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ABSTRACT 

The standard absolute potentials of hydrogen and silver-silver halide (X = Cl, Br and I) 
electrodes in propylene glycol and its aqueous mixtures, over the full composition range of 
the solvent, have been determined at twelve different temperatures from 0 to 55OC by the 
new method reported recently. The temperature variation of the standard absolute potential 
has been utilized to evaluate the standard thermodynamic functions for the electrode 
reactions, and the standard transfer thermodynamic quantities of single ions from water to 
glycolic solvents. The chemical contributions to these transfer thermodynamic quantities have 
also been computed by using the new equation correlating the electrode potential with the 
dielectric constant of the solvent. The results have been analysed and discussed in the light of 
ion-solvent interactions as well as the structural changes of these solvents. 

INTRODUCTION 

The study of physico-chemical processes in mixed as well as non-aqueous 
solvents is of fundamental importance for better understanding of ion-ion, 
ion-solvent and solvent-solvent interactions [1,2]. Potentiometric studies 
reveal the nature of ion-solvent interactions [l-3]. Therefore, EMF mea- 
surements on galvanic cells involving hydrogen, silver-silver halide elec- 
trodes have been extensively used [4-111 not only to determine the thermo- 
dynamics of hydrogen halides in aqueous and non-aqueous media, but also 
to evaluate the thermodynamics of single ions in such media. 

The study of the thermodynamic properties of single ions in pure or 
mixed solvents has recently been a subject of interest. Thus, in continuation 
of the author’s studies on this subject [12-141, the present paper deals with 
the determination of the standard absolute potentials of the hydrogen and 
silver-silver halide (X = Cl, Br and I) electrodes in propylene glycol (PG) 
and its aqueous mixtures, over the full composition range of the solvent, at 
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twelve different temperatures from 0 to 55°C in order to compute the 
thermodynamics of transfer of the ions from water to the glycolic solvents, 
with a view to a comprehensive understanding of the ion-solvent interac- 
tions as well as the thermodynamic properties of the single ions in these 
solvents. 

RESULTS AND DISCUSSION 

Standard absolute electrode potential 

The new method, developed recently [12] for determination of absolute 
electrode potentials and the thermodynamics of single ions in solution, has 
been applied to our recently reported [ll] EMF data of the cell 

Pt 1 H, (g, 1 atm) 1 HX( m), solvent 1 AgX 1 Ag (A) 

in PG and its aqueous mixtures. As reported earlier [12,13], there are 
generally two possibilities for the variation of electrode potential with the 
radius (Y) of the solvated ion on whose activity the potential depends: (I) 
the oxidation potential varies directly with r (method I), or (II) the reduc- 
tion potential varies inversely with r (method II). Therefore, the cell EMF 
(E,,, or Ez) is proportional to the radius of the solvated ion which is being 
varied in a series of electrolytes having a common ion [12]. Thus, in any 
solvent, the plot of the standard EMF (Ei) values of cells (A), where 
X = Cl, Br and I, against the radius of solvated anion, r- (method I), or 
l/r- (method II) values, would yield a straight line according to eqn. (1-I) 
or (l-II), respectively, at any temperature. 

E” = aort - aor- I?, 1 1 0-I) 

(l-11) 

In all solvents almost perfect straight lines were obtained at each of the 
twelve different temperatures. The least-squares results at 25”C, for exam- 
ple, are collected in Table 1. 

As would be expected [12,13], two different sets of values for standard 
absolute electrode potential (and thus related thermodynamic properties of 
single ions), based on different (oxidation or reduction) potential scales, are 
obtained (see Table 1). However, let us proceed through the following 
features seen in Table 1, to decide which set of data should be credited. 

(1) At all temperatures and in all solvents, eqn. (1-I) fits better than eqn. 
(l-II), as indicated from the correlation coefficients (corr). 

