319 36.618 8.3015 30.543 

5.9551 41.922 6.1130 37.322 6.1986 32.193 

3.6390 43. 157 4.1578 38.349 4.3194 34.044 

1.9542 44.469 2.1405 39.869 2.0599 36.415 

1.0916 45.437 1.1319 40.656 1.0337 37.720 

M~EtN bimaJeate Me,EtN biphthalate M~EtN benzoate 

9.7407 39.756 10.0582 36.015 9.9984 30.460 

8.2007 40.405 8.0444 36.752 7.9466 3 1.869 

6.3841 41.236 6.0054 37.508 5.9711 33.286 

4.3085 42.347 4.0345 38.775 -U141 34.819 

1.9471 43.928 2.0391 39.773 2.0683 36.808 

0.9751 44.938 1.0332 40.749 1.0424 37.683 

G.:~: bimaleate o .Me . N, Me b1phthalate G .:. ::::benzoate 

9.9679 39.462 9.7567 35.939 10.0056 31.168 

8.3737 40.060 7.9368 36.595 8.0117 32.321 

6.5422 40.911 6.0204 37.348 5.9877 33.628 

4.5274 41.934 4.0393 38.410 4.0557 35.148 

2.5150 43.121 1.9767 39.606 1.9935 36.996 

1.2196 44.300 1.0320 40.376 1.0259 37.616 

M~Et2N bimaleate Me,Et,N biphthalate M~Et2N benzoate 

9.9887 38.949 9.8348 35.5.83 10.0892 31.682 

7.9113 39.874 7.9977 36.204 7.9887 32.715 

5.8964 40.695 6. 1726 36.994 6.0493 33.830 

3.9468 41.768 4.224 1 37.937 4.1092 35.177 

1.9774 42.874 2.0479 39. 187 2.0969 36.936 

1.0196 43.921 1.0576 39.997 1.1204 37.676 

MeEt3N bimaleate MeEt3N hi phthalate MeEt3N benzoate 

9.9253 38.815 9.9849 35.113 9.9857 32.401 

7.9012 39.481 8.3456 35.534 7.9811 33.323 

6.0870 40.159 6.473 1 36.157 6.1242 34.282 

4.1749 41.091 4.4558 37.019 4.1484 35.447 

2.0363 42.459 2.4753 38.146 2.0322 36.792 

1.0099 43.391 1.2917 39.149 1.0127 37.455 

Et.tN bimaleate Et.N bi phthalate Et..sN benzoate 

9.8916 38.755 9.9316 34.491 10.1772 32.666 

7.7222 39.477 8.1159 35.049 8.2609 33.344 

5.8570 40.132 5.9566 35.885 6.3718 34.048 

3.7297 41.116 4.0016 36.623 4.4023 34.902 

2.0008 42.209 2.6788 37.2 18 2.4429 36.023 

1.0265 43.01 1 1.4889 38.082 1.2805 36.792 
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Analysis of conductivity dala 

The conductivity data were analyzed by means of the Femandez-Prini expansion of the Fuoss­

Hsia equation (See Chap. 6). Derived parameters are summarized in Table 8 and Table 9. 

Table 8. Derived limiting molar conductivities. 

Ao coo· o coo· 0 
1 S cm2 mol -l [ COOH "- I COOH 'I-~ coo· 

Me4N+ 48. 15 43.47 41.55 

M~EtN+ 47.50 43.25 41.26 

G +-Me 
'Me 

47.13 42.87 40.94 

Me2Et2N+ 46.43 42.49 40.86 

MeEt3N+ 45.82 41.69 40.20 

Et4N+ 45.42 40.78 39.46 

Table 9. Derived association constants. 

KA [ coo· o coo· 0 
/ dm3 moJ·I COOH "- I COOH - coo· 

Me4N+ 12.87 14.27 47.65 

Me3EtN+ 11.83 11.00 35.50 

G vMe 
'Me 

11.37 10.00 28.39 

Me2EtzN+ 10.36 10.00 24.68 

MeEt3N+ 9.06 9.03 15.64 

Et4N+ 7.44 7.34 10.38 
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Single ion limiting molar conductivities 

The consistent set of the single ion limiting molar conductivities of quaternary ammonium ions 

and carboxylate ions are given in Table 10, where f...(Et
4
N•) = 19.32 is used for calculation (See 

Chap. 4.3). 

Walden products A
0
1J of each ion are plotted against the reciprocal of ionic radius r in Fig. II. 

The theoretical behavior calculated from Stokes law is given by the bottom line for perfect s tick 

and by the top line for perfect slip. All ions nearl y fo llow the theoretical behavior for perfect slip, 

whi ch suggests that they are able to move without adhesion to y-butyrolactone. The inversion of 

the order in the mobility between biphthalate and benzoate ion, which can not be seen in the 

aqueous solution [20]. may be explained by the lower conducti vity of benzoate solution over the 

experi mental concentration range due to the ion association discussed later. 

Association collStants 

Derived ion association constants in Table 9 are plotted against ionic radii of cations as shown in 

Fig. 12. The KA values increase in the order, Et.N· < MeEt
3
N• < Me,Et,N• < Me,(CH

2
)

4
N• < 

Me
3
EtW < Me

4
W with decreasing cation size. This tendency can be predicted theoretically by the 

Bjerrum equation. Calculated K
8 

values are shown by the broken curves in Fig. 12. The fact that 

the K
8 

values are smaller than the experimental KA values indicates the existence of ion-dipole and 

dipole-dipole interaction besides an electrostatic force due to the delocalizability of the carboxylate 

ions. 

A large dependence of cati on size on the ion association co nstant observed for benzoate 

solutions cannot be explained theoretically. However this result is closely related to the low 

ionization constant Ka of benzoic acid in y- butyrolactone compared with maleic acid and phthalic 

acid. 

Table 10. Single ion limiting molar conductivities. 

A. + 0 A.-0 

I S cm2 mol -l I S cm2 mol-l 

Me4N+ 2 1.8 coo-
[ COOH 26.1 

MC:JEtN+ 2 1.5 ocoo-
COOH 

21.5 

[}· -Me 
'Me 

21. 1 O coo- 20. \ 

Me2Et2N+ 20.7 

MeEt3N+ 20.0 

Et4N+ 19.3 
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The ioni zati on constants of carboxylic acids are given in Table 11 [21], where the values in y­

butyrolactone are estimated by the data thatpKa values in y-butyrolactone are smaller than those in 

propylene carbonate by 2 units [22]. 

Lower conductivi ties of trietylmethylammonium salts than tetraethylammonium counterparts at 

higher concentra tions (Fig. lO) can be predicted by the tendency of KA values obtained at low 

concentrations. 

Table 11. Ionization constants of carboxylic 

acids in dipolar aprotic solvents at 25°C. 

pKa 1 GBL'I DMA'2 AN PC 

Maleic acid 10 4 

Phthalic acid 11 5 14 

Salicylic acid 14 7 17 15 

Benzoic acid 18 11 21 20 

'I Estimated values 
'2 Dimethylacetamide 
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2.5. Conductometric Analysis of Tertiary Ammonium Salts 

The cond uc tometri c study was extended to the tertiary ammonium carboxlates in order to 

clarify the difference in ionic association between tertiary and quaternary ammonium salts. 

The conductometri c analysis of te rti a ry ammonium sa lts in y-butyrolactone has not been 

reported and only the data for diethylammonium salicylate [23, 24] (secondary ammonium salt) 

have been published. 

2.5.1. Experimental 

Triethylamm onium bimaleate, biphthalate and benzoate were prepared in silu by the 

neutralizati on of maleic acid , phthalic acid and benzoic acid with tri ethylamine in y-butyrolactone. 

Trieth ylammonium perchlora te and triethylammonium tetranuoroborate were prepared by the 

titration of aqueous perchloric acid and tetrafl uoroboric acid with triethylamine, respectively , 

followed by recrystallization and vacuum drying. 

The wate r con tent in the mo ther solutions (less than 100 ppm) was measured by a moisture 

meter and the concentrations of the solutions were calibrated. The conductiv ity measurements 

were carried out by the method described before. 

2.5.2. Results and Discussion 

Molar conduclivilies 

The mola r conductivi ti es II. of 1 mol dm·3 tertiary am monium sa lts are given in Table 12 and 

those of the corresponding qua ternary ammonium counterparts are also given fo r reference. The 

molar conducti vities of the triethylammonium carboxylates were evidentl y lower than those of the 

corresponding diethyldimethylammonium carboxylates having the same formula weight, on the 

other hand , this was not true when the counter anion was replaced with a strong electro n 

withdrawing anion. 

The molar conductivities of the diluted solutions (C; 10·2 to 10·3 mol dm-3) are given in Table 13. 

The difference in molar conductivity between triethylammonium and diethyldimethylammonium 

carboxylates increased with increasing concentration due to ioni c associati on as shown in Fig. 13. 

Analysis of conduclivity dala 

The conductivity data were analyzed by means of the Fernandez-Prini expansion of the Fuoss­

Hsia equation (See Chap. 6). Derived parameters are summarized in Table 14 and Table 15. 

Table 12. Comparison of molar conductivities of 1 mol dm·3 tertiary 

and quaternary ammonium salts in GBL at 25°C. 

II. 
I S cm2 mol-l 

Et:3NH+ 

Me2EtzN+ 

Et4 N+ 

coo · 
[ cooH 

4.1 

13.7 

13 .8 

3.2 0.4 16.7 18.2 

10.8 6.0 

10.5 8.3 15.9 17.8 
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Table 13. Molar concentrations and molar conductivities 

of tertiary ammonium salts in GBL at 25°C. 

l()3C A IQ3C A 
I mol dm-3 I S cm2 mol · I 

E!.:JNHbimaleate Et3NHbiphthalate 

7.9653 22.943 8.1833 20.536 

5.9730 24.853 6.1357 22.353 

3.98 13 27.591 4.0923 24.839 

1.9932 32.210 2.0497 28.932 

1.3965 34.049 1.4343 30.748 

0.7999 36.815 0.8210 33.374 

Et3 NHbenzoate 

8.1956 2.010 

6.1461 2.127 

4.0987 2.281 

2.0493 2.513 

1.4367 2.655 

0.8205 2.858 

Et3NHCI04 Et3NHBF4 

10.0060 41.230 10.3405 43.001 

7.5052 42.11 1 7.7544 43.969 

5.0067 43.272 5.1706 45.227 

2.5054 44.963 2.5866 47.031 

1.7555 45.629 1.8145 47.726 

1.0031 46.307 1.0420 48.512 
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Fig . 13. Kohlrausch plots for tertiary and quaternary 

ammonium carboxylates in GBL at 25°C. 

Table 14. Derived limiting molar conductivities. 

Ao coo- o coo· Q-coo· CIO -
I S cm2 mol -l [ cooH COOH - 4 

Et3NH+ 43.62 39.72 48.94 
(46.54) (41.90) 

Me2EtzN+ 46.43 42.49 40.86 

Et4 N+ 45.42 40.78 39.46 47.77 

Table 15. Derived association constants. 

KA 
[ ~gg~ o coo· Q-coo· CIO -

I dm3mol-l COOH - 4 

EL:JNH+ 226.2 228.0 11.0 

Me2EtzN+ 10.4 10.0 24.7 

Et4N+ 7.4 7.3 10.4 9.5 
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Lower limiting molar conducti vi ties were obtained for terti ary ammonium carboxylates due to 

the large associati on constants. Therefore, their limiting molar conductivities were estimated from 

the data of Et
3
NHC10

4
, w hich showed a slight association. These values are given in parentheses 

in Table 14. 

