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Ionic salvation in water + co-solvent mixtures. 
Part 24, Free energies of transfer of single ions from 
water into water + 1,2_dimethoxyethane mixtures 

Cecil F. Wells 
School of Chem~~, ~~~versi~ of ~~rm~nghum, ~~g~~~o~, B~~~~gham B152TT (UK] 

(Received 16 January 1992) 

The spectrophotometric solvent-sorting method for determining the free energy of 
transfer of the proton from water into water + co-solvent mixtures AGF(H+) has been 
shown to apply to water-rich mixtures containing, 1,tdimethoxyethane. Using AGF(“(w+), 
values for AG~(anion~ and AG?(cation) can be derived from the free energies of transfer 
of acids and salts. The free energy of transfer of the charge alone on large organic ions, 
AC:(i),, has been calculated using pK, values for organic acids in water and in the 
mixture in conjunction with AGF(H’) values. These values for AGF(i) and AC?(i), in 
water + 1,2~imethoxyeth~e mixtures are compared with similar free energies of transfer 
for ions from water into mixtures of similar co-solvents with water. To aid this comparison, 
values for the relative partial molar volumes of water and 2-methoxyethanol have been 
calculated for their mixtures. 

INTRODUCTION 

The observation [l-4] of a maximum in the Hammett Acidity Function 
Ho in mixtures of water with an organic co-solvent suggested that the 
compIete range of mixtures should be considered as two separate solvents, 
one water-rich and the other co-salvent-rich, each having its own 
structure, with an overlapping area around 50% com~sition. In our work 
investigating the proton in such mixtures [.5-1’71, we have ~n~entrated on 
the water-rich mixtures (~5Uwt.% of co-solvent) where the effect of 
solutes on the solvent structure has been examined f18-22]. For such 
water-rich conditions, we found for a small fixed added concentration co 
of a Hammett indicator B, with [B] = c, with an added co-solvent 
concentration [S] Total and an acid concentration, and [B] = c at the same 
acid concentration but without any added co-solvent, linear plats of 
cc&, - c) against c,/(c, - c,) are obtained (subscript s and w indicate the 
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mixture and pure water respectively). This linearity fits the equation 
[5-161 

(1) 

derived from the equilibria 

{H+(H,O)xbo,v + Bso,v - K1, BH:,, + HzOso,v (3) 

{H+(fLO)x-~%,v + Bso,v - KZ\ BK,,, + Sso,v (4) 

K, K, and K2 are thermodynamic equilibrium constants and the activity 
coefficient terms 6 = y(B)y(P)/y(BH+)y”(H,O), where P = H+(H,O),, 
and fi = y(B)y(SH+)/y(BH+)y”(S), where SH’ = {H+(H,O),_,S}; the 
standard states in any water + co-solvent mixture for the dissolved species 
i = B, BH+, P and SH’ are y = 1.0 and [i] = 1.00 mall-’ with y-, 1.0 as 
[i]+ 0 and; for H,O 
species]* 0, all on the 
deriving eqn. (1) from 
[5-171, namely that 

and -the co-solvent S, y”-, 1.0 as C-[dissolved 
molar scale in the particular mixture, [S],,,,. In 
equilibria (2)-(4), only one assumption is made 

which is supported experimentally by the invariance of K,,F,,/[H,O], 
with added glycerol [5], and by the coincidence of the intercepts of the 
linear plots with those calculated using K,,F,,/[H,O], [5-161. It should be 
noted that eqn. (5) is equivalent to 

W’lw _ [BH+ls 
[Blw[Plw [Bls[Pls (6) 

independent of [H,O] [17], so that the assumption suggested by Marcus 
[23], that [H,O], = [H,O],, is not made. Thus, Marcus’ suggestion [23] of 
a limitation of the above treatment to very dilute solutions of S, 
approximating to [H,O], = [H,O],, is not valid. 

