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Abstract - Transport properties, conductance of electrolyte solutions and

viicosity of their solvents, as well as dielectric properties are discussed
in the framework of applications in modern technology. Electrolyte solutions
in high energy batteries with lithium anodes are chosen for exemplifying
both the role of the solvent and the fulfilment of supplementary conditions
imposed by technical applications. The generation of electrolyte property
profiles by means of a data base is used and the data and method base for

electrolyte solutions, ELDAR, is presented.

INTRODUCTION

A perusal of recent literature shows the increasing importance of ion-conducting materials in
various fields of applied research and technology (refs. 1-3, and quoted literature). Solid
ion conductors (crystallines, composites, and glasses), salt melts and electrolyte solutions
are all materials exhibiting inherently useful properties. In comparison with solid ion con-
ductors, electrolyte solutions provide better levelling properties, both for temperature and
concentration gradients, permanent contact between electrodes and the ionic conductors,and

generally higher conductivities at ambient temperatures (Table 1). Leakage and corrosion
problems and lower transference numbers of the active ions are drawbacks. Nonaqueous, as

compared to aqueous electrolyte solutions, exhibit larger liquid ranges, wider cathodic and
anodic stability ranges (Table 2) and increased solubility for organic materials, but entail
higher costs, toxicity, flammability, and generally lower conductivities (Table 1). Recently,
low temperature melts offering high conductivities have become available (ref.2O)andthese
might compete with electrolyte solutions when some technological problems are solved.

There are numerous examples of actual applied research where nonaqueous electrolyte solutions
have yielded convincing, and in many cases, unique results: primary and secondary batteries
of high energy density and good low-temperature performance, electroplating of aluminum and
refractory metals, electrodeposition of various materials and related processes, flat non-
eniissive electrode displays, photoelectrochemical cells, wet capacitors, and various fields
of electro-organic synthesis (refs. 1-3).

In this paper some features of the transport properties of electrolyte solutions are discussed
which might be helpful for applied research.

PROCUREMENT OF ELECTROLYTE DATA

A most important obstacle to systematic research of nonaqueous electrolyte solutions in
technology is the lack of comprehensive information and engineering data. Procurement of
electrolyte data is often a difficult and time-consuming procedure. Data are widely spread in
the literature; many results which were obtained by resolving special problems could be use-
ful for others in quite different fields of application. Up to now there exist neither compre-
hensive tables of reliable electrolyte data nor a general treatment of this class of.solutiohs,
especially for the most important mixed-solvent systeiis. This situation stimulated the
development of the ELDAR (Electrolyte Data Regensburg) data base (refs. 5-7), Fig. 1.

Actually ELDAR provides about 8,000 references, 180,000 data tuples and 15,000 key words in
a thesaurus of polyhierarchical structure. The data of ELDAR are available via the DECHEMA
data bank DETHERM. Methods and equations of ELDAR permit the generation of property profiles,
i.e. tables or plots of electrolyte properties as a function of electrolyte concentration,
solvent composition, temperature or pressure, which are helpful for the lay-out of technical
problems. Examples are given in the following text. Data basis vectors and rules for 'best'
values simplify this procedure.
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TABLE 1. Comparison of specific conductances (K) and activation energies
of tranport (Ea) for various ion conductors.

Type material and conducting ion Temp/°C 1O3 K/Scm1 Ea/kJ mo1— —
Ref.