(2) The radius of the solvated Ht ion (r+), calculated by both methods I 
and II, decreases with increasing PG content of the solvent at any temper- 
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ature, or the temperature of any solvent system, i.e., with a decrease in the 
dielectric constant of the solvent. Thus, there may be a strong correlation 
between the r+ values and the dielectric constant of the solvent. This may 
be so in view of an important feature seen later. However, at any temper- 
ature, the value of rt decreases first slowly up to 80% PG and thereafter 
rapidly with further additions of PG to the solvent. Thus, the solvation of 
the H’ ion decreases generally as the water content of a solvent decreases in 
partially aqueous media, and the extent of solvation becomes minimum in 
the non-aqueous PG, or as the temperature of the medium increases. Similar 
results have been reported about the solvation of H’ ion in methanol 
(MeOH)-water [12], ethylene glycol (EG)-water [13] and several amphiprotic 
solvent-water systems [1,3]. It is interesting to compare the values of r+ in 
the non-aqueous amphiprotic solvents (such as PG, MeOH and EG), where 
the solvation becomes minimum in each. At 25OC, for example, the r+ 

values (lo- lo m) calculated by method I are 1.772, 1.798 and 1.837 (and 
those calculated by method II are 1.783, 1.804 and 1.838) in PG, MeOH [12] 
and EG [13], respectively. This increasing order in the r+ values is parallel 
to, and in accordance with, that in the dielectric constants of the non-aque- 
ous PG, MeOH and EG solvents; these are 31.0, 32.7 and 37.7, respectively 
[8,10]. Thus, it is again evident that the radius of the solvated ion (and also 
the electrode potential and its related thermodynamic quantities) are gener- 
ally dependent upon, and/or related to, the dielectric constant of the 
medium. This important relationship will be considered and discussed in a 
following section. 

(3) The ratio ( ~!$‘Lz:) is constant (3.923 + 0.001) and independent of the 
solvent type and solvent composition, since the same result has been 
obtained not only in MeOH-water [12] and EG-water [13] solvents, but 
also in several solvent systems including both protic and aprotic, partially 
aqueous and non-aqueous solvents [15]. Thus, LZ~ and LZ~ appear to be 
universal constants for all electrodes, and dependent only on the temper- 
ature and the medium [12,13]. The values of these constants decrease with 
increasing PG content of the solvent system. 

(4) The values of standard absolute electrode potentials at 25°C are 
included in Table 1 as an example. Results of method I show that as the PG 
content of the solvent increases, the solvation extent of H+ ions decreases, 
and the oxidation potentials of both left-hand and right-hand electrodes, 
“;-EL and ‘kE,f,, re spectively, decrease. On the other hand, results of 
method II show that although the r+ value and thus the extent of solvation 
of Hi ions decreases continuously in one direction, the reduction potential 
of the left-hand electrode (RetEz) decreases to a minimum at around 90% 
PG, and thereafter increases, whereas that of the right-hand electrode 
(“‘“,Ei) decreases, with increasing amounts of PG. This feature has been 
also observed in the MeOH-water [12] and EG-water [13] solvent systems 
at around 70% MeOH and 90% EG, respectively. 
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For the electrode reactions, either the oxidation potential or the reduction 
potential would decrease with increasing either PG content in the solvent or 
the temperature of the solvent system [12]. This proves again [12,13] that 
only one of the methods (I or II) can be accepted for the calculation of a 
single electrode potential. All the interesting results and conclusions ob- 
tained in several protic and aprotic partially aqueous and non-aqueous 
solvents [12-151, reflecting the same general features gained in the present 
work, proved that method I should be applied to the EMF data for the 
determination of absolute electrode potentials as well as the thermodynamic 
properties of single ions in solution, and thus its set of data (Table 1) should 
be credited. At the same time, these results shed more light on the inapplica- 
bility of method II for such calculations, and gave much evidence that the 
plots of standard transfer free energy or entropy against the reciprocal of 
anionic or cationic radius, used earlier [l-11] to obtain the thermodynamic 
properties of single ions, cannot be accepted. Therefore in the following 
sections the results of calculations by method I only will be taken into 
consideration. These further substantiate our conclusions. 

