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ABSTRACT

The acid dissociation constants of a wide range of acids in water+acetone mixtures have been
combined with values for the frec energy of transfer of the proton. AGY(H ™) to calculate values for the
free energy of transfer of 1ons which denve only from the charge on the ion. AG2(1), As the values of
AGP(H *) have been revised. revised values for the total free energies of transfer of cations and anions,
AGYM™*) and AGH(X 7). are given New data for AGIHMX,,) 15 also split into values for AGI(M"™)
(where n=1 and 2) and AGX(X 7). These free encrgies of transfer, both total and those denving from the
charge alone, are compared with similar free energies in other mixtures water+co-solvent Values for
AGO(1), do not conform to a Born-type relationship and show the importance of structural effects in the
solvent even when only the transfer of the charge 1s involved

INTRODUCTION

Some free energies of transfer for single ions from water into water + acetone
have been presented previously {1], but as new data for the free energy of transfer of
salts, AGY(MX,), and of acids, AGJ(HX), including data for MX, and HX not
previously considered, have since become available, and as the values for AGX(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].

AGX(M ™) AND AGY(X ™) IN WATER +ACETONE

Values for the free energy of transfer of acids, AG®(HX), available from data on
electrode potentials in water and in mixtures of water with co-solvents are used to
derive values for AG%(X ™) by calculating values for AGX(H™). These values for

AGY(X ™) can then be used with values for AGI(MX,,) to derive values for the free
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energies of transfer of cations. AGX(M”*). This has been done for co-solvents
methanol [1,3], acetone [1]. isopropanol [1], glycerol [1], ethylene glycol {4], -butanol
[5]). dioxan [6] and dimethylsulphoxide [7].

AGY(H ™) 1s calculated by considering the transfer of the charged sphere contain-
ing the tetrahedral structure H;  O(H,O), from water into the mixed solvent for
which AG2(H ), for the transfer of the charge is given by eqn. (1)

e (-0 1)
(8]

AGS(H™) =

R <)
where ry o is the radius of the water molecule, N is Avogadro’s number, and D, and
D, are the dielectric constants for the mixture and for water, respectively. Then the
free energy change resulting from the solvent sorting equilibrium (2) is considered

R K

(Hlo) ‘-Hsolv + ROHsol\ = {(HZO) ROH}H;I\ + H Osnlv (2)
where ROH is the co-solvent, x=5 and K is the thermodynamic equilibrium
constant. This free energy change is given by (3)

AG(RO™H, ., )= —RTIhK (3)

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

+ (H,0) H_ -—BHSO]V + H,0,, (4)

solv solv

sol\ + {(HZO) ROH}Hsoh '_BHsoh + ROHsoh (5)

where K, and K, are also thermodynamic equilibrium constants. For equilibria (2),
(4) and (5), eqn. (6) can be derived,
ccg K5 F wpe, Cr CoWr 6)

where a = the total [ROH], ¢, = the total added concentration of p-nitroaniline, ¢y
and ¢ are [B_,,] with and without ROH present, wy =[H,0} in the presence of

ROH, F, =fuf, /fau+fu,0 and F, =[5 frdu,/fou-frou Where f is activity coeffi-
cient — 1 as [ion] — 0 and [ROH] — 0. The assumption needed 1n the derivation of

eqn. (6), (K, F{/w)={K,F,/wg) has been shown [1-9] to hold, where F] = F, and
w=wg in the absence of ROH. For a wide range of ROH, linear plots of
ccr/(cg —c¢) against cgj/(co, —cg) have been obtained [1-9]. If K, =
{{(HzO)\_,ROH}H:]/[(H_-ZO)XH"'][H"'] and F, = frdu, fu,0/fofron. where f is
defined as above, ROH, = {(H,0),_,ROH}H},, and P = (H,0),H_y,,, then eqns.
(7)—(10) follow

K _F~!'=c,/(slope)a (7

5 wgc, F2
867 (ROH,) = ~RTIn(K.Fova} = "RT’“{ (—“—s?oﬁefa} (®)
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AG(H™) =AG?(H+)C+AG(R8H2) (9)
AG(RC+>H2) =[R6H2] AGP(RaHz) (10)

As [ROH,] can be obtained from K, [1-9], values for AG[RO H,] can be denved

from the slopes for the linear plots of ccy /(cg — ¢) against cg /(¢, — cg) provided
F_, = 1.0: it has been shown [1-9] that, as expected for such a symmetrical term, this

assumption is correct. Values for AG(R O H,) for water + acetone have been derived
earlier [1] for such linear plots, but the earlier values for AG(H *), are incorrect as
the values for D, used for water -+ acetone [10] deviate markedly from two other sets
of data for D, [11,12] which are themselves in mutual agreement. Hence, the values
for AGX(H ™). have been re-calculated using D, interpolated from the joint data of
Albright and of Graffunder and Heymann. The new values for AGYH™*) denved

using these new AGY(H ™), and the previous values for AG(ROH,) are given 1n
Table 1.

