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ABSOLUTE ELECTRODE POTENTIALS IN DIMETHVL 
SULPHOXIDE-WATER MIXTURES AND TRANSFER FREE 
ENERGIES OF INDIVIDUAL IONS 

MAHMOUD 

Umm Al-Qura University, AI-Tag City, 
Shihar (Saudi 

The standard potentials of H, lH+, MlM+ (M = K, Rb Ag 1AgX 
Cl, Br I) electrodes 

wt.% DMSO, have been determined from measurements 

the type: AglAgXIMX SlM(Hg)lMX (m), WlAgXlAg, it, at 25°C 
our recently reported procedure. The interest, validity and this 
procedure both aqueous protic and have been demonstrated. The radii 

and their solvation have been calculated. The 
free energies and alkali well as their 

constituent ions from each of DMSO-water mixtures have been also 
computed. The results are and discussed. 

INTRODUCTION 

The energetics of ion solvation in the aqueous dipolar aprotic solvents 
have received increasing attention recently [l-6]. These are fundamentally 
important in that they constitute the basis of theories of ion-solvent 
interactions and provide an insight into the structural aspects of these 
solvents [3]. However, relatively little is known of ion-solvent interactions in 
such solvents. The thermodynamic basis of these interactions in many of the 
aqueous dipolar aprotic solvents, including dimethyl sulphoxide 
(DMSO)-water mixtures, is not yet established [2]. Thus, Khoo [3] reported 
free energies of transfer, AG: of X- (X = Cl, Br and I) and H+ ions from 
water to some aqueous DMSO solutions, evaluated from studies on the 
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TABLE 1 

Values of AE!: (mv) for cells (A) in dimethyl sulphoxide-water mixtures at 25”C, and 
previously reported [1,2,4] values, for comparison 

DMSO LiCl NaCl KC1 KBr KI RbCl CsCl 
(wt.%) 

5 This work 2.7 5.2 5.5 

[41 2.6 5.3 5.3 

10 This work 5.6 10.6 11.2 

PI 5.3 10.4 10.8 

121 5.7 12.3 11.5 

[41 5.5 10.7 11.2 

20 This work 13.2 23.4 25.0 

Ill 13.6 23.4 24.1 

PI 12.7 21.0 26.2 

141 11.9 22.5 24.9 

30 This work 22.2 38.8 41.0 

141 19.6 37.3 41.5 

40 This work 32.0 58.3 61.7 

PI 32.0 58.1 61.7 

PI 34.7 58.4 64.9 

[41 28.6 55.0 61.6 

50 This work 42.7 81.2 85.7 

141 38.6 76.3 85.8 

60 This work 53.7 104.1 111.3 

VI _ 104.3 _ 

121 53.8 103.0 111.5 

[41 51.4 100.6 114.2 

2.7 

6.4 
6.5 
_ 
- 

16.4 
_ 
- 
- 

28.2 
- 

41.5 
- 
- 
- 

55.5 
_ 

71.3 
_ 
- 
- 

0.7 
- 

1.5 
1.4 
- 

3.8 
- 
_ 
- 

6.4 
- 

9.0 
_ 
_ 
- 

11.6 
- 

14.2 
_ 

.- 

5.4 
5.3 

5.0 
4.1 

11.1 10.2 
11.0 10.3 
11.0 10.9 
11.2 8.3 

24.3 23.1 
23.7 23.1 
25.3 24.6 
24.3 19.0 

40.7 38.7 
40.8 33.2 

61.4 
59.7 
61.3 
61.6 

86.0 
84.1 

59.2 
59.3 
56.9 
51.5 

83.6 
74.5 

113.6 
_ 

113.5 
114.8 

110.0 

110.1 
100.0 

standard potentials of Ag ]AgX IX- electrodes in these solvents. Smits et al. 
[4] determined AGp values of the alkali metal chlorides, MC1 (M = Li, Na, 
K, Rb and Cs), from water to several DMSO-water mixtures, by EMF 
measurements using glass electrodes. The values of AGp of MC1 were also 
reported by Das and Kundu 121, from water to aqueous solutions of DMSO 
containing 10, 20, 40 and 60 wt.% DMSO, and by Feakins et al. [I] to 40% 
DMSO, of NaCl to 60% DMSO and of KBr and KI to the 10% mixture. All 
these EMF measurements were at 25 o C. 