The values of standard absolute potentials (v> of any electrode &Ez) 
obtained in each solvent by method I were fitted by the method of 
least-squares to eqn. (2): 

EEz = a + bT- cT2 (2) 

where T is the thermodynamic temperature. The values of the parameters a, 
b and c are listed in Table 2, for each electrode. The values of EEf, 
computed by eqn. (2) and the original values agree within kO.27 mV on 
average, at 0-55°C. 

Standard thermodynamic functions for the half-cell reactions 

The standard free energy, AGE, enthalpy, AH:, and entropy, ASi 
changes involved in the half-cell reactions are essentially related to the 
standard absolute electrode potentials and their temperature coefficients. 
Hence, the standard thermodynamic functions of the half-cell reaction were 
computed on the molal scale using the usual thermodynamic relations [12]. 
The results so computed at 25°C are given in Table 3 as an example. The 
values of AG: are accurate to f50 J mall’. The standard thermodynamic 
functions associated with the overall cell reaction can be computed as the 
difference between those for half-cell reactions, both based on the same 
(oxidation) potential scale [12]. 

An inspection of Table 3 shows that the thermodynamic functions for the 
electrode reactions, computed by method I and based on the oxidation 
potential scale, are all negative. However, since the oxidation reactions of 
the electrodes are known to be exothermic [1,3], the values of AH: should 
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be negative, and the oxidation potentials of the single electrodes should 
decrease with increasing temperature. This is in agreement with the results 
obtained from method I calculations, and contradictory to those of method 
II where the reduction potentials decrease with increasing temperature, in 
any solvent. This conclusion has also been found in the MeOH-water [12] 
and EG-water [13] solvent systems. Thus, this may lend further support to 
the validity and general applicability of method I for such calculations. 

However, it is evident from Table 3 that for any electrode reaction the 

values of AGL increase, whereas those of both AH: and AS: decrease 
slowly to minima (at around 70 and 80% PG, respectively, for the hydrogen 
electrode reaction, and at around 60% and 80% PG, respectively, for the 
Ag 1 AgX electrode reactions), and thereafter increase rapidly with increasing 
amounts of PG in the solvent. 

Stundurd transfer thermodynamic quantities of single ions 

The standard transfer Gibbs free energy of a single ion, AGF(i), can be 
expressed as a function of temperature [12] by eqn. (3): 

F(EEJj-LEz) = AGp(i) =A - BT+ CT2 (3) 

The standard transfer thermodynamic quantities of single ions can then be 
obtained by applying the usual thermodynamic relations [12] to eqn. (3), 
where all refer to the molal scale. The results of calculations on the basis of 
oxidation potential scale (method I) are collected in Table 4. The values of 
AG:(i) are accurate to k90 J mol-‘. 

The standard Gibbs free energy of the transfer is an important index of 
the differences in interactions of the ions and the solvent molecules in the 
two different media, and the single ion free energies of transfer provide a 
clearer understanding of ion-solvent interactions than do the free energies 
of transfer of the HX acids [6,7]. Table 4 shows that for all ions the values of 
AGF(i) increase positively with increasing proportions of PG in the solvent. 
The observed positive increase in AGp(i) values suggests that the transfer of 
ions from water to the glycolic solvents is increasingly unfavourable. The 
positive AGF(i) values indicate that the ions are in higher free energy states 
in the glycolic solvents than in water, and therefore the transfer process is 
not spontaneous. 

However, the increasingly high positive AGp values for the proton in 
solvents containing 90-100% PG are reflected by the significantly rapid 
decrease in r+ values in these media. Therefore, the increasingly positive 
AGF values reflect increased desolvation of ions, with increasing amounts of 
PG. Thus, as it appears from this relationship, if the transfer free energy of 
single ions is largely influenced by the solvation of ions, AGp should reflect 
the solvating capacities of the solvent concerned and water toward this ion. 
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The positive values of AGp for all ions presumably indicate that the glycolic 
solvents possess smaller solvating capacities (which decrease with increasing 
amounts of PG in the solvent) toward ions than water. Besides, the relative 
magnitudes of AGF for the halide ions show that the relative degree of 
solvation in any glycolic solvent decreases from Cl- through Br- to II. This 
sequence is an agreement with that of the decreasing force field around the 
ion because of its increasing size and consequent decreasing charge density 
which should largely influence the solvation of the ion [8]_ Thus, the values 
of AGp indicate that, so far as any ion is concerned, water is a stronger 
solvating agent than the glycolic solvents. 