Experimentally, the linear plots of cc,/(c, - c) versus c,/(c, - c,) have 
an intercept corresponding to [H20]w~OIKlwF~w[S]To~~,, as suggested by 
eqn. (5), and the ratio of slope: intercept is K2F2_ The slope of the linear 
plots is given by F,c~/K~[S]~,,~~,, where the symmetrical factor F, = 
y(SH’)y”(H,O)ly(P)y”(S) and K, = [SH’]/[S][P] [5-171. 

The order of the rise in Ho with composition in water-rich conditions 
with differing co-solvents [l-4] suggests that equilibrium (2) lies farther to 
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the right, in the order MeOH <EtOH < acetone cdioxane; for a mole 
fraction of co-solvent x2 = 0.25, I& rises from 1.0 in water to 1.5 for 
MeOH, 1.8 for EtOH, 2.1 for acetone and 2.2 for dioxane for 0.1 mol 1-l 
HCl. This correlates well with values for the concentration quotient K, 
derived from the above treatment, indicating that K for equilibrium (2) 
becomes larger for a co-solvent ROH as the electron-releasing ability of R 
increases, and that the K for ROR is greater than the K for ROH [6,7]. 

Free energy of transfer of the proton 

With the determination of an equilibrium constant for (2), we have the 
possibility of relating the stability of the proton in water-rich mixtures to 
that in pure water. The transfer of a proton between the two liquids can 
be resolved into two successive processes. Firstly, a charged sphere, 

H+(H& (H+(H,O) 4 with the vacant site on the pyramid occupied by a 
water molecule) [9,24], is transferred from water into the mixture. This 
requires the creation of a cavity in the mixture to receive this sphere, 
followed by the collapse of the cavity vacated in water. For such 
water-rich mixtures of an alcoholic or ethereal co-solvent in water, the 
relative partial molar volume of water, VI - VF, remains essentially zero 
[16,25-301, suggesting that, although additional hydrogen bonds are 
formed in the water due to the presence of the co-solvent [18-221, there is 
little or no difference to the structural surroundings of an individual water 
molecule. Therefore, it is assumed that the free energy change accom- 
panying the creation of the cavity in the water-rich mixture is exactly 
balanced by the free energy change accompanying the collapse of the 
cavity of the same size in water. The free energy of transfer of the sphere 
between the two liquids is then calculated using the Born equation 

AG(Born) = p:(P) - p:(P) = 167.6(0;’ - 0;‘) kJ mol-l (7) 

where D is the dielectric constant. The standard state in the mixture is as 
defined above for the dissolved species and that in pure water is defined 
by y = 1.0 and [P] = 1.00 mall-’ with y+ 1.0 as [PI+ 0 in pure water. 

Following this transfer, the solvent molecules in the mixture re-arrange 
themselves according to equilibrium (2). The free energy change for this 
re-arrangement is given by 

AG, = [SH+](y:(H,O) + K(SH+) - p?(P) - p:(S)) 

= -[SH+)RT In K = -[SH’]RT In K,[H,O],F, 

Now, Kc is given by 

(8) 

W’l 
Kc = ([H+lnta, - [SH+l)([Sl-rota, - [SH’I) 
and because K& for eqn. (4) can be calculated from the ratio of 
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slope : intercept of the linear plots of cc,I(c, - c) against c,/(c, - c,), [SH+] 
can be substituted into eqn. (9) from 

[SH+] = PI Total 

1+ K,F,c,l(ccl - cs) 

It has been found for a wide range of co-solvents that, for water-rich 
mixtures, for any particular mixture [S],,,, the K, derived via eqns (9) 
and (10) for a range of [HCl] agrees well with the value for K,F;l 
determined from 

(11) 

using the slope only from the linear plots. This supports the earlier 
observation [6,7] that K, is independent of the ionic strength with the 
symmetrical term F, = 1.0 in water-rich mixtures [9-171. Because K, 
derived from eqn. (11) using only the slope is more accurate that K, 
derived from eqns (9) and (lo), [SH’] in eqn. (8) is calculated using the 
equations 

