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ABSTRACT

A new equation, correlating the cell (or electrode) potential with the dielectric constant of
the solvent, has been developed and used to compute the chemical contribution to the
transfer thermodynamic quantities of individual ions in various solvents. The results show
that the electrostatic contribution to the transfer free energies should in fact account for all
the interactions between the charge on the ion and the overall charge on the solvent
molecules, of which the Born contribution plays but a minor role. The thermodynamic
properties of individual ions have been discussed in the light of ion-solvent interactions as
well as the structural effects of the solvents on the transfer process.

INTRODUCTION

The transfer process, HX (in water)= HX (in respective solvents), is
associated with a transfer of charged species, i.e., of H" and X~ ions from
water to respective solvents. It is generally agreed [1-8] that the standard
Gibbs energy of transfer AG®, (and similarly the entropy and enthalpy of
transfer) consists of a non-electrostatic or chemical part, AGS, and an
electrostatic part, AGg, which is estimated by Born’s eqn. (1).

AGS =iNe*(D; ' — D) (ri'+r2Y) (1)

where N is Avogadro’s number, D, and D, are the dielectric constants of
the solvent and water, respectively, and r, and r_ are the radii of the cation
and anion, respectively. While the electrostatic transfer free energy arises
from the differences in the dielectric constants of the solvents, the non-elec-
trostatic transfer free energy reflects the contributions of solvation and other
specific ion-solvent interactions which depend on the basicity of the solvent
[1-8].

The electrostatic part of the entropy of transfer is obtained [2,3,6-8] by
differentiating eqn. (1)

ASS = —iNe*[D;'(d In D, /dT) - D '(d In D,/dT)](r;'+ ") (2)
where the values of (d In D, /dT) and (d In D_/dT) are evaluated from the
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simple empirical eqn. (3), in which @ is a constant characteristic of the
medium [1-3,6-10].

dln D/dT=-1/0 (3)
Thus, eqn. (2) can be rewritten [1-8] as
ASS = —iNe*(D;'6; — D6, ) (rit+r2t) (4)

From the slopes of the linear plots of InD against T for the respective
solvents [2,3,7-11], the values of & can be calculated. From a knowledge of
AG3 and ASg, the electrostatic part of the enthalpy change, AHJ, can be
computed. The chemical contributions, AGS,, AS3 and AHG, can then be
obtained by subtracting the respective electrostatic contribution values from
the total [2,3,5-8].

Previous evidence [3-8] has proved the inadequacy of the Born theory in
providing a guide to the thermodynamic properties of ions in solution. This
raises doubts [4] about the validity of the electrostatic contribution calcu-
lated from the Born equation and thus, the chemical contribution to the
transfer thermodynamic quantities. In view of these unreliable data [3-8],
another independent method for determination of chemical contributions
must be sought.

Also, several trials have been made to correlate the standard potential E°
of a cell with the dielectric constant D of the medium [1,4-8,11]. In all cases,
the plots of E° values vs. 1/D approached linearity in the higher dielectric
regions of the solvents but became more noticeably curved in the lower
dielectric regions.

In the present investigation, a new equation, correlating the cell (or
electrode) potential with the dielectric constant of the solvent, has been
developed and used to compute the chemical contribution to the standard
transfer thermodynamic quantities.

THEORY

The change with temperature of the dielectric constant of the pure
solvents and the solvent-water mixtures is expressed with considerable

a

accuracy by Akerlof and Short [9,10] as
InD =lna, — b,T (5)

where a, and b, (b; =1/8, see eqn. (3)) are empirical constants [9,10]. This
equation was tested in literature using a lot of data and the results indicate
its validity within the experimental errors, over a temperature range of at
least 150° [9,10]. Thus, eqn. (5) has long been used [1-3,5-8,11-13] in
electrochemical studies for evaluation of § by eqn. (3), and then ASg by
eqn. (4).
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In any solvent, the cell (or electrode) potentials at different temperatures
are usually expressed by quadratic equations of the form

E2=a—bT+cT? (6)

It is always reported [1-15] that eqn. (6) is valid and accurate within the
experimental errors over a wide temperature range.