The transfer enthalpies pass through a slight endothermic maximum at 
around 10% PG, then become increasingly negative (exothermic) up to 70% 
PG for the transfer of the proton and 60,0 Q for the halide ions, thereafter 
increasing to positive values in the PG-rich solvents, and subsequently 
attaining large positve values in the non-aqueous PG. The transfer entropies 
of ions from water to aqueous glycolic solvents are all negative. Their values 
decrease negatively to minima at around 80% PC, thereafter increasing 
negatively, with increasing amounts of PG in the aqueous solvent, and 
finally becoming highly positive in the non-aqueous PG. Such variation of 
AH: and AS‘: values with solvent composition has been observed 
[4-8,12-151 in many organic solvent-water mixtures. 

According to Franks and Ives [16] and Feakins and Voice [9], the effect of 
ionic fields on the structure of the solvent will appear as a compensating 
contribution in AH: and A$‘, and they [9,16] have emphasized the impor- 
tance of these quantities in explaining the structural effects of the solvents 
on the transfer process. However, the endothermic maximum in AH: at 
around 10% PG is due to the structure-breaking effect of the ions on the 
ordered structure in solvents of low PG content when the ions are trans- 
ferred from water to these media. This is because addition of small amounts 
of alcohols is known (161 to promote the hydrogen-bonded structure of 
water and any ion is a better structure-breaker in the glycolic solvent than in 
water. The decrease of AHp beyond 10% PG is associated with the struc- 
ture-making ion-solvent interactions, accompanied by an entropy decrease, 
at this composition. Thus, the negative and decreasing values of AH: and 
AS,” assume that ions are more effective at breaking the structure in water 
than in the aqueous glycolic solvents. Water is therefore a more structured 
solvent than these glycolic solvents. On the other hand, the large positive 
entropy and enthalpy of transfer of ions from water to the non-aqueous PG 
can be attributed to a greater structure-breaking by the ion in this solvent 
than in water. This is further supported by the view [1,4-81 that structure- 
making processes are exothermic and are accompanied by an entropy 
decrease while structure-breaking processes are endothermic and lead to an 
entropy increase. 

Table 4 also shows that the values of the heat capacity (AC:) for the 
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transfer of any ion from water to the respective glycolic solvents are all 
negative and decrease with increasing PG content in the solvent. 

Chemical contributions to standard transfer thermodynamic quantities of single 
ions 

The transfer process involves the transfer of charged species H+ and X- 
ions from water to the glycolic solvents in the standard states. It is therefore 
reasonable to expect that the standard Gibbs energy of transfer AC:’ (and 
similarly AH:, A$’ or AC,“) consists of an electrostatic part AGj and a 
non-electrostatic or chemical part AG‘!: 

F(iEz -L Et) = AG:(i) = AG,j + AG,o, 

While the electrostatic transfer free energy arises from the differences in the 
dielectric constants of the solvents, the chemical transfer free energy reflects 
the contributions of solvation and other specific ionsolvent interactions 
which depend on the chemical affinity of the solvent for the ions [l-11]. 
Since the transfer thermodynamic quantities of single ions from water to the 
respective glycolic solvents have been calculated, it is of considerable inter- 
est to compute the chemical contributions to the standard thermodynamic 
properties of single ions. However, these computations have been made 
using the new procedure developed recently by Elsemongy [14]. According 
to this procedure, the electrode potential EEi (on the molal scale), in any 
solvent at different temperatures, can be correlated with the corresponding 
dielectric constant D of the solvent by the new general relation [14]: 

EEz =A, + B,(ln D) + C,(ln D)’ (5) 

or. 