Although the EMF data reported by Feakins et al. [l] and Das and 
Kundu [2] were obtained by amalgam electrode measurements, the agree- 
ment is less satisfactory. Discrepancies between the reported EMF values 
(AE,“,) were generally noted (see Table 1); e.g. there is as much as 3.2 mV 
difference for KC1 in 40% DMSO. Further, the data obtained by amalgam 
electrodes [1,2] are in poor agreement with those by glass electrodes [4]. For 
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LiCl, the AEZ values are 34.7 mV [2], 32.0 mV [l] and 28.6 mV [4], and for 
CsCl are 56.9 mV [2], 59.3 mV [l] and 51.5 mV [4], in 40% DMSO. 

Recently, we reported [7,8] a new procedure to obtain the standard 
absolute potentials of H, ]H+, M 1 Mt and Ag ] AgX electrodes in aqueous 
and non-aqueous protic solvents, as well as the thermodynamics of individ- 
ual ions, without any extrathermodynamic assumption. As far as electro- 
chemical methods are concerned, amalgam electrodes have been considered 
for a long time as the most reliable means for the determination of alkali 
metal ion activity in solution [1,8]. Thus, in order to resolve the discrepan- 
cies noted, and as a continuation of previous investigations [6-91 in both 
aqueous and non-aqueous solvents, EMF measurements were made at 25°C 
on the double cell 

AgIAgXlMX (m>, SIM(Hd IMX(~~JVWW% (4 
or a variant of it [l]; where M = Li, Na, K, Rb and Cs for X = Cl and 
M = K for X = Br and I. S is mixed solvent, W is water and m is molality, 
which varies from 0.02 to 0.20 mol kg-‘. In the present paper, the new 
procedure [8] is applied to the EMF data of cell (A) to verify its use in such 
aqueous dipolar aprotic media, and to obtain the absolute potentials of 
H, I H+, M I Mi and Ag ]AgX electrodes in seven DMSO-water mixtures 
containing up to 60 wt.% DMSO, and the transfer free energies of halogen 
acids and alkali metal halides as well as their constituent individual ions 
from water to the respective DMSO-water solvent mixtures. 

EXPERIMENTAL 

DMSO and other materials used were as before [1,6,8]. For the EMF 
measurements the procedure was generally as described previously [1,8], 
with the modifications reported by Feakins et al. [l] for the solvents 
containing > 30% DMSO, because of the solubility of the silver halide from 
the electrodes. The temperature of the measuring cell was carefully main- 
tained at 25 f 0.05“C. Experimental details and mathematical treatment of 
the results have been described earlier [1,8]. Attempts at measurements with 
cell (A), where X = Br and I, in > 70% DMSO failed; poorly reproducible 
EMF values were obtained. As reported [1,3], this may be due to the 
relatively high solubility of these silver halides in such solvents. 

RESULTS AND DISCUSSION 

The EMF values of cell (A) were treated as before [1,8] to give the 
standard EMF values, A Et, which are collected in Table 1. These values are 
accurate to f0.2 mV or better. Table 1 also includes values of A En9 
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TABLE 2 

Values of E,! (V) of cells (B) and (C) in dimethyl sulphoxide-water mixtures at 25°C and 
those of Feakins et al. [l] in the 10% DMSO mixture 

DMSO 
(wt.%) 