Thus, in order to correlate the cell (or electrode) potential E, on the
molal scale, with the dielectric constant of the solvent, then by substitution
of the value of T from eqn. (5), into eqn. (6) gives eqns. (7) and (8) as
follows

E° =A,+ B,(InD)+ C,(InD)’ (7)
(Eg)*=a,+b,(InD) (8)

These equations are general relations which represent the variation of E, at
various temperatures with the corresponding dielectric constants of the
solvent. Equation (8) predicts that, for any solvent at different temperatures,
(E2)"? will vary linearly with (InD). As will be seen later, this has been
verified in all solvents over all wide ranges of D values.

The standard Gibbs transfer free energy AG?, on the molal scale, is given
[1-8] by eqn. (9).

F("Eq —"Eq) = AG? = AG§, + AGg (%)

where the superscripts w and s refer to water and solvent, respectively.
Substitution of the value of E?2, using eqn. (7), into eqn. (9) leads to

AG? = F[W(A1 +BiL+ QL?) =*(A, + BL + Cle)] (10)
or
AG? = F[(*4, —4,) + ("B,*L —*By°L) + (" Cy'L? —°C;L?)] (11)

where (In D) is written as L, for simplicity.

Equations (10) and (11) reflect the dependence of AG? values on the
dielectric constant, for the transfer process from water to any (aqueous or
non-aqueous) solvent. However, when the water (at a 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 free energy would be zero, and the chemical contribution AGS, is
thus given, from egn. (11), by

AGS = F("4,—°4,)+ F("B, —*B,) L+ F("C, —°C,) L? (12)
or
AGS =A,+ B,L+ C,L? (13)

where 4, = F(*4, —°4,), B,=F(*B, —°B;) and C,= F(“C, —°C,). Thus,
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eqn. (13) can be used to evaluate the chemical contribution to the transfer
free energy at any dielectric constant D.

The transfer entropy AS? can be obtained by applying the usual thermo-
dynamic relationships to eqn. (11). Thus,

d(AG?) dIn D
“dmD 4T (14)
= F[(°b,°B; —*b,"B;) + 2(°b,°C,°L —*b,*C,"L)] (15)
where (d InD/dT) or (dL/dT)= —b,, from eqn. (5). The chemical contri-
bution AS3, to the transfer entropy can thus be obtained, for the transfer

process from water to any solvent both have the same D (or L), since eqn.
(15) reduces to

—ASG = F[(SblsBl "wblel) + 2(SblsC1 _wblwcl)L] (16)
or

ASS =4+ B,L 17)
where 4, = F(“b,"B, —°b,°B;) and B; =2 F(*b,"C, —°b,°C,). Equation (17)
can, therefore, be utilized for computing ASS values at any dielectric

constant.
Equation (16) can be rewritten as

ASS, = F["b;,("B, + 2"C,L) —*b,(* B, + 2°C,L)] (18)
= w(—Ath)"s(*Ath) (19)
Thus, for the transfer process from water at *7, ¥*T'=(In *a, — L)/%b,, to
any solvent at *T, °T = (In'a, — L)/°b,, both of the same D (or L) value
AHS, — AGS, =Y "5(TASS,) (20)
="(—TAS3) —* (- TASG, (21)
From eqns. (18) and (19), and substitution of the values of 7 and °T in
eqn. (21), one obtains
AHS — AGG, = F[(ln “a, — L)("B, +2"C,L)—(In"a, — L)(*B; + 2°C,L)]
(22)

~ASP

which rearranges to
AHG — AGg =F[w(B1 Ina,) —*(B, lnal)] —F[W(Bl -2C, Ing))
—*(B, —2C, Ina))] L —2F("C, —*C,) L? (23)

A H§, is thus obtained from eqns. (12) and (23) as
AHS = F["(4, + B, Ina,) —*(4, + B, na,)| +2F["(C, Ina,)

—%(Cy Ina))| L - F(*C, —°C;) L? (24)
or
AHS, =A,+ B,L— C,L? (25)
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where A, = F[¥(A, + B, In a,)—°*(A4, + B, In a,)] and B,=2F(["(C, In a,)
—%(C; In a;)). Therefore, eqn. (25) can be used for the evaluation of the
chemical contribution to the transfer enthalpy, at any dielectric constant.