[SH’] = O.S[A - (A2 - 4[S],,,,,)‘“] (12) 

A = ([s]Tota, + 1 + &‘) (13) 

and [H,O], is given by 

[H,Ols = W’W - [SITotaWK1 04) 

where d, is the density of the mixture, and M, and M, are the molecular 
weights of the co-solvent and water, respectively. The free energy of 
transfer of the proton from water into the mixture on the mole fraction 
scale is given by 

AGF(H+) = AG(Born) - [SH+]RT ln(K,[H,O],) 

dM 
i-RTln- 

d,M,’ 
(15) 

where M,’ = lOO/{(wt.% co-solvent/MS) + (wt.% H,OIM,)}, ]AG(Born)] 
<< jAG2] [9-161. 

We now report the application of this technique to a double linear 
ether, 1,2-dimethoxyethane, using 4-nitroaniline as B with added HCl. 

EXPERIMENTAL 

The 1 ,Zdimethoxyethane used was Aldrich Gold Label 99+ % spectro- 
photometric grade. All other materials were as described earlier for other 
water + co-solvent mixtures [5-161. Concentrations of 4-nitroaniline were 
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determined spectrophotometrically at 383 nm at 25°C [5,6]. Mixtures of 
water and the ether were prepared by diluting a known volume of the 
ether to a fixed volume with water and the total volume added of the 
latter was determined experimentally to allow for the contraction. 

RESULTS AND DISCUSSION 

Determination of AG?(H+) 

Following the determination of c and c, for a range of [HCl] with the 
ionic strength maintained at 1.00 mot 1-l using the addition of NaCl for 
4.34, 8.69, 17.44, 22.74, 30.68, 38.91 and 44SOwt.% of ether, Fig. 1 
shows that linear plots of cc,/(c, - c) against c,/(c, - c,) were obtained for 
each mixture, all having intercepts which coincided with that expected 
from eqn. (1) and the value of KI,F,,/[H,O), determined in water. 
Values for E&F;’ determined using eqn. (11) and the slopes of these plots, 
and values for K,F, determined from the ratio of slope:intercept are 
collected in Table 1. K, calculated for each [HCl] for each solvent 
composition using eqns (9) and (lo), and the values for I&F2 are also 
given in Table 1. The mean of iu, agrees well with the KcF;’ value 
determined directly in the same mixture from the slope up to 30.68 wt.%. 
At this composition the values of K, determined via eqns. 

I 
2 li-$+r I3 8 10 12 

Fig. 1. Plots of cc,/(c, - c) against c,/(c, - cJ for HCI + NaCl at at ionic strength of 
1.00 mol I-’ and at 25°C for mixtures of water with l,Z-dimethoxyethane containing the 
following wt.% of the di-ether: II, 4.34, A = 0.25, B = 0.34; V, 8.69, A = 0.25, B = 0.50; 
x, 17.44, A=0.25, B=l.OO; 0, 22.74, A=0.25, B=l.OO; A, 30.68, A=B=l.OO; Cl, 
38.93, A=B=l.OO; 0, 44.50, A=B=l.OO. 
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TABLE 1 

Values for KC (Imol-‘), K,F;’ (lmol-‘) and KzF, at 25°C and at an ionic strength of 
1.00 mol 1-l for water + 1,Zdimethoxyethane mixtures at different wt.% concentrations of 
1,Zdimethoxyethane (mole fraction concentrations in parentheses) 

WC11 
(mol I-‘) 

Concentration of 1,Zdimethoxyethane 

4.34 8.69 17.44 22.74 30.68 38.91 44.50 
(0.0090) (0.0185) (0.0405) (0.056) (0.081) (0.0113) (0.138) 

