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ABSTRACT 

The and dlssociatlon constants of a wide range of acids in water+acetonc mtxturcs have been 

combined with values for the free energy of transfer of the proton. AG:(H ‘) to calculate values for the 
free energy of transfer of ions \\rhich denve only from the charge on the ion, AGF(r), As the values of 
AGF(H +) have been revised. rcvlsed values for the total free energies of transfer of cations and anions. 
AGp(M+) and AGf(X -). are Qven New data for AGF(MX,) IS dso spht mto values for AGF(M”‘) 
(where II= 1 and 2) and AGp(X -). These free cnerglcs of transfer. both total and those dcnvmg from the 
charge alone. are compared wth similar free cncrglcs in other mixtures water+co-solvent Values for 

AC:< I ), do not conform to a Born-type relatlonshlp and show the importance of structural effects m the 
solvent even when only the transfer of the charge IS mvolved 

INTRODUCTION 

Some free energies of transfer for single ions from water into water + acetone 
have been presented previously [I], but as new data for the free energy of transfer of 
salts, AGF(MX,), and of acids, AGF(HX), including data for MX, and HX not 
previously considered, have since become available, and as the values for AGp(H *) 
have been refined, these are discussed again before proceeding to the calculation of 
proton affinities in water + acetone by the method used previously for water + 
methanol [2]. 

AG;(M ‘) AND AG;(X -) IN WATER+ ACETONE 

Values for the free energy of transfer of acids, AGF(HX), available from data on 
electrode potentials in water and in mixtures of water with co-solvents are used to 
derive values for AGF(X - ) by calculating values for AG,“(H ‘). These values for 
AGf(X -) can then be used with values for AGF(MX,) to derive values for the free 
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energies of transfer of cations. AGF(M”*). This has been done for co-solvents 
methanol [ 1.31, acetone [I]. isopropanol [I], glycerol [ 11, ethylene glycol 143, t-butanol 
[S]. dioxan [6] and drmethylsulphoxide [7]. 

b,GrO(H * ) IS calculated by considering the transfer of the charged sphere contain- 
ing the tetrahedral structure H-j+O(H,O), from water into the mixed solvent for 
which 4GF(H i ), for the transfer of the charge is given by eqn. (1) 

ac,“(H-),== 6r, o(D,-l +%?) 
2 

(1) 

where ru,o is the radms of the water molecule, N is Avogadro’s number, and DS and 
iI, are the dielectric constants for the mixture and for water, respectively. Then the 
free energy change resulting from the solvent sorting equilibrium (2) is consrdered 

(W% .Hk + ROH,,, s {(H,O) ,.‘-I ROW H:,\ + HA,, (2) 

where ROH is the co-solvent. x a 5 and K is the thermodynamic equilibnum 
constant. This free energy change is given by (3) 

4GF(RO’H,,,,) = --RTln K (3) 

For the addition of a small concentration of p-nitroaniline B the following equihbrla 
are set up 

K1 
B solv + (H,O) rHsCo,v =BHAf + H,OW,V (4) 

BSol, + {(H,O),_,ROH}H,+,,, ~BH;,, + ROH,,,, (5) 

where K, and Kz are also thermodynamic equilibrium constants. For equilibria (2). 
(4) and (5), eqn. (6) can be derived, 

CCR K,F, WRC,, 
-=a.-. CR cO'uR 
CR-C K,F, a qJ-cR + K,F,a 

where o = the total [ROH], co = the total added concentration of p-nitroanihne, CR 
and c are [Bso,,,] with and without ROH present, WR = [Hz01 in the presence of 
R~H, F1 =fBfp/fB,+fHzO and F2 =fBfR&/fBH'fROH where f is actiwty co&i- 

crenl - 1 as [ion] - 0 and [ROH] --, 0. The assumptxon needed m the derivation of 
eqn. (6). (JV,‘/w) = (~&‘w,) has been shown [l-9] to hold, where F; = F, and 
IV= WR in the absence of ROH. For a wide range of ROH, linear plots of 
ccR/‘(cR - c) against CR/( co - CR) have been obtained [I -91. If K, = 
f{(H,O),-,ROH}H~I/I(H,O),Hfl[H+l and F, =fR6H2fH20/fpfROHr where f is 

defined as above, ROH, = ((H20)x-,ROH}H~t, and P = (H,O),HL,,, then eqns. 
(7)-( 10) follow 