The associati o n constants of the triethylammonium carboxylates were more than 20 times 

higher than those of the corresponding diethyldimethylammonium sal ts having the same formula 

weights . Extroadinarily large io ni c assoc iat ion prohibited the si mple calcu lation for the 

triethylammonium benzoate. 

This behavior can be ascribed to the hydrogen bond effect of a protic cati on. It is ev ident that 

there is a large difference in ionic associati on between protic cation (tertiary ammo nium ion) and 

non-protic cati on (quaternary ammonium ion) in the case of carboxylate salts. 

31 



-
2.6. Anodic Oxidation of Aluminum in Organic Electrolytes 

A great number of studies on anodization of aluminum in aqueous electrolytes have been 

reported, however, investigations in nonaqueous electrolytes are very limited [25- 27]. A 

nonaqueous electrolyte is used inside an aluminum electrolytic capacitor as a true cathode, which is 

directly in contact with a pre-anodized aluminum foil. Because the nonaqueous electrolyte plays a 

decisive role in repairing the defects of the oxide film in the capacitor, detailed knowledge of its 

film forn1ing ability is required to get a highly reliable capacitor [28]. 

Nonaqueous solvents including formamide [29, 30], N-methylformamide [31], N,N­

dimethylformamide [32- 35], dimethylsulfoxide [36, 37], ethylene glyco l (33- 35, 38- 40], 

ethylene carbonate-based mixed solvents [41], ethanol [42], dioxane [43, 44] and pyridine [45] 

were used for anodization of aluminum, however, most electrolytes included a considerable 

amount of water. Little attention has been paid to the amount of contaminated water in the 

electrolyte [46]. 

The present study concerns the film forming ability of the highly conductive electrolytes 

consisting of a quaternary ammonium carboxylate and y-butyrolactone, which we have developed 

for low-impedance capacitors. The fi lm breakdown voltage, film forming coulomb efficiency, and 

film forming speed were examined with respect to the kind of carboxylate anion, its concentration 

and the water concentration in the electrolyte. 

2.6.1. Experimental 

Three kinds of quaternary ammonium carboxylate/y-butyrolactone electrolytes (Mitsubishi 

Petrochemical Co.) were used. The following abbreviations were used for solutes and solvent: 

triethylmethylammonium hydrogen maleate (TEMAM), tetramethylammonium hydrogen 

phthalate (TMAP), triethylmethylammonium benzoate (TEMAB) and y-butyrolactone (GBL). 

These electrolytes were vacuum dried when required and the water content and conductivity were 

measured by a moisture meter (Mitsubishi Kasei Co., CA-06) and a conductivity meter (Toa 

Electronics, CM-30S), respectively. 

A smooth aluminum foil of 100 ~m thickness and 99.99% purity (Mitsubishi Aluminum Co.) 

was cut into a 10 x 20 mm rectangle wi th a thin long tag for electrical contact. This nag shape 

coupon was degreased in acetone, chemically polished in 0.1 mol dm·3 - NaOH aqueous solution 

for 10 min at room temperature, and washed with pure water, followed by rinsing with acetone and 

by drying in air. 

The anodization of the coupon was usually carried out in an aluminum tube cell, having 

dimensions of 15 mm in inner diameter and 35 mm in height, and containing 5 g of the electrolyte. 

When the effect of the water content in the electrolyte was examined, the anodization was 

performed in an argon glove box (Eicho Shokai Co., VDB-CB-6311 Y) equipped with a moisture 

removing apparatus (Vacuum Atmosphere Co., HE-493) and a glass beaker cell with a stainless 

steel foil cathode containing 20 g of the electrolyte was used to avoid contaminating the a luminum 

from the cathode. T he amount of dissolved aluminum ion in the electrolyte was determined by an 

atomic absorpti on spectrometer (Hitachi , Z-9000). 

A constant current power source (Kikusui Electronics Co., PAD500-2L) was used for the 

32 



-
galvanostatic anodization experiment, and the voltage across the cell was recorded on an intelligent 

recorder (Toa Electronics , INR-6061). The differentia l of the ce ll voltage was a lso recorded by 

placing a differentiating circuit consisti ng of a 0. 1 ~-tF capacitor and a series l kQ resistor (time 

constant 100 ~-ts) in parallel with the cell. A function synthesizer (Toa Electronics, FS-2201) and 

a power ampli fier (NF Circuit Design Block Co. , 4310) were used for the voltastatic anodization 

experiment. 

The morphology of the anodic oxide fi lms was o bserved with a scanning electron microscope 

(Hitachi , S-900). 

2.6.2. Results and Discussion 

Formalion of anodic oxide films 

The galvanostati c formation of the anodic aluminum oxide film in the quaternary ammonium 

carboxylate/y-butyrolactone electrolytes proceeded by an increase in the fom1atio n voltage V
1 

with 

time 1 to the breakdown voltage v. followed by an oscill ation as shown in Fig. 14. The shape of the 

V
1

-1 curve, having generally a non-linear voltage increase, varied with a number of parameters, e.g. 

the compos ition and concentration of the electro lyte , its water con tent, current density , and 

temperature . The phtha late sol uti on caused an unknown osci ll ation around 60 V under specific 

conditions. 

100 

80 

> 60 

~~ 40 

20 

0 

(c) 

0 2 4 6 8 10 
t l min 

Fig. 14. Time dependence of the formation voltage 

during galvanostatic anodization of aluminum. 
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(a) Film breakdown vollage 

It is well known that the breakdown voltage depends on the composition and concentration of 

the electrolyte and is expressed by the empirical equation I : 

v. =a+ b log p ( I) 

, where a and bare constants for a given electrolyte compositi on and pis the resistivity of the 

electrolyte [33]. 

The breakdown voltage was examined as a function of current density, temperature, electrol yte 

concentration and water concentration for the three electrol ytes ; maleate (TEMAM/GBL), 

phthalate (TMAP/GBL) and benzoate (TEMAB/GBL) solutions. The breakdown voltage proved 

w be slightly dependent on current density J and temperature T (Fig. 15), for example, their 

dependence for I mol dm·3-TMAP/GBL was given as follows: 

ilV
1

/il(log.l)=-3 (J=O.OI-10Adm·2) 

il V11il(Til0) =- 2 (T= 25- 125 oq 
The effect of the electrolyte concentration was larger than the kind of carboxylate anion as 

shown in Fig. 16. The linear relationship of equation !was also confirmed in Fig. 17. 

We have found the concentration of water in nonaqueous electrolyte became the third parameter 

to affect the breakdown voltage as shown in Fig. 18. The maleate solution showed a tendency to 

give a little bit higher breakdown voltage at lower water content, on the other hand, the phthalate 

solution showed higher value at higher water content. Although the benzoate solution could not 

attain the breakdown voltage at the high concentration of I mol dm·3 , the maximum attained 

voltage increased with the water content. 

(b) Film forming coulomb efficiency 

Effect of parameters on the total charge passed from 0 V to 75 V of the formation voltage for 

TMAP/GBL solution is shown in Fig. 19. Since the increase rate of the formation voltage dV/ dl 

largely depended on the kind of carboxylate anion as shown in Fig. 14, total charge passed from 0 

V to 75 V of the formation voltage was plotted as a function of the electrolyte concentration (Fig. 

20) and the water concentration (Fig. 21). 

Total charge Q, can be divided into several terms expressed in equation 2 [47] : 

~=~+~+~+~+~ m 
, where Q

1
, Qd , Q0 , Q, and Q, are the charge consumed by aluminum oxide formation, aluminum 

dissolution , oxygen generation due to water electrolysis , reaction of electrolyte solution and 

electronic conduction through the oxide film, respectively. 

The charge used for the film formation Q
1 

is represented by equation 3 [47]: 

Q
1 

= (nFIM)(V/ E)dk (3) 

, where F is Faraday constant, nand Mare valence and atomic weight of AI , and£, d, and k are 

electric field, density and At3• weight frac ti on of the aluminum oxide formed , respectively. The 

substitution of the typical values [47]; d = 3 g cm·3, E= 0.77 X 107 V cm·t, and k = 2 Al/AI
2
0

3
= 0.53 

gives Q
1 

= 0.17 C cm·2. Q, for the maleate solution was 0.1 to 0.2 C cm·2 as shown in Fig. 20 and 

21 , which indicates a good film forming coulomb efficiency. On the other hand, the phthalate and 

benzoate solution showed inferior efficiency particularly at low water concentration and high 
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Standard condition: 
TMAP/GBL 
C = l mol dm-3 , 
H20 = 0.1 wt%, 
I = 0.5 A dm-2, 
T= 25•c. 

Fig. 15. Effect of parameters on breakdown voltage. 
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Fig . 16. Breakdown voltage as a function of 

electrolyte concentration . 
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Fig. 17. Relationship between breakdown voltage 

and electrolyte resistivity. 
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Fig. 18. Breakdown voltage as a function of water 

content. • Maximum voltage attained . 
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electrolyte concentration. 

Excluding Qr to elucidate the charge used, the dissolution of aluminum into the electrolyte was 

examined by atomic absorption analysis and Q" was calculated by equation 4 [47]: 

Qd = (nFIM)Wd (4) 

, where Wd is weight of dissolved aluminum. The result is given in Fig. 22, whose feature was the 

same as Q, shown in Fig. 21. The amount of Q, accounts for on ly about 3 % of Q, for the phthalate 

and benzoate solution and the dissolution of aluminum in the maleate solution was always bel ow 

the detection limit of 0. I ppm (0.5 f,lg cm-2). 

Although the oxygen gas evolution from the anode was seen during anodization , Q
0 

seemed to 

be smal l. Supposing all water in the electrolyte is electrolyzed, the consumption of 0.01 wt% of 

water by electrolysis is equivalent to 5.36 C em·'. This is not enough to compensate 9.39 C em·' 

obtai ned for the phthalate solution containing 0.0 I wt% of water. 

The coloring of the electrolyte and the film was observed particulary at low water concentration 

and high electrolyte concentration and this brown color darkened with a decrease in water content. 

Although no quantitaive analysis has been made, Q, caused by the reaction of the electrolyte must 

compensate for a larger part of Q,, because Q, can be considered to be negligibly small. The 

analys is of the decomposition products is in progress. 

(c) Film forming speed 

A non-linear increase in the formation voltage indicates that the speed of the film formation 

depends on the voltage. The voltastatic anodization was undertaken in order to supplement the data 

obtained by the galvanostatic mode_ The current 1, during anodization was monitored at various 

potential sweep rates for the three electrolytes as shown in Fig. 23. At 0.5 V s·' of sweep rate, the 

maleate solution showed no peak until the breakdown voltage, on the other hand, the phthalate and 

benzoate solution exhibited a rapid current increase before 50 V. Although the attribution of the 

peak leakage current is difficult, characterization of the film formed at each voltage is in progress. 

The sweep rate which can give the current below 0.5 A dm·' up to 75 V was conveniently 

adopted as the film forming speed. The film forming speed for each electrolyte was estimated as 

follows: 

TEMAM/GBL: 1.5 V s·' 

> TMAP/GBL: 0.15 V s·' 

> TEMAB/GBL: 0.05 V s·'-

These values were very close to the calculated values of the slope between 0 V and 75 V on the 

V
1

- I curves in Fig. 14. 
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Film morphology 

Morphology of the anodic oxide fi lms obtained in the galvanostatic experiment was examined 

by a scanning electron microscope. The speci mens were bent to see the cross section of the oxide 

film , and were observed without a metal coating at an accelerating voltage of 5 kV. 