Also, in the same manner, the chemical contribution to the heat capacity
(AC) e can be obtained from egns. (26) and (27).

(ACP),, =2F [ (b1Cy Inay) =¥ (5,C; Inay)]
—2F[(5,G) —*(5,G)] L (26)
= A+ B,L , 1)

where 4 = 2F[S(b,C1 lna,) —*(5,C, lnal)].

RESULTS AND DISCUSSION
Electrode potential and dielectric constant

Equations (7) and (8) correlate the cell (or electrode) potential at different
temperatures with the dielectric constant, in any solvent. This relation has
been tested in an aqueous medium and in several solvent systems [1-8,11-18],
including both protic and aprotic, partially aqueous and non-aqueous
solvents. In all cases, as expected from eqn. (8), plots of (EZ)"/? against L
(where L =In D) gave practically perfect straight lines with slopes (b,) and
intercepts (a,), in any solvent, over a wide range of dielectric constant
values.

Chemical contribution to the standard transfer thermodynamic quantities of
individual ions

Now, it is of interest to compute the chemical contribution to the
standard thermodynamic properties of individual ions. However, calcula-
tions have been made using the recently reported [16] EMF data in ethylene
glycol (EG)-water solvents, as an example, since the transfer thermody-
namic quantities of single ions from water to respective glycolic solvents
have been calculated, in the preceding paper [17] by Elsemongy’s methods
[18]; the discussion is reserved until the chemical contributions have been
computed.

As previously reported [17,18], there are two possibilities for the variation
of electrode potential with the radius () of the solvated ion on whose
activity the potential depends: I—the oxidation potential varies directly with
r (method 1), or 11— the reduction potential varies inversely with r (method
ID). It is evident [17,18] that method I must be applied to the EMF data for
the determination of absolute electrode potentials as well as the thermody-



392

TABLE 1

Chemical contribution to the standard thermodynamic quantities (molal scale) for the
transfer of individual ions from water to glycolic solvents at D = 40, calculated by methods 1
and II, using the recently reported EMF data [16]

Glycol  Ion AGS, (k) mol™)  AHS (kJ mol™?) ASS (JK T mol™h)
wt.% o 1 I 1 I 1

20 H* 1118 14.87 —5455 ~67.01 -1735 -198.8

Cl- 11.72 1435 -54.52 ~67.02 -167.2 —205.1

Br- 1266  13.35 ~58.92 ~62.40 —180.7 -190.9

I~ 1402 1202 —~65.28 ~56.15 —200.2 -171.8

40 H* 385  10.61 —-2.06 ~26.58 -528 -102.1

cl- 6.52 7.95 ~12.52 -16.07 -69.1 —85.7

Br- 7.06 7.39 -13.68 ~15.04 -75.0 -79.9

1~ 7.81 6.66 ~15.09 —~13.51 -829 -720

60 H* 248 1012 2472 —4.04 ~1.4 -50.9

ol 5.68 6.95 10.25 10.39 —-21.5 ~31.0

Br~ 6.14 6.47 10.97 9.49 -233 -292

1~ 6.78 5.82 12.25 8.73 —-25.6 ~26.0

80 H* 1.69 9.58 49.14 14.45 20 —-57

o/l 511 6.16 29.87 33.66 19.1 16.8

Br~ 5.53 574 32.11 31.17 20.4 15.4

I~ 6.10 517 35.63 28.19 22.7 14.0

100 H* 7.44 2.12 92.06 32.55 123.7 7.3

q- 4.28 5.29 56.68 68.16 88.4 106.9

Br~ 4.64 4.93 60.96 63.17 95.0 99.0

I~ 5.12 4.44 67.61 57.10 105.5 89.6

namics of single ions in solution, all the results showed that the plots of
standard transfer free energy or entropy against r™!, used earlier [5,6] to
obtain the thermodynamic properties of single ions, cannot be accepted.
Nevertheless, the results of calculations by both methods I and II are
considered in the present work, in order to provide further proof of these
conclusions.

