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ABSTRACT 

Standard e.m.f. values at 25 o C for the cells Pt, H,(g, 1 atm) lH1, solventlAg1, Ag and M, 
Mx 1 solvent 1 AgX, Ag in nine solvent mixtures of dioxane with water, containing up to 80 
wt.% dioxane, are reported. The e.m.f. data were used to determine standard absolute 
potentials of the hydrogen, the Ag, AgX (X = Cl, Br and I) and the M, M+ (M = Li, Na, K, 
Rb and Cs) electrodes in these solvents by a new method reported recently. The radii of the 
solvated cations and their solvation extent in such media have been evaluated. The standard 
Gibbs free energies of transfer of individual ions from water to the respective solvents have 
also been computed. The results are interpreted and discussed in terms of the solvation 
characteristics of the solvents. The data obtained in the dioxane-water solvent system are 
compared with those in various aqueous protic and aprotic solvent systems. 

INTRODUCTION 

The study of the thermodynamic properties of individual ions in pure or 
mixed solvents has recently been a subject of interest. E.m.f. measurements 
on the cells 

Pt, H,(g, 1 atm) IHX(m), solvent IAgX, Ag 

and 

M, MX 1 solvent 1 AgX, Ag 

cell I 

cell II 
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have been extensively used [l-lo] not only to determine the thermody- 
namics of hydrogen halides and alkali metal halides in aqueous, partially 
aqueous and non-aqueous media, but also to evaluate the thermodynamics 
of individual ions in such media. A new method for the determination of 
absolute electrode potentials and the thermodynamics of individual ions in 
solution was described recently [l]. This method was successfully applied to 
cells I and II in various water-organic solvent systems, including both protic 
and aprotic solvents [1,2]. In the present work, the same procedure is applied 
to e.m.f. data of these cells in dioxane-water solvents at 25 o C. The studies 
have been extended to this solvent system, on the one hand, for further 
verification of the procedure used [1,2] in such media, and on the other 
hand, for the determination of the standard absolute potentials of the 
hydrogen, Ag, AgX (X = Cl, Br and I) and M, M+ (M = Li, Na, K, Rb and 
Cs) electrodes in each solvent, in order to compute the Gibbs free energies 
of transfer of the individual ions from water to the respective dioxane-water 
solvent mixtures, with a view to a comprehensive understanding of the 
ion-solvent interactions. 

To obtain the standard absolute potentials of the hydrogen and the Ag, 
AgX electrodes, the new procedure [1,2] requires a knowledge of the stan- 
dard e.m.f. (E,” ) values of cell I, where X = Cl, Br and I, in dioxane-water 
solvents. Those for X = Cl [3] and X = Br [4] were reported earlier from this 
laboratory. Therefore, in the present work, we have determined the E,” 
values of cell I for X = I (the standard potentials of the Ag, AgI electrode) in 
nine different dioxane-water solvent mixtures (containing up to 80 wt.% 
dioxane) from the e.m.f. measurements, at 25°C of the cell 

w4 (4 I KCl(x) (m) 

Ag, AgI KNO,(l -x) (m) j KNO,(l -x) (m) &Cl, Ag 

solvent , solvent 

cell III 

which is similar to that recently used [5] for the same purpose. 
The standard absolute potentials of M, M+ electrodes in these nine 

dioxane-water solvent mixtures have also been determined as before [2] 
from the e.m.f. measurements performed at 25°C on the double cell: 

Ag> AgX IMX(m), S IM(Hg) lMX(m), W l&S, Ag cell IV 

where M = Li, Na, K, Rb and Cs for X E Cl. S is the mixed solvent, W is 
water and m is the molality, which varies from 0.01 to 0.10 mol kg-‘. The 
standard e.m.f. (A E,” ) of cell IV is the difference between the E,” values of 
cell II in water and in the mixed solvent. 