The maleate solution produced dense barrier-type films at bo th 0.01 wt% and 1 wt% of water 

content (Fig. 24a and 24b). The film obtained at 0.0 1 wt% of water attached firmly to alum inum 

base and the cross section could hardly be seen (Fig. 24a). The phthalate solution gave a porous­

type film at 0.0 1 wt% of water (Fig. 24c) and a rough barrier-type fil m at l wt% of water (Fig. 24d). 

The benzoate solution, which could not attain 75 Vat 0. 1 wt% of water, produced another type of 

porous fi lm (Fig. 24e) . A barrier film with small pores was obtained at I wt% of water (Fig. 24f). 

The smoothness of the anodic films formed in the three electrolytes was in the following order at 

the same water concentrations; TEMAM >> TMAP > TEMAB. 

To make the water effect clearer, the forming voltage was raised to 90 V in l mol dm·'- TMAP 

sol ution, at which scintillation began, and SEM images of the anodic oxide films were observed 

(Fig. 25). The smooth oxide film formed in an aqueous TMAP solution (Fig. 25a) was presented 

for reference. The formation of pores became marked as water concentration decreased (Fig. 25b 

and 25c), and eventually resulted in a fibrous structure (Fig. 25d). 

The morphological changes with increasing voltage were shown in Fig. 26 for the films made in 

l mol dm·3 - TEMAM and TMAP solutions (water: 0.01 wt%). [n the maleate solution, a barrier­

type fi lm was formed efficiently. While the aluminum oxide was successively built up in the 

phthalate solution resulting a fibrous porous-type film , accompanied by the decomposition of the 

solution (transport number of AI'• can be close to 1). 

The buildup of a porous layer was closely related to Q, given in Table 16, where Q
1 

was roughly 

estimated by the equation 3. The low film forming coulomb efficiency observed in the phthalate 

solution has resulted mostly from the decomposition of the electrolyte and not from the generation 

of a porous-type layer, which consumed extra charge but did not serve to retai n the voltage. 

Table 16. Assignment of consumed charge . 

TEMAM/GBL TMAP/GBL 

VI Q, Q, Qf Qd Qo+ Q,+ Q. 

25 0.03 0.96 0.06 0.04 0.86 
50 0.09 4.28 0. 11 0. 18 3.99 
75 0.12 9.39 0. 17 0.26 8.96 
90 0.18 15.77 0.20 0.41 15.16 

inC cm·2 
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(a) 1 mol ctm·3 TEMAM (0.01 wt% of water) (b) 1 mol dnr3 TEMAM ( I wt% of water) 

(c) 1 mol dnr3 TMAP (0.01 wt% of water) (d) l mol dm·3 TMAP ( I wt% of water) 

(e) 1 mol ctm·3 TEMAB (0.1 wt% of water) (f) 1 mol ctm·3 TEMAB (1 wt% of water) 

Fig 24. SEM micrographs of the anodic films, V, = 75 V (e; 54 V) , I= 0.5 A dm·2. 
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(a) water solution ( 1 mol dm·3 TMAP) 

(b) 1 wt% of water 

(c) 0. 1 wt% of water 

(d) 0.01 wt% of water 

Fig. 25. Effect of water on film morphology, 

V, = 90 V, I = 0.5 A dm·2 . 
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Fig . 26. Effect of formation voltage on film morphology, I= 0.5 A dm·2, 0.01 wt% of water. 
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2.1. Characterization of Aluminum Anodic Oxide Films 

Incorporation of anions from the electrolyte solutions into the electrochemica lly grown 

aluminum oxide films is a well-known phenomenon [48]. The distribution of the various anions in 

the barrier films has been investigated by several groups to evaluate the properties of the films and 

to clarify the mechanism of film growth [49- 63]. The incorporation of various anions including 

borate [40, 52- 54, 57], phosphate [49- 51 , 55, 59, 61] , tungstate [56, 58, 60], molybdate [601, 

manganate [60] and chromate [51, 60] has been studied. The general structure of the films has been 

reported to consist of a relatively pure inner region and an anion-containing outer region. The 

anion incorporation has also reported in nonaqueous solutions such as ammonium pentaborate/ 

ethylenglycol [62, 63], boric acid/formamide [29] and ammonium tartrate/ethanol [42]. 

Recently the research on the anodic oxidation of aluminum has been extended to protophobic 

solvents such as y-butyrolactone because quaternary ammonium carboxylate/y-butyrolactone 

electrolytes have acquired a potential application in high performance aluminum electrolytic 

capacitors. 

In the previous section , it was shown that a small amount of water in the nonaqueous 

electrolytes has largely affected the coulomb efficiency for the anodic oxide film formation of 

aluminum and the morphology of the resultant film . This dependence was largely influenced by 

the kind of the carboxylate anion in the electrolyte. Maleate solution gave a barrier-type oxide 

film, while phthalate solution afforded a porous-type oxide layer under nearly anhydrous 

conditions. The present study is about a detailed characterization of these anodic oxide films. 

2.7.1. Experimental 

Materials 

Two kinds of electrolyte solutions; 1 mol dm·3 triethylmethylammonium hydrogen maleate/y­

butyrolactone (TEMAM/GBL) and tetramethylammonium hydrogen phthalate/y-butyrolactone 

(TMAP/GBL) (Mitsubishi Petrochemical Co., SOL-RITE KEM and KNP) were vacuum dried 

until water content dropped to 100 ppm. 

A smooth aluminum foil of 100 !-lm thickness and 99.99% purity (Mitsubishi Aluminum Co.) 

was cut into a 20 X 50 mm rectangle with a thin long tag for electrical contact. These flag shape 

coupons were degreased in acetone, polished chemically in 0.1 mol dm·3 sodium hydroxide 

aqueous solution for 10 min at room temperature, washed with pure water, rinsed with acetone and 

dried. 

Anodization 

The galvanostatic anodization of the coupon was carried out in an aluminum tube cell 

containing an electrolyte solution placed in an argon glove box (Eicho Shokai Co., VDB-CB-

6311 Y) equipped with a moisture removing apparatus (Vacuum Atmospheres Co., HE-493). A 

constant current power source (Kikusui Electronics Co., PAD500-2L) was used and the voltage 

across the cell was recorded on an intelligent recorder (Toa Electronics, INR-6061). 

Characterization 

Fourier transform infrared spectroscopy (FT -IR; Nicolet, DX510), transmission electron 

microscopy (TEM; Hitachi H-7100FA), scanning transmission microscopy with allied energy 
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dispersive analysis of X-rays facilities (STEMIEDX; VG, HB501/Kevex, Delta plus) and Auger 

electron spectroscopy (AES ; Ulvac-Phi, SAM-650) were used to observe the morphological and 

compositional characteristics of the films. The anodic fi lms were isolated in 10% iodine-methanol 

solution and analyzed by a CHN elemental analyzer (Perkin-Elmer, 240C). The isolated film s 

were dissolved in su lfuri c acid and were ana lyzed by reverse phase liquid chromatography 

(Shimadzu, LC-9A). 

2.7.2. Results and Discussion 

The aluminum oxide films were formed at 0.5 A dm·' up to 75 V in TEMAMIGBL and TMAPI 

GBL electrolytes containing either 0.01 wt% or I wt% of water. 

(a) FT-IR 

The FT-IR reflection spectra of the films in Fig. 27 indicated the existence of carboxylate 

anions, because a few peaks due to C=O stretching vibrations were observed in the region of 1740 

- 1440 em·' other than Al-0 stretching around 920 em·'. The film, which was formed in TEMAMI 

GBL contai ning 0.01 wt% of water, had no remarkable peak due to Al-0 stretchjng. 

(b) TEM 

The magnified images of the ultramicrotomed section of the fi lms by TEM are given in Fig. 28. 

The thickness of barrier films formed in TEMAMIGBL and TMAPIGBL containing 1 wt% of 

water were about 80 nm and 90 nm, respectively (Fig. 28a and 28c). The anodization ratios of 

these films are calculated to be 1.1 and 1.2 nm V·' . which are somewhat small er than the values 

observed in aqueous solutions [47]. A barrier film fotmed in TEMAMIGBL containing 0.01 wt% 

of water was not uniform and its thickness ranged from 50 to 100 nm (Fig. 28b) . A porous film 

formed in TMAPIGBL containing 0.01 wt% of water was 200-350 nm thick (Fig. 28d). 

{c) STEMIEDX 

Compositional feature of the ultramicrotomed section of the anodic oxide films was examined 

by STEMIEDX. X-ray data obtained from the probe positions shown in Fig. 29 are given in Table 

17. Two series of measurements were carried out to show the reproducibility of the results [55]. 

The barrier films formed in TEMAMIGBL and TMAPIGBL containing I wt% of water (Fig. 

29a and 29c) were hydrated aluminum oxides and the OIAI atomic ratio ranged from 1.6 to 4.3 (3 

for AI(OH),). The film formed in TEMAMIGBL containing 0.01 wt% of water (Fig. 29b) was 

found to be a composite aluminum oxide containing substantial amounts of maleate (OIA I = 1.2-

1.9, CIA != 2.4- 7.4). The film formed in TMAPIGBL containing 0.01 wt% of water (Fig. 29d) 

composed of fibrils and a barrier layer, which were a dehydrated aluminum oxide (OIAI = 1.0- 2.0, 

CIA! = 0- 0.08). 

{d) AES 

AES showed that the film formed in TEMAMIGBL (Fig. 30a and 30b) was thinner than those 

formed in TMAPIGBL (Fig. 30c and 30d). The films formed in TMAPIGBLcontaining 0.01 wt% 

(Fig. 30d) were trucker than those formed in TMAPIGBL containing 1 wt% (Fig. 30c) due to its 

porous-type structure. The phthalate anion was slightly incorporated onl y on the surface. 

High carbon conten t from the bottom of the film to its surface in Fig. 30b indicates that maleate 

anion was utilized as an oxygen source instead of water at nearly anhydrous condition. The 
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concentration of carbon atom may be overestim-ated because of the difference between the carbon 

atom in the composite aluminum oxide and that in a standard graphite. 

(e) Chemical Analysis 

Elemental analysis of the isolated films by iodine-methanol treatment revealed the carbon 

content in the films formed in TEMAM/GBL and TMAP/GBL were about 20 and 6 wt%, 

respectively. The isolated film formed in the maleate solution was dissolved in su lfuric acid. 

Maleic acid and unknown derivatives were detected from this solution by liquid chromatography 

as shown in Fig. 3 l. 
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(a) 1 mol ctm·3 TEMAM ( 1 wt% of water) 

(b) 1 mol ctm·3 TEMAM (0.0 I wt% of water) 

(c) 1 mol ctm·3 TMA P (1 wt% of water) 

(d) 1 mol ctm·3 TMAP (0.0 1 wt% of water) 
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Fig 27. FT-IR spectra of the anodic films formed in TEMAM/GBL and TMAP/GBL. 
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(a) l mol dm-3 TEMAM ( I wl% of water) 

100 nm 

(b) l mol dm-3 TEMAM (0.0 1 wt% of water) 

(c) I mol dm-3 TMAP ( I wt% of water) 

,. 
I 

(d) 1 mol dm-3 TMAP (0.01 wt% of waler) 

Fig _ 28_ TEM micrographs of the ultramicrotomed section of the anodic films formed in 

TEMAM/GBL and TMAP/GBL. 
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(a) I mol dm·' TEMAM ( J wt% or water) (b) J mol dm·' TEMAM (0.01 wt% or water) 

• 5 
• 2. 