K&-r = co/ (slope)a (7) 

4G,“(R&,,) = -RT~{K,F,wR} = -RTln (8) 
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AG(R&H,)=[R&H~] AG,+&) 

As [RGH,] can be obtained from K, [l-9], values for AG[R<; Hz] can be denved 
from the slopes for the lmear plots of cca /(CR - c) against CR/( c, - CR) provided 

F, = 1.0: it has been shown [l-9] that, a+s expected for such a symmetrical term, this 

assumptron is correct. Values for AG(R0 Hz) for water + acetone have been derived 
earlier [l] for such linear plots, but the earlier values for AGf(H + ), are incorrect as 
the values for 0, used for water + acetone [IO] deviate markedly from two other sets 
of data for 0, [I 1,121 which are themselves in mutual agreement. Hence, the values 
for AGf(H +)= have been re-calculated using 0, interpolated from the joint data of 
Albright and of Graffunder and Heymann. The new values focAGF(H +) denved 

using these new AGf(H t ), and the previous values for AG(R0 H,) are given In 

Table 1. 
The values for AGe(Cl - ) derived previously [l] from the values for AGp(HCl) 

calculated from the E0 data then available [13] have been corrected using these 
revised values for AG$(H’). Also, the data of Smits et al. [14] for AGF(HCl), on the 
molar scale published since the previous analysis [ 11, after conversion to the mole 
fraction scale via eqn. (I 1) 

AGp(HX) = AGf(HX), + 11.41 log( 18.016 d,/M&,“) kJ mole-’ 

have been combined with AGF(H f ) to g’ve AGF(CI - ): M, = lOO/((wt.% 
acetone/58.08) + (wt.% water/18.016)}; d, and d, are the densities of pure water 
and the mixture, respectrvely, found by interpolation of the data of Kurtz et al. [lS]. 
The resulting values for AGf(Cl-) are g iven in Table 1 and the average values are 
plotted m Fig. 1. 

From bromide ions, new data [ 161 are ava’lable for AGF(HBr) using the cell (12) 

Pd, H, 1 HBr, water f acetone1 AgBr-Ag (12) 

and these have been combined with AGf(H+) to gave AGF(HBr). The values for 
AGF(Br -) derived previously [l] using the E” data of Bax et al. [13] have been 
corrected for the new values of AGF(H+). AGF(Br -) values are collected m Table 1 

and plotted against solvent composition in Fig. 1. For AGF(I-), the calculations 
based on AGF(H1) denved from the E” data of Bax et al. [ 13] have been corrected 
for the new values of AGF(H ‘) and the new values appear m Table 1 and Fig. 1. 

Stmilarly, the new values for AGF(l) for I = Ph,B- , ClO, , K* , Rb+ , Cs+ , 
(CH,),N L , (n-Pr),N + , (n-Bu),N + and the ferrocmium ion (Fit+) based on a 
combination of the data of these latter authors with the new values for AGf(H+) are 
also included in Table 1. However, some of these latter values for AGp(i) can now be 
supplemented by new values based on additional experimental data in the literature. 
That for Rb+ is considerably expanded by the use of values of AGf(RbCl), of Smits 
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Fig I Plot5 of A.(;,“(rZl’I-) and AG,“(X -) at 25°C ag.unst molt fractmn of acctonc x2 

et al. [! 71 derived from cell (13) 

ton selective 1 RbCi. water + acetone 1 AgCl-Ag 
glass electrode 1 (13) 

