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ABSTRACT

The method developed previously for deriving free energies of transfer of the charge only
on large single ions from water into water-rich water + co-solvent mixtures AG. (7). has now
been applied to water + ethanol mixtures. This derivation depends only on the experimental
pK values of a large acidic positive ion producing a neutral base or of a large neutral acid
producing a negative ion and on the total free energy of transfer of the proton, AGE(H™).
Water + ethanol has been chosen for this investigation as AG° (H™) for mole fractions of
ethanol ~ 0.28-0.40 is largely independent of the assumptions used in either the spectropho-
tometric solvent sorting method or in the reference ion method using AG® (Ph As™) =
AG2 (BPhy ) for calculating AG.® (H™). The significance of the variation of AG.® (i), with
jonic size, the sign of the charge and the extent of the distribution of the charge over the bulk
of the ion in this composition range x, ~ 0.28-0.40 is discussed.

INTRODUCTION

In calculating and interpreting the free energy of transfer of single ions
from water into either another pure solvent or into a mixture of water with a
co-solvent, the extent to which the charge and the ionic bulk contribute to
the final result has been the subject of considerable discussion. One method
which has been used extensively to calculate free energies of transfer of
single ions AG.? (i) from water into pure liquids and aqueous mixtures
assumes for a salt such as Ph,AsBPh, consisting solely of large ions that the
free energy of transfer can be divided equally (or nearly equally) [1-3]

AG? (Ph,As*) = AG? (BPh; ) =  AG?® (Ph,AsBPh,) (1)

It is assumed by comparison with the free energies of transfer of similarly
sized and structured neutral species, Ph,Ge for Ph,As™ and Ph,C for
BPh;, that AG.® (salt), arising from the transfer of the charges on the ions
alone is about 15-25% of the total AG.® (salt) for transfers from water into
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water + acetonitrile, into water + N, N-dimethylformamide or into pure
methanol, with the remaining larger portion attributable to the transfer of
the neutral bulk AG® (salt),, [2,3]. Moreover, it is concluded [2,3] that the
small AG? (salt), can be divided equally (or nearly equally) in magnitude
and sign between the large positive and negative ions in the salt. The
weakness of this approach is that it does not investigate the free energy of
transfer of the charge on the ion, AG.® (i)., in the presence of the actual
neutral bulk on which it resides.

An alternative approach to the separation of AG=® (salt) into AG,® (i) for
the individual ions involves the determination of the free energy of transfer
of the hydrated proton [4-7]. In this method [4], the small contribution
deriving from the transfer of the spherical H*(H,0)s from water into the
mixture is calculated using the Born Charging relationship and the free
energy change arising from the subsequent re-arrangement of solvent mole-
cules via

{H+(H2O)r} +Ssolv: {(I—I2O)x—lS}H+

solv

solv +H ZOsolv

for the co-solvent molecule S is determined experimentally from the compet-
itive equilibria of {H"(H,0),},, and {(H,0),_;SH"},,, for a trace
concentration of a base, 4-nitroaniline. The total AG,® (H™) is then the sum
of both components. This method is unfortunately restricted to water-rich
mixtures of water with S and has been applied to a wide range of co-solvents
[4-7]. In all cases where values are available, AG.®(PhAs*) has larger
negative values than AG.(BPh;), but frequently AG.°(Ph,As") =
AGS (Ph,P™) [4-7]. However, this method has been used to determine
AGF (i), for the charge on the ion on the neutral bulk on which it resides
without reference to AG,” (i), for the transfer of neutral molecules other
than the molecule under consideration.
For a large organic cationic acid A™, the conjugate base B involved in the
acid-base equilibrium
A, =B, +H ()
solv solv solv
resembles A" very closely in size and structure, and indeed as close as is
possible without being identical, so that