• 3 
• 6 

(c) I mol dm·' TMAP ( I wt% of water) (d) I mol dm·' TMAP (0.0 1 wt% or water) 

lOO nm 

Fig_ 29. STEM micrographs of the ultramicrotomed section of the anodic film s formed in 

TEMAM/GBL and TMAP/GBL_ The nominal positions for EDX are indicated. 
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Fig . 30. AES depth profiles of the anodic films formed in TEMAM/GBL and TMAP/GBL. 
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10. 108 

Fig. 31 . Liquid chromatogram of the solution that comprised the dissolved anodic film 
formed in TEMAM/GBL containing 0.01 wt% of water. 
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2.8. Chemical Stability of Organic Electrolytes 

The chemi ca l s tab ility of organic electrolyte is an important factor to determi ne the life of 

aluminum electrolytic capacitors. The deterioration mechanisms for ammonium adi pate/ethylene 

glycol [66] and te rti ary ammonium maleate/y-butyrolactone [67] electrolytes have been reported. 

The deterioration mechanism of quaternary ammonium carboxylate/y-butyrolactone has been 

examined. 

2.8.1. Experimental 

Electrolyce 

Three kinds o f 25 wt% - quaternary am monium carboxyla te/y-bu tyro lactone e lectro lytes 

(Mitsubishi Petrochemical Co.) were used. T he following abbreviations were used fo r solutes and 

solvent: triethylmethylammonium hydrogen mal eate (TEMAM), tetramethylammonium hydrogen 

phthalate (TMA P), tii ethylmethylammonium benzoate (TEMAB) and y-butyrolactone (GBL). 

Procedures 

These electrol ytes were filled in 100 mlliquefied gas sampling tube (Taiatsu Scientific G lass 

Co., A-2). These tubes were placed in an oven. Each deteriorated electrolyte was sampled after 

regular intervals and their electrolytic conducti vi ti es were measured at 2SOC by a conduc ti vi ty 

meter equipped with a standard type conducti vity cell (Toa Electronics, CM-60S/CGT -5 11 B). 

For quantitative analysis of decomposed products, a 200 ml portable reactor (Taiatsu Scientific 

Glass, Co., TVS) or 1 I gas sampling bottle (GL Science Co.) was used. After a given time, gas and 

liquid phase of the deteriorated electrolytes were anal yzed by a gas chromatograph y (Perkin­

Elmer, L2000), liquid chromatography (Waters, Model 510) and gel chromatography (Shimadzu, 

LC-6AD). 

2.8.2. Results and Discussion 

The changes in electrolytic conductivity of the deteriorated electrolytes at 1l5°C are given in 

Fig. 32. As discussed in Chap. 2.3, the phthalate solution showed excellent stability, while the 

maleate and benzoate solutions deteriorated with time. Particularly, the electrolytic conductivity 

of the benzoate solution fell rapidly within 100 hr and then decreased gradually. In order to clarify 

the decomposition mechanisms , the decomposition products were analyzed quantitatively. 

Fig. 33 shows the mass balance of the benzoate salt. This result verified the decompositi on 

mechanism shown in Fig. 34. 

In Fig. 35, the decrease in maleic acid content strongly correlates with the decrease in 

electrolytic conductivity in Fig. 32. However, the decomposition rate was no t so large as the 

benzoate, the reaction temperature was raised to 150°C. The fom1ation of carbon dioxide was 

parallel to the loss of maleic acid as shown in Fig. 36. The decarboxylation of maleic acid is a main 

reacti on followed by the formation of polymeric unknown compounds shown in Fig. 37. 

The difference in chemical stability between the phthalate and benzoate solution can be ascribed 

to the difference in ionic dissociation as indicated in Chap. 2.4. That is , ion formation accelerates 

the decomposition reaction according to the reacti on scheme shown in Fig. 38. 
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Fig . 32. Deterioration of electrolytic conductivity of 
the electrolytes at 115°C. 
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Fig. 33. Mass balance of decompostion products of the benzoate solution. 
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Fig. 34. Decomposition mechanisms for the benzoate salt 

at !!SOC 
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Fig. 35. Decrease of maleic acid content with time. 
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Fig . 36. Mass balance of decomposition products 
of the maleate solution . 
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Fig. 37. Decomposition mechanisms for the maleate salt. 
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2.9. Organo-Boron Complexes 

The reaction of boric acid with polyhydroxy compounds has been used for many years as a 

means of increasing the strength of boric acid for its titration, and al so as a means of characteri zing 

carbonhydrates [68]. Boric acid forms the four-coordinated chelate anionic complexes containing 

a tetrahedral 80" unit with polyols, hydroxycarboxylic acids and dicarboxylic acids, whi ch have 

cis-hydroxy groups according to the following reaction scheme [67]. 

Alkali metal, ammonium or amine salts of these complexes have been used as the solute in the 

electrolyte of aluminum elec trolytic capacitors [68- 72], however, their quaternary ammonium 

salts have been reported only for those with aromatic ligands such as borodisalicylate (68], 

borodinaphthoates [68], borodicatecholates [68, 73] , borodinaphthalenediolates [68, 73] and 

borodibiphenolate [73]. 

In order to find highly conductive electro lytes for low-impedance capacitors based on the 

quaternary ammonium salt/y-butyrolactone e lectro lyte sys tems, preparation of the quaternary 

ammoni um salts of the borate complexes having smaller ligands has been attempted. Among 

several tested ligands, glycolic acid and oxalic acid afforded the stable compounds. 

Preparation and characterization of these new quaternary ammonium borodiglycolate and 

borodioxalate salts will be presented. Stability of the organo-boron complexes is discussed by 

exami ning the enhancement in conductivity and acidity caused by the complexation between boric 

acid and poly hydroxy ligands in water and y-butyrolactone. 

The e lec trochemical properties such as ioni zation constant, conductivity, limiting molar 

conductivi ty, ion associa tion constant, ox ida tion potential and film forming ability of anodic 

aluminum oxide are given for these quaternary ammonium borodigl ycolate and borodioxalate in y­

butyrolactone. The results are compared with those of the borodisalicylate and borodicatecholate 

salts. 

2.9.1. Experimental 

Reagents 

Guaranteed-grade boric acid, oxalic acid, succinic acid , salicylic acid (Wako Pure Chemical 

Industries), glycolic acid, malonic acid , maleic acid and catechol (Tokyo Chemical Industry Co.) 

were used without further purification. Ultrapure-grade 25 wt% tetramethylammonium hydroxide 

and 40 wt % tetraethylammonium hydroxide aqueous solutions (SACHEM Inc.) as well as battery­

grade y-butyrolactone (Mitsubishi Petrochemical Co., F-GBL) were used as received. 

Preparation of quaternary ammonium tetrahydroxybora.tes 

Into a tetraethylammonium hydroxide aqueous solution, an equimolar boric acid was added. 

The water was evaporated at sooc and the resultant white solid was dried in vacuo at 80°C to give 

letraethylammoni urn tetrahydroxyborate. 
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Elemental analysis: Calcd. for C
8
H

24
NB0

4
: C, 45.96; H, 11.57; N, 6.70; 8 , 5.17. Found: C, 45.60; 

H, 11.18; N, 6.89; 8, 5.47. 

118-n.m.r. (in 0
2
0): - 14.6 ppm relative to H

3
80

3 
in water as o = 0.0 ppm. 

XPS: B,,. 191.7; C", 284.6, 286.5; N", 401.6, 398.7; 0", 531.5 eY. 

Preparalion of quaternary ammonium organa-boron complexes 

Into an equi molar aqu eous soluti o n of tetramethylammonium or tetraethylammonium 

hydroxi de and boric acid (in situ preparation of tetrahydroxyborate), two equivalents of glycolic 

acid or oxali c acid was added. The water was removed by evaporation at 50°C and the resultant 

white solid was recrystalli zed from 2-propano l (methanol for tetram ethyla mm o nium 

borodioxalate) and then dried in vacuo at 80°C. 

( 1) Tetramethylammonium borodiglycolate 

Elemental analysis: Calcd. for C
8
H,

6
NB0

6
: C, 41.23 ; H, 6.92; N, 6.0 1; 8 , 4.64. Found: C, 41.44; 

H, 6.73; N, 5.95; 8 , 4.67. 

n.m. r. (0
2
0) in ppm: 1H, 3.2 (N-CI:::l,), 4.3 (0-Cfi,-CO,); "8, -8.2; 13C, 57.9 (N-01

3
), 63.0 (0-01

2
-

CO,), 180.6 (0-CH,-.C.O,). 

(2) Tetraethylammonium borodiglycolate 

Elemental analysis: Calcd. for C
12

H
24

NB0
6

: C, 49.85; H, 8.37; N, 4.84; 8 , 3.74. Found: C, 49.62 ; 

H, 8.27; N, 4.85; B, 3.78. 

n.m. r. (0
2
0) in ppm: 'H, 1.3 (N-CH,-CH,), 3.2 (N-CH,-CH,), 4.3 (0-Cfi,-CO,); 118, -8.2; 13C, 9.2 

(N-CH,-.GH,), 54.6 (N-.C.H,-CH
3
), 63.0 (O-.GH

2
-C0

2
), 180.6 (0-CH,-.C.O,) . 

(3) Tetramethylammonium borodioxalate 

Elemental analysis: Calcd. fo r C
8
H

12
NB0

8
: C, 36.82; H, 4.63; N, 5.37; 8, 4.14. Found: C, 37. 10; 

H, 4.40; N, 5.45; B, 4.26. 

n.m.r. (0
2
0) in ppm: 1H, 3.2 (N-CH,); 118 , -11.7; 13C, 58.0 (N-.C.H

3
), 165.3 (-.C.O,-). 

(4) Tetraethylammonium borodioxalate 

Elemental analysis: Calcd. for C
12

H
20

NB0
8

: C, 45.45; H, 6.36; N, 4.42; B, 3.41. Found: C, 45.57; 

H, 6. 18; N, 4.45; B, 3.57. 

n. m.r. (0
2
0) in ppm: 1H, 1.3 (N-CH,-CH,), 3.2 (N-CH,-CH

3
); 118, -11.7; 13C, 9.2 (N-CH

2
-.GH,), 

54.6 (N-.GH,-CH
3
), 166.2 (-.C.O,-). 

(5) Other salts 

Tetramethylammonium and tetraethylammonium borodisalicylates and borodicatecholates 

were synthesized in a simi lar manner to that described in the literature [69, 74]. 

Electrochemical apparatus 

The conductivity and acidity were measured by a conductivity meter/standard type conducti vity 

cell (Toa Electronics, CM-60S/CGT -5118) and a pH meter/composite glass electrode (Toa 

Electronics, HM-11P/GST-2411C) , respectively. The water content in y-butyrolactone solution 

was measured by a moisture meter (Mitsubishi Kasei Co., CA-06). The acidity ofy-butyrolactone 

solution was measured in an argon glove box by monitoring potential difference between a glass 

electrode (Toa Electronics, order-made) and a double junction Pt/!
3
-tl" reference electrode [74] on 

an intelligent recorder (Toa Electronics, INR-6061). Oxidation potential was measured by an 
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automatic polarization system (Hokuto Denko Co., HZ-lA). The conductometric analysis and 

aluminum anodization and were carried out by the methods previously described (See Chap. 2.4 

and 2.6). 