The chemical parts of the standard transfer thermodynamic quantities of
the individual ions from water to respective glycolic solvents have been
calculated, by eqns. (13), (17) and (25), and the results at D = 40, for
example, are recorded in Table 1. The values of AGS, are all positive and
show maxima at around 20% EG. Thereafter, for the H* ions, the AGS,(H™)
values of method 1 decrease to minima at around 80% EG and thereafter
increase, whereas those of method II decrease; for the halide ions, the
AGS(X™) values calculated by both methods I and II, decrease, with
increasing EG content in the solvent.

As chemical contributions to the Gibbs energy of transfer of an ion in
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solution arise mainly from the solvation of the ion, AGS, of the ions should
reflect the solvating capacities of the solvent concerned and water toward the
ion [14]. The resulting positive magnitudes of AGg, for all ions presumably
indicate that water possesses a larger solvating capacity toward the ions than
the glycolic solvents.

The values of AHG, and AS, for the individual ions, which are negative in
the water-rich regions, pass through minima at around 20% EG, thereafter
increase with increasing EG content in the solvent and become positive in
the EG-rich solvents. Now, all structure-forming processes including solva-
tion of ions are exothermic and are accompanied by a decrease in entropy,
whereas structure-breaking processes including desolvation of ions are endo-
thermic, entailing an increase in entropy {14]. The transfer of an ion from
water to another solvent involves the following structural changes [14,15]: (1)
dehydration of the ions, releasing water of hydration to form an assembly of
non-interacting molecules, (2) return of this de-structured water to a normal
water structure, (3) the partial breakdown of solvent structure, if any, and
cavity formation, if required and (4) solvation of the ion. For the respective
steps AH®, as well as AS®, is 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 [14,15].
Obviously, the minima at 20% EG show that at least two opposing factors
are operating. The minimum solvating capacities of glycolic solvents toward
the ions at 20% EG are reflected by the minima in the chemical entropy and
enthalpy of transfer, at this composition. The large negative A H3, value, for
the 20% EG solvent, reflect the smaller enthalpy changes involved in creating
a correct configurational change of the solvent on the transfer process. This
view is further supported by the large negative value of ASj, which is
associated with the structural changes as far as the chemical interaction or
solvation on the transfer process is concerned. This phenomenon produces
an overall order and hence ASS, is negative.

The transfer thermodynamic properties of single ions in EG-water solvents
have been computed and given in the preceding paper [17]. In any solvent,
the values of AG? or AG, of individual ions calculated by method I increase
in the order: AG2(Cl7) <AG2(Br~) <AG2(17), whereas those calculated
by method II decrease in the same direction. On the other hand, in any
aqueous solvent, while AS? (and also in water-rich solvents, ASS,) values of
method I decrease in the order: AS(Cl7) > AS(Br™) > AS°(I7), those of
method II increase in the same direction. In the non-aqueous EG, the AS?
(and also in EG-rich solvents, AS3, ) values of method I increase positively in
the order: AS2(C17) <ASP(Br™) <AS?(I7), whereas those of method 11
decrease positively, also in the same direction.

Generally, for various solvent systems, one observes, in the respective
structurally critical regions, either of the sequences: (i) AS2(Cl™) > AS?(Br™)
> AS®(I7), or (ii) ASP(I7) > ASP(Br™) > ASS(Cl™).
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Both sequences have been observed before and are known for various
solvent systems [15]. Evidently, besides the physicochemical properties of the
solvents, pronounced structural contributions are responsible for the ob-
served nature and sequence of 7AS2(HX) against composition profiles. The
question arising is which of these two orders is in better accord with the