However, comparisons have been made between the new values of the 
standard e.m.f. of cell 1 as well as of cell IV where possible and those 
reported previously by other investigators [5-121, in dioxane-water solvents. 
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EXPERIMENTAL 

Dioxane (BDH, AnalaR) was further purified as described earlier [3,4]. It 
was stored over sodium in an atmosphere of nitrogen, freshly redistilled and 
used within a few hours. AnalaR and Merck quality alkali metal salts were 
further purified [2,5,9], dried at 120” C and kept in a desiccator over 
phosphorus pentoxide [ll]. The water used was deionised water, redistilled 
twice and stored also under nitrogen [3,4]. Solvents were prepared by mixing 
dioxane and water in the required proportions by weight. Required sets of 
solutions in each solvent were prepared by mass dilution from a stock 
solution prepared from weighed amounts of salt and solvent. All solutions 
were freshly prepared before taking measurements. Transference of the 
solutions was made under nitrogen pressure and exposure to air was avoided 

[51. 
The preparation of the electrodes and cell solutions and other general 

experimental techniques and details have been described elsewhere 
[2,5,9,13-151. Exposure of the cells to light was always avoided. The temper- 
ature control was carefully maintained at 25 + 0.01” C. The e.m.f. values 
were reproducible to kO.05 mV for different solutions. All measurements 
were taken by three different electrodes for each solution. The cell measure- 
ments were made in triplicate, and the mean values of these observations 
recorded. The triplicates generally agreed withn +O.l mV. 

Incomplete dissociation of alkali metal salts in the media considered 
could be a source of error [ll]. This would be the case especially in media 
with low dielectric constants. This source of error could be avoided by 
working at lower salt concentrations [ll]. Thus, the e.m.f. values of cells III 
and IV were measured in nine different dioxane-water solvent mixtures, 
with six different values of m in the range 0.01-0.10 mol kg-‘. For cell III, 
the e.m.f. measurements were made with seven different values of x (ranging 
from 0.2 to 0.8) for each value of m. 

RESULTS AND DISCUSSION 

Standard potential of the Ag, AgI electrode 

From the e.m.f. data of cell III at 25 o C, the standard e.m.f. (E,“) values 
of this cell in nine dioxane and water solvent mixtures were determined by 
the extrapolation procedure described earlier [5]. In the dioxane-rich solvents 
(containing 50 wt.% dioxane or more), corrections have been made as before 
[4] for the incomplete dissociation of electrolytes in such media of low 
dielectric constant. The E,” values of cell III, so calculated at 25°C are 
recorded in Table 1. The average standard deviations in E,” values of cell 
III are ) 0.05 mV, k 0.15 mV and f. 0.20 mV for solvents containing up to 
30 wt.% dioxane, 60 wt.% dioxane and 80 wt.% dioxane respectively. 
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TABLE 1 

Values of standard e.m.f., E," (V), of cells III and I, where X = I, in dioxane-water solvents 
at 25 o C and previously reported values [5-81 for comparison 

Dioxane 
(wt.%) 

Reference Cell III 

E,” 

Cell I, 
(X = I) 
-E," 

0 

5 

10 

20 

30 

40 

45 

50 
60 
70 

80 

13 
This work 

7 
This work 
5 
7 
This work 
5 
6 
7 
This work 
5 
This work 
5 
This work 
6 
This work 
This work 
This work 
8 
This work 

- 

0.36987 
- 

0.36504 
_ 

0.35434 
_ 

- 

0.34349 
_ 

0.33231 
- 

0.32659 
- 

0.32100 
0.31135 
0.30212 

0.28527 

0.15235 
0.15215 
0.15274 

0.15202 
0.1509 
0.15423 
0.15151 
0.1519 
0.15136 
0.15452 
0.15326 
0.1557 
0.15869 
0.1591 
0.16283 
0.16025 
0.16928 
0.19084 
0.23830 
0.2243 
0.32546 

In any solvent, the E,” value of cell III is the difference between the E,O 
values of cell I for X = Cl and X = I, i.e. the difference between the standard 
potentials of the Ag, AgCl and Ag, AgI electrodes. Since the standard 
potentials of the Ag, AgCl electrode in these dioxane-water solvent mixtures 
were reported earlier [3] from this laboratory, those of the Ag, AgI electrode 
could be obtained by subtraction. The E,” values of cell I for X = I, i.e. the 
standard potentials of the Ag, AgI electrode, so calculated at 25 ’ C, are thus 
accurate to + 0.10 mV, f 0.20 mV and + 0.30 mV in solvents containing up 
to 30 wt.% dioxane, 60 wt.% dioxane and 80 wt.% dioxane respectively. 
These are also included in Table 1, together with previously reported values 
[5-81 for comparison. 