The values for AG(Cl ™) derived previously [1] from the values for AG2(HCI)
calculated from the E° data then available [13] have been corrected using these
revised values for AGP(H ™). Also, the data of Smits et al. [14] for AG2(HCIl)_ on the
molar scale published since the previous analysis [1], after conversion to the mole
fraction scale via egn. (11)

AGP(HX) = AGP(HX)_+ 11.41 log(18.016 4, /M_d,,) k] mole ™! (11)

have been combined with AGYH™) to give AGXCl™): M, = 100/{(wt.%
acetone/58.08) + (wt.% water/18.016)}; d4,, and d; are the densities of pure water
and the mixture, respectively, found by interpolation of the data of Kurtz et al. [15].
The resulting values for AGX(C1 ™) are given in Table 1 and the average values are
plotted in Fig. 1.

From bromide ions, new data [16] are available for AG®(HBr) using the cell (12)

Pd, H, |HBr, water + acetone| AgBr-Ag (12)

and these have been combined with AG’(H™) to give AG(HBr). The values for
AGQ(Br ™) derived previously [1] using the E° data of Bax et al. [13] have been
corrected for the new values of AGX(H ). AGY(Br ) values are collected 1n Table |
and plotted against solvent composition in Fig. 1. For AG’(I7), the calculations
based on AG2(HI) derived from the E? data of Bax et al. [13] have been corrected
for the new values of AGP(H*) and the new values appear 1n Table 1 and Fig. 1.
Similarly, the new values for AG?(:) for t=Ph,B~, ClIO;, K*, Rb*, Cs*,
(CH,),N™, (n-Pr),N*, (n-Bu),N* and the ferrocinium ion (Fic™) based on a
combination of the data of these latter authors with the new values for AG(H*) are
also included in Table 1. However, some of these latter values for AG2(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 AG2(RbCl), of Smits
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Fig 1 Plots of AGHM” ) and AGP(X ™) at 25°C against mole fraction of acetone x5

et al. [17] derived from cell (13)

1on selective |RbCl, water + acetone  |AgCl-Ag
glass electrode |

(13)

These values were first converted to the mole fraction scale using an equation
analogous to eqn. (11) and values for AG2(Rb™ ) were then obtained using the new
average values for AG2(CI ™). The new values for AG’(Br ~) were combined with the
AG? values for (CH;),NBr and n-Bu,NBr of Treiner et al. [18] to produce
additional values for AG°(Me,N *) and AG?(n-Bu N *). The same authors [18] also
have values for AG2(n-C,,H,,Me;NBr) which were treated in the same way to
produce values for AG2(n-C,,H;,;Me;N *). New data for AG? for Zn(ClO,), based
on polarographic measurements [19}, after first being converted from the molal scale
to the mole fraction scale via eqn. (14)

AGP[Zn(ClO, ),] = aG?[Zn(Cl0,),],, + 17.10 log(18.016 /M,) kJ mole ! (14)

were combined with the new values for AGX(ClO;™ ) to produce values for AGX(Zn?™"):
unfortunately these values of AGX{Zn(CiG0,),} depend markedly on the reference
electrode employed [19] at high concentrations of acetone (Table 1).
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The data for solubility products of silver salts {20] discussed previously {1] are
now considered in a different manner and further data [21,22] for AgCl are included.
Previously [1], the data of Barraqué et al. [20] for AgCl were used to derive values for
AG?(Ag™) which were then combined with their data for AG’(AgBr) and AGY(Agl)
to provide values for AGX(Br ~)and AGY(I1 ™). Now, the values for AG2(AgX) for
X7=Cl7, Br~ and I~ derived from their solubility products [20] are combined
with the respective new values of AGX(X ™) for X~ =Cl~, Br~ and I~ to give
values for AG2(Ag™). The average of all these values for AG (Ag*) at the con-
centrations of acetone used by Barraqué et al. [20] are now combined with the values
for AG2(AgSCN) derived from their solubility products K, at the same concentra-
tions of acetone to give values for AGX(SCN ~). The pK, data of Morel [21] and of
Anderson et al. [22] for AgCl are converted to AG{’(A\gCl)c using eqn. (15)

AGO(AgCl)_=2.303 RT(pK — pK?) (15)

where superscripts w and s indicate pure water and the mixture, respectively. After
conversion to the mole fraction scale using an equation analogous to eqn. (11), the
values of AG(AgCl) are combined with the new values for AGX(C1 ™) to give values
for AG2(Ag ™).