&Ez)“* = a, + b,(ln 0) 

where A,, B,, C,, a, and b, are constants for the electrode in each solvent. 
Equation (6), for example, predicts that, for any solvent at various temper- 
atures, (E Ez)lj2 will vary linearly with (In 0). This has actually been 
verified in all PG-water solvents, as well as in partially aqueous and 
non-aqueous protic and aprotic solvent systems [14,15] over a wide range of 
D values. In all cases, plots of (E Ei)l12 against (In 0) gave almost perfect 
straight lines in each solvent. 

For the transfer process from water to any (aqueous or non-aqueous) 
solvent, when the water (at one temperature) and the solvent (at another 
temperature) both have the same dielectric constant D, i.e., a transfer 
process from water of dielectric constant D to a solvent (at another 
temperature) of the same D, the electrostatic contribution to the transfer 
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TABLE 5 

Chemical contributions to standard thermodynamic quantities for the transfer of single ions 
from water to propylene glycol-water solvents at two different dielectric constant values 
[AGO and AH0 (J mol-‘); AS0 and AC: (J Km-’ moldy’)] 

PG D = 40 D = 60 

(wt.g) AC,:, AH‘; AS: -(AC;),, AC: AH: AS,0 -(AC;),, 

Hydrogen ion 

10 5944 
20 10920 
30 10337 
40 7101 
50 5052 

60 1223 
70 - 3648 
80 - 8939 
90 - 5937 

100 23685 

Chloride ion 

10 5455 
20 9897 
30 10425 
40 8710 
50 7633 

60 5004 
70 1447 
80 -2718 
90 - 912 

100 16986 

Bromide ion 

10 5892 
20 10681 
30 11274 
40 9428 
50 8277 

60 5425 
70 1595 
80 - 2890 
90 - 945 

100 18341 

Iodide ion 

10 6497 
20 11832 
30 12417 
40 10424 
50 9126 

- 21120 
- 39794 
- 48095 
- 49442 
- 52776 

- 48555 
- 32255 

17441 
118010 
307489 

- 19910 
- 36353 
- 46531 
- 50469 
- 55774 

- 54362 
- 43296 

- 3857 
81049 

244958 

- 21513 
- 39248 
- 50335 
- 54608 
- 60428 

- 58733 
- 46804 

-4332 
87164 

263742 

- 23667 - 73.7 217 
- 43503 - 139.1 414 
- 55340 - 184.6 605 
- 60421 - 213.4 798 
- 66660 - 246.2 1051 

- 68.6 205 
- 132.6 403 
- 170.8 584 
- 191.6 770 
- 218.5 1017 

- 225.1 1335 
- 196.5 1817 

- 58.5 2186 
256.8 3128 
871.5 4277 

- 62.0 183 
- 116.3 346 
- 155.1 508 
- 178.4 667 
- 206.1 880 

- 215.6 1144 
- 197.0 1553 
- 84.6 1842 
189.2 2700 
756.6 3811 

- 67.0 197 
- 125.5 373 
- 167.7 549 
- 192.8 721 
- 223.0 952 

- 232.8 1233 
- 212.6 1674 

-91.6 1985 
203.5 2912 
814.7 4107 

1839 - 5323 -26.8 163 
2804 - 8189 -46.7 317 
1835 - 4917 -47.0 461 

60 3840 -29.0 607 
- 1906 18959 11.9 786 

- 2768 46213 97.9 1012 
650 98943 283.1 1338 

12777 172146 561.1 1567 
48122 315047 1108.5 2276 

121009 541815 1956.7 3192 

1694 - 5766 -25.5 146 
2701 ~ 9338 -44.8 274 
2210 - 8459 -49.8 403 
1047 - 3056 -40.0 528 