HCl LiCl NaCl KC1 KBr KI RbCl CsCl 

0 0.22236 3.2667 2.9352 3.1472 2.9974 2.7727 3.1475 3.1454 

5 0.22162 3.2640 2.9300 3.1417 2.9947 2.7720 3.1421 3.1404 

10 0.22104 3.2611 2.9246 3.1360 2.9910 2.7712 3.1364 3.1352 

Feakins et al. [l] 0.2210 3.2614 2.9248 3.1364 2.9909 2.7713 3.1365 3.1351 

20 0.21998 3.2535 2.9118 3.1222 2.9810 2.7689 3.1232 3.1223 

30 0.21900 3.2445 2.8964 3.1062 2.9692 2.7663 3.1068 3.1067 

40 0.21773 3.2347 2.8769 3.0855 2.9559 2.7637 3.0861 3.0862 

50 0.21564 3.2240 2.8540 3.0615 2.9419 2.7611 3.0615 3.0618 

60 0.21176 3.2130 2.8311 3.0359 2.9261 2.7585 3.0339 3.0354 

reported earlier [1,2,4], for comparison. As would be expected, the best 
agreement is between the present results and those obtained with amalgam 
electrodes [1,2]. Good agreement is also observed between the two sorts of 
electrodes in several places. For CsCl, the AEZ values obtained with glass 
electrodes [4] are appreciably lower than those of amalgam electrodes; Smits 
et al. [4] reported that their data for this electrolyte (CsCl) are also poorly 
reproducible. All the precautions taken over the dissolution of silver and 
other halides make ours the more reliable data. 

The value of A En9 is the difference between the En9 values of cell (B) 

MIMXSIAgXIAg (B) 

in water and in the DMSO-water solvent mixture, i.e., 

AE,q =“Ez -“E,q (1) 

The values of “Ez of cell (B) have been obtained recently [8], and thus, those 
of “Ez could be computed in each of the DMSO-water mixtures for cell (B) 
containing MX = LiCl, NaCl, KCl, KBr, KI, RbCl and CsCl. These are 
recorded in Table 2, together with earlier results [6] for HCl in DMSO-water 
mixtures, obtained from EMF measurements on cell (C). 

PtIH, (g,latm)IHX,SIAgXIAg (C) 

The new procedure [7,8] can be applied to the En9 values of cells (B), 
containing KCl, KBr and KI, in each solvent (Table 2). This procedure 
depends on the fact that there are generally two possibilities (I and II) for 
the variation of the electrode potential with the radius of the solvated ion, r, 
on whose activity the potential depends, i.e., either the oxidation potential 
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varies directly with r (case I), or the reduction potential varies inversely with 
r (case II). Therefore the standard EMF (Ez) of a cell, which is the 
difference between two oxidation or reduction potentials, is given as either 

E; = “;. Ez - “;; E,q = ++ - @ (2-I) 

or 

E;, = “; En9 - “; En9 = ai/r- - ai/r’ (2-11) 

where r+ and r- are the radii of solvated cations and anions, respectively, 
and all the symbols have their usual significance [7,8]. Therefore, the cell 
EMF (Ez) is proportional to the radius of the solvated ion which is being 
varied in a series of electrolytes having a common ion [7,8]. 

Standard absolute electrode potential 

According to eqns. (2-I) and (2-II), the plot of Ez of cells (B), containing 
KCl, KBr and KI, against r- (method I) or against l/r- (method II) gave 
almost perfect straight lines, in each solvent. The least-squares results of 
applying eqns. (2-I) and (2-11) to the En9 values of cells (B) in DMSO-water 
solvent mixtures at 25 o C, are summarized in Tables 3 and 4, respectively. As 
previously [7,8], the standard absolute potential of the K 1 K+ (,Ez) and 
Ag 1 AgX (R E,f,) electrodes, the radius of the solvated K+ ion (r+) and thus 
its solvation extent (S,), in the standard state, have been computed by both 
methods I and II. As expected [7,8], different values based on different, 
oxidation or reduction, potential scales are obtained. Of course, only one set 
of data should be credited. However, it is evident [7-91 that method I should 
be applied to the EMF data for the determination of absolute electrode 
potentials as well as thermodynamics of individual ions in solution, and thus 
its set of data should be credited. All previous results [7-91 gave evidence 
that the plots of standard transfer free energy or entropy against l/r-, used 
earlier [l-3] to obtain the thermodynamic properties of individual ions, 
cannot be accepted. Nevertheless, the results of calculations by both meth- 
ods I and II are considered in the present work, in order to provide further 
proof for these conclusions. 