SOLIDS Li3N

—
Li 25 0.2 to 1 9.6;28

crystalline Li14ZnGe4O16(LISICON) Li 300 0.5 to 10 18,3

Na20.n Al203(13-alumina) Na 25 1 15.4 ± 1.0

RbAg4I5 Ag 25 250 6.7

H3PMo12O40'29 H2O —
H 25

—
180 -

8,9
8,62
10
10
11

composite LiI/Al9O Li 25 to 0.1 42.5

LiC2O2F37(PEO)4 Li 25 1O -

LiCTO4/polyvinylidene fluoride Li 25 1O >72

LiCF3SO3/(PEO)s 1 Li -5O iO 107 ± 13
PEO = polyethyTêne oxide

8
12
13
14

glass LiI/Li2S/P 5 (45/37/18) Li 25 10-2 to 1.3 >30;38

GeS2/Li7S(O50) Li 25 4x1O2 49

Ag7I4AsD4 Ag —
25 10 -

15-17
15,62
10

MELTS LiC1 637 5854 -

KC1 797 2229 —

LiCl/KC1 (eutectic melt) 457 1615 -

LiC1O3 131.8 115 -

Ethylpyridinium bromide/A1C13 (1:2) 25 8.43 to 16.9 -

18

18

18

19

20

SOLUTIONS 4.8 M H25O4/H2O (lead acid battery,

aqueous charged) 20 700 -

0.8 N H25O4/H2O (lead acid battery,

discharged) 20 300 -

KOH/H,O (6.93 mol kg1) 20 620 -

2.81 M LiC1O4/H2O 25 151.7 —

21

21
22
23

—
nonaqueous LiC1O4/PC (0.66 mol kg) 25 5.42 16.2(15°C)

LiC1O4/PC,DME(42w/0PC)(1.39mo]Jkg-1) 25 14.6 10.7(15°C)

LiA5F6/PC,DME(32W/0PC)(1.l3mol kg-i) 25 17.4 —

LiC1O4/Methanol (3.92 mol kg1) 25 49.8 10.6(15°C)
PC = propylene carbonate, DME = 1.2 dimethoxyethane

24
25
26

27

TABLE 2. Stability ranges (voltage windows) of various technically used
ion conductors

Type material voltage window in Volts Ref.

SOLIDS Li3N 0 to 0.44 vs. Li/Lit

crystals due to kinetic hindrance to . 2 at i < 1 mA cm2

LiA1C14 1.68 to 4.36 vs. Li/Lit

11
8
11

composite Li I/polyethylene oxide -2.1 to 0.7 vs. Ag/Ag 8

MELTS LiNO/KNO3(135°C) 2.5 to 4.2 vs. Li/Li3÷

ButyTpyridinium chloride/AlCl3 -0.4 to 2.0 vs. Al/Al

LiC1O3 3.2 to 4.6 vs. Li/Lit

28
4
19

SOLUTIONS HC1/H2O -0.3 to 1.1 vs. SCE

aqueous NaOH/H2O -0.91 to 0.72 vs. SCE
29
29

nonaqueous NaClO4/Acetonitrile -3.5 to 2.4 vs. Ag/AgClO4

NaBF4/Acetonitrile to +4 vs. Ag/AgClO4

Bu4N PF/Propionitrile -2.6 to 3.5 vs. Ag/AgCl

LiAsF6/2-Methyltetrahydrofuran to +4.32 vs. Li/Lit atimA cm

LiAsF6/Dioxolane to +3.6 vs. Li/Lit ati mA cm2

30
30
31
32
32

It is satisfactory to state that modern electrolyte theory is helpful for optimizing forth -

coming technologies. On the other hand, exciting new problems arise from technological
investigations which then stimulate the theory to search for new approaches.
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METHODS AND EQUATIONS OF ELDAR

Fig. 1. The ELDAR data base concept

(refs. 5-7)

Methods and equations for calculating the properties of electrolyte solutions from infinite
dilution to saturation depend on the concentration range investigated. Today Hamiltonian mod-
els on the McMillan-Mayer-Friedman (MMF) level re almost exclusively used at low to moderate
electrolyte concentrations (c < 1 mol dm3)(refs. 33,34). The treatment of concentrated sol-
utions either uses the model of cooperatively rearranging domains (CRD) or rationalizes the
effects due to ion-ion and ion-solvent interactions in terms of the parameters characteri-
zing the behaviour of electrolytes in dilute and moderately concentrated solutions (refs.
1,2). Multicomponent systems are generally subjected to data analysis based on purely empiri-
cal equations for fitting, interpolation and optimization of property parameters.