The standard potential E,” of the Ag, AgI electrode was determined in 20 
and 45 wt.% dioxane-water mixtures by Feakins and Turner [6] and in 5, 10, 
15 and 20 wt.% dioxane-water mixtures by Mussini et al. [7], using Owen’s 
borate-buffered cells at 25 o C. Bax et al. [8] determined the E,” value of the 
Ag, AgI electrode in a 70 wt.% dioxane-water mixture by comparison with 
that of the Ag, AgCl electrode known in this solvent. Also the E,” values of 
the Ag, AgI electrode were measured in aqueous mixtures containing 10, 20, 
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30 and 40 wt.% dioxane at 15, 25, 35 and 45 ’ C by Mishra et al. [5] using cell 
III. However, discrepancies between the reported values are generally noted 
(see Table 1); there is as much as a 3.3 mV difference for the 10 wt.% 
dioxane-water mixture and a 3.16 mV difference for the 20 wt.% 
dioxane-water mixture. 

It can be seen from Table 1 that our new value of E,” for the 20 wt.% 
dioxane-water mixture is in better agreement with that obtained by Feakins 
and Turner [6]. Also, the new E,” values for the aqueous mixtures contain- 
ing 20 and 40 wt.% dioxane agree well (within the sums of experimental 
errors) with those of Mishra et al. [5]. The new value of E,” for the 10 wt.% 
dioxane-water mixture is inbetween those of Mishra et al. [5] and Mussini et 
al. [7]. However, the agreement between the new E,” values for the rest of 
the solvent systems and the corresponding reported values is poor. Feakins 
and Turner [6] reported that their results in the 45 wt.% mixture were 
slightly less accurate and extrapolation did not therefore appear to be 
justified. The value of E,” obtained by Bax et al. [8] in the 70 wt.% mixture 
is not corrected for ion association. Furthermore, Feakins et al. [9], by their 
additivity rule, do not support the results obtained by Mussini et al. [7]. 
Therefore, the new values of E,” in dioxane-water solvent mixtures should 
be preferred. The present investigation was thus undertaken not only to 
check the previous data but also to extend the work to other solvent 
compositions at 25°C. This enables us to study solvent effects on the 
standard absolute electrode potential and related thermodynamic quantities 
in such media. 

Standard absolute potential of the hydrogen and Ag, AgX electrodes 

The new recently developed method [1,2] for the determination of ab- 
solute electrode potentials and the thermodynamics of individual ions in 
solution has now been applied to the e.m.f. data of cell I in dioxane-water 
solvent mixtures. According to this method, the oxidation potential of any 
electrode varies directly with the radius r of the solvated ion on whose 
activity the potential depends. Therefore, the cell e.m.f. is proportional to 
the radius of the solvated ion which is being varied in a series of electrolytes 
having a common ion [l]. Thus, in any solvent, the plot of the standard 
e.m.f. (E,“) values of cell I, containing HCl [3], HBr [4] and HI, against the 
radius of the solvated anion r_ should yield a straight line according to eqn. 
(1) at any temperature [l]: 

E,” = aPr+ - aPr_ 

This is readily verified in various dioxane-water solvent mixtures, and the 
least-squares results at 25 ’ C are collected in Table 2. In all solvents, perfect 
straight lines were obtained, and the extent of correlation is indicated by the 
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correlation coefficients (corr) and the differences A (mV) between the E,” 
values obtained experimentally and those calculated from eqn. (2): 

E,” =OL”E,” -O,“E,” (2) 

where OfE,O and OiE,O are the oxidation potentials of the left-hand electrode 
and right-hand electrode respectively [1,2]. 

Table 2 shows that the value of ar” decreases with increasing porportion 
of dioxane in the solvent system. As reported earlier [1,2], the values of up 
appear to be universal constants for all electrodes and dependent only on 
the medium at any temperature. However, as the dioxane content of the 
solvent increases, the radius of the solvated H+ ion (r+) decreases, i.e. the 
extent of solvation of the protons decreases, and the oxidation potentials of 
both the left-hand and right-hand electrodes, OtE,O and O,“E,O, respectively 
decrease. These features have recently been observed in aqueous methanol 
(MeOH), aqueous ethylene glycol (EG) and aqueous propylene glycol (PG) 
solvent systems [1,2]. 

The protons therefore, must be less solvated in the mixed solvent than in 
water, and much less solvated when the dioxane content in the solvent is 
increased (Table 2). The solvation of protons in aqueous dioxane solvents 
could be compared also with that in aqueous dimethyl sulphoxide (DMSO) 
solvents, where the protons become gradually more solvated (Y, values 
increase) on the successive addition of DMSO to the aqueous medium [15]. 
This may reflect the different natures of the dipolar aprotic solvent (DMSO) 
and the non-polar aprotic solvent (dioxane) in mixtures of each with water. 