TABLE 2

Standard thermodynamic quantities for the transfer of HX from water to glycolic solvents at
25°C, and their chemical contributions at two different dielectric constants (D = 40 and 60),
computed from recently reported EMF data [16] (AG® and AH® (kJ mol™1); AS® (J K™!
mol ™ 1))

Glycol Method AGY AHY AS? D=40 D =60
wt% —AGS, AHG, AS; - AGE AHG ASS
HC1
20 1 1.14 020 -31 053 -~-003 -63 023 215 20
II 1.15 0.19 -33 052 -0.02 -63 0.22 214 20
40 I 243 —-042 -9.5 2.68 10.46 16.3 0.49 6.74 116
11 246 —-045 -97 267 1050 164 048 6.73 115
60 1 405 —-250 -219 3.19 1447 20.1 0.53 849 118
11 409 -253 -222 318 1443 199 0.53 847 11.6
80 1 701 -411 =373 342 1927 229 0.58 1230 15.9
11 707 —-409 -374 341 1921 225 0.57 1241 160
100 1 19.05 366 =516 —316 3537 353 —6.16 2396 19.1
11 19.15 390 —512 -3.17 3561 356 —6.18 2402 189
HBr
20 1 0.80 0.22 -1.9 1.47 4.37 7.2 0.47 340 74
11 0.78 021 -19 1.52 461 7.9 0.48 345 7.4
40 I 1.75 -005 -—6.0 3.21 11.62 222 0.77 721 155
I1 1.70 -0.03 —5.8 322 1154 222 0.79 717 156
60 1 300 —1.29 -~-144 365 1375 219 0.82 964 19.2
11 293 —-121 -139 365 1353 217 0.83  9.67 195
80 I 5.35 —3.80 -30.7 3.84 17.03 216 0.72 1440 289
11 523 =379 -302 384 1672 211 0.72 14.47 296
100 I 1679 —-110 -600 -—-280 3110 287 -~-590 2421 30.6
11 1663 —144 -60.7 -—2381 30,62 277 —5.87 24.08 309
HI
20 I 0.29 024 -01 284 1074 267 0.81 519 145
11 0.30 0.23 —-0.3 2.85 10.86 27.0 0.80 5.22 14.6
40 I 0.72 051 —06 396 13.02 301 120 780 21.0
I 0.74 048 —0.9 3.95 13.06 30.1 119 7.80 209
60 1 1.44 0.51 -31 4.30 1247 242 1.23 11.27 30.0
I1 1.47 0.43 —-3.5 4.30 1276 249 122 11.21 29.6
80 1 2.85 —336 —-209 442 13.50 19.3 092 17.37 48.0
11 291 —-341 -212 441 1374 19.7 0.92 17.16 470
100 1 1341 -—-824 -T726 —232 2444 182 -—552 2443 4713

11 1347 —-8.17 -—-727 232 2455 183 —549 2427 464
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fundamental tenets of ion-solvation and solvent structure theory.

After a comprehensive treatment of the arguments and detailed discus-
sion, Bose et al. [15] concluded that the ideal order is: AS2(17) > AS2(Br™)
> ASP°(Cl7), as envisaged in case (ii), in a solvent more structured than
water (here, the non-aqueous EG or the EG-rich solvents, as indicated by
AS? or ASg,, respectively); it is in the opposite direction, as in case (i), in
solvents less structured than water (the aqueous glycolic or water-rich
solvents, as indicated by AS? or AS3, respectively). This conclusion [15] is in
agreement with the results obtained from method I calculations based on the
oxidation potential scale. This lends further support to the validity and
general applicability of method I for determination of thermodynamic
properties of single ions in solution.

Now, one could predict the relative order of variation of AG°(HX) and
ASP(HX) as well as AG5(HX) and ASG(HX) values, in any solvent. The
transfer thermodynamic quantities of HX are obtained from the differences
between those for the ion constituents, both based on the same type of
potential (oxidation or reduction) scale [17,18). These are collected in Table
2. The values of methods I and II could be then compared with each other to
check the reliability of the calculations. Full agreement between the values,
within the experimental errors, is generally seen. Whatever the method of
calculation (I or II) used, the same value of AG?(HX), AH?(HX) or
AS?(HX), is always obtained [18].