HAMILTONIAN MODELS

MMF-level Hamiltonian models use pairwise additive potential functions of the solvent-averaged
forces between the ions for calculations of the solution properties; the mean spherical
approach (NSA), the Percus-Yevick (PY) equation, and the hypernetted chain (HNC) approximation
being the methods used for moderately concentrated solutions. Figure 2 shows the pair corre-
lation functions g.(r), g÷(r) and g__(r) for methanol solutions of potassium iodide at two
molalities, 0.05 and 0.5 mol kg-i, calculated from vapour pressure measurements (refs. 34,35).
Calculation is based on Friedman's HNC soft sphere model (ref. 77).

Fig. 2. Pair correlation functions g .(i), g (2), g__(3) for methanol
solutions of KI at 0.05 m (a) and t.S m (b

Pair correlation functions g(r) are related to their potentials of mean force by the help
of relationships

= exp
[-W(r)/kT] (1)

Extrapolation of the pair correlation functions of equally charged ions to low concentrations
shows that the population of equally charged ions at short mutual distances (about one or two
solvent molecules) can be neglected at low concentrations.

Low concentrations are the domain of application of the chemical model (CM) of electrolyte
solutions (refs. 1,2,5,36,37) which subdivides the space around an ion into three regions:

Correction Calculation

(a) .. (b)
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(1) r < a, a being the minimum distance of two ions, i and j, which is assumed to be the

sum of the effective ion radii,
(ii) a . r R, the region of short-range interactions which can be occupied only by paired

states of oppositely charged ions,

(iii) r R, the region of long-range interactions.

Region (i) is characterized by a hard-sphere potential. The mean-force potentials of regions
(,i) and (iii) are split into two parts representing the coulombic, W, and noncoulombic,

wij, interactions.

= + = (ii) or (iii) (2)

The ion-pair association concept for symetrical electrolytes can easily be introduced into
the chemical model, by assuming that the distance parameter R equals the upper limit of ion
association. Then the association constant at concentration c is given by the relationship

= K 4O NAaJr2 g() dr (3)

Properties of electrolyte solutions, E(c;p,T), from low to moderate concentrations can be

represented by a set of equations (refs. 1,5)

E(c;p,T) = E°°(p,T)'+ E'(ac;p,T;R,W_); --- = Kc (4a,b)

where E(p,T) is the corresponding property of the infinitely dilute solution, Kc is the con-
centration-dependent constant according to Eq. (3) and a is the "degree of dissociation" of

the ion pairs. The chemical potential Py of an electrolyte compound, Y = ciA:,
p(c;p,T) = p(p,T) + vRT ln acy (5)

and hence all thermodynamic properties based on Eq. (5), such as the equations of solution
and dilution processes (ref. 1), as well as the transport equations, e.g. conductance equa-
tions

A(c;p,T) = A(p,T) - Ael (ac;p,T;R,W ) - Arel(ac;pT;R,w*) (6)

or kinetic and spectroscopic equations, are equations of the type given by Eq. (4a).

The chemical model allows the determination of values R and W_, which are independent of the
particular thermodynamic or transport property being investigated, as well as reliable values
of E°°(p,T), by well-founded extrapolation methods. This feature is used in ELDAR for the

simulation of solution properties. As an example, Fig. 3 shows the plot of completely calcu-
lated conductance functions without the use of conductance data (ref. 38). The results of in-
dependent conductance measurements (o and ) are added to prove the validity of the method.

Fig. 3. Conductance of propanol solutions
of Pr4NI(o) and i-Am4NI () at 25CC

The full lines are calculated with
the help of an equation of the type

given by Eq. (6) using R and W_
values from calorimetric measurements
and single ion conductance based on
transference numbers t(K/PrOH). The
broken lines represent the Onsager
limiting law of conductance.