Values for AG2(OH ~) have now been calculated using the data for the equi-
librium constant K€ =ay+agy-/a, (where a, is activity) on the molar scale at
25°C determined by Woolley et al. [23]. These data were first converted to ionic
products K, =ay+aoy- on the molar scale using values for a, nterpolated from
those calculated from the vapour pressures of Taylor [24] at 25°C. These values for
K, were converted to values K7 on the molal scale using eqn. (16)

log K7 =log K5, — 2 log d (16)
interpolating values for 4, as before [15]. These values for K.' were then used to
produce values for AGX(H *),, + AGX(OH ~),, with eqn. (17) [1,4,6,8]

. )2
an,‘;+1ﬂ(aH=o) } (17)

0 + 0 - —_
AG(H*)_+AGY(OH™), = RT{ %5 T

where m,, and m  are the molalities of water in pure water and in the mxture,
respectively, and aj; o is the activity of water in the mixture on the molality scale
derived using eqgn. (18) [25]

a%y,o(molality) = 55.509 X a}; o(mole fraction) (18)

from the interpolated values calculated above for the mole fraction scale from the
data of Taylor [24]. The values of AG2(H *),, + AGY(OH 7),, were then converted to
the mole fraction scale using eqn. (19)

AGP(HX) = AG(HX), + 11.41 log(18.016 /M) kJ mole ™! (19)
and combined with values for AGX(H ™) to give AG’(OH 7).

All these values for AGX(M"*) and AG?(X ™) are collected in Table 1 and plotted
against solvent composition in Fig. 1.
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PROTON AFFINITIES IN WATER + ACETONE

For an acid-base system (20)

Ka
Awh = Bsoh + H o (20)

solv

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

AP, =5.71(pK} — pK3) +AG*(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 fraction scale. C =zero; for the molality scale, C=5.71
log(18.016 /M,); for the molar scale, C=5.71 log(18.016 d,/M.d,) [2]. If A has a
single positive charge with B electrically neutral, then A2, is given by (22)

AP, =AGP(A™) — AG?(B) (22)

As B is as close an approximation as can be experimentally obtained for the bulk
and structure of A. becoming closer as A and B get larger, in transferring A™ from
water into the mixture the changes in free energy produced by B will represent the
changes 1n 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
subscnipt n refers to this *“neutral” component and subscript e refers to the
component arising from the charge only, with AG2(B) = AG2(A™),,, then eqn. (23)
follows

AGX(A7) . =AGX(A*) —AGY(A™), =AP, (23)

and the values of AP, are a direct measure of AG(A™).. However, if A s electrically
neutral with B having a single negative charge, AG2(A) = AG2(B ~),, and eqn. (24)
follows

AG2(B7)_=AGX(B™) —AGY(A) = —AP, (24)

Data for pK, at 25°C in water + acetone are available from the work of Dippy et
al. {26], Reynand [27]. Douhéret et al. [28]. Morel et al. [29], Singh et al. [30],
Anfauvre and Comte [31] and of Ang [32]. Values for AGX(B™), calculated by
combining this data with the values of AG(H ™ ) in Table 1 using eqns. (21) and (24)
are given 1n Table2 and values for AGX(A™), calculated in a similar manner using
eqns. (21) and (23) are given in Table 3. The source of the pX, data used is indicated
in these tables.

COMPARISON OF AG?(1) AND AGY(1). IN WATER + ACETONE WITH AG2(:) AND AGP(1), IN
MIXTURES OF WATER WITH OTHER CO-SOLVENTS

As with other co-solvents [1-8], in general AGY(i) for i = anion is positive and
AGY(i) for 1 = cation is negative with acetone as co-solvent. As with methanol and
dioxan [3,6], AG%(Zn?*) has a greater negative value than AG? for the simple
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univalent cations and, as with all the other co-solvents [1-8], the quaternary
ammonium ions have large negative values for AG? with acetone. The only anion
which has a negative value for AG? is Ph,B~, as found also for co-solvents dioxan

and dimethylsulphoxide [6-8]; in all cases the numerical value is large due to the
structure forming effect of the nhenvl groups The order in /\(‘ for the halides,

TRRALRRALE 2R AAAMs At 2% paaslls LS. SO R E L= NS § ) 202 AT RIALISE

Cl~ >Br~ >17, is the same as found w1th all other co-solvents {1-8], and the order
Cl T >Br >1">ClO is the same as found with dioxan l'ﬁ'l where A(‘OI(“ln- \ is
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available. It is very interesting to compare AGX(OH ™) for a range of co-s olvents. For
Af:ofnu—\ 1e nao t1v A far mathananal ‘:a}ues

the r‘n_cnlvpnt athvlena al\n‘n1 f b4 ive and or methanol v
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for AGO(OH ™) are positive but small [1,8]; in both these cases, OH ~ is stabilized in
tlan wmsvtiren walatizra ensrwen ssrerdoasm Arin o tlaa Paceandias A g\" marr e buremm S mem
tnc MiIXturce eiallve lU puxc alvl Uue WU LI 1uliilallvil Ul alhVA UC lypc lUllb.
However, AG3(OH ™) for water + acetone has larger positive values comparable with
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where no alkoxide ions are formed