Standard transfer thermodynamic quantities of HX

For HCl, HBr and HI, AGS values are all positive and increase in
magnitude as the proportion of glycol increases. The rate of increase is slow
up to about 80% EG, beyond which there is a sharp rise at 100% EG. Thus,
the transfer of HCl, HBr or HI from water to the glycolic solvents is
non-spontaneous and becomes more unfavourable as the proportion of EG
increases, particularly in the glycol-rich region. In any solvent, the value of
AG?P(HX), as expected, decreases in the order: AG (HCl) > AGP(HBr)
> G2(HI). On the other hand, the relative order of increasing AS?(HX)
value, in any aqueous solvent, is: ASP(HCl) <ASP(HBr) < AS?(HI). This
order is reversed in the non-aqueous EG. The standard entropy changes of
transfer of HX are found to be increasingly negative, with increasing EG
content in the solvent, showing the net structure-making effect of the ions
which is aided by strong ionic fields in aqueous media of low dielectric
constant. In any aqueous solvent, while the value of AH? increases in the
order: AHP(HCl) < AH7(HBr) <AHP(HI); it decreases, in the non-aque-
ous EG, in the same direction.

However, it should be pointed out that ASP(HCI) values obtained by Sen
et al. [19] do not exhibit any maximum at the water-rich portion of the
mixed media, as do the data of Stern and Nobilione [20], and in any case, the
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values of ASP(HCI) obtained from the two different sources are in somewhat
poor agreement with each other especially at extreme regions [14].

According to Franks and Ives [21] and Feakins and Voice [5], the effect of
ionic fields on the structure of the solvent will appear as a compensating
contribution in AH? and TAS?, and the structural effects of the solvents on
the transfer process are revealed through these quantities. For HCl and HBr,
the value of AH? passes over an endothermic maximum at around 20% EG
and then becomes increasingly negative up to an exothermic minimum at
around 80% EG, and thereafter increases, with increasing EG content in the
solvent. For HI, the value of AH{ increases positively to an endothermic
maximum at around 50% EG and thereafter decreases to negative values in
the EG-rich region. Such extrema are considered [4] to occur in the region of
composition where the order—disorder relationships in the structure of the
mixed solvents are undergoing the most pronounced changes. In the case of
inflexions there are grounds for suggesting [4] that they are real and do in
fact reflect solvent structural changes.

The change in AH? is, however, overshadowed by a large decrease of
TAS? with increasing EG content. This is most possibly [22] due to the
increased effect of ionic fields on the solvent molecules in aqueous media of
lower dielectric constant to produce ordered structures. This is also con-
sistent with the heat evolution on transfer, i.e., a lowering of structural
enthalpy associated with structure-making ion-solvent interactions after 20%
EG for HCI and HBr, and 60% EG for HI.

Chemical contributions to standard transfer thermodynamic quantities of HX

The chemical contributions have been computed (Table 2) at two different
dielectric constants (D = 40 and 60, for example), for comparison. For the
transfer to media of high dielectric constant ( D = 60), the values of AGS, are
increasingly negative, pass through minima (at around 80, 75 and 70% EG
for the data of method I, and 70, 65 and 60% EG for those of method I1, for
HCl, HBr and HI, respectively) and thereafter increase to large positive
values in the non-aqueous EG. This indicates that the transfer of the acid to
aqueous solvents is increasingly favourable, with increasing proportions of
EG, to a maximum at 60-80% EG, but it is not favoured to non-aqueous
EG, as far as chemical interactions are concerned. This suggests that all
aqueous glycolic solvents are more basic than water, and water is more basic
than the non-aqueous EG. This conclusion was reported by Sen et al. [19] on
the basis of their acid-base studies in EG-water solvents. The values of
AHG and AS], for the transfer of HCl, HBr or HI, increase positively with
increasing the EG content in the solvent.