AGS (A7) =AGS(A") —AGS (A7), =AGS (AT) — AG® (B) (3)

will apply with AG°(A™), = AG=? (B). The free energy of transfer of the
whole equilibrium (2) from water into a water + co-solvent mixture =
RT In(K, /K,), where subscript w and s indicate water and the mixture,
respectively, and is given by

RT In(K,/K,) = AG® (B) + AG? (H*) — AG® (A™) (4)
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Fig. 1. The variation of AG.® (H") for water + ethanol mixtures with the mole fraction of
ethanol in water-rich conditions derived using the spectrophotometric solvent sorting method
(o) and the reference ion methods, AG.® (Ph,As™ ) = AG.° (BPh} ) (») and AG? (triisoamyl-
(n-Bu)N*) = AG,® (BPhy ) (@).

Substituting from eqn. (3) and re-arranging gives
AG®°(A").=RT In(K /K, )+ AGS(HT) (5)
Similarly, for an equilibrium

K
A=B +H" (6)
involving a large neutral organic acid A, eqn. (7) can be derived,
AG®(B).=RT In(K,/K,) - AGS (H") (7)

with AG®(B7), = AG,° (A). Equations (5) and (7) have been applied exten-
sively to such acids A* and A in water + methanol [8], water + acetone [9]
and water + dioxane [6], and to a few acids in water + dimethyl sulphoxide
and in mixtures of water with other alcohols [10] and in mixtures of water
with tetrahydrofuran and with dimethylformamide [5]. We now apply this
procedure to the extensive literature of pK values for acids in water +
ethanol, for, as Fig. 1 shows, AG,°(H™") derived by this method for individ-
ual ions in water + ethanol converge in the region mole fraction of ethanol
x, ~028-0.40 with AG®(H™) derived using either the assumption
AG? (Ph,As™) = AG,° (BPh,) or AGF (triisoamyl(n-Bu)N *) = AG°(BPh})
[1). Therefore, conclusions drawn for the variations of AG°(A™), and
AG.°(B7), with the structure and size of A and B in the range x, ~ 0.28-0.40
will be largely independent of the assumptions on which the derivations of
AGP (H™) are based.
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EVALUATION OF AG? (i),

If values for the acid dissociation constants for acids A* and A are
available for a range of water + ethanol compositions, eqns. (5) and (7) can
be used to produce values for AG°(A™"), or AGS (B™), respectively using
AGS (H™). If the pK data are on the molality scale (superscript m), values
for AGZ (A™), and AG.°(B™), on the mole fractions scale at 25° C are given
by

015
AGE (A*), = 5.71(pK™ — pK™) + AG® (H*) — 5.71 log( 1—8M(l) (8)
AG® (B-), = 5.71(pK™ — pK™) — AG® (H™) + 5.71 log( 2015 ) (9)

where M, = 100/{(W /46.07) + ((100 — W) /18.015)} and W is the weight %
of ethanol in the mixture. If, however, the pK data are on the molar scale
(superscript ¢), AG®(H"), and AG°(B7), on the mole fraction scale at
25°C are given by

18.015d
AGS (A*), = 5.71(pKS — pKS) + AGZ (H*) = 5.71 1og(—W—S) (10)

18.0154
AGE (B™), = 5.71(pK¢ — pKS) — AGS (H*) +5.71 1og(—Md—i) (11)

where d,, and d, are the densities of pure water and the mixture at 25°C.
Values for d, were interpolated from the data given by Bates [11]. The
values for AG,® (A™), and AG,° (B™), calculated in this way using AG,° (H")
determined previously [7] from the spectrophotometric solvent sorting
method are assembled in Tables 1 and 2. The references from which the pK
data are taken are also given in Tables 1 and 2. These tables show a similar
distribution of values for AG.° (i), to that found previously for water +
methanol [8] water + acetone [9] and water + dioxane [6], with, broadly,
AG® (B7), being positive and AG,®(A™), negative in water-rich conditions.