The standard free energy changes ( AG: ) involved in the half-cell reac- 
tions are essentially related to the standard absolute electrode potentials 
(FE,” ) by the relation [1,2] 

AG” = -FO”EO 
E E m (3) 

where F is the faraday. Thus, the values of AG: could be computed on the 
molal scale using the O,“E,” values given in Table 2. Since the oxidation 
potentials of the single electrodes are all positive and decrease with increas- 
ing dioxane concentration in the solvent, the values of AGE (not included) 
are all negative and increase with increasing dioxane concentration in the 
solvent. The standard free energy change associated with the overall cell 
reaction can then be obtained as the difference between those for the 
half-cell reactions, both based on the same oxidation potential scale [1,2]. 

It is noteworthy that while the negative values of E,” for cell I containing 
HI appear to pass over a maximum at around 20 wt.% dioxane, the standard 
absolute potentials of the hydrogen or Ag, AgX electrodes are all positive 
and decrease directly (in one direction), with increasing amounts of dioxane 
in the solvent. Since the value of E,” is the difference between those of O,“E,” 
and O,“E,” (see eqn. (2)) the rate of variation of each will determine the net 
rate of variation of E,” with solvent composition. This can explain the 



maximum observed at around 20 wt.% dioxane for the E,” values of cell I 
containing HI. 

Standard transfer free energies of individual ions 

The standard Gibbs free energy of transfer is an important index of the 
differences in interactions of the ions and the solvent molecules in the two 
different media, and the individual ion free energies of transfer provide a 
clearer understanding of ion-solvent interactions than do the free energies 
of transfer of the HX acids or MX electrolytes [16-211. The values for the 
standard Gibbs free energy AGp for the transfer of an individual ion from 
water to various dioxane-water solvents were calculated [1,2] on the molal 
scale from the standard absolute electrode potentials in water (:E,” ) and in 
the respective mixed solvents (SEE: ) using eqn. (4): 

AG; = F(;E,” -“E E,o) (4) 
The values of AGp calculated at 25” C on the basis of the oxidation 
potential scale [1,2] are included in Table 2. These AGP values are accurate 
to f 80 J mol-‘. It is evident from Table 2 that for all ions the values of 
AGp increase positively with increasing proportion of dioxane in the solvent. 
The observed positive increase in AGp values suggests that the transfer of 
ions from water to the respective dioxane-water solvents is increasingly 
unfavourable. The positive AGp values indicate that the ions are in higher 
free energy states in the mixed solvents than in water, and therefore the 
transfer process is not spontaneous. 

Gibbs free energies of transfer of individual ions from water to any 
solvent of low dioxane content (up to 20 wt.% dioxane) increase in the order 
Cl- < Br- < H+ < II, but to any solvent of higher dioxane content (30-80 
wt.% dioxane) the order becomes Cl- < Br- < I- < Hf. Again, the different 
rates of variation of O,“E,” and O,“E,” with solvent composition are also 
responsible for these orders. However, this feature, which is verified also by 
the previous results [5,6,8] in Table 3, is not observed in the data of Mussini 
et al. [7]. Generally, for the transfer of halide ions to any dioxane-water 
solvent, the values of AGp increase in the order Cl- < Br- < I- which is 
evident in several solvent systems [1,2,15]. 

Standard Gibbs free energy of transfer of HX acids or MX electrolytes is 
given [1,2] by eqn. (5): 

AGp (HX or MX) = AGp (H+ or M+) - AGP (X-) (5) 

where AGp(H’ or M+) and AGp(X-) are the standard Gibbs transfer free 
energies on the molal scale of H+ or M+ and X- ions respectively. The 
values of AGP for halogen acids, calculated using eqn. (5) at 25 O C are also 
included in Table 2. The standard free energies of transfer for the pair of 
ions (H+II) are found to be negative for solvents of low dioxane content. 
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They decrease to a negative minimum at around 20 wt.% dioxane and 
thereafter increase positively with increasing dioxane amounts in the solvent. 
But in the case of H+Cl- and H’Br-, the values of AGp are all positive and 
increase with increasing dioxane concentration in the solvent. However, this 
behaviour indicates that the combined effects of the solvent and solute 
properties do not favour the transfer of HC1 and HBr to any solvent, and HI 
to solvents of 30 wt.% dioxane or more, while they increasingly favour the 
transfer of HI to solvents of low dioxane content, the transfer being most 
favourable to the 20 wt.% dioxane-water solvent. 