Using the known computed values of the standard absolute potential of 
the Ag JAgCl electrode, in each solvent (Tables 3 and 4) those of H, 1 H+, 
Li]Li’, Na ]Na+, Rb]Rb+ and Cs]Cs+ electrodes, containing HCl, LiCl, 
NaCl, RbCl and CsCl, respectively, could be obtained from the Et values 
of cells (C) and (B) (Table 2). Thus, the radii of the solvated cations (r+) 
and their solvation extent (S,), as well as the individual ionic contributions 
to AGp values of electrolytes, in each solvent, were calculated as before [7,8]. 
These are included in Tables 3 and 4. 

The results in Tables 3 and 4 reflect the following interesting features. 
(1) In all solvents, eqn. (2-I) fits better than eqn. (2-II), as indicated by 

the correlation coefficients (corr). Further, the differences (A, mV), between 
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the original Ez values and those calculated by eqn. (2), reflect the extent of 
this correlation. Thus, although only three points are available, the correla- 
tion coefficients and values of A always indicate [7-91 that the variables are 
very closely related in the wider range (Y- = 1.81-2.16) of case I than in the 
narrower range (l/r- = 0.463-0.552) of case II. 

(2) The ratio (at/a:) is constant (3.922 k 0.001) and independent of the 
solvent type and composition; the same result has been obtained in several 
solvent systems [7-91 including both protic and aprotic, partially aqueous 
and non-aqueous solvents. Thus, L$ and at appear to be universal constants 
for all electrodes, dependent only on the temperature and the medium. The 
values of these constants decrease with increasing either the temperature or 
the organic content of the solvent system [7-91. 

(3) While the radius of the solvated proton calculated by both methods I 
and II (r,’ > r$, in any solvent) increases with increasing DMSO content in 
the solvent, the radii of the solvated alkali metal cations and thus their 
solvation extent calculated by method I increase, but those calculated by 
method II decrease. As the water content of the solvent decreases, the water 
molecules in the solvation sheath around the ion are gradually replaced by 
the larger more polar DMSO molecules [2]. Therefore, the increasing values 
of Y+ and S,, obtained by method I, are as expected. This may be so in view 
of the results obtained by Cowie and Toporowski [lo], on the basis of 
viscometric, densimetric, heat of mixing and refractive index measurements, 
indicating that there is a greater degree of association in DMSO--water 
mixtures than in water alone. This is explained in terms of the polar 
sulphoxide group, in which the negatively charged oxygen should form 
hydrogen bonds with the water molecules, and therefore the hydrogen bonds 
between H,O and DMSO in the mixtures are stronger than the H,O-H,O 
bonds [lo]. Also, NMR measurements [ll] indicate that the stronger 
H,O-DMSO interactions are present in the water-rich mixtures. The results 
in Table 3 (Y+ and S, values) are confirmed by these observations [lO,ll]. 
These results lend further support to the validity and general applicability of 
method I in aqueous mixtures of dipolar aprotic solvents. Thus, the protons 
have to be more solvated in the mixed solvent than in water, and much more 
solvated by increasing DMSO content in the solvent, as indicated by the 
results of both methods I and II. The solvation of protons in aqueous 
aprotic solvents could be compared with that in aqueous protic solvents, 
where the protons become gradually less solvated (Y+ values decrease) on 
the successive addition of methanol [7] or glycols [8,9] to the aqueous 
medium; minimum solvation is always [7-91 reached in the non-aqueous 
media. 