2.9.2. Results and Discussion 

Preparalion of qualernary ammonium organa-boron complexes 

Investigations using a variety of techniques have established that the complexation with the 

polyhydroxy ligands is much more pronounced when the tetrahydroxyborate ion, B(OH);. is used 

instead of boric acid itself as shown in the following equation [69, 75]. 

Similar to alkali metal or alkaline earth metal salts of tetrahydroxy borate [76-78], 

tetraethylammonium tetrahydroxyborate was isolated by removing water from the reaction 

mixture of tetraethylammonium hydroxide and boric acid. The 11 8-n.m.r. spectrum of thi s salt in 

D,O showed a sharp peak at {J = - 14.6 ppm. The tetrahedral B(OH); species have been identified 

as a sharp s ignal at -17 ppm in aqueous solutions [79]. 

The reaction of tetramethylammonium or tetraethylammonium tetrahydroxyborate with two 

equivalents of ligands gave tetramethylammonium or tetraethylammonium organa-boron 

complexes. As a ligand, glycolic acid, oxalic acid, salicylic acid and catechol afforded stable 

com plexes. 

On the other hand , we have failed to isolate complexes with malonic acid, succinic acid or 

maleic acid under the same condition, although amine salts of organa-boron complex with malonic 

acid were prepared by azeotropic removal of water [80]. 

Slability of organa-boron complexes 

To examine the stability of organa-boron complexes , the enhancements in conductivity and 

acidity by the complexation were examined. 

Conductivity results are given in Table 18 both for aqueous and y-butyrolactone solutions, 

where aL is the conductivity of 0.1 mol dm-3 ligand solution (L) and aM is the conductivity of0.05 

mol dm·3 boric acid plus 0.1 mol dm-3 ligand mixture solution (M). Lie is conductivity increment, 

which is the conductivity of M minus the sum of the conductivities of the individual Land boric 

acid solutions. It is evident from Table 18 that glycolic acid, oxalic acid and salicylic acid can form 

organa-boron complexes, while succinic acid and maleic acid cannot. The positive conductivity 

increment in y-butyrolactone for malonic acid remains a possibility for forming the complex in 

non-aqueous solvents. This agrees with the result that borodimalonate can be isolated under 

anhydrous conditions [80]. 

Acidity increase was not observed by an ordinary pH measurement for any aqueous solutions 

used for the conductivity experiment. However, pH measurement of the y-butyrolactone solutions 

showed remarkable enhancement of proton activity as shown in Table 19, where ELand EM are 
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potentials (mY vs. 1

3
·11· at30°C) of solution Land M, respectively (pK

1 
values of li gand in water 

[81] are given for reference to validate the EL values.). L1E is the potential increment EL - E", 

where 60 mY corresponds to I pH unit by Nernst equation. Although the potential increase in 

Table 19 includes the effect of water increase (from ca. 100 to ca. 2400 ppm) besides that of the 

complexation, these data are also useful as a criterion of the complexation. 

Table 18. Effect of ligand on conductivity of boric acid in water and GBL at 

25°C. 

Ligand 
aL 

None 

Glycolic acid 1546 

Oxalic acid 21900 

Malonic acid 4670 

Succinic acid 952 

Maleic acid 12190 

Salicylic acid 

in f.lS cm-1 

aM 

in H20 

10 

1575 

22300 

4660 

946 

12090 

19 

390 

-20 

-16 

-110 

aL aM <1c 
in GBL 

l.l 

1.5 16.9 14.3 

3.2 772.0 767.7 

7.3 11.9 3.5 

0.4 0.6 -0.9 

1.0 1.3 -0.8 

0.6 128.0 126.3 

Table 19. Effect of ligand on acidity of boric acid in GBL at 30°C. 

Ligand 
pKI H20 I ppm EL EM L1£ 

(in H20) L M I mY vs. 13 -11-

None 30 2470 141 

Glycolic acid 3.82 120 2350 28 429 401 

Oxalic acid 1.27 70 2320 283 548 265 

Malonic acid 2.86 140 2380 145 408 263 

Succinic acid 4.21 100 2530 30 217 187 

Maleic acid 1.94 80 2450 86 316 230 

Salicylic acid 3.00 100 2260 161 504 343 
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/onizalion colzslanl 

Ioni zation constants of the conjugated acids of borodigl ycolate, borodioxalate and 

borodisalicylate in y-butyrolactone were first determined by potentiometric measurement of 5 x 

10·3 mol dm·3 equimolar acid-base mixtures (proton form/tetramethylammonium form) at 30°C. 

Observed potentials E (mV vs. ]
3
·1! ·) were calibrated by 5 x 10·3 mol dm·3 picri c acid / 

tetraethylammoni um picrate y-bu tyrolactone buffer solution using pKa = 7.26 [22) as shown in 

Table 20. It is remarkable that organa-boron complexes are fairly strong acids, particularl y the 

acidity of borodioxalate complex is com parable with that of triOuoromethanesulfonic acid [74). 

Molar conduclivily 

Conducti vi ti es of quaternary ammonium organa-boron complex/y-butyrolactone electrolytes 

were measured at a practical conce ntration of I mol dm·3 at 2SOC. Tetramethylammonium 

borodiglycolate and borodioxalate showed higher conductivities than borodisalicylate and 

borodicatecholate reflecting their stronger acidities and smaller ion sizes as shown in Table 21. 

Higher conductivities of tetramethylammonium salts than tetraethylammonium counterparts 

indicate a higher dissociation tendency of organa-boron complexes compared to weak carboxylic 

acids, because the conductivities of tetramethylammonium carboxylates are lower than those of 

tetraethylammonium carboxylates owi ng to ion association (See Chap. 2.4). 

Table 20. Observed potentials and ionization constants 

of organa-boron complexes in GBL at 30°C. 

Organo-boron complex 

I olo~~ol l w 
0 0 0 

I Oxo~fXO] !{t 0 0 0 0 

[J:~b]w 
NOz 

~N--o-0- !-ft 

NOz 
(standard for calibration) 

*Ref. 22. 
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E pKa 
I mY vs. 13-11-

270 6.0 

507 2.1 

411 3.7 

196 7.26* 
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The molar conducti v ities of tetramethylammon ium organa-boron complexes were obtained 

over the molar concentration range of w-' to 10"3 mol dm-3 as shown in Table 22. 

Table 21 . Molar conductivit ies of 1 mol dm-3 quaternary ammonium 

organa-boron complex/GBL electroly1es at 25°C_ 

Organa-boron complex Me~+ E~+ 

Borodiglycolate 10.76 10.48 

Borodioxalate ILl S 

Borodisalyc ilate 6.46 5.42 

Borodicatecholate 6.66 

Table 22. Molar concentrations and molar conductivities 

of tetramethylammonium organa-boron complexes in 

GBL at 25°C_ 

Organa-boron complex L03C A 
I mol dm-3 I S cm2 mol-l 

[ol o,p I 9.92 15 34.980 ,B\ l Me4N+ 
7.44 17 35.697 
4.9572 36.765 

0 0 0 2.4802 38.283 
1.7380 38.953 

(I) 0.9942 39.578 

[ oXo~~ Xo I Mc4N. 

9.4627 35. 175 
7.0953 35.833 
4.7384 36.774 

0 0 0 0 2.3685 38.23 1 
1.6572 38.7 11 

(II) 0.9480 39.398 

[d:Q=b]M-N' 
9.3602 29.663 
7.0 174 30.332 
4 .6847 3 Ll97 

r; ~ !3- r; ~ 2.3399 32.544 
0 1.6420 33.234 

- (III) -
0.964 1 33.648 

9.9926 3 1.638 [0:0, OJOI 7.4940 32.379 
:::,... I o 'B~ I A' Me4N+ 4.9945 33.407 

2.4993 34.9 10 
1.7534 35.417 

(IV) 0.9941 36.092 
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Analysis of conducliviry dala 

The conducti vity data were analyzed by means of the Femandez-Pri ni expansion of the Fuoss­

Hsia equati on (See Chap. 6). 

Deri ved limiting molar conducti vities'\ and ion associati on constants K,. are given in Table 23 

as well as single ion limiting molar conducti vities A.;. which are obtained by subtracting the single 

ion limiting molar conducti vity of tetrameth ylammonium CA.;= 2 1.5 S em' mol·' ; See Chap. 4.3) 

from the limiting molar conduc tivities. Standard deviations in A
0 

and K" were less than 0.03 and 

0.2, respecti vely. The ionic radii r estimated from MNDO ca lcul ati on are also given in Table 23. 

Walden products o f all o rgana- boron complex anions almost follow the theore ti cal behavior, 

which suggest that they a re a ble to move without adhes io n to y- butyrolactone as mos t a nions do 

(See Cap. 2.4). These results clea rly indicate that higher conducti vities of borodi glycola te and 

borodioxalate than borodi salycil ate and borodicatecholate can be attri buted to their smaller io n size 

without aromati c rings. 

Deri ved ion associati on constants of the organa-boron complexes are smaller than those of the 

free carboxylic acids due to their stronger acidity and their magnitude is closely rel ated to the pKa 

values given in Table 20. 

Table 23. Limiting molar conductivities, ion association constants and 

single ion limiting molar conductivities of organo-boron complexes in 

GBL at 25°C and estimated ionic radii. 

Complex Ao KA A.a· r_ 
I S cm2 mol-l I dm3 mol- l I S cm2 mol-l l nm 

41.63 9.2 20.1 0.289 

II 41. 98 11.3 20.5 0.283 

III 35.86 11.1 14.3 0.362 

IV 38.41 11.9 16.9 0.340 

64 



.... 
Anodic oxidation of aluminum 

The electrolyte of aluminum electrolytic capacitors requires the ability to produce an aluminum 

oxide fi lm on aluminum anode when it is electrochemically oxidized in the electrolyte. It is well 

known that monobasic acids have poor film forming ability because of their corrosive property 

(anodic dissolution of aluminum) [9]. Therefore, the organa-boron complexes are thought to fall in 

this category from this point of view. 

The fi lm forming abi lity of the o rgana-boron complexes was examined by galvanostatic 

anodization of high purity a luminum foil in 1 mol dm ·3 tetramethylammon ium organa-boron 

complex/y-butyrolactone sol ution containing about500 ppm of water at 0.5 A dm·2. The change in 

formation voltage V1 with time lis given in Fig. 39. 

Borodiglycolate (l) and borodioxalate (II) gave saturated curves, which are the indications both 

anodic dissolution and oxidation occurred, simultaneously. The maximum voltages attained were 

about one-fourth of those of glycolate and oxalate [82]. T hi s is presumably caused by the strong 

acidity of organa-boron complexes . On the other hand, borodisalicylate (III) showed a favorable 

upward curve up to scintillation around 90 V, which is almost the same as that of salicylate sal t [5]. 

Borodicatecholate (IV) decomposed during anodization and the color of the electrolyte turned to 

black. 