It is interesting to note from eqn. (5) that the net value of AGp of HX is 
thus determined by the rate of increase in the positive values of AGp of both 
H+ and X- ions with increasing dioxane concentration in the solvent. This is 
responsible for the minimum observed at around 20 wt.% dioxane for the 
AGp values of Hi. Furthermore, the values of AGp decrease in the order 
HCl > HBr > HI for the transfer to any solvent. This is expected since the 
value of AGp for the transfer of halide ion to any solvent increases from 
Cl- through Br- to I-. 

The new method and previous e.m.fi data of cell I in dioxane-water solvents 

The new method for the determination of absolute electrode potentials as 
well as transfer free energies of individual ions [1,2] has been applied also to 
the previous e.m.f. data for the halogen acids [5-81 in dioxane-water 
mixtures. The least-squares results of applying eqn. (1) to the e.m.f. data are 
listed in Table 3. The same interesting general features and trends seen in 
Table 2 are again observed, leading to the same conclusions. However, the 
results obtained from the e.m.f. data of Mussini et al. [7] show disagreement 
with other results [5,6,8]. For example, for solvents of low dioxane content 
(containing up to 20 wt.% dioxane), their values [7] for the transfer free 
energies of I- ions are always less than those of Hf ions so that the values of 
AGp for H+I- are all positive. These are 26 J mol-i, 170 J mole*, 152 J 
mol-’ and 164 J mol-’ for the transfer to the aqueous solvents containing 5 
wt.%, 10 wt.%, 15 wt.% and 20 wt.% dioxane respectively. This irregular and 
peculiar order of positive values contradicts all other data [5,6,8] as well as 
the new values obtained in the present work. 

Standard e.m.f: of cell IV in dioxane-water solvent mixtures 

The e.m.f. values of cell IV, AE, at various molalities, were treated as 
previously mentioned [9,14,20,21] to give the standard e.m.f. values AEG 
(Table 4). Mean deviations from the final extrapolation lines were normally 
0.1 mV or less for the different solvents. The values of AEZ are accurate to 
+O.l mV, t-O.2 mV and -to.3 mV or better for solvents containing up to 30 
wt.%, 60 wt.% and 80 wt.% dioxane respectively. 
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TABLE 4 

Values of standard e.m.f., AE,O (mv), of cell IV in dioxane-water solvents at 25OC and 
previously reported values [9-111 for comparison 

Dioxane Reference LiCl NaCI KC1 RbCl CsCl 
(wt.%) 

5 

10 

20 

30 

40 

45 

50 

60 

70 

80 

This work 
11 
This work 
9 
11 
This work 
9 
10 
11 
This work 
11 
This work 
9 
11 
This work 
10 
11 
This work 
11 
This work 
11 
This work 
10 
11 
This work 
11 

6.40 7.45 
- - 

13.20 15.75 
13.15 15.75 
13.44 17.35 
28.20 33.70 
28.23 33.58 
_ _ 

28.19 35.13 
46.00 55.55 
45.97 55.51 
67.40 81.95 
69.32 81.86 
67.21 81.09 
80.20 97.05 
- _ 
_ 