A comprehensive investigation of solution properties in various solvents and with a multitude
of electrolytes has yielded an important result: Distance parameters R can be set for all pro-
perty equations from chemical evidence: R = a + ns, a being the centre-to-centre distance of
closest approach of cation and anion in the solvent and s being the dimension of an orienta-
ted solvent molecule, n = 0, 1, or 2. Solvents and solutes may be arranged in classes per-
mitting the c rnLo'tL estimation of R (refs. 1,2,5,38).

Integral equation methods, lISA, PY, and HNC, have not so far been used to a significant extent
for providing data for technology. A conductance equation on the HNC level was recently pub-
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lished by Altenberger and Friedman (ref. 39); MSA approaches on conductance are due to

Ebeling and Grigo (ref. 40).

For MMF-level Hamiltonian models there is an upper limit to the ion concentration range with-
in which it is sensible to compare the model with data for real systems if the pairwise-
addition approximation is made (ref. 33). This limit depends on the nature of solute and
solvent and may occur at very low concentrations in certain cases; e.g., for lithium salts in
electron donor solvents of low permittivity such as dimethoxyethanetriple-ion formation and
a change in the sign of the temperature coefficient of molr conductance indicate that this
limit is surpassed at concentrations of about iO4 mol dm (ref. 41).

THE CONCEPT OF COOPERATIVELY REARRANGING DOMAINS

Practising engineers use Pitzer's equation (ref. 42) or similar equations (ref. 43) for the
reduction of thermodynamic data and prediction of the properties of complicated aqueous
electrolyte mixtures at high electrolyte concentrations. Transport equations for highly con-
centrated solutions are not available. However, some help for rationalizing data can be

expected from the use of molten salt approaches such as the concept of cooperatively rearran-
ging domains (CRD) as developed by Adam and Gibbs (ref. 44), and Angell et al. (refs. 46-
48). We have succeeded in transferring their concept to ncentrated nonaqueous solutions
(ref. 49); examples are given Th the following section. However, $ce5s is actually limited
to conductivity of electrolyte solutions showing no or only slight ion-ion association.

The Vogel-Fulcher-Tamann (VFT) equation, based on the CRD concept, can be used in the form

F(T) = A(T) exp [-B/R(T-T°)J (7)

for analyzing the temperature dependence of various transport properties F(T) and for deter-
mining the ideal glass transition temperature T° by appropriate extrapolation methods. The
glass transition temperature T0 is considered to be the appropriate reference temperature for
all transport and relaxation processes in the solution, F(T) equals zero at T°. From a ther-
modynamic point of view, T° is defined by the postulate of vanishing configurational entropy
(ref. 44); another definition uses vanishing free volume Vf to define T0 (ref. 45). The pre-
exponential factor, A(T) in Eq. (7), can be used in various forms, but is generally written

ATn, A(T) = ATn, where n = +1/2, -1/2, 1, or is used as an adjustable parameter (refs. 50,

51). Angell (ref. 52) and Spiro and King (ref. 50) stress that the temperature dependence of

A(T) is of minor importance and can even be omitted if T/TO < 2 or if F(T) is any property

other than diffusion. We follow their recommendation by setting n = 0. In binary electrolyte
solutions at molality m of the solute, the glass transition temperature is assumed to be
(ref. 49)

T0(m) = T°(O) + am + bm2 (8)

In Eq. (8), T°(O) is the glass transition temperature of the infinitely dilute solution and
a and b are adjustable parameters. A comprehensive study on the conductance of PC solutions
of 14 electrolytes (ref. 49) shows that T°(O) for all of them is found equal to the glass
transition temperature of pure PC as determined from viscosity measureWents. Furthermore, the
activation energies of conductance at infinite dilution, B(O)T2/(T_T0), are equal for all
electrolytes and equal to that of viscosity (ref. 49). No difference is found between the
activation energies determined by the use of Eq. (7) and those obtained from the application
of MMF models (ref. 53).