COMPARISON OF VALUES FOR AGP (A*), and AG? (B™),

The charges on some negative ions lead to positive values for AG° (B7),
which are high, notably for phenate and substituted phenates, the mono-
caboxylate anions and the carboxylate anions containing another —-COOH
group; high negative values for AG,° (A ™) are found with the amide cations.
In the composition region x, ~ 0.28-0.40, where AG,°(H™") is reasonably
independent of the sets of assumptions used in its evaluation, for the
phenates AG,° (B7). ~ 15 kJ mol ™! at x, ~ 0.28, for the monocarboxylates
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AGZ (B™), ~10-15 kJ mol™! at x, ~ 0.28 and for the carboxylates which

also contain an additional —-COOH group AG.°(B7),~ 15 kJ mol™' at
: +

x, ~ 0.37; for AG°(A™) at x, ~ 0.28, the cations XCH,CONH,CI (where

+

X =H, I, Br, Clor F) give —11 to —13 kJ mol ™!, BrOCONH,Cl gives —12
+

kJ mol~!, X,CCONH,CI (for X =Cl, H or F) give —10 to —14 kJ mol !

+

and EtOCONH, X (for X = Cl or F) give —14 to —15 kJ mol~'. Therefore,

many of the charges, even on quite large molecules, have substantial effects

on the free energy of transfer.

Two effects may independently influence this contribution of the charge
to AG.? (i); the size of the molecule on which the charge resides and the
extent of the distribution of the charge over this bulk. A change in the size
of the ion at the same time as a change in the extent of the distribution of
the charge appears to have little effect on AG.° (i), (kJ mol™'), with all
comparisons at x, ~ 0.28 except the last one at x, ~ 0.20: HCOO™ (11.5),
CH,COO~ (13), PhCOO~ (15.7); phenate (14.7), 4-nitrophenate (12.5),

+
2,4-dinitrophenate (12.5) and 2,4, 6-trinitrophenate (8.0); MeNH, (—2.6),

+ + +
PhNH, (—3); CH,OHCH,NH,Me (—3.6), CH,OHCH,NH,Ph (—3.0),

+
CH,OHCH,NH(Ph) (Et) (—1); pyridine (—2), quinoline (—0.7) and
acridine (+0.7).

Likewise, a change in the size of the ion with little change in the extent of
the distribution of the charge has little effect: for x, ~ 0.22, 4-
bromoanilinium (—3.0), N, N-dimethyl-4-bromoanilinium (—0.4), N, N-di-
ethyl-4-bromoanilinium ( +0.65); for x, ~ 0.28, phenate (14.0), cresate (15.5),
xylenate (16.2); for x, ~ 0.28, HCOO~ (11.5), CH,COO~ (13.0),

+

PhCH,COO" (14.7), Ph,CHCOO™ (17.0); for x, ~ 0.28, CH,0OHCH,NH,
(~3.8), CH,OHCH,NH,Me (-3.6), CHZOHCHZIiIHaEt (—3.2); for x,
~ 028, CH,OHCH,NH, (-38), CH,0HCH,NH,Me (-3.),
CH,OHCH,NHMe, (-2.3); for x;~ 028, CH,OHCH,NH, (-38),
CH20HCH2NH Et (-3.2), CH OHCHzNHEtz (=1.9); for x, ~ 0.22, (4-
NHPh)Ph,COH (-38), (4-Et;NHPh)Ph,COH (~ zero), (4-
isoPr, NHPh)Ph,COH (+0.2); for x,~0.39, Phrtng3 (—2.4), PhNH,Et
(~1.3), PhNH,Pr (—04), PhANH, isoPr (~10), PANH,n-Bu (—0.3); for
x, ~ 028, PhNH, (—3.2), PhNH,Me (—1.7), PhNH,Et (- 1.8), PhNHMe,
(Z031); for x,~0.37, HOOC(CH,),COO", for n=1-8, (15-16); for
x; = 028, NH, (-3.8), L{eﬁm (—2.6), PINH, (~2.1), Puf:IH3 (- 1.6),
pentylNH, (~1.3), hexyINH, (—0.9); for x,~ 028, PhNH, (-32), 4