100.--------------------------, 
/ scintillation 

III 

II 

IV 

20 30 

t I sec 

Fig . 39. Anodization of aluminum in 1 mol dm·3 

tetramethylammonium organa-boron complex/ 

GBL electrolytes. 
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Oxidation potentiaL 

The electro lyte or aluminum electrolytic capacitors does not need severe durability agains t 

oxidation or reduction li ke those or electrical double layer capacitors or lithium batteries , because 

the applied voltage is not sustained by the electrolyte itself" but aluminum oxide. However, the 

stabi lity toward oxidation is more or less necessary. 

Oxidation potentials or organo-boron complexes were measured by scanning the potential or 

platinum electrode relative to Pt/]
3

·/[· rererence electrode at 50 mY s·1 rate. Polarization curves are 

given in Fig. 4D. 

Borodiglycolate (I) and borodioxalate (II) began to decompose around l.5 V, more positive than 

borodisali cylate (lll) and borodicatecholate (IV) due to lack or aromatic rings . Borodicatecholate 

(IV) was very unstable to oxidation, w hich was observed in anod ization or al umi num. 

1.0 
i 
i 
i 

0.8 !V i 
i 
i 
i 
i 

<;' 0.6 i 
E I "0 

..: 

·- 0.4 

0.2 

00 2 3 
E I Y vs. !3-n-

Fig. 40. Oxidation potentials on platinum electrode 

in 1 mol dm·3 tetramethylammonium organa-boron 

complex/GBL electroly1es. 
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2.10. Summary 

An organic e lectro lyte cons is ting of qua ternary ammonium carboxylate salts and y­

butyrolactone solvent has acquired a potential application fo r a luminum e lectrolytic capacitors. 

The high electrolytic conductivity and chemical stabil ity of the new electrolyte were demonstrated 

in compari son with traditional electrolytes. 

Conductometri c analysis has revealed that quaternary ammonium carboxylates are significantly 

dissociated in y- butyrolac tone solvent to show high elec trolytic conductivities, whereas tertiary 

am monium carboxyla tes are strongly associated in the solvent due to hydrogen bond effect. 

The film fo rming ability in anodi c oxida ti on of a luminum of the quaternary ammo ni um 

carboxyla te/y-butyrolactone electrolyte was almost the same as the terti ary ammonium counterpart 

except fo r its lower scintillati on voltage. T he film fo rmin g abil ity of the elec tro lyte depended 

entirely on the kind o f carboxyla te anion, its concentration and the amoun t of water. Maleate 

solution showed fas t and effi cient film fo rma ti on and res ulted in a ba rri e r- type oxide film 

regardless of the water content. On the other hand , phthalate and benzoate soluti on afforded both 

barrier and porous- type oxide layers depending on the water content. 

The anodic films formed under nearl y anhydrous condition proved to be entirely new film s. The 

fibrous-type film was created in the phthala te solution containing less water accompanied by the 

decompositi on of the electrolyte. T he first deep and heavy anion uptake was fo und in the maleate 

solu tion containing less water to give a composite aluminum oxide. 

The chemical stability of the solutes was al so correl ated with ion pair forma ti on in solution, 

which accelerates the decomposition reacti on. 

Finally, electrochemi cal properti es of new qua ternary ammonium organa- boron complexes 

were introduced fo r capaci tor application. 
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3. Organic Electrolytes for Electrical Double Layer Capacitors 

3.1 Introduction 

The electrical double layer capacitor is an electrochemical energy storage device , in which 

electric charge is stored in the electrical double layer formed at the interface between a polarizable 

electrode and an electrolyte solution when de voltage is applied as shown in Fig. 1. 

Application of electrical double layer capacitance to a real capacitor was proposed by General 

Electric Co. in 1954 followed by Standard Oil, IBM and Western Electric Co. (Bell Laboratory). 

However, it was not until 1978 that Matsushita Electric Industrial Co. mass-produced this device 

successfully for the first time in the world [1]. This was because there had been no market need for 

this kind of device before the semiconductor caused technological innovation in electric industries. 

An electrical double layer capacitor is composed of a pair of activated carbon electrodes with 

high surface area(> 1000 m2 g·') and an organic liquid electrolyte. The electrical double layer 

capacitance on an activated carbon electrode is reported to be about 5 f.lF cm·2 [18], which results in 

50 F g·'. The attainable capacitance C of the real capacitor, which is dependent on the working 

voltage V, is around 1 F em·', which is about a thousand times larger than that of an aluminum 

electrolytic capacitor. The appearance and construction of these capacitors are given in Fig. 2. 

These capacitors have been widely used as memory backup devices in many electronic 

appliances [1 - 6] and recent interest has been stimulated by the prospective application to load 

levelers in electric vehicle propulsion systems, since "Ultra Capacitors" or "Power Capacitors" 

with large capacities have higher pulse power capability than conventional rechargeable batteries 

[4, 5, 7, 8]. 

polarizable 
electrode 

Q = cv 

.!._ = __!_ + j__ 
c c+ c_ 

C±= J E~Er dS 

Fig. 1. Principle of electrical double layer capacitor. 
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Fig. 2. Appearance and construction of electrical double layer capacitors. 

The organic liquid electrolyte for these capacitors requires a high electrolytic conductivity and a 

high electrochemical stability over a wide temperature range and these requirements are more 

stringent than those for lithium batteries. Therefore, the selection or electrolyte materials is very 

rest1icted, for example, a popular electrolyte system comprising a lithium ail, a high permittivity 

solvent and a low viscosity solvent [9] cannot be used due to the low oxidation potential and low 

boiling point of the low viscosity solvent (See Chap. 4.2). 

High permittivity solvents or their mixtures selected from propylene carbonate [10, 12, 14, 16-

18], y-butyrolactone [10, 11 , 13 , 15, 19] , N, N-dimethyiformamide [10, 13 , 15], eth ylene carbonate 

[19] , su lfoiane [15, 19, 20] and 3-methylsulfolane [20] have been exami ned by others. 

In earlier research , alkali metal salts such as lithium perchlorate were examined as solutes in 

liquid electrolyte [10- 13], however, onium salts such as tetraalkyiammonium [14- 16, 19] or 

tetraaikylphosphonium salts [17, 18, 20] have come into favor due to their better solubility and 

conductivity than the alkal i metal salts in the high permittivity solvents. 

Although tetraethylammonium tetrafluoroborate/propyiene carbonate electrolyte (0.5 to I mol 

dm-') is the most common liquid electrolyte used in electrical double layer capacitors [5, 14, 16] , 

we have examined the electrochemical properties or various organic liquid electrolytes based on 

quaternary onium salts to gain a better understanding and find better electrolytes for electrical 

double layer capacitors. 
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3.2. Preparation of Electrolyte Salts 

Quaternary onium salts were prepared by the four methods depicted in Fig. 3 , where reaction 

schemes are written for a tetraalkyl ammonium salt. 

I) Tetramethyl-, tetraethyl-, tetrapropyl- and tetrabutylammonium salts were prepared by the 

titration of perchloric acid (Wako Pure Chemical Indus tri es) , tetrafluoroboric acid (Morita 

Chemical Indus tries), hexafluoro phos pho ri c ac id (Morita C hemi cal Industries) and 

trifluoromethanesulfonic acid (Tokyo Chemical Industry Co.) with the corresponding 

tetraalkylammonium hydroxide aq ueous solutions (SACHEM Inc. ). <Method A> 

2) Ethyltrimethyl-, diethyldimethyl - and triethylmethylammonium tetra fluoroborates were 

prepared by the neutrali za tion o f tetrafluoroboric ac id with the correspondin g quaternary 

ammonium bicarbonate aqueous solutions obtained from the reaction of appropriate am ines with 

di methyl carbonate [21]. <Method B> 

3) Tributylmethyl- and tetrahexylammonium tetrafluoro borates were prepared by the reaction 

of tributylmeth ylammonium iodide [22] and tetrahexylamm o nium bromide [22] with 

tetrafluoroboric acid [23]. <Method C> 

4) Cyclic quaternary ammonium tetrafluoroborates were synthesized from the corresponding 

cyclic quaternary ammonium bromides or iodides by oxidative anion exchange in the presence of 

hydrogen peroxide and tetrafluoroboric acid [24, 25]). Cyclic quaternary ammonium bromides 

were prepared by a si milar method described in the literature [26, 27]. <Method D> 

5) Tetramethyl-, tetraethyl- , tetrapropyl- and tetrabutylphosphonium tetra fluoroborates were 

prepared by the treatment of the corresponding tetraalkylphosphonium bromides (Tokyo Chemical 

Industry Co.) with tetrafluoroboric acid. <Method C> 

Most salts were purified by repeated recrystallization from isopropanol or acetone. Salts with a 

larger cation than tetraethylammonium or phosphonium were purified by redeposition into water 

from methanol or acetone solutions [28]. All the salts were vacuum dried at 100°C. 

Method C always gives impure products contaminated by appreciable amounts of halide 

(several tens ppm) , which caused fatal deterioration of the electrical double layer capacitor, and 

needs repeated recrystallization to purify. Method D was newly developed to circumvent thi s 

problem. This new process afforded a very pure salt, whose halide content is less than 1 ppm. This 

is because X, (Br, or I,) is easier than HX (HBr or HI) to remove from the reaction mixture. It was 

found that this method is particularly useful for asymmetric bromides, because liquid 

polybromides called "Bromine Oil" are formed during the reaction , which are susceptible to 

bromine liberation. 

A. R4 NOH + HA R4N A + H20 

B. R4 N HC03 + HA R4 NA + H2 0 + C02 

C. R4 NX + HA R4 N A + HX 

D. R4 NX + HA + J/2H20 2 ~ R4 N A + 112 X2 + H20 

Fig 3. Preparation methods of quaternary ammonium salts. 
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3.2.1. Experimental 

Among synthesized quaternary ammonium salts, N-ethyl-N-methyl-substituted alicyclic 

ammonium tetraOuoroborates are new compounds. For more details, refer to author's patents [24, 

29]. 

1 -ethyl-1 -methylpyrrolidinium tetrafluoroborate 

513.9 g (2.65 mol) of 1-ethyl-1-methylpyrrolidinium bromide was dissolved in 598.7 g (2.86 

mol) of 42 wt% tetraOuoroboric acid aqueous sol ution. 154.4 g (1.59 mol ) of 35 wt% hydrogen 

peroxide aqueous solution was added dropwise at room temperature. The resulting bromine was 

removed from the reaction mixture by evaporation under reduced pressure (20 mm Hg) at 40°C. 

When the mixture became homogeneous, 100 g of water was added and evaporation was 

continued. The resultant slurry was recrystallized from 1180 g of isopropanol to give 516.8 g of a 

white crystalline. The yield was 97.1 %. mp: 287°C. 

Elemental analysis: Calcd. for C
7
H

16
NBF

4
: C, 41.83 ; H, 8.02; N, 6.97. Found: C, 41.88; H, 8.26; 

N, 6.91. 

'H-n.m.r. (in DMSO-d.) in ppm relative to TMS: 1.27 (3H, t, -CH,-Cl:i,), 1.73-2.20 (4H, m, -C!::i,­

CH2-), 2.97 (3H, s, N-Cl:i,). 3 .20-3.56 (6H, m, N-C!::i,-) . 

ir (KBr) in em·': 3430, 2950, 1460, 1300, 1020, 540, 520 

1-ethyl-1-methylpiperidinium tetrafluoroborate 

50.0 g (0.2 mol) of 1-ethyl-1-methylpiperidinium iodide was dissolved in 45.1 g (0.22 mol) of 

42 wt% tetraOuoroboric acid aqueous solution. 10.7 g (0.11 mol) of 35 wt% hydrogen peroxide 

aqueous solution was added dropwise at room temperature. The upper layer was seperated and 

evaporated to dryness. The product was recrystallized from 60 g of methanol to give 29.0 g of a 

white crystalline. The yield was 66.7 %. mp: 274°C. 