0.160 
0.200 
0.400 
0.800 
1.00 

Mean K, 

&& 
K,F,’ 

from 
slope 

0.59 0.71 1.16 1.62 2.6 3.0 4.0 
0.60 0.70 1.15 1.73 2.8 4.3 2.7 
0.57 0.68 1.12 1.61 3.6 4.0 8.9 
0.54 0.62 1.01 1.48 4.3 - - 
0.52 0.61 0.97 1.55 4.2 - - 

0.56 0.66 1.08 1.60 3.5 - - 

f0.03 f0.05 f0.08 f0.09 f0.8 
26.5 22.6 13.7 9.7 5.9 3.75 2.77 
0.58 0.68 1.12 1.58 2.59 4.08 5.5 

f0.02 l 0.01 f0.01 fO.O1 f0.02 f0.04 fO.l 

At this composition the values of K, determined via eqns. (9) and (10) 
become erratic owing to the difference ([H+lTota, - [SH’]) in eqn. (9) 
becoming very small with large errors: this effect becomes accentuated for 
38.91 and 44.50 wt.% mixtures, as has been found for similar composi- 
tions for mixtures of other co-solvents with water [g-16]. The good 

TABLE 2 

Values for the free energy of transfer (kJ molJ’) of single cations from water into 
water + 1,Zdimethoxyethane mixtures at 25°C on the mole fraction scale 

Cont. of di-ether H’ Lit Na* K+ Rbf Cs’ Ph,As+ 

Wt.% Mole 
fraction 

4.34 0.0090 
8.69 0.0185 

10.00 0.0217 
17.44 0.0405 
22.74 0.056 
30.00 0.079 
30.68 0.082 
38.92 0.113 
44.50 0.128 
50.00 0.167 

-1.58 _ _ _ _ _ - 
-3.16 _ _ _ _ _ _ 

- -2.53 -2.29 -2.30 -2.64 -2.46 -7.4 
-6.6 - - - _ - - 
-8.6 - - - _ - - 

- -8.2 -7.2 -7.5 -7.8 -7.6 -17.6 
-10.9 - _ _ - - - 
-12.2 - - - _ - - 
-12.7 _ _ _ _ _ _ 

- -9.6 -8.0 -8.2 -8.3 -8.5 -24.8 
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4 1 I I I L 

OlO2 0.01 0.06 0.08 X& 0.1 0 0.12 0.14 

Fig. 2. Variation with mole fraction of the &-ether of AGp(H+) {X), AGz (O), 
AG(Bom) (El) and RT ln(~~~~/~~~~) (A) for mixtures of water with 1,2- 
dimethoxyethane at 25°C. 

agreement obtained between the mean KC and KJ;’ for 4.34, 8.69, 17.44 
and 22.74 wt,% and the reasonable agreement at 30.68 wt.% supports the 
conclusion that the symmetri~a1 term I$ is equal to 1.0 for water-rich 
mixtures of 1,2-dimethoxyethane, as found for all other co-solvents used 
[9-161 and expected by analogy with Hammett’s symmetrical terms 
y(B’)y(B”H’)/y(B’H+)y(B”) = 1.0 for related bases B’ and B” [31-351. 

AG, can now be calculated for each solvent composition using eqn. (8) 
with F, = 1.0 and K,FF~ taken from Table 1, because this value taken from 
the slope alone of a plot in Fig. 1 is more accurate than the mean K,. 
[H,O], is calculated from eqn. (14) and the densities are inte~olated from 
the published data 136,371. [SH’] is calculated from eqns (12) and (13), 
also using KCF;’ with FC = 1.0. AGfBorn) was calculated using eqn. (7) 
with dielectric constants inte~olated from the data of Roy et al. f373. The 
values for AGFfH’) on the mole fraction scale obtained using eqn. (15) 
are given in Table 2. 