(4) The successive substitution of water dipoles by the larger sized 
DMSO dipoles in the solvation sheath, on gradual addition of DMSO to the 
solvent, is further supported by another very interesting feature seen in 
Table 3. In any solvent, the extent of solvation increases in the expected 
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order: Cs’ < Rb’ < K+ < Na+ < Li+, and the Li’ ion is always highly 
solvated. On the other hand, results of method II (Table 4) show that the 
expected order is inverted for Li’ and Na’ ions. As it is well known [12.13], 
this is not the case. Similar results were also obtained for the alkali metal 
ions in methanol- [7] and glycol-water [8,9] solvent systems. These results 
shed more light on the inapplicability of method II for such calculations, 
and should confer extra confidence in the validity and, hence, greater 
reliability of the data evaluated by method I. 

(5) As the DMSO content of the solvent increases, the oxidation poten- 
tials of both left and right electrodes decrease, whereas the reduction 
potentials decrease positively for the right electrode and negatively for the 
left one, as indicated by the results of methods I and II in Tables 3 and 4, 
respectively. In any solvent, as would be expected [779], the standard 
absolute oxidation potentials calculated by method I increase in the order: 
0xE0 (Ag 1 AgCl) <Ox E,f (Ag I AgBr) -coy E,‘,‘, (H, 1 H’) co’ E!‘,(Ag I AgIL 
whgeas the standard absolute reduction potentials calculated by method II 
decrease in the same order. On the other hand, the irregular order of 
variation of the standard absolute potentials of the alkali metal electrodes. 
from Li 1 Li+ to Cs ] Cs’ in any solvent, is dictated by the extent of solvation 
of the alkali metal ions, and thus by the radii of solvated cations. 

Further, the standard free energy change associated with any electrode 
(half-cell) reaction could be obtained as - EE,! F. where F is the faraday 
and EE,f is the standard absolute electrode potential. By coupling the 

TABLE 5 

Values of E,! (v) of cells (C) in dimethyl sulphoxide-water mixtures at 25°C. and those 
reported earlier [1,3,5] 

DMSO (wt.%) 

5 10 20 30 40 50 60 

HCI 
This work 

PI 
131 
151 

HBr 
This work 

111 
[31 

HI 
This work - 

111 
131 

0.2216 0.2210 
_ 0.2210 
_ 0.2210 

0.0737 0.0751 
_ 0.0750 
_ 0.0736 

0.1482 -0.1439 - 
_ - 0.1441 
_ -0.1436 - 

0.2200 0.2190 
_ _ 

0.2199 ~ 
0.2205 - 

0.0787 0.0831 
_ _ 

0.0765 - 

0.1333 -0.1208 - 
_ _ 

-0.1343 - _ 

0.2177 0.2156 0.2118 
_ _ 

0.2177 - 0.2117 
0.2185 ~ _ 

0.0891 0.0954 0.1007 
_ _ _ 

0.0896 - 0.1040 

.0.1040 - 0.0848 - 0.0658 
_ _ _ 

-0.1059 - - 0.0653 
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TABLE 6 

Standard transfer free energies (J mol-‘) of halogen acids and alkali metal halides from 
water to dimethyl sulphoxide-water mixtures at 25OC 

DMSO (wt.%) 