These values were ftrst converted to the mole fraction scale using an equation 
analogous to eqn. (11) and values for AG,‘(Rb’) were then obtained using the new 
average values for AGf(Cl - ). The new values for AGF(Br - ) were combined with the 
AGF values for (CH,),NBr and pz-Bu,NBr of Treiner et al. [18] to produce 
add1 tlonal values for AGIo(MedN f ) and AGp( n-Bu,N f ), The same authors [ 181 also 
have values for AG~(P&,,H,~M~NB~) whrch were treated in the same way to 
produce values for AG~(n-C,,H,2Me,N’). New data for AG: for Zn(ClO,), based 
on polarographic measurements [ 191, after first being converted from the modal scale 
to the mole fraction scale via eqn. (14) 

AG~[Zn(C10~)2] = aG~[Zn(CIO,),] nl + 17.10 log( 18.016/M,) kJ mole-’ (14) 

were combined with the new values for AG~(ClO~- ) to produce values for AG,(‘(Zn2+): 
unfortunately these values of AG~“{Zn(C1O,),} depend markedly on the reference 
electrode employed 1191 at high concentrations of acetone (Table 1). 
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The data for solubility products of silver salts [20] discussed prelriously [l] are 
now considered in a different manner and further data [21,22] for AgCI are included. 
Previously [ 1 J, the data of Barraque et al. [20] for AgCl were used to derive values for 
AGp(Ag+) which were then combined with their data for AGF(AgBr) and AGF(AgI) 
to provide values for AGp(Br -)and AGF(I -). Now, the values for AGF(AgX) for 
X - = Cl-, Br - and I - derived from their solubility products [20] are combined 
with the respective new values of AGf(X -) for X - = Cl -, Br - and I - to give 
values for AGF(Ag+)). The average of all these values for AGF(Ag + ) at the con- 
centrations of acetone used by BarraquC et al. [20] are now combined with the values 
for AGf(AgSCN) derived from their solubility products K, at the same concentra- 
tions of acetone to give values for AGf(SCN-). The pK, data of Morel [21] and of 
Anderson et al. 1221 for AgCl are converted to AGF(AgCl), using eqn. (15) 

AG;(AgCl)c = 2.303 RT(pK,” - pK,S) (15) 

where superscripts w and s indicate pure water and the mixture, respectively. After 
conversion to the mole fractton scale usmg an equation analogous to eqn. (1 l), the 
values of AGF(AgC1) are combined with the new values for AGp(Cl-) to give values 
for AG;(Ag + ). 

Values for AGF(OH - ) h ave now been calculated using the data for the equi- 
librium constant Kc = aH+aoH-/~, ( w h ere a, is activity) on the molar scale at 
25OC determined by Woolley et al. [23]. These data were first converted to ionic 
products Kk = ++aon- on the molar scale using values for a, mterpolated from 
those calculated from the vapour pressures of Taylor [24] at 25°C. These values for 
Kk were converted to values K,: on the molal scale using eqn. (16) 

log K1; = log K; - 2 log d, (16) 

interpolating values for d, as before [ 153. These 

pure water and m the mixture, 
respectively, and aLzo 

= 55.509 X ak2,(mole fraction) (18) 

from the interpolated 

kJ mole-’ (19) 

and combined with values for AGf(H’) to give AGF(OH-). 
All these values for AGF(M”+) and AGp(X -) are collected in Table 1 and plotted 

against solvent 
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PROTON 4FFINITIES IN WATER+ ACETONE 

For an acid-base system (20) 

(20) 

the change in the proton affinity of B on transferring the system from water into the 
mixture of water + co-solvent, A P,, is given by (21) [2.6,8] 

AP, = 5_71(pK,” - pK,S) + AGF(H *) - C kJ mole-’ (21) 

The magnitude of C depends on the particular scale on which the values for K, are 
quoted: for the mole fractton scale. C = zero; for the molality scale, C= 5.71 
log( 18.016/&fs); for the molar scale. C = 5.71 log(18.016 d,/M,d,) 123. If A has a 
single positive charge with B electrically neutral, then AP, is given by (22) 

AP, = AGf(A’) - AG;(B) (22) 