94.35 
94.10 

128.10 
_ 

167.05 
_ 

_ 

114.00 
114.05 
152.80 

_ 

195.10 
- 

_ 

209.70 
- 

_ 

241.15 
_ 

7.65 

16.00 
15.91 

34.50 
34.61 
33.80 

56.45 

83.65 
83.56 

99.30 
99.60 
- 

117.05 

156.20 
- 

200.10 
227.70 

- 

247.90 
- 

7.50 6.95 
7.89 _ 

15.20 14.70 
14.57 14.25 
15.26 _ 

34.00 32.55 
34.61 32.70 
34.69 _ 

34.04 _ 

56.50 53.30 
55.69 _ 

84.50 78.70 
84.48 78.64 
82.03 _ 

101.95 93.55 
97.14 - 

98.87 _ 

121.95 110.50 
114.81 _ 

168.05 147.70 
155.37 _ 

220.70 189.20 
219.42 _ 

220.73 _ 

277.20 234.60 
275.56 _ 

In a comparison between amalgam and glass electrode results, Clune et al. 
[12] reported that the agreement between the results with the two types of 
electrode seems excellent at relatively low concentrations of organic solvent, 
say up to 40 wt.%, particularly for an unreactive solvent like t-butanol, and 
more work is therefore needed at the higher concentrations of organic 
solvent. In the dioxane-water system (solvents containing 10, 20 and 40 
wt.% dioxane), values of AGP obtained with glass electrodes [ll] and with 
amalgam electrodes [9] for LiCl, NaCl and RbCl show that the agreement is, 
on average, f 97 J ( f 1 mV) which is satisfactory and within the sums of 
experimental errors [12]. 

Many comparisons are possible over wider ranges of solvent composition. 
The new values of AE: for cell IV in dioxane-water solvent mixtures at 
25 o C are recorded in Table 4, together with the previous data [9-111 using 
both amalgam electrodes [9,10] and glass electrodes [ll] for comparison. In 
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general, the agreement between our results and those obtained by the other 
investigators is acceptable, being practically always within the combined 
precision limits of their and our measurements. Especially for the 70 wt.% 
dioxane-water mixture, the value of Smits et al. [ll], corrected for associa- 
tion, is in better agreement with the new value and both approach more 
closely the value reported by Bax et al. [lo]. In general, the values of AE,” 
reported by Smits et al. [ll], using glass electrodes, are in good agreement 
with those obtained using amalgam electrodes (the new values as well as 
those of Feakins et al. [9] and Bax et al. [lo]) in solvents of low dioxane 
content. However, the agreement between the new values and those previ- 
ously reported for KC1 in 70 wt.% dioxane-water solvent [lo] and for RbCl 
in aqueous solvent mixtures with 50, 60 and 80 wt.% dioxane content [ll] is 
poor. These reported values [lO,ll] were not corrected for the incomplete 
dissociation of KC1 and RbCl in these media of low dielectric constant. 
Thus, since our new values of AEZ in dioxane-rich solvents are all corrected 
for the incomplete dissociation of electrolytes in such media of low dielectric 
constant, they should be preferred. However, in the present investigation, in 
view of recent technical developments with the amalgam electrodes and their 
use in e.m.f. measurements [14,20-221 to obtain more accurate results, the 
standard e.m.f.s of the double cell IV have been determined at 25 o C by the 
procedure adopted recently [14,20,21], a method which is generally recog- 
nized as being the most reliable [20,21]. In addition, all the precautions we 
have taken in the experimental work make ours the more reliable. 

The overall spontaneous reaction of cell IV is the transfer of 1 mol of the 
alkali metal halide from the mixed solvent to water. Thus, from AEG 
values, standard Gibbs free energies of transfer ( AGp ) of MX from water to 
the appropriate solvent could be computed ( AGp = FA E,” ). The AGp values 
(not included) are correct to better than f 10 J mol-‘, k20 J mol-’ and 
f30 J mol-’ for solvents containing up to 30 wt.%, 60 wt.% and 80 wt.% 
dioxane respectively. The increasingly positive A E,” and thus AGp values of 
alkali metal halides indicate that the dissolution of these salts is not 
favoured by the addition of dioxane to water. This behaviour is of course the 
result of the combined effects of reduced dielectric constants and overall 
interactions of the cations and anions with the dioxane-water solvents 
relative to that with water. However, the individual ionic contributions to 
the total AGp values are naturally more conveniently interpreted in terms of 
the solvation characteristics of the solvents. 

Standard absolute potential of M, A4 i electrodes and transfer free energies of 
M + ions 

The value of AE: is the difference between the E,” values of cell II in 
water, WE,“, and in the respective dioxane-water solvent, ‘E,O, i.e. 

AE,,” =WE,” -‘E,” (6) 
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The values of wE,” of cell II have been recently reported [1,2,15] and thus, 
those of ‘E,” could be computed in the mixed solvents for cell II containing 
MX = LiCl, NaCl, KCl, RbCl and CsCl. These are recorded in Table 5. 
From a knowledge of the computed values of the standard absolute poten- 
tial of the Ag, AgCl electrode (Table 2) in each solvent, those of Li,Li+, 
Na,Na+, K,K+, Rb,Rb+ and Cs,Cs’ electrodes ( otE,y ) could be obtained 
from ‘E,” values of cell II containing LiCl, NaCl, KCl, RbCl and CsCl 
respectively, by using eqn. (2). Thus, the values of O[E,y calculated at 25°C 
are listed in Table 6. The radius of the solvated cation (r+) in the standard 
state can thus be obtained [1,2] in each solvent. The solvation extent (S,) 
was calculated as the difference between the r+ values obtained and the 
ionic radii of non-solvated ions in the aqueous medium [1,2]. The values of 
r+ and S, are also given in Table 6. 