The negative values for AG2(1) for i=cation and the absen as
linearity with anything like the correct slope for plots of AGY(:) against D~
i = anion shows that structural effects in the mixtures are an important factor
determining AGY(:). However, Fig.1 shows the absence of any extrema in the
variation of AG2(/) against mole fraction, x,, of acetone, uniike the simiar piots for
water + f-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 + z-butanol this
maximum occurs at x, ~ 0.1 [33] compared with x, ~ 0.4 for water + acetone [34].
The relationship of AG2(:) with other properties of the mixtures water + acetone has
been discussed earlier [1], particularly the manner in which the sign of AGY(:)
depends on changes in the excess enthalpy and entropy of mixing of water with the
co-solvent and on the structure breaking and formung capacity of 1 [4,8].

When the “neutral” component of AGX(i) is removed, AGY(i),, according to the
Born equation, eqn. (1), ought to vary linearly with D,~!. Such plots in water +
methanol for : = anion were found to be linear, but the slopes deviated markedly
from those expected [2]. Moreover, values of AG2(i), for cations in these mixtures
were all negative [2], different ‘n sign from that required by eqn. (1). It was therefore
concluded [2] that structural fa: :ors in the mixtures also have considerable influence
on AG2(:), through AG2(1),, in cyn. (25)

75t

AGY(1), = AG2 (i), + AGO(i),, (25)

Figures 2 and 3 show plots of AG2(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 AGX(B™), in water +

dioxan I'G'I for the cases where the data are available over a wide ranege of
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compositions: again, curves are obtained, more pronounced than those in Figs. 2 and

3 for water + acetone. The values of D, for water + dioxan were interpolated from

the data of Critchfield et al. [35]. These curves can be compared with the plots of
) 5 . .
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Fig 2 Plot of AG(acetate), aganst D,” ! for water+acctone at 25°C: pK, from (@), ref 28: (0O). ref 29
and (AQ), ref 27

[8] very sharp changes in the composition region x, ~0.1 where the maximum
structure formation occurs for these mixtures. Thus, the linear plots for AGX(B™),

against D;~! found earlier [2] in water + methanol are not found when these other
co-solvents are added to water.

-
y &
y A

Fig 3. Plots of AG®(1), against D,~} for water+ acetone at 25°C for vanious carboxylate 1ons pKX, data as
follows: benzoate 1on* (@), ref. 30; (O), ref 29; (A), ref. 27; salicylate 1on: (X), ref. 26;_o-nitrobenzoate
inns £ vafe

LW gy i

ion: fs. 26 and 30; m-nitrobenzoate 10n: (7)), ref. 26
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Fig 4 Plots of AGY(1), aganst D,~' for water+dioxan at 25°C for various carboxylate 1ons with the

pK,-data denived as indicated in ref 6 @, O and X, acetate, A, formate, ¥V, propionate: ©. benzoate

Table 3 shows that all the values for AG2(A*), are negative in water + acetone,
comparable with those found in water + methanol [2] and water + dioxan [6].
However, the values in water + 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 AG2(A™), in water + methanol, water + acetone and water +

30t

N
?

AGY(1),kJ moi*
e

2 3 a
10°07
Fig 5. Plots of AGY(1). against D,~' for water+dioxan at 25°C for various amons with the pX,-data

denved as indicated mn ref. 6. ©, 24-dimitrophenate, OJ, 2,5-dmnitrophenate; A, dimedone, X.
{-ascorbate; V. reductone
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Fig 6 Plots of AG™(7)_ n water —dioxan against mole fraction of dioxan v, at 25°C for alkyl- and aryl
ammonum 1ons, with the pA  -d~ta derived as indicated 1n ref 6

dioxan. together with the curves found for AGXB~), vs. D,”! in the last two

mixtures, support the view expressed earlier [2] that AGY(:1), 1n eqn. (25) has a
considerable influence on AGC(1),; in the case of AGYA%)., AGXA™), must
dominate over AGX(A™ )p,,,. This conclusion does not in any way invalidate the
method [1-8] used for computing AG%(H ™) outlined above, where, 1n eqn. (9),
AGX(H 7). =AGY(H " ). as expressed in egn. (1): here the free energy change
arising from the rotal structural effects, AG(R O H,), is determinated experimentally
through K and includes both AGX(H ™ ),, and AGX(H *),,.
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