MePhNH; ( — 3.4), xylidinium ions (—3.7).
Moreover, a change in the extent of the distribution of the charge over the
ion accompanying little change in size, illustrated for x, ~0.28 by
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Values for AGZ(B™), -~ AG®(A"), and AG® (B ).+ AGZ(A™), (k] mol™!) at 25°C for
pairs of ions having the same size and extent of distribution of the charge

A+

B-

AGZ(B7). ~AGS(AY) AGS(BT) +AGP(AY),

for mole fractions

for mole fractions

CH,

CHy

of EtOH of EtOH
x,=0144 x,=0281 x,-0144 x,=0281
Q§H3 Oo— 159 18.0 65 120
CH, CH,y
C%HB do— 17.2 18.8 7.6 126
CH, CH:s
\C>;H3 bo_ 16.6 18.6 7.0 123
CHa_O;HB CH;'QO‘ 16.4 18.7 7.0 11.9
CHy,  CH, CH,  CH,
<L~§§H3 50— 17.4 198 7.6 12.6
CH, CHy
CH34©-§H3 CHa-dO" 17.3 193 7.5 127
CH, CH,
§§;H3 §:§o~ 173 19.7 75 127
CH, CHy
CHa CH»
QEHB QO‘ 17.2 19.0 8.0 13.4
CHy, M3 CHy, CHa
b:ms @o— 17.3 19.4 72 12.0
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PhCH,COO™ (14.7) and PhCOO™ (15.7), appears to produce little variation
in AG? (i).,.

However, despite the relative insensitivity of AG.° (i), to the changes
along the above series, we have the initial observation of high positive values
for i=B~ and negative values, sometimes high, for i=A". This has
particular significance for the reference ion or TATB method of assigning
values of AG? (i) for individual ions by assuming an equal, or nearly equal,
split AG.° (Ph,As") = AG°(BPh;), with only a small contribution of
AGP (Ph,As™). to AG.° (Ph,As™) and of AG®(BPhj), to AG®(BPh}). In
Table 3, values for (AG,°(B7), — AG°(A™),) for large similarly sized, but
not completely identical A and B, with a similar spread of charge over A or
B from a charged atom, are presented, with only the identity of the charged
group varying within each pair. This difference shows very significant values
for each pair, again illustrating that AG.° (i), is not a small contribution to
AGFZ (i) for these large ions. Particularly interesting is (AG°(B7), —
AGZ(A™),) ~18-20 kJ mol™' for x,~0.28, where the derivation of
AG® (i), is independent of the particular source of the values for AG® (HY).
This explains, perhaps, the difference AG.° (BPh;) — AG® (Ph,As*) ~ 7 kJ
mol ! found [7] for this solvent composition, x, ~ 0.28. Clearly, the contri-
bution of AG® (i), to AG.® (i) is not small and is markedly dependent on the
sign of the charge, so that AG,°(A™), # AG® (B7),.. Of interest too are the
values of AG°(B7), + AG°(A™), for large ions of similar size and with a
similar distribution of charge over the bulk of A™ and B~ in each pair, since
this sum is independent of AG,°(H™) and therefore of the method used in
deriving it. These are also contained in Table 3: for x, ~ 0.28, AG®(B7), +
AGP(A™). ~12-13 kJ mol ™!, determined without reference to data for any
other molecules but B and A themselves. This can be contrasted with the
sum of the total free energies of transfer [7] for pairs of large oppositely
charged ions, with AG®(Ph,As™)+ AG®(BPh;)~ —33 kJ mol™! and
AGE® (Ph,As™) + AG? (picrate) ~ —21 kJ mol~! for the same composition.
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