ELECTROLYTE SOLUTIONS IN HIGH ENERGY BATTERIES

Batteries can be divided into two classes, the non-rechargeable primary and the rechargeable
secondary batteries. Actually lithium is the most favoured anode material for ambient tem-

perature high-energy batteries, but other high electrode potential, low equivalent weight
elements such as Na, K, Be, Mg, Ca, and Al are studied as potential substitutes. The non-
aqueous primary lithium battery is now a fact and is produced in various types and configura-
tions, see Table 3.

In contrast, secondary lithium batteries are not yet commercially available with a single
exception of the Exxon Li/TiS2 episode. However, appreciable success has been made with
suitable cathode materials, mainly in the field of the intercalation type (refs. 1,3,59) and

doped, conducting polymers (ref. 63). The inherent reactivity of lithium with electrolyte
solutions may be reduced by procedures such as those proposed and compiled by Brummer and
coworkers (ref. 64). Some results are compiled in Table 4 on lithium cyclability.
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TABLE 3. Commercially available primary lithium cells (refs. 1,54-62).

Cathode Ion Volts Theor. energy Pract. energy Manufacturers
material conductor V Wh/kg Wh/dm Wh/kg Wh/dm

Mn02 LiC1O4;PC/DME 3.5 1000 3097 200 400 Sanyo, VARTA, GE, Duracell, UCC,
SAFT, Renata, Toshiba, Hitachi,
Matsushita, Berec, Roy-0-VAC,
Polaroid

(CFx)n LiA5F6;DM5I 2.8 >1992 >2653 200 400 Matsushita, ESB, Panosonic,
n'-'l LiBF;i-BL/THE to Eagle-Picher

PC/DI0X 3.3
DI0X = Dioxolane, DMSI = Dimethylsulfite

Ag2CrO4 LiClO4;PC 3.31 513 2088 275 700 SAFT

V205 LiAsF or 3.50 497 1397 200 600 Honeywell
LiBF7MF

Cr0 LiCltD4;PC/DME
3.7 - - 270 675 VARTA

CuO LiClOa;DIOX; 2.24 1285 3140 275 650 SAFT, Sanyo, Matsushita, Cordis,
DME/DIOX; Ray-0-VAC
THF/DME

FeS2 LiClO4;PC/DME 1.75 1273 2474 130 385 UCC, Sanyo, Berec

Bi203 LiClO4;PC/DME 2.04 646 2478 90 350 VARTA

Bi2P205 LiC1O4;DIOX 2.00 546 2318 150 400 SAFT

SOCl2 LiA1C14; 3.66 1477 2005 300-480 650-950 GTE, Tadiran, Honeywell, SAFT,
S0Cl,/cosolv. Greatbach

SO2 LiBr7AN 2.91 1098 1353 280 440 Duracell, Power Conversion,
Honeywell, Silberkraft, SAFT

SO2C12 LiAlCl; 3.9 - - 500 1000 Greatbach, GTE
SO2C12/cosolv—

Pb12,PbS LiI/Al203(s) 1.87 211 997 75-150 300-600 CatalystResearch,WilsonGreatbach
12(P2VP) Lu(s) 2.8 556 1920 120-200 350—700 Duracell

Me4NI5 LiI/Si02(s) 2.75 - - 125 400 -

P2VP = poly-2-vinylpyridine

TABLE 4. Efficiency of Li-cycling in various solutions

Electrolyte solutions Cycling efficiency Ref.

Solute Solvent at 1 C/cm2 at 25 C/cm2

LiC1OA PC 40 % - 64
PC + PSBr 84.5 % - 64

LiAsF6 DEE/THE (10 W/0 THE) > 98 % 96.3 % 65,70
2-Me-THE 35 cycles at 79 % - 66
2-Me-THE +

+ 2 w/0 methoxyethanol 900 cycles at 85 % - 66
DME '-.'97 % 90 2 % 67,70
2-Me-THE 98 %; 97.5 % 97.5 % 68,69
tetrahydrofuran (THE) 88 % 58 % 69,70
diethylether (DEE) 97.9 % 88.9 % 69,70
DME 97.9 %

- 71
furan 98 % - 71
2-methyl pyrrole 98.2 % - 71
3,5 dimethyl isoxazole 98.0 % - 71

Generally, the requirements for lithium battery electrolyte solutions are
- high specific conductance to reduce internal resistance
- high solubility of the electrolyte to reach appropriate electrolyte concentrations
- low solubility of the cathode material
- chemical and electrochemical stability and compatibility with electrode materials
- high mobility of the active ion (Lit) to reduce concentration polarization.