5 10 lO[l] 20 30 40 50 60 

HCl 21 
HBr - 158 
HI - 426 

LiCl 275 
LiBr 96 
LiI - 172 

NaCl 564 
NaBr 385 
NaI 117 

KC1 468 
KBr 289 
KI 21 

RbCl 458 
RbBr 279 
RbI 11 

CsCl 429 
CsBr 250 
CSI -18 

77 
- 290 
- 842 

79 
- 280 
- 817 

553 524 
186 165 

- 366 - 372 

1083 1065 
716 706 
164 169 

1016 987 
649 628 

97 91 

1006 997 
639 638 

87 101 

929 939 
562 580 

10 43 

179 274 396 598 
- 637 - 1065 - 1641 - 2257 

- 1861 - 3073 - 4695 - 6540 

1295 2155 3101 4135 
479 816 1064 1280 

- 745 - 1192 - 1990 - 3003 

2327 3805 5687 7897 
1511 2466 3650 5042 

287 458 596 759 

2375 3959 5957 8216 
1559 2620 3920 5361 

335 612 866 1078 

2288 3863 5860 8235 
1472 2524 3823 5380 

248 516 769 1097 

2182 3679 5658 8013 
1366 2340 3621 5158 

142 332 567 875 

973 
- 2767 
- 8376 

5202 
1462 

- 4147 

10113 
6373 

764 

10663 
6923 
1314 

10904 
7164 
1555 

10566 
6826 
1217 

standard absolute potentials of H, ]H+ or M 1 Mt electrodes with those of 
Ag ] AgX electrodes, using eqn. (2-I), the values of Ej for cells (C) or (B), 
containing HX or MX electrolytes, respectively, could be computed. The 
values so computed at 25°C for HX acids, for example, are given in Table 5, 
together with those calculated from the data of Feakins et al. [l] for the 10% 
DMSO mixture and the earlier reported values [3,5], for comparison. Agree- 
ment is generally seen in several places. This supports the general applicabil- 
ity of the new procedure [8] to the EMF data of cells (A), and hence the 
reliability of the evaluated results (Tables 2, 3, 5 and 6). 

However, it should be pointed out that Khoo [3] determined En9 values of 
cell (C) for X = Br or I by plotting (E,, - E,,,) against m, where E,, and 
E HC, are the EMF’s of buffered cells with X = Br or I and X = Cl, respec- 
tively, at the same value of m. The linear plots were extrapolated to m = 0 to 

obtain (E&x - ~$nc, ). Then, using known values of E,!&,, those of 
E,:,,, were calculated [3]. However, the errors in such values may increase 
in the successive steps of treatment of EMF data. Thus, taking into account 
the combined precision limits of the results of Khoo [3], the agreement 
between his Ez values and the new ones is fairly close in several places. The 
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assumption that the activity coefficient term varies linearly with m was 
made by Khoo [3] in order to obtain Ei values of cell (C) for X = Br and I. 
Since our new En9 values are obtained in various DMSO-water mixtures, 
without any assumptions, these should be preferred. 

In Table 5, it is notable that while the value of Ez for HCl decreases, that 
for HBr or HI increases with increasing DMSO content in the solvent. 
Nevertheless, the standard absolute potentials of the H, 1 H+ or Ag ] AgX 
electrodes all decrease in the same direction. Since the value of E!f, is the 
difference between those of LEz and REz (eqn. 2-I), the rate of variation of 
each will determine the net rate of variation of Ez with solvent composition. 
This may explain the maximum observed at around 60% DMSO for the Ez 
values of HBr obtained by Khoo [3]. 

Standard transfer Gibbs free energies of individual ions 

Assessment of AGp for the individual ion is necessary in order to draw 
meaningful conclusions from these results and hence about ion-solvent 
interactions in these solvents. Individual ion values of AGF are given in 
Tables 3 and 4. These are accurate to < 40 J mol-‘, and show a qualitative 
resemblance to other mixed solvent systems [7-91 in that all the values are 
positive and increase, i.e., ion transfer becomes less favourable with increas- 
ing organic content of the solvent. 

Although the transfer free energies calculated by method I are based on 
the oxidation potential scale, whereas those calculated by method II are 
based on the reduction potential scale, the transfer free energies of ions from 
water to mixed solvents show the same trend with increasing proportions of 
DMSO in the solvent. For any ion, absence of any break at least within the 
present limit of solvent composition indicates [2] that either no appreciable 
structural changes of the solvents occur within this range during the transfer 
process of the ions, as observed for other properties [2], or if any, these are 
compensated in a property such as AGp. 