- 353 7451 -11.8 686 

- 916 27952 53.2 875 
2006 69778 200.6 1156 

11775 127704 421.6 1336 
41882 253940 909.7 1980 

100171 458394 1711.5 2856 

1829 - 6242 
2914 - 10101 
2389 -9190 
1136 - 3366 

- 374 7975 

- 27.5 158 
-48.4 296 
-53.9 436 
-43.3 571 
-12.8 742 

- 980 30047 57.1 944 
2166 75080 215.8 1246 

12687 137467 453.8 1440 
45154 273659 980.5 2135 

107936 493810 1843.8 3078 

2023 - 6856 -30.3 174 
3226 - 11181 -53.6 328 
2639 - 10069 - 59.3 479 
2153 ~ 3681 -47.8 632 

-419 8876 - 14.1 819 
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TABLE 5 (continued) 

PG D = 40 D = 60 

(wt.%) Ac,oh A HL! AS,0 - ( AC,f,,h AGTh A H!’ Lh AS!’ ch - @c,i’),h 

60 5975 - 64855 - 257.2 1364 - 1094 33304 63.3 1043 
70 1737 - 51690 - 235.1 1853 2396 83231 239.3 1379 
80 - 3232 - 4645 - 101.1 2199 14053 152369 503.0 1595 
90 - 1077 96701 225.8 3224 50008 303166 1086.1 2364 

100 20285 292321 902.9 4549 119566 547117 2042.8 3409 

free energy would be zero, and the chemical contribution AG,jh can thus be 
obtained [14] from eqns. (4) and (5) by 

AG,o, = A, + B,(ln 0) + Cz(ln D)’ 

Similarly, the chemical contributions to other standard transfer thermody- 
namic properties of single ions, at any dielectric constant D, could be 
obtained as before [14], and the values so computed at D = 40 and D = 60, 
as an illustration , are recorded in Table 5. 

For the transfer of any ion to media of high dielectric constant (e.g., 
D = 60) the chemical contributions to transfer free energies increase posi- 
tively to maxima at around 20% PG, then decrease to negative values (at 
around 50-60% PG) and minima at around 60% PG, and thereafter increase 
again positively, with increasing PG content in the solvent. A comparison of 
AG,!! values at D = 60 and D = 40 (Table 5) shows that. for the transfer to 
media of low dielectric constant (D = 40), the values of AGj, reflect the 
same trend observed at D = 60, but while the maxima are displaced to 30% 
PG for the halide ions, the negative minima are displaced to 80% PG for all 
ions. A similar situation has been found in different solvent systems [14,15]. 

It is, however, noteworthy that while AG,!jh values vary in this manner, 
those of AGp are increasingly positive for all ions. Therefore, as can be 
expected, the values of AGj will be increasingly positive, due to the resulting 
decrease in the dielectric constant, with increasing PG content in the solvent. 
The increasingly positive values of AG: presumably indicate a dominant 
contribution of the electrostatic over the chemical interactions, causing an 
unfavourable effect on the overall transfer process. Obviously, the dielectric 
constant of the medium plays a dominant role in the process of transfer. 

Insofar as AG,: is a criterion of the changes in the chemical affinity of 
medium for ions, the positive values of AGj, indicates that the transfer 
process (e.g., D = 60) from water to the glycolic solvents containing lo-40 
or 70-100% PG is not favoured, i.e., water has more chemical affinity for 
the ions than these glycolic solvents. The unfavourable effect increases to 
maxima for the 20% PG or non-aqueous PG solvents. Thus, as far as 
chemical reaction or solvation is concerned, any ion is in a lower Gibbs free 
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energy state in water than in such glycolic media. On the other hand, the 
negative values of AGC\ show that the transfer process is only favourable for 
aqueous solvents containing 50-60% PG. This suggests that these solvents 
have greater chemical affinity for the ions than water, and any ion interacts 
strongly with these solvents. A maximum chemical affinity for the ions (and 
thus maximum ion-solvent interactions) is noticed for the 60% PG solvent, 
and further addition of either PG or water tend to decrease it. 