The compatibility conditions are hard to fulfil. It is now generally accepted that no solvent
is thermodynamically stable with lithium; only kinetic stability can be obtained, mainlydueto
the formation of conducting solid electrolyte interfaces (SEI) on the lithium anode by
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reaction of the anode material with the electrolyte so'ution. In nonaqueous lithium salt
solutions SEIs on the lithium anode are observed of about 2 to 10 nm in thickness and of

i07 to 108 Qcm of resistivity. Typical SEI compositions are Li2CO (PC solutions of LIC1O4),

Li20 or reduction products (2-Me-THE solutions of Lii), or LiCT(SOC12 solutions of LiA1C14
or LiB12C112) (refs. 72,73).

The requirements imposed by the compatibility conditions limit the choice of solvents for

battery electrolyte solutions to four main classes
- aprotic protophilic solvents, e.g. DMF, DMSO
- aprotic protophobic solvents, e.g. PC, y-BL
- low permittivity electron donor solvetits, e.g. DMF, THE
- inert solvents, e.g. hydrocarbons.

Among these solvents the most suitable materials for battery application should combine high
permittivity, low viscosity and wide liquid range. Aprotic solvents show high permittivities,
but also high viscosities and unfortunately strong temperature dependence of viscosity, e.g.
Fig. 4 (ref. 1). Ethers and some inert solvents exhibit the opposite behaviour, i.e. low per-
mittivities and viscosities and low temperature coefficients of viscosity. Only mixtures of

solvents of different classes, e.g. ethers and dipolar aprotic solvents, show suitable pro-
perties by balancing the specific advantages and drawbacks of the pure solvents.

C

Fig. 4. Relative permittivities (a) and viscosities (b) of PC-DME mixtures
(W/0 of PC) at various temperatures

It is sufficient to say that the use of mixed solvents, exemplified in this paper for lithium

battery electrolyte solutions, is also a general feature in other fields of application. A
comprehensive investigation in our laboratory of nonaqueous electrolyte solutions has been
carried out to provide data and rules for the choice of appropriate organic solvent systems
for actual technologies. Data on PC, DME, y-BL, THE, DIOX, AN, MeOH, EtOH, PrOH, 2-PrOH,
acetone, and their mixtures (anlso with H20) have been already published or are underway.

Specific conductances K vs. molalities m at various temperatures yield the usual pattern:—
curves with maxima, Kmax, at concentrations m = p. Data are very well reproduced by the
empirical Casteel-Amis equation (ref. 76).

(!!)a exp [b(m-p)2 - -(m-p)J (9)
max P

Data analysis yields the quantities p and Kmax and the two parameters a and b. Hypothetical
values of p and Kmax are obtainable by short extrapolations when limited solubilities prevent
the attainment of concentration p. The possibility of extrapolation and the small number of
measurements needed for a complete conductance curve make Eq. (9) more suitable than poly-
nomials in m.



1078 J. BARTHEL and H.-J. GORES

Fig. 5 a. Specific conductances of
LiAsF6 solutions in a PC-DME mixture,

32 W/0 of PC

Fig. 5 a shows a computer plot of K = K(m,T) for LiAsF in a PC/DME (32 W/0 PC) mixture. This

example was chosen because it exhibits short extrapolaEions at -350C and -450C and because
the Kmax value of 16.5 mS cm1 at 25°C is among the highest values found for Li-battery elec-
trolytes. Diagrams of this type for various organic solvent systems are now available. The
complete information on the maximum conductance of LiAsF6 solutions as a function of the
composition of the PC/DME solvent system is given in Figs. 5 b and 5 c. Information on the

LiBF4/PC-D1E system is added for comparison (Fig. 6).