Elemental analysis: Calcd. for C
8
H

1
_NBF

4
: C, 44.68; H, 8.44; N, 6.51. Found: C, 44.95; H, 8.71; 

N, 6.47. 

'H-n.m.r. (in DMSO-d.) in ppm relative to TMS: 1.23 (3H, t, -CH,-Cl:i,), 1.40-2.00 (6H, m, -C!::i,­

CH2-), 2.97 (3H, s, N-Cl:i,). 3.13-3.57 (6H, m, N-C!::i,-). 

ir (KBr) in cm·L 3430, 2950, 1620, 1470, 1300, 1020, 540, 520 

/-ethyl- 1 -methylmorpholinium tetrafluoroborate 

30.0 g (0.12 mol) of 1-ethyl-1-methylmorpholinium iodide was dissolved in 29.3 g (0.14 mol) 

of 42 wt% tetraOuoroboric acid aqueous solution. 6.6 g (0.07 mol) of35 wt% hydrogen peroxide 

aqueous solution was added dropwise at room temperature. The upper layer was seperated and 

evaporated to dryness. The product was recrystallized from 30 g of methanol to give 21.8 g of a 

white crystalline. The yield was 86.2 %. mp: l58°C. 

Elemental analysis: Calcd. forC,H
16

NOBF
4

: C, 38.74; H, 6.45; N, 7.43 . Found: C, 38.51; H, 6.30; 

N,6.99. 

'H-n.m.r. (in DMSO-d.) in ppm relative to TMS: 1.34 (3H, t, -CH,-Cl:i,), 3.16 (3H, s, N-Cl:i,), 

3.34-3.67 (6H, m, N -C!::i,-) . 3.84-4.10 (4H, m, 0-C!::i,-). 

ir (KBr) in cm·L 3400, 2990, 2280, 1640, 1460, 1120,890,540, 520 
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3.3. Electrochemical Properties of Organic Electrolytes 

The electro lytic conductivity and stable potential window of an organic liquid electrolyte are 

important electrochemical properties. The electrolyti c conducti vi ty directly affects the internal 

res istance of a capacitor, which leads to energy loss during charge-discharge cycling. The stable 

potential window determines the maximum operational voltage of a capaci tor, which manages 

total charge by CV product. These electrochemical properties of organic liquid e lectrolytes are 

discussed from the chemical structures of three components; cation, anion and solvent. 

3.3.1. Experimental 

Electrolyle preparalion 

Propylene carbonate, butylene carbonate and y- butyrolactone (Mi tsubishi Petrochemical Co. , 

Battery-grade F-PC, F-BC and F-GBL) were used without further purification. All other solvents 

(Tokyo Chemi cal Industry Co.) were purified by careful di stillation over molecular sieve SA , 

which resulted in more than 99.8 % purity detected by a capillary gas chromatography. An 

electrolyte salt was dissolved in a purified solvent and the resulting electrolyte was vacuum dried at 

sooc until water content dropped less than 100 ppm. 

Measuremenls 

The relative permittivity and viscos ity of solvents were measured by an LCR meter equipped 

with a capacitor cell (A ndo Electric Co., AG-43 11 ), and a viscosity meter (Tokyo Keiki Co., 

Visconic ED) , respectively. 

The electro] ytic conductivity and water content of electrolytes were measured by a conductivity 

meter equipped with a standard type conductivity cell (Toa Electronics, CM-60S/CGT -51 18) and 

a moisture meter (Mitsubishi Kasei Co., CA-06), respectively. 

The limiting reduction and oxidation potentials were measured by linear sweep voltammetry 

with an automatic polarization system (Hokuto Denko Co., HZ-lA). A pair of 3 ljJ glassy carbon 

rods (Tokai Carbon Co., GC-10) were used as working and counter electrodes. The sidewall of the 

working electrode was sealed with a thermo-shrinkable tube to limit the surface area to 7 mm2
. The 

surface was polished with alumina powder before use. A saturated calomel e lec trode (Toa 

Electronics, HC-205C) was isolated via KCJ-agar and electrolyte bridge. Measurement was 

carried out in a nitrogen atmosphere glove box using the cell assembly depicted in Fig. 4. 

3.3.2. Results and Discussion 

Seleclion of solzae 

Tetraalkylammonium salts have been widely used as a supporting electrolyte salt in nonaqueous 

solvents, because of their high solubility, electrolytic conductivi ty, electrochemical stability and 

ease of preparation and purifi ca tion . However , sys temati c data such as the electrolyti c 

conductivity at practical concentrations are surpri si ngly scarce and fragmented data are scattered in 

the literature [23 , 30, 31]. 

The e lectro lytic conductivities a of lithium and symmetric tetraalkylammonium salts with 

popular anions were measured in propylene carbonate (PC) and y-butyrolactone (GBL) at l mol 

dm-3 and 2YC. The results are given in Table I , together with values inN, N-d imethylformamide 

(DMF) and acetonitrile (AN), which are mostly ci ted from the literature [23 , 30] . 

75 



glassy 
carbon 
electrode 
(CE) 

H-shaped electrol yte soluti on 
electrolytic cell 

KCJ-agar 
bridge 

saturated 
caromel 
electrode 
(RE) 

aturated 
KCI 

Fig . 4. Schematic diagram of cell assembly used in polarization experiments. 

The conductivities generally decrease in the following order: 

Et,N• > Pr
4
N• > Bu

4
N• > Me

4
N• 

BF; > PF; ~ CIO; > CF
3
SO; 

Tetramethylammonium salts were not useful except for triOuoromethanesulfonate due to their 

low solubilities. Tetraethylammonium salts are most favorable in conductivity. The hi ghest 

conductivity of tetraethylammonium tetraOuoroborate appears to come from the small anion size 

and moderate di ssociation tendency. 

The stable potential window is defined as a potential region where no appreciable faradaic 

current Oows. Different criteria have been used for the evaluation of limiting reduction and 

oxidation potentials (E"' and E.,) by different researchers. These values depend on the 

concentration and the purity of a liquid electrolyte. Even though the same electrode and electrolyte 

are used , these values are also dependent on current density and potential scan rate. For example, 

as to the current density, 0.01 [32], 0.1 [33] , 0.2 [34], 0.5 [19, 35], 1 [36, 37], 1.5 [38] and 3 rnA 

em·' [39] were adopted by others. The scan rate ranged from 2 to 100m V s·' for these values [32, 

33, 35, 37 - 39]. 

The limiting reduction and oxidation potentials were defined here as the potentials at which the 

current density exceeded 1 mA em·' when the supporting electrolyte concentration was 0.65 mol 

dm·3 [40] and the scan rate was 5 mV s·'- A glassy carbon electrode was used as a working 

electrode because it is a better substitute for the activated carbon electrode than platinum or 

mercury electrodes. 

Typical polarization curves are shown in Fig. 5, where the cathodic and anodic polarizations 

were carried out separately, and potential is reported relative to the saturated calomel electrode 
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(SCE). 

The limiting reduction and oxidation potentials for tetraethylammonium salts in propylene 

carbonate are summarized in Table 2. 

The reduction potential appeared to be limited by the decomposition of both 

tetraethylammonium cation and propylene carbonate solvent because the reduction resulted in the 

formation of a polymer on the electrode and gas evolution, which contained carbon dioxide , 

propylene and triethylamine [41). 

The oxidation potentials was limited by the decomposition of CIO; and CF,so,- not by BF; and 

PF;, which were more resistant to oxidation than propylene carbonate. The electrochemical 

stability of the anion increases in the following order [19, 36, 42]: 

CIO"- ,;; CF,so,- < BF; ,;; PF; 

The decomposition of propylene carbonate can be one electron reduction in the carbon atom and 

one electron oxidation from the oxygen atom in C=O bond from frontier orbital calculations [43]. 
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Fig . 5 . Typical polarization curves of organic electrolytes 

on a glassy carbon electrode. 

Table 2. Electrolytic conductivities, limiting reduction and 

oxidation potentials of PC electrolytes at 0.65 mol dm·3 , 25°C. 

a Sed E.,, 
Electro! yte 

l mS cm·1 I V vs. SCE 

Et4N BF4 10.55 -3.0 + 3.6 
Et4N PF6 9.64 - 3.0 +3.6 
Et4N CI04 9.94 - 3.0 + 3. 1 
Et4N CF3S~ 9.38 -3.0 +3.1 

Selection of solvent 

Dipolar aprotic sol vents, which exhibit no appreciable tendency to participate in the transfer of 

protons but are moderately good solvating and ionizing media due to their dipolar nature and their 

high relati ve permittivity more than 20 [44], are essential for the liquid electrolyte of electrical 

double layer capacitors to gain a large enough stable potential window. Twenty dipolar aprotic 

solvents have been selected, whose melting point (mp) and boiling point (bp) are below 30°C and 

over 100°C (except AN), respectively. These include not onl y popular solvents such as carbonate, 

lactone, nitrile, amide, nitro, su l fone, sulfoxide and phosphate [45, 46], but also uncommon 

difunctional solvents such as dinitrile and ethemitril e. Two homologues were selected in each 

category, if possible, as shown in Table 3, where physical properties of these solvents are listed. 

Since Et
4
N BF. showed the highest conductivity and BF; is more stable to hydrolysis than PF; 
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Table 3. Physical properties of dipolar aprotic solvents and electrolytic conductivities, 

limiting reduction and oxidation potentials of their organic electrolytes containing 0.65 

mol dm·3 Et
4
NBF

4 
at 25°C. 

£, '1 bp mp :V!W a E.-ed Eox 
Solvent 

cp ·c ·c mScm·l V vs. SCE 

Propyl enc carbonate rl' 65 2.5 242 -49 102 10.6 . 3 .0 +3.6 
(PC) 0'((0 

Butylcne carbonate 0 r--{"- 53
3 

3.2 
a 

240 
a a 

116 7.5 -3.0 +4.2 -53 
(BC) 0'((0 

y-B utyrolactone r:;o 0 42 1.7 204 -44 86 14.3 - 3 .0 + 5.2 
(GBL) 

0 
34a 2.0a 208b -3 1 b y-Valerolactone Q 100 10.3 -3.0 + 5.2 

(GVL) 

Acetonitrile 
""N 

0 36 0.3 82 -49 -II -19.6 - 2.8 +3.3 
(AN) 

Propionitrile 26a a 
97 -93 55 ~ 0.5 insoluble 

(PN) 

Glutaronitrile 
a 5.3a 286b b 

N~ 37 -29 94 5 .7 . 2.8 + 5.0 
(GLN) 

Adiponitrile 
a a 

295 b b 
~ 30 6.0 2 108 -1.3 - 2.9 + 5.2 

(ADN) N 

Methoxyacetoni trile 21 
a 

0.7 
a 

120b -35 
a 

71 ,Al~N 21.3 -2.7 + 3.0 
(MAN) 

3-Methoxypropionitrile 36 
a a 

165b a 
85 15.8 'o~N 1.1 -57 -2.7 +3. 1 

(MPN) 

N~'\1-Dimethylformamide / 37 0.8 153 -61 73 22.8 -3.0 + 1.6 
(DMF) H-lf- N'. 