As B is as close an approxrmation as can be experimentally obtained for the bulk 
and structure of A. becoming closer as A and B get larger, in transfernng A’ from 
water into the mixture the changes in free energy produced by B ~111 represent the 
changes In free energy arising from its bulk and structural aspects i.e. the electrically 
neutral component of the free energy change resulting from the transfer of A‘. If 
subscnpt n refers to this “neutral” component and subscript e refers to the 
component arismg from the charge only, with AGF(B) = AGF(A+),, then eqn. (23) 
follovls 

AG;(,4-)= = AG;(A+) - AG;(A’), = AP, (23) 

and the values of AP, are a drrect measure of AGF(A*)),. However, if A 1s electrically 
neutral with B having a single negative charge, AGF(A) = AGF( B--),, and eqn. (24) 
fOllOWS 

AG;(B - ), =AGf(B-) -AG;(A) = -AP, (24 

Data for pK, at 25OC in water + acetone are available from the work of Dippy et 
al. i26], Reynand [27], Douheret et al. [28]. Morel et al. [29], Singh et al. [30], 
Anfauvre and Comte [31] anti of Ang 1321. Values for AGP(B-), calculated by 
combining thts data with the values of AGF(H ‘) m Table 1 using eqns. (21) and (24) 
are given m Table 2 and values for AGF(Af ), calculated in a similar manner using 
eqns. (21) and (23) are given in Table 3. The source of the pK, data used is indicated 
in these tables. 

COMPARISON OF JG;(r) AND AG;(r), IN WATER+ACETONE WITH A@‘(,, AND AGO<,& IN 
MIXTURES OF WATER WITH OTHER CO-SOLVENTS 

As with other co-solvents [l-8], in general AC:(i) for i = anion is positive and 
AGp(i) for I = cation is negative with acetone as co-solvent. As with methanol and 
dioxan (3,6], A&;p(Zn*‘) has a greater negative value than AGP for the simple 
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univalent cations and, as with all the other co-solvents [l-8], the quaternary 
ammonium ions have large negative values for AC: with acetone. The only anion 
which has a negative value for AGF is Ph,B- , as found also for co-solvents dioxan 
and dimethylsulphoxide [6-81; in all cases the numerical value is large due to the 
structure forming effect of the phenyl groups. The order in AGF for the halides, 
Cl - > Br - > I -, is the same as found with all other co-solvents [l-S], and the order 
Cl - > Br - > I - > ClO, is the same as found with dioxan [6] where AGp(ClO4 ) is 
available. It is very interesting to compare AGF(OH - ) for a range of co-solvents. For 
the co-solvent ethylene glycol [4,8], AGf(OH-) is negative and for methanol values 
for AGF(OH - ) are positive but small [ 1,8]; in both these cases, OH- is stabilized in 
the mixture relative to pure water due to the formation of alkoxide type ions. 
However, AGF(OH -) for water + acetone has larger positive values comparable with 
the magnitude found with the co-solvents dimethylsulphoxide [7,8] and dioxan [6,8] 
where no alkoxide ions are formed. 

The negative values for AGF( I ) for i = cation and the absence of reasonable 
linearity wrth anything like the correct slope for plots of AGF(r) agamst D,-’ for 
i = anion shows that structural effects in the mixtures are an important factor 
determining AGp( 1). However, Fig. 1 shows the absence of any extrema in the 
variation of AC:< i) against mole fraction, x2, of acetone, unlike the smular plots for 
water + t-butanol [5,8]. This difference arises from different composition regions for 
the onset of structural breakdown in the mixture as represented by the extremum in 
the variation of ultrasonic absorption with composition: for water + r-butanol this 
maximum occurs at _Q - 0.1 [33] compared with x1 - 0.4 for water + acetone [34]. 
The relationship of AGF( I) with other properties of the mixtures water + acetone has 
been discussed earlier [1], particularly the manner In whrch the sign of AGf(r) 
depends on changes m the excess enthalpy and entropy of mixing of water with the 
co-solvent and on the structure breaking and fornung capacity of J [4,8]. 