Some features of specific conductance may be used for planning electrolyte solutions on the
drawing board by the engineer.

The maximum of specific conductance is a general feature of concentrated solutions; it is the
consequence of competing effects, increasing charge density and decreasing ion mobility with
increasing electrolyte concentration (ref. 25); it is observable, however, only at sufficient-
ly large solubility. The position of the maximum at concentration i depends on the structure
of the electrolyte solution. A rough estimate based on the assumption of cubic dense packing
of the ions in the solution shows that the mean ionic distances at concentration p are of the

1.5

ma! kg1

g. 5 b. Positions p of the conductance
maxima of LiAsF6 solutions in PC-
DME mixtures ( = weight fraction of PC)

various temperatures.
= 0.32(1); 0.59(2); 0.81(3); 1(4)

0.2 0./.. 0.6 0.8

Fig. 5 c. Conductance maxima (Kmax)
of LiAsF6 solutions in PC-DME mix-
tures at various temperatures

= weight fraction of PC)

Fig. 6. Conductance maxima (Kmax) of
LiBF4 solutions in PC-DME mixtures
at various temperatures

= weight fraction of PC)
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order of magnitude of one to two solvent molecules in PC (aprotic solvent) and of the length
of an OH-group in MeOH (protic solvent) solutions of 1,1 electrolytes.

J_

12

10

8

6

2

0

Fig. 7. Linear correlations vs. p at various temperatures

(a): PC solutions of LiBF4(1); LiClO4(2); Bu4NPF6(3); KPF6(4);
Pr4NPF6(5); Et4NPF6(6)

(b): MeOH solutions of Bu4NBr(1); LiClO4(2); Me4NC1(3)

Plots of Kmax V5. T are approximately linear; high concentrations p entail high maximum
values of specific conductance Kmax. Figure 7 shows this linear correlation for PC and MeOH
solutions at various temperatures. For the sake of clearness only few electrolytes are exhi-
bited, for the full information on a large number of electrolytes at 25°C see refs. 24,27,53.
Electrolyte solutions in methanol show two classes of solutes, large tetraalkylammonium salts
with small p values and alkali metal salts with large p values in agreement with the short-
range (non coulombic) interaction potentials calculated from dilute solutions. The sequence
in PC solutions rather depends on the ionic Stokes' radii. Permittivity measurements on MeOH
and PC solutions reflect the same classification (ref. 53).

Temperature dependence of specific conductance is appropriately reproduced by a family of
Km(T) functions (specific conductances at constant molality as a function of temperature)
with the help of VFT equation, Eq. (7).

B (K)

Km(T) = A(K) exp [-
m

(10)m
R(T-T0(m))

The functions T°(m) and B,K) are charactersic of the solute in a given solvent, yielding,
however, equal limitin9 Values T°(0) and BK) for all of them(ref. 49). Activation energies
of transport process EK)(m,T), ELK) = -R[d ln Km/d(l/T)J, of all solutes are qqual at con-
centrations zero and p, m = 0 and m = p, respectively. This observation may be rationalized
by the assumption of a characteristic energy barrier of the solvent, mainly depending on its

viscosity, which is overcome at concentration p. Very high values of p are observed for ether
solutions entailing high specific conductances which otherwise can hardly be understood; 1,1
electrolytes in ether solutions exhibit association constants of 106 mol dm3 and more.

If association is negligible, e.g. in PC solutions, conductivity is determined up to rather
high concentrations by the cation radii (R4N salts) or by the Stokes radii (alkali metal

salts), e.g. for R4NPF6, linear functions of (rim) vs.r'1are observed up to 1 molal solutions,
Fig. 8.