Figure 2 shows the variation of AGF(H+), AG,, AG(Born) and 
RT ln(d,M,Jd,M,‘) with solvent composition. This comparison shows that 
the AG, obtained from the solvent sorting in eqn. (2) makes the major 
cont~bution to AGF(H+), with only a very smalI contribution from 
AG(Born). Thus, IAG(Born)l<< tAGy(H”)f, as found for all other 
co-solvents in water-rich conditions [9-16]. 
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AGF(HC1) has been determined from E- measurements [38,39] for 

Pt, H&l atm.) IHX, Hz0 + l,Z-dimethoxyethanel AgX, Ag (16) 

with X- = Cl- in water and in the mixtures using AGF(HX) = 96S(Ez - 
EF) kJ molW1. 

The data for Ee of Johnson and Sen [38] is given on the molal scale 
and AGy(HX), is converted to the mole fraction scale using 

AGF(HX) = AGF(HX), + 11.42 log(~~/~~~ 

AGF(Cl-) is then calculated using 

AGF(X-) = AG?(HX) - AG?(H+) (17) 

with X- = Cl- and the values for AGF(H+) in Table 2. The two sets of 
values in Table 3 for AGF(Cl-) are in good agreement. A similar 
treatment was given to E* data [37] obtained using cell (16) with 
X- = Br-; AGF(Br-) is given in Table 3. AGF(H1) values determined 
from Ee measurements on the cell [40] 

Pt, H,(l atm.) ]KOH, KI, water + 1,2-dimethoxyethane~ AgI, Ag 

have also been converted to AGy(I-) using eqn. (17) and these values are 
also contained in Table 3. Values for AGF(F-) have been determined 

TABLE 3 

Values for the free energy of transfer (kJ mol-‘) for single anions from water into 
water + 1,2-dimethoxyethane mixtures at 25°C on the mole fraction scale 

Cont. of di-ether F- Cl- Br- I- Pit- BPh; 

Wt.% Mole 
fraction 

8.68 0.0185 
8.68 0.0185 

10.00 0.0217 
17.81 0.0415 
17.81 0.0415 
30.00 0.079 
46.52 0,148 
46.52 0.148 
50.00 0.167 

- 3.46” - _ - 
3.47b - - - 

4.86 - 3.12 2.26 2.20 -4.25 
7.1” - - - 
7.1b - - - - 

14.6 - 9.8 7.5 5.2 -7.9 
- 14.7” - - - 

14.7b - - - - 

19.7 _ 12.6 8.5 1.71 -19.7 

a E0 data from ref. 37. b E- data from ref. 36. 
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from AGO obtained [41] from Eff measurements on the cell 

Pb(Hg), KF, 
PbF, H,O + 1,2-dimethoxyethane 

in water and in the mixture by using the equation 

AGp(X-) = AGF(KX) - AGF(K+) (18) 

for X- = F- with the values for AGF(K”) in Table 2 as determined below. 
AGy(picrate) and AGF(BPh:) have also been calculated using eqn. (18) 
with AGF(K+) from Table 2 using data derived from the solubility of the 
potassium salts [42]. All these values for AGF(X-) are collected in Table 
3. 

Deter~inat~un of AG~(c~t~u~) 

AGF(MCI) for M+ = Li’, Na+, K’, Rb+ and Cs+ have been calculated 
from E* measurements [42] for the cell 

45 
MCl, 

water + 
MCl, Ag 

AgCl 
1,Zdimethoxyethane 

MWg) j / water AgCl 

and values for AGy(M+) have been calculated using 

AGO = AGF(MC1) - AGFfCl-) (19) 

with AGF(Cl-) interpolated from the data in Table 3. The values for 
AGy(M’) obtained are collected in Table 2. The AGF(Ph,As+) values in 
Table 2 were calculated from AGF(Ph,As+ - Pie-) (where Pit- = picrate) 
determined from solubility measurements in water and in the mixtures 
1421; and equation analogous to eqn. (19) was used with AGF(Pic-) from 
Table 3. 