The standard transfer Gibbs free energy of individual cations from water 
to the respective dioxane-water solvents were computed (Table 6) using eqn. 
(4). These are accurate to kg0 J mall’. Furthermore, by coupling the 
standard absolute potentials (O,“E,y ) of M, M+ (M = Li, Na, K, Rb or Cs) 
electrodes with those (‘,“E,“) of Ag, AgX (X = Br or I) electrodes using eqn. 
(2) the values of E,” for cell II containing MX electrolytes could be 

computed. All the E,” values of cell II in various dioxane-water solvents at 
25 o C are collected in Table 5. 

Table 6 shows that OcE,y values decrease with increasing dioxane content 
in the solvent. This is reflected by the increasingly positive values of AGp 
for cations in the same direction. In any solvent, the irregular order of 
variation in the standard absolute potentials of the alkali metal electrodes, 
from Li, Li+ to Cs, Cs+, is dictated by the extent of solvation of the alkali 
metal ions, and thus by the radii of solvated cations. The values of Y, and S, 
increase with increasing proportion of dioxane in the solvent. As the water 
content of the solvent decreases, the water molecules in the solvation sheath 
around the M+ ion are gradually replaced by dioxane molecules of larger 
size (compared with those of water). Therefore, the increasing Y, and thus 
S, values were expected. However, the values of Y, indicate that, so far as 
any M + ion is concerned, water is a weaker solvating agent than the 
dioxane-water solvents. 

The successive substitution of water molecules by the larger-sized dioxane 
molecules in the solvation sheath, on the gradual addition of dioxane to the 
solvent, is supported by the very interesting feature seen in Table 6. In any 
solvent, the extent of solvation (S,) increases in the expected well-known 
order, Cs+ < Rb+ < K+ < Na+ < Li+, and the Li+ ion is always highly 
solvated. Similar results were also obtained for the alkali metal ions in the 
MeOH-water, EG-water, PG-water [1,2] and DMSO-water [15] solvent 
systems. 

An assessment of AG,” for the individual ions is necessary in order to 
draw meaningful conclusions about these results and hence about ionsolvent 
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interactions in these solvents. The values of AGp show a qualitative resem- 
blance to other mixed-solvent systems [1,2,15] in that all the values are 
positive and increase, i.e. ion transfer becomes increasingly less favourable, 
with rising organic content of the solvent. Now, if the transfer behaviour of 
the individual ions is compared, for example, with that in MeOH-water 
solvents [l] at the corresponding solvent compositions, the smaller positive 
values of AGp obtained in MeOH-water solvents suggest that the ion 
affinity of these solvents is greater than that of dioxane-water solvents. 

However, the values of AGp for cations do not follow such a regular 
order in any solvent (Table 6). If AGp values for the individual M+ ions are 
examined as a function of S, (i.e. as we proceed from Li+ through Na+, K+ 
and Rb+ to Cs’), the pattern is very similar to that found for transfers from 
water to MeOH-water [l] and DMSO-water [15] solvent systems. There is a 
marked rise in AGp from Li+ to Na’ and a fall from Rb+ to Cs+ with a 
maximum (for K+ in solvents of low dioxane content) that shifts (to Rb+ in 
solvents of high dioxane content) as the proportion of dioxane is increased. 
While the shifting of the maximum to Rb+ occurs around 90 wt.% MeOH 
and 50 wt.% DMSO in the MeOH-water and DMSO-water systems respec- 
tively, it occurs at a dioxane content as low as 30 wt.% dioxane in the 
dioxane-water system. Nevertheless, the essential similarity in the profiles 
of AGP against S, points to a common cause for the resulting behaviour of 
these simple ions in these solvent systems [15]. 