Decreasing viscosity, both by increase of temperature and addition of cosolvent, increases
ion rnobilities. This effect is opposed by the less significant decrease in permittivity which
diminishes the number of charge carriers and by changes in solvation when solvent mixtures
are used. DME molecules are apt to act as a bidentate ligand for Li+ ions with molecular
dimensions of the Li solvating 12-crown-4 ether thus entailing a significant change in the

mobility function (K/m) for DME-poor mixtures of the PC/DME solvent system (ref. 25); Kmax()
functions of lithium salts in these solutions show a larger increase when compared to those
of other alkali metal salts; specific solvation of Li ions by DME has also been proved in-
dependently by other methods (ref. 74).

Viscosity decrease resulting from both increased temperature and cosolvent addition acts in
the same direction proving that solvent viscosity is the main property controlling the energy

(a) (b)
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25

20

15

10

Fig. 8. Mobility functions (K/rn) vs. reciprocal radii of cations R4N
(R = Et, Pr, Bu) in PC solutions of R4NPF6 salts at constant salt
concentrations, (a) 0.1 rn, (b) 1 rn

barrier of the transport process. The decrease of solvent viscosity reduces the activation

energy Ea of transport, Ea = f(rn), and hence causes the shift of p values to higher concen-
trations, see Fig. 5 b. The absolute rnaxirnum KX, i.e. the maximum of Krnax as a function of

solvent cornposition (1-c) or temperature e, also increases with decreasing viscosity. Decrea-
sing ion-ion association acts in the same direction, e.g. K)( increases in the series LiBF4

(Fig. 6) < LiC1O4 (ref. 25) < LiAsF6 (Fig. 5 c) and so does the (1_*) value (solvent compo-
sition at which Kax is attained). The same permittivity effect causes the shift of (1_*)
for each electrolyte at varying temperature (Figs. 5 c and 6); maxima (Kax) are attained at

higher (1_*) values with decreasing temperature (increasing permittivity).

Fig. 9. Viscosity ii of PC-DME mixtures
(x=mole fraction of PC) as a function
of free volume at various temperatures
x = 0(o); 0.38(x); 0.48(D); 0.71(A);
1(e)

Fig. 10. Relative increase of con-
ductance (AK/%) caused by the
addition of DME to PC-solutions
(up to 1000 % at -40°C!);

(0) LiCl04, = 0.28; (A) LiAsF6,
= 0.32, (ci) LiBF4, = 0.37;
= weight fraction of PC; for the

definition of (AK/%) see text.
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Important information on transport properties is obtained from the study of viscosity. Un-
fortunately, such data are lacking in literature, especially for solvent mixtures and
temperature dependences.

A comprehensive investigation of viscosity equations for solvent mixtures (ref. 75) led us
to favour two-parameter equations of the McAllister type which reproduce viscosities with
high reliability and accuracy from a limited number of measurements. Again, FVT equations
yield important results. From a series of measurements on PC/DME mixtures at various tern-
peratures, Fig.4b, ideal glass transition temperatures TO() reaching from (49.1 ± O.7)K
for pure DME to (152.2 ± O.6)K for pure PC can be obtained by nonlinear fitting methods.
Based on glass transition temperature,"expansion free volumes, Vf" are obtained with the
help of appropriate density functions p(x,T) (x=mole fraction of PC)

Vf
V(x,T) - V0(x,T°) (11)

Figure 9 shows that the viscosity of the mixed solvent system can be represented by a master
curve. Deviations of the points are due to errors in extrapolations, the extrapolation ranges
(especially for DME) being extended. The positions of measured points on the master curve
show that effects on the free volume, excess volume (composition dependence) and thermal

expansion (temperature dependence), are theoretically accounted for by this approach which
is far better than the usual approaches.

It seems interesting to visualize the success of the mixed-solvent approach on conductivity.
Figure 10 shows the relativeincreaseof conductivity AK(%), AK(%) = [(Kmaxrnixt Kmax PC)!
Kmax PCJ100; the compositions of the solutions are chosen such that Kmax 15 very close to
Kax. The reason why all functions are identical within a limit of only 10 % (despite widely
varying Kmax values), is not yet clear.
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