The maxima and minima in AGfo values reflect compensation effects 
between at least two opposing operating factors. In water- and PG-rich 
solvents, the increasing factor predominates and thus AG$ values increase, 
whereas the decreasing factor predominates in solvents of moderate PG 
content leading to a decrease in AGC\ values, with increasing amounts of PG 
in the solvent. This may be so since the chemical interaction includes the 
breakdown of one type of solvation shell and the creation of another [5,17]. 
However, to understand this point more clearly, let us examine the values of 
A$ and AHTo for the single ions. Greater insight into the transfer process 
is available from these values which reflect contributions from the effects of 
the ions on the structure of the solvents. 

The chemical contributions to transfer enthalpies and entropies of the 
single ions show similar trends, with increasing PG content in the solvent 
(Table 5). Thus, for the transfer to media of high dielectric constant (e.g., 
D = 60) the values of AHi and A&\ decrease negatively to minima at 
around 20 and 30% PG, respectively, thereafter increasing to positive values 
with increasing amounts of PG, and becoming highly positive for the 
PG-rich solvents. The negative minima of AHj, and ASj, values are 
displaced to 50 and 60% PG, respectively, for transfer to media of low 
dielectric constant (e.g., D = 40). 

Since all structure-forming processes including solvation of ions are 
exothermic and accompanied by a decrease in entropy, whereas structure- 
breaking processes including desolvation of ions are endothermic and lead 
to an increase in entropy, the process of transfer of an ion from water to 
another solvent should involve [5,8] the following structural changes: (1) 
breaking down of the structure of the hydration shell around the hydrated 
ion in water; (2) building up of the liquid structure by the water molecules 
released by process (1); (3) breaking down of the liquid structure of the 
solvent, if any, so that the molecules may be free to solvate the incoming 
ion; (4) building up of the solvation shell around the ion in the solvent by 
the molecules released by process (3). For the respective steps A Ho and AS0 
are positive for (1) and (3), and negative for (2) and (4). The sign and 
magnitude of the overall entropy or enthalpy changes will depend on the 
relative magnitudes of the individual steps [5,8]. 

In water-rich solvents the negative and decreasing values of AH: and 
AS: show the net structure-making effect of the ions which is aided by 
strong ionic fields in media of low dielectric constants. On the other hand, 
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the net structure-breaking effect of the ions in PG-rich solvents is indicated 
by the positive and increasing values of AH: and AS& This effect is more 
pronounced in media of high dielectric constants. Therefore, PG-rich solvents 
appear to be more structured solvents than water, which is also a more 
structured solvent than the water-rich solvents, as far as the chemical 
interaction on the transfer process is concerned. Moreover, the large positive 
values of AH$ and A$, for anhydrous PG reflect the larger enthalpy and 
entropy changes involved in creating a correct configurational change of the 
solvent on the transfer process. 

Furthermore, it is evident from Tables 4 and 5 that in solvents less 
structured than water the values of AS: (in any aqueous glycolic solvent) 
and ASj, (in water-rich solvents) decrease negatively from Cl- through Br- 
to II. On the other hand, those of AS: (in the non-aqueous PG) and ASi 
(in PG-rich solvents) increase positively from Cll through Br- to II, in 
solvents more structured than water. As concluded earlier [5,14], these ideal 
orders are in better accord with the fundamental tenets of ion-solvation and 
solvent structure theory [5]. This conclusion, however, lends further proof to 
the validity of the results obtained from method I calculations, based on the 
oxidation potential scale. 

The values of (AC,“)., are all negative and decrease continuously with 
increasing PG concentration in the solvent (Table 5) a behaviour similar to 
that of AC/, for the transfer of any ion from water to the respective glycolic 
solvents (Table 4). However, the value of (AC,“),, becomes more negative on 
transfer to any glycolic solvent with a lower dielectric constant, and in all 
cases it decreases from Cll through Br- to I -. 

Finally, it is evident from Tables 4 and 5 that different trends are 
observed if the values of AGj,, AHj, and A$!, are compared with those of 
AGp, AH: and AS:, respectively, for any ion. This again reflects [14] the 
importance of computing the chemical contribution to the standard transfer 
thermodynamic quantities from water to any solvent. 
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