For the transfer to media of low dielectric constant ( D = 40), while the
AG§, values show the same trend observed at D =60 (the minima are
displaced to 70, 65 and 60% EG for the data of method I, and 80, 80 and
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75% EG for those of method 11, for HCl, HBr and HI, respectively), those of
AH§ and ASj show different trends as follows. (1) For HCI, the values of
AHS and ASS decrease to negative minima at around 20% EG, and
thereafter increase positively. (2) For HBr, the values of ASg increase
positively to a maximum at around 40% EG, then decrease to a minimum at
around 80% EG and finally increase again, while those of AHg increase
positively in one direction. (3) For HI, the value of ASg increases to a
maximum at around 40% EG, and thereafter decreases, while the A HG, value
increases positively to a maximum at around 40% EG, then decreases to a
minimum at 60% EG, and thereafter increases.

Now, it is evident that different trends are observed, if the values of AG}S,,
AHS and ASG are compared with those of AG?, AHY and AS?, respec-
tively, for any ion or acid. This reflects the importance of computing the
chemical contribution to the standard transfer thermodynamic quantities
from water to any solvent.

Born’s equation and thermodynamics of single ions in solution

Born’s equation suggests that plots of E° against 1/D should be linear
[23]. However, sharp deviations from the Born line were observed especially
when water percentages are low [23]. The departure from theoretical Born
plots was attributed in part to the uncertainty in the radius of the solvated
ion-complexes, especially in the water-poor solvents, which is different in
different solvents, invalidates the very basis of the well-known linear rela-
tionship. Besides, it is well known [7] that the Born equation only takes care
of the so-called secondary solvation energy. Even if the solvated ion species
happens to be the same in the different aqueous organic media, the primary
solvation energy may not necessarily remain constant. Differences in E°
values may not, therefore, be rightly equated to the Born free energy change
[23].

However, the electrostatic contribution to the standard Gibbs energy of
transfer AG3, given by Born’s eqn. (1), could be separated into two parts for
the individual ions, i.e.

AGG(+) =3Ne*(r') (D71 - DY) (28)
AGS(—)=3Ne*(r2') (D' - DJY) (29)
In solution, r, and r_ should refer to the radii of solvated positive and
negative ions, respectively. It is always assumed that the radii of the ions do
not change with changing solvent or temperature [1-8], which is not the case
[18]). Now, it is evident that the radii of ions vary with temperature and
solvent type and composition [17,18], and the extent of solvation varies from
an ion to another. Therefore, eqns. (28) and (29) should be rewritten as

AGS(+)=3INe*[ (ri)ND7Y) = (ri) (DY) (30)
AGS (=) =3Ne2[*(r2)(D7Y) =¥ (r2)( DS V)] (31)
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In view of the Born approach eqns. (30) and (31) can now be used to
compute the electrostatic contribution to the standard Gibbs free energy of
transfer of the individual ions. According to the results obtained from
calculations by method II, the value of AG] for the electrolyte transfer must
be given as the difference between those for the individual ions, both based
on the same type of (the reduction) potential scale [18]. Thus
AGG = AG3(—) — AGG(+) (32)
=iNe2[ D71 (r = 1) =D (P = 7Y (33)
eqn. (33) is the corrected Born equation, where the solvation of ions in
solution should be taken into account, on one hand, and the value of AG3
for the electrolyte is the difference (and not the sum, as given before [6])
between those of the single ions, on the other. The values so computed, by
eqns. (30), (31) and (33), at 25°C are collected in Table 3. The values of the
radii of the solvated H™ ion in various EG-water solvents were evaluated
before [17], and those of X~ ions were given earlier [18].

Table 3 shows that the values of AG for all ions increase positively; those
of AG3(HCI) increase positively also to a maximum at around 80% EG,
thereafter decrease, and become negative in the non-aqueous EG, while
those of AG3(HBr) and AG4(HI), which are all negative, decrease, with
increasing EG content in the solvent.