When the “neutral” component of AGp( i) is removed, AGp(i),, according to the 
Born equation, eqn. (1), ought to vary hnearly with Q-t. Such plots in water + 
methanol for z = amon were found to be linear, but the slopes deviated markedly 

from those expected [2]. Moveover, values of AGp(i), for cations in these mixtures 
were all negative [Z], different in sign from that required by eqn. (1). It was therefore 
concluded [2] that structural fa! ;ors in the mixtures also have considerable influence 
on AGF( I ), through AGj’( I ),, in cqn. (25) 

AGf( I), = AGF( i)Bom + AGp( j),( (25) 

Figures2 and 3 show plots of AGF(B-), against D,-’ for the anions in Table 2 
where the data exist over a sufficiently wide range of compositions: in all these cases 
curves are obtained. Figures4 and 5 show similar curves for AGF(B-), in water + 
dioxan [6] for the cases where the data are available over a wide range of 
compositions: again, curves are obtained, more pronounced than those in Figs. 2 and 
3 for water + acetone. The values of 0, for water + dloxan were interpolated from 
the data of Critchfield et al. [35]. These curves can be compared with the plots of 
AGP(B-), against x2 for B-= carboxylate anion in water + t-butanol which show 



Fig 2 Plot of JG:‘(acetetu), agamst D,- ’ for wafcr+acctone at 25°C: pK, from (0). ref 28: (0). ref 29 

and (A), rcf 27 

[8] \ery sharp changes in the composition region x2 - 0.1 where the maxlmum 
structure formation occurs for these mixtures. Thus, the linear plots for AGF(B-), 
agamst Do-’ found earlier [2] in water + methanol are not found when these other 
co-solvents are added to water. 

12 14 16 18 20 
d D-’ s 

Fig 3. Rots of AGf( I). against D.-l for water+ acetone a: 2ST for various carboxylate ions pK, data as 

follows- benzoate Ion- (O), ref. 30; (O), ref 29; (A), ref. 27; salicylate ~on: (X), ret 26:-o-nitrobenzoate 
ion: (a), refs. 26 and 30; m-nitrobeuzoate IOU: (V), ref. 26 
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Fig 4 Plots of AGF(r), agamst OS-’ for water+dloxan at 25°C for various carboxylatc tons ulth the 

pK,-data denved as mdlcated in ref 6 0. Cl and X. acetate. A. formate. V. proplonatc: Q. bcnzoatc 

Table 3 shows that all the values for AGF(A’), are negative m water + acetone, 
comparable with those found m water + methanol [2] and water + dtoxan [6]. 
However, the values m water i acetone, like those in water + methanol [2], do not 
show an extremum such as found in water + dioxan [6], illustrated in Fig. 6. These 
negative values for AGf(A+), in water + methanol, water + acetone and water + 

FIN 5. Plots of AGF(r), agamst Ds-’ for water+dloxan at 25T for various aruons W&I the pK,-data 

dcnved as mdtcated III ref. 6. 0, 2.4-dimtrophenate. 0, 2.5dmitrophenate; A, dtmedone. X. 
I-ascorbate; V. reductone 
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Fig 6 Piers of A(;:‘(! ), III uatcr- dloxnn agnmst mole frnctlon of dloxan rt at 25°C for alkyl- and aryl 

ammomum Ions. ulth the PA,-data denwd a\ mdlcated m rcf 6 

dioxan. together with the curves found for AGF(B-), vs. OS-’ in the last two 
mixtures. support the \~ew expressed earlier [2] that AGf(l),, m eqn. (25) has a 
considerable Influence on AGF( I),; in the case of AGF(A+),, AGF(A+),, must 
dommate over AGO,,,. This conclusion does not in any way invalidate the 
method [I-S] used for computing AGF(H ‘) outlined above, where, m eqn. (9), 
AG:( H - ), = AG;(H + )Bom. as expressed in eyn. (1): here the free energy change 

arising from the total structura1 effects, AG(R 0 H, ), is determinated experimentally 

through KC and includes both AGF(H “)S1 and AGF(H + ),. 
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