In any mixed solvent, the values of AGp for cations do not follow such a 
regular order. As in the methanol-water mixtures [7], AGF values, calcu- 
lated by method I (Table 3), rise somewhat sharply from H* through Li’ to 
Na+ and fall from Rb+ to Cs+ with a maximum between Na+ and Rb+ 
depending on the solvent composition. While the shifting of the maximum 
to Rb+ occurs at around 90% methanol in the methanol-water system, it 
occurs as early as 50% DMSO in the DMSO-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 the two solvent 
systems. On the other hand, although the behaviour of AGp values calcu- 
lated by method II in the methanol-water system [7] is opposite where there 
is a minimum between Na+ and Rb+, depending on solvent composition, 
characteristic behaviour is generally seen for AGp values evaluated by 
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method II (Table 4) in the DMSO-water system. Two minima at Na+ and 
Rb’ and a maximum at K+, are observed in all solvents, except the 60% 
DMSO solvent where a minimum is observed at Rb’. This irregular trend of 
variation of AG: values may lend further proof against the validity and 
applicability of method II for calculations of the thermodynamics of individ- 
ual ions. 

For anions, in any solvent, the values of AGp calculated by method I 
increase in the order: AGp (Cl-) < AG:’ (Bra) < AGp (II), whereas those 
calculated by method II decrease in that order. Similar behaviour was 
observed in several solvent systems [7-91. 

Standard transfer Gibbs free energies of halogen acids and alkali metal halides 

The values of AG:’ for halogen acids, as well as alkali metal halides, could 
be obtained by coupling the transfer free energies of cations with those of 
anions, i.e.. from the differences between those for the ion constituents, both 
based on the same type of oxidation or reduction potential scale [7-91, in 
any solvent. The values of AG: so calculated from the results of method I at 
25”C, by eqn. (3) in various DMSO-water mixtures, are collected in Table 
6. 

AG:‘(HX or MX) = AGF(H+ or M+) - AGp (X-) (3) 

It is interesting to note from Table 6 that while AGY values for HCl 
become increasingly positive, those for HBr and HI become increasingly 
negative as the proportion of DMSO increases. Also, for the alkali metal 
halides, the AG:’ values for LiI become increasingly negative (and a slight 
negative minimum is observed for CsI at around 5% DMSO) whilst those for 
the rest become increasingly positive, with increasing the DMSO content in 
the solvent. Further, the AGp values become increasingly negative in the 
order HCl, HBr, HI for transfer to any solvent. This behaviour is reflected 
in eqn. (3) since the values of AGy for the halide ion increases from Cll 
through Br to I -. The decreasing order of AG: values from MC1 through 
MBr to MI, in any solvent, can thus be explained in the same manner. 
However, in view of eqn. (3) it is notable that the usual tests of additivity of 
free energies made by Feakins et al. [1,13] could be performed between our 
results for potassium halides, for example, and those for halogen acids, in 
any solvent. The difference AGF(KX) - AGp(HX), or AG:(K+) - AG:‘(H+), 
is constant within the experimental error. 

The net value of AG: of HX or MX is determined by the rate of 
increasing positive values of AGF, of both positive and negative ions, with 
increasing DMSO concentration in the solvent. For the alkali metal halides, 
the AGF values for the transfer of LiI are all negative and decrease, while for 
transfers of all other MX they are all positive (except a negative minimum 
for CsI at around 5% DMSO) and increase with increasing proportion of 
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TABLE 7 

The least-squares results of applying eqn. (2) to the previous EMF data in DMSO-water 
mixtures at 25°C reported by Khoo [3], AC: (J mol’) 

DMSO (wt.%) 

0 10 20 40 60 

Results of method I 

- Corr (lo-‘) 

A (mV) 
HCI 
HBr 
HI 

99.9992 99.9988 99.9985 99.9989 99.9919 

ap (10” V mm’) 

r+ (lOmlo m) 

“FE,9 (v) 

O;;E: (v) 
x = Cl 

Br 
I 

-0.5 -0.6 
+ 0.9 +1.0 
- 0.4 -0.4 

1.0701 1.0411 

2.017 2.022 

2.1587 2.1048 

-0.7 t 0.5 
t 1.1 -0.9 
-0.4 + 0.4 

1.0114 0.9251 

2.027 2.046 

2.0498 1.8926 

+1.2 
- 2.0 
+0.8 

0.7926 

2.079 

1.6475 

AG;(H+ ) 