0 
N~'\1-Dimethylacetamide / 38 0.9 166 -20 87 15.7 

(DMA) - rN" 

N-Mcthylpyrrolidinone Q, 32 1.7 202 -24 99 8.9 
(NMP) 

0 c c b b 
N-Mcthyloxazolidinonc ,-., 78 2.5 270 15 101 10.7 -3.0 + 1.7 

(NMO) OY N' 
0 

38d d 
226d 8d N,N'-Dimetbylimidazolidinone ,-., 1.9 114 7.0 -3.0 + 1.2 

(DMI) ./N'l(N......_ 

0 
Nitromethane <'J 38 0.6 101 -29 6 1 33.8 - 1.2 + 2.7 

(NM) -N~ 
0 

28a a 
115b b 

Nitroethane '._<'J 0.7 -90 75 22.1 . 1.3 + 3.2 
(NE) N~ 

Sulfolane 0 43 10.0 287 28 120 2.9 -3. 1 +3.3 
(fMS) A (300C) 

0 0 e e 
276b 6b 3-Metbylsulfolane d 29 11.7 134 insoluble 

(3MS) 
.f~ 

Dimethylsulfoxide 0 0 47 2.0 189 19 78 13.9 - 2.9 + 1.5 -n-
(DMSO) 0 

Trimethyl phosphate 21 
a 

2.2 
a 197b -46b 140 - o, / o- 8.1 -2.9 +3.5 

(fMP) -o/P~o 

Physical properties are cited from Ref. 45 and 46 except a our data, b Ref. 48, c Ref. 32, d Ref. 49 and e Ref. 50. 
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[47], we have adopted Et
4
N BF

4 
as the suppo rting electrolyte salt for examining solvents. 

Electrolytic conductivities and limiting reduction and oxidation potentials of the liquid electrolytes 

containing 0.65 mol dm·3 Et
4
N BF

4 
are given in Table 3. 

Many solvents with lower viscosities than propylene carbcnate showed higher conductivity of 

electrolytes. The observed electrolytic conductivities of the electrolytes were plotted against the 

reciprocals of the solvent viscosi ties 11 and a good li near relati onship was obtained as shown in 

Fig. 6 (correlation coeffici ent y= 0.97). On the other hand , no correlation between the electrolytic 

conductivity of the electrolyte and the relative permittivity e, of the solvent was observed as shown 

in Fig. 7. T hese results indi cate that Et
4
N BF

4 
is almost eq ua ll y dissociated in any higher 

permittivity solvent (e, > 20), and conductivity is onl y dependent on ionic mobility. Therefore, 

Walden law is rea lized in these concentrated solutions. 

We have found a close relationship between the electrol ytic conductiv ity of the electrolyte and 

the reciprocal of molecular we ight MW of the solvent as shown in Fig. 8 (y = 0.96). This 

observation suggests the ex istence of some so lve nt-solute interaction, altho ugh ion-so lvent 

interaction can be neglected at infinite dilution (See Chap. 3.4). Because ionic mobility depends on 

the form ula weight FW of the io n (See Cha p. 3.4), which a ppa rentl y can be increased by the 

solvation. 

Al though there is no quantitative information on solvent-solute interaction , the molecular 

weight of the solvent can act as a good parameter to estimate the e lectro lytic conductivity in 

onium salt/dipolar aprotic solvent systems. For example, propylene carbonate, y-valerolactone and 

N-methyloxazolidinone having similar cyclic structures and molecular weight showed almos t the 
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E 
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• 
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Fig . 6. Relationship between electrolyte conductivity 

and reciprocal of the solvent viscosity. 
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Fig. 7. Relationship between electrolyte conductivity 

and relative permittivity of the solvent . 
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Fig. 8. Relationship between electrolyte conductivity 

and reciprocal of molecular weight of the solvent. 
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same electrol ytic conducti vity. 

Direct compari son of limiting reduction and oxidation potentials is not precise. In principle, this 

is because the liquid junction po tential between an organic liquid electro lyte and an aqueous 

saturated KCl solution is varied by the kind of organic liquid electrolyte. However, the values 

obtained are useful from a practical viewpoint because they are reproducible wi thin about 0.1 V. 

Most solvents except nitroalkanes showed a similar reduction potential (- 3.0 V vs. SCE), which 

may be limited by the decomposition of tetraethylammonium catio n. T he limiting oxidation 

potenti a l was extended by the utili zation of lactones and dinitriles. Although the more positive 

oxidation potential of y-butyrolactone than propylene carbonate has already been known [10, 38]. 

the oxidation potential of y-valerolactone was reported to be lower than that of propylene carbonate 

on a platinum electrode [38). The durability of dinitriles against oxidati on is first demonstrated , to 

our knowledge. The solvents having amide or sul foxide structures showed much lower oxidation 

potential s due to the existence of a lone-pair on nitrogen or sulfur atom. This is the mai n reason 

why these solvents have not been used in electrical double layer capacitors. 

Effect of contaminaled water 

The main factor producing ambiguity in some properties of dipo lar aprotic so lvents is 

contamination by water because a trace amount of amphiprotic solvents substantia lly a lters the 

nature of the electrode process in aprotic solvent sys tems. 

During the po lari zation experiments , a narrower potential window , particularly, a lower 

oxidati on potential was observed, when water contamination exceeded around 300 ppm . To avoid 

water contamination from an aqueous reference electrode (SCE), a sil ver wire was o ften used to get 

reliable values. Although the equilibrium potenti al of Ag/Ag• (di ssolved anodically) shifted in 

some cases , almos t the same stable potential window and lower residual current were o bserved 

when the SCE reference electrode was replaced with a silver wire as shown in Fig. 9. Utilization of 

thi s simple reference electrode enabled the measurements at elevated temperatures as shown in 

Fig. 10. The stable po tential window shrank as temperature increased. Such measurement at an 

elevated temperature is useful to understand the behavior of actual capacitor cells . 

Current increase caused by hydrolysis of both solvent and solute was confirmed by polari zation 

experi ments, where the addition of water was correlated with hydrolysis products. For example, 

hydrolysis products such as propylene glycol from propylene carbonate [51]. y-hydroxybutyric 

acid from y-butyrolactone [52, 53] and HF + BF
3
(0H)" from BF; [54] were detected. 

y-Butyrolactone is the most promising solvent from the viewpoint of electrolytic conductivity 

and a stable potential window as shown in Table 3, however, it is more susceptible to hydrolysi s 

than propylene carbonate, which hindered its intrinsic electrochemical stability. 

Oplimization of qualernary onium calion 

The effect of cation structure of quaternary onium tetrafluoroborate salts on the electrochemical 

properties of their propylene carbonate electrolytes was examined. The electrolytic conductivities 

and limiting reduction and oxidation potentials of organic liquid electrolytes consisting of many 

ki nds of quaternary ammonium o r phosphonium tetrafluoroborate and propylene carbonate are 

given in Table 4. 
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Fig . 9. Effect of contaminated water on electrochemical 

potential window of 0.65 mol dm·3 Et
4
NBF/ PC electrolyte. 
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Fig. 10. Effect of temperature on electrochemical 

potential window of 0.65 mol dm·3 Et
4
NBF/PC electrolyte. 
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Previously , we have reported that the maximum electrolytic conductivity of organic liquid 

electrolytes at practical concentrations was observed for asymmetric quaternary ammonium salts 

having sizes between those of tetramethylammonium and tetraethylammonium sa lts (See Chap. 

2.4). This o bservation was confirmed further by the introduction of cycl ic quaternary ammonium 

salts in thi s work. Higher conductivities were obtained for quaternary ammonium salts havi ng 

fo rmula weights between those of tetramethylammonium and tetraethylam monium salts as shown 

in Fig. 11. Qua ternary phosphonium salts showed a little bit lower electrolytic conductivity than 

corresponding ammonium salts [17] except for the tetramethylphosphonium salt, which has much 

better solubility than the tetramethylammonium salt, presumably because of a larger atomic radius 

for phosphorous than nitrogen. However, quaternary phosphonium salts appear to show the same 

conductivity behavio r as the quaternary ammonium salts. 

To unders tand the reason why asymmetric quaternary ammonium sa lts s uc h as 

triethylmethylammoni urn , ethylmethylpyrrolidinium and tetramethylenepyrrolidini urn 

tetrafluoroborates have higher conductivities than the symmetric tetraethylammo nium salt, the 

degree of dissociation at 0 .65 mol dm·3 was calculated by the Arrhenius equation, a= A I Ao , 

where a, A and A
0 

are the degree o f dissociatio n, mola r conductivity and limiting mo lar 

conducti vity , respectively. The res ults are given in Table 5, where the limiting mo lar 

conductivities of acyclic quaternary ammonium salts are experimental values and those for cyclic 

quaternary ammonium salts are estimated values (See Chap. 3.4). 
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8 • 
E: Et4N+ 
(.) 

(/) 6 
E 

0 I 4 

l • R4N+ 
o cyclicR4N+ 

2 t • R4p+ 
Me4N+ 

0 
0 100 200 300 400 

FW of cation 

Fig. 11 . Relationship between electro lytic conductivity 

and formula weight of quatrernary ammonium and 

phosphonium cation. 
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Triethylmethylammonium, ethylmethyl pyrrol idini urn and tetramethylenepyrrol idinr urn 

tetraO uoroborates have almost the same degree of dissociation as the tetraethylammonium salt. 

We conclude that the higher conductivities of these three salts come from their smaller ion sizes 

without losing their high dissociation nature even at the practical concentration of 0.65 mol dm·3 

These res ults have encouraged us to examine the electrolytic conductivi ty fo r more 

concentrated solutions, and we have found these three salts increase their conducti viti es until about 

2 mol dm·3 due to their high solubility in propylene carbonate, whereas the tetraethylammonium 

counterpart can be dissolved up to only I mol dm·3 as shown in Fig. 12. 

All quaternary ammonium and phosphonium tetraOuoroborates showed si mil ar limiting 

reduction and oxidation potentials as shown in Table 4. No remarkable negative potential shift for 

limiting reduction potentials with increasing cation size was observed as was observed on mercury 

electrodes [23 , 34, 37]. 

Table 5. Calculated molar conductivities, limiting molar conductivities 

and degree of dissociation . 

Electrolyte 
A Ao a 
I S cm2 moi · l 

Me4N BF4 (0.1 mol dm-3) 24.10 35.0 0.69 

Me3EtN BF4 15.63 34.9 0.45 

Me2Et2N BF4 15.91 34.6 0.46 

MeEt3N BF4 16.43 34.3 0.48 

Et4N BF4 16.23 33.8 0.48 

c Me N, BF4 15.94 34.4 0.46 
Me c Me N. 
Et 

BF4 16.65 34.2 0.49 

c Et N. 
Et 

BF4 16.00 34.0 0.47 

c Me I'( BF4 15.69 34.2 0.46 
Me 

c Me I'( BF4 
Et 

16.00 34.0 0.47 

ci'(Et BF4 15.65 33.8 0.46 
Et 

C NJ BF4 16.83 34.0 0.50 

C{)sF4 14.88 33 .6 0.44 
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Fig . 12. Concentration dependence of electrolytic 

conductivities of several quaternary ammonium 

tetrafluoroborates in PC at 25°C. 