Solvation characteristics of the solvents and A(G): values 

Another important feature noticed in MeOH-water, EG-water, PG-water 
[1,2] and now in dioxane-water solvent systems, on the one hand, is the 
increased desolvation of the proton (r+ values decrease), and on the other 
hand, the increased solvation of the M+ ions (r, values increase) with 
increasing amounts of the organic solvent. Thus, if the solvation of ions is 
concerned, r + values should reflect the solvating capacities of the solvent 
concerned and water towards the ion. The increasing r+ values for all M+ 
ions presumably indicate that the dioxane-water solvents possess greater 
solvating capacities (which increase with increasing dioxane amounts in the 
solvent) towards ions than water. The opposite is the case for protons. 
Nevertheless, both O,“E,” values for the hydrogen electrode (reversible with 
respect to H+ ions) and M, M+ electrodes (reversible with respect to M+ 
ions) decrease with increasing dioxane concentration in the solvent. Thus, as 
it is apparent from this relationship that if the single electrode potential is 
largely influenced by the value of a;, values of O,“E,” as well as of AGp 
should not reflect the solvating capacities of the solvent concerned and 
water towards the ion. This may be so because, although r+ values decrease 
for protons and increase for M+ ions, AGp values for the transfer of a 
proton or any M + ion increase with increasing dioxane content in the 
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solvent. Thus, the increasingly positive values of AGP for all (H+ and M+) 
ions presumably indicate that there is no relationship between AGp values 
and the solvation of ions. 

The new method and e.m.f: data of cell II in dioxane-water solvents 

Furthermore, the new method [1,2,15] has been applied to the previous 
E,” values of Feakins et al. [9] for cell II containing KCI, KBr and KI in the 
20 wt.% dioxane-water mixture (the only available data for alkali metal 
halides in dioxane-water mixtures can be used for our purpose) to verify its 
use in such media, and to obtain the absolute potentials of M, Mf and Ag, 
AgX electrodes in this solvent and also the transfer free energies of the 
individual ions for comparison with the new values obtained in the present 
work. However, the least-squares results of applying eqn. (1) to the E,” 
values [9] of cell II show that -corr (lo-*) = 100.0000, A (mV) values for 
KCl, KBr and KI are -0.11, +0.18 and -0.07 respectively and a: (lOlo V 
m-i) = 1.01193. The values of r+, S,, FE,” and FE,” (and thus AGp 
values for individual ions) are all almost the same as those obtained in the 
present work, and thus could be interpreted and discussed in the same 
manner. However, these results lend further support to the validity of our 
new values and also to the general applicability of the new method and 
procedure [1,2,15] in dioxane-water solvent mixtures for the determination 
of absolute electrode potentials as well as transfer free energies of individual 
ions. 

Moreover, Feakins et al. [9] reported that AGp values should be additive 
in the values for the ion constituents. That this is really so, in view of eqn. 
(5), is realized [1,2,15] in several aqueous, non-aqueous, protic and aprotic 
solvents. The difference, AGp (MX) - AGp (HX), which is AGp (M+) - 
AGp(H+), should be constant (within the experimental error) for any M+ 
ion and independent of X (X = Cl, Br or I). This reflects the high degree of 
consistency between the values of AGp for the halogen acids and those for 
the alkali metal halides [9]. 

Feakins procedure and thermodynamics of single ions 

Feakins and coworkers [6,9,12,14,18,19,21] assumed that the free energy 
of transfer (and thus E,” ) is inversely proportional to the radius of the ion 
which is being varied in a series of electrolytes having a common ion. 
However, it should be pointed out that this possibility [1,2] for the variation 
in the reduction potential of any electrode with l/r_ has also been examined 
in view of the present e.m.f. data of cells I and II in dioxane-water solvents. 
Again, the results gave the same conclusions as those which have already 
been obtained in our previous work [1,2,15] in several solvent systems 
including protic, aprotic, partially aqueous and non-aqueous solvents. The 
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same important and interesting general features [1,2,15] have been apparent 
again in the present work, and thus provide further strong evidence that the 
plots of standard e.m.f. and transfer free energy or entropy against the 
reciprocal of the anionic or cationic radius, used earlier [5-7,9,12,14,18,19,21] 
to obtain the thermodynamic properties of single ions, cannot be accepted 
[1,2]. All the results obtained lead to a recognition of the interest, validity 
and general applicability of our new method [1,2]. Above all, it represents a 
more exact method for the determination of absolute electrode potentials as 
well as the thermodynamic properties of individual ions in any solvent 
without extra thermodynamic assumptions of any type. 
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