AG;(X- ) 
X = Cl 

Br 
I 

1.9368 1.8844 1.8306 1.6744 1.4346 
2.0866 2.0302 1.9721 1.8039 1.5456 
2.3114 2.2488 2.1845 1.9982 1.7120 

_ 5199 10511 25675 49323 

_ 5055 10255 25322 48459 
_ 5446 11048 27281 52207 
_ 6033 12238 30219 57829 

Results of method II 
Corr (lo-‘) 99.8974 99.9012 99.9041 99.8540 99.8075 

A (mv) 
HCl 
HBr 
HI 

ai (lO-lo V m) 

r+ (lOmio m) 

““L E,9 (v) 

?E,q (v) 
x = Cl 

Br 
I 

t 5.5 + 5.2 +5.0 + 5.7 + 5.6 
-9.8 - 9.4 - 9.0 - 10.1 - 10.0 
+ 4.4 + 4.2 + 4.0 +4.5 + 4.4 

4.1980 4.0846 3.9679 3.6276 3.1069 

2.007 2.012 2.017 2.037 2.072 

2.0915 2.0305 1.9673 1.7809 1.4992 

2.3193 
2.1528 
1.9435 

AC:’ (H+ ) 

AG;(X- ) 
x = Cl 

Br 
I 

_ 

2.2567 2.1922 2.0042 1.7165 
2.0947 2.0348 1.8603 1.5933 
1.8910 1.8370 1.6794 1.4384 

5885 11977 29970 57141 

6044 12264 30407 58166 
5610 11384 28224 53990 
5065 10277 25480 48741 

u!/uy (lo-*’ m*) 3.9231 3.9233 3.9234 3.9214 3.9199 
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DMSO in the solvent. However, this behaviour indicates that the combined 
effects of the solvent and solute properties disfavour the transfer of HCl or 
any MX (except LiI to any solvent and CsI to 5% DMSO) while they 
increasingly favour the transfer of HBr, HI and LiI. This behaviour is quite 
different from that observed for transfers of the halogen acids and LiI from 
water to other aqueous organic solvents [l-9], and is reported earlier [3]. 

Petrella et al. [14] summarized reports on the structural properties of 
DMSO-water mixtures, and showed that there is no general agreement on 
the structural characteristics of these solvents. Results of some measure- 
ments indicate that DMSO is only weakly hydrophobic and scarcely affects 
water structure, while to the contrary, others show that DMSO in water 
forms strong structures; contrasting results suggest that DMSO breaks 
structure in water [14]. If the transfer behaviour of the individual ions is 
compared with that in methanol-water mixtures [7] at the corresponding 
solvent composition, the smaller positive values of AGp obtained in 
methanol-water solvents [7] suggest that the ion affinity of these solvents is 
greater than in DMSO-water solvents. The transfer behaviour of HX or MX 
shows a different trend. The larger positive values of AG: for HX or MX, 
obtained in methanol-water solvents [7], show that the affinity of these 
solvents for the electrolytes is smaller than that in DMSO-water solvents. 

The new procedure and previous EMF data in DMSO-water mixtures 

The new procedure of determination of absolute electrode potential, as 
well as transfer free energies of individual ions, has also been applied to 
previous EMF data for the halogen acids in DMSO-water mixtures, re- 
ported by Khoo [3]. The least-squares results of applying eqns. (2-I) and 
(2-H) to the EMF data [3] are recorded in Table 7. However, the same 
interesting features and trends seen in Tables 3 and 4 are again observed, 
leading to the same conclusions. Thus, there is every reason that method I 
should be applied to the EMF data for determination of absolute electrode 
potentials as well as thermodynamic properties of individual ions in various 
aqueous solutions of both protic and aprotic solvents, and that its set of data 
should be credited. Further, the interest, validity and general applicability of 
the new procedure [7,8] in various solvents are demonstrated. 
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