In aqueous glycolic solvents, the AGg values for ions are 0.7-1.6% of the
total AG? value for the ion, and those in the non-aqueous EG are 1.5-3.5%.
Also, the AG3(HX) contribution to AG?(HX) is found to be 0.1-1.3% over
the entire solvent composition range. Similar results have been obtained in
several solvent systems [24]. Thus, the values of AGS, evaluated on the basis
of Born’s equation would show the same trends given by AG; values.
Therefore, in view of Born’s equation, there is no need for splitting of AG?
values into AG3 and AGJ, parts. As seen from the previous sections, this is
not the case. Thus, the results show that the AGy values, should in fact
account for all the interactions between the charge on the ion and the
totality of charges on the solvent molecules, of which the Born contribution
plays but a minor role [4].

ACKNOWLEDGEMENT

The author is very grateful to his wife Mrs Laila Abu Elela for encourage-
ment, helpful suggestions and fruitful discussion.

REFERENCES

1 B. Sen, R.N. Roy, J.J. Gibbons, D.A. Johnson and L.H. Adcock, Adv. Chem. Ser., 177
(1979) 215, and references therein.
2 R.N. Roy, W. Vernon and A.L.M. Bothwell, Electrochim. Acta, 17 (1972) 5.



400

N bW

10
11

12

13

14

15
16

17
18
19
20
21
22
23
24

B.K. Das and P.K. Das, J. Chem. Soc., Faraday Trans. 1, 74 (1978) 22.

K.H. Khoo and C.Y. Chan, Aust. J. Chem., 28 (1975) 721.

D. Feakins and P.J. Voice, J. Chem. Soc., Faraday Trans. 1, 68 (1972) 1390.

D. Feakins, in F. Franks (Ed.), Physico-Chemical Processes in Mixed Aqueous Solvents,
Heinemann, London, 1969, and references therein.

J.O’M. Bockris and A K.N. Reddy, Modern Electrochemistry, Vol. 1, Plenum Press, New
York, 1973, and references therein.

R.G. Bates, in J.F. Coetzee and C.D. Ritchie (Eds.), Solute—Solvent Interations, Dekker,
New York, 1969.

G. Akerldf, J. Am. Chem. Soc., 54 (1932) 4125.

G. Akerlof and O.A. Short, J. Am. Chem. Soc., 58 (1936) 1241.

E.S. Amis and J.F. Hinton, Solvent Effects on Chemical Phenomena, Vol. 1, Academic
Press, London, 1973.

R.A. Robinson and R.H. Stokes, Electrolyte Solutions, 2nd edn., Butterworth, London,
1970, and references therein.

R.G. Bates, in A.K. Covington and P. Jones (Eds.), Hydrogen-bonded Solvent Systems,
Taylor & Francis, London, 1968.

K.K. Kundu, D. Jana and M.N. Das, Electrochim. Acta, 18 (1973) 95; J. Phys. Chem., 74
(1970) 2625.

K. Bose, A.K. Das and K.K. Kundu, J. Chem. Soc., Faraday Trans. 1, 71 (1975) 1838.
MM. Elsemongy and A.A. Abdel-Khalek, Monatsh. Chem., 114 (1983) 891; M.M.
Elsemongy and A.S. Fouda, J. Chem. Thermodyn., 14 (1982) 1: M.M. Elsemongy and
I.M. Kenawy, Z. Phys. Chem. Neue Folge, 129 (1982) 185.

M.M. Elsemongy and F.M. Reicha, Thermochim. Acta, 103 (1986) 371.

M.M. Elsemongy, Thermochim. Acta, 80 (1984) 239.

U. Sen, K.K. Kundu and M.N. Das, J. Phys. Chem., 71 (1967) 3665.

J.H. Stern and J.M. Nobilione, J. Phys. Chem., 72 (1968) 3937.

F. Franks and D.J.G. Ives, Quart. Rev., 20 (1966) 1.

C. Kalidas and V.S. Rao, J. Chem. Eng. Data, 19 (1974) 201.

S.K. Banerjee, K.K. Kundu and M.N. Das, J. Chem. Soc. A, (1967) 161.

M.M. Elsemongy and F.M. Reicha, Thermochim. Acta, in press.