From energy of transfer of the charge alone on large organic ions 

For the equilibrium 

for a large organic cation A+, B resembles A+ so closely in size and 
structure that the free energy of transfer of electrically neutral A 
AGF(A+), is given by 

AGF(A+)” = AGy(B) 

Consequently, the free energy of transfer of the charge alone on A 
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AGF(A’), is given by 
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AGF(A+), = AGF(A’) - AGy(B) = RT In (KS,/K:) + AGF(H’) (20) 

and AGF(A+), can be calculated from measurements of K, in water and 
in the mixture, and from AGy(H+) interpolated from the data in Table 2. 
Reynaud has determined K, values in mixtures of water with 1,2- 
dimethoxyethane for a range of large organic cations on the molar scale 
[43] therefore, to produce AGF(A+)._ values for -5.71 log(M,d,/M&) 
must be added to the right-hand-side of eqn. (20). The resulting 
AGF(A+), values on the mole fraction scale are collected in Table 4. 

For an equilibrium between a conjugate pair A and B-, for a large A 
with AGF(B-), = AGF(A), eqn. (21) can be applied 

AC?@), = AGF(B-) - AGF(A) = RT ln(K:/K”,) - AGF(H+) (21) 

Reynaud has determined pK, values for acetic and benzoic acids 
on the molar scale; to produce AGy(B-), on the mole fraction scale 
using eqn. (21) with AGF(H’) values interpolated from Table 2, 
+5.71 log(M,d,/M~d,) has to be added to the right-hand-side. The values 
of AGF(B-), obtained are included in Table 4. 

TABLE 4 

Values for the free energy of transfer of the charge alone AC:(i), (kJmol_‘) for large 
organic ions in water + 1,Zdimethoxyethane mixtures at 25°C on the mole fraction scale at 
different wt.% concentrations of di-ether (mole fraction connections in parentheses) 

IOII Cont. of di-ether 

8.76 17.77 27.03 36.56 46.36 

(0.0188) (0.0414) (0.069) (0.103) (0.147) 

Anilinium 
N-Methylanilinium 
N-Ethylanilinium 
N-2-Propylanilinium 
N-t-Butylanilinium 
N, N-Dimethylanilinium 
N, N-Diethylanilinium 
N, N-Di(2-propyl)anilinium 
4-Bromoanilinium 
4-Bromo-N, N-dimethylanilinium 
4-Bromo-N, N-diethylanilinium 
Pyridinium 
Quinolinium 
Isoquinolinium 
Acetate 
Benzoate 

-2.24 -4.67 -7.2 -7.1 -6.7 
_ -4.33 -6.6 -6.6 -5.4 
- -5.2 -7.6 -7.5 -6.3 
_ -4.16 -6.3 -6.2 -4.89 

-4.56 -7.0 -7.2 -6.1 
-1.44 -4.16 -6.2 -5.8 -4.26 
-2.47 -4.84 -6.8 -5.9 -3.86 
-1.84 -3.76 -5.8 -5.6 -3.97 
-1.67 -3.30 -5.0 -4.67 -4.03 
-1.50 -3.19 -4.73 -3.70 -1.86 
-1.16 -2.16 -3.42 -2.27 -0.15 
_ -3.98 -6.3 -6.3 -5.5 

-2.96 -4.67 -4.33 -3.23 
- -3.36 -5.1 -4.73 -3.57 
3.90 8.2 13.0 16.1 19.2 
4.18 9.0 14.3 17.9 21.4 



C. F. Wells/Thermochim. Acta 208 (1992) 323-339 333 

Comparison of values for AGF(i) and AG?(i), 

Figures 3 and 4 show that the variation of AGF(i) with solvent 
composition in water + dimethoxyethane resembles closely the variations 
found in mixtures of water with other co-solvents [9-161. Thus, in Fig. 3, 
AGF(i) values for i = anions, are positive in the sequence F- > Cl- > 
Br- > I- > Pit-; and AGF(i) for the hydrophobic anion BPh; is negative, 
as shown in Fig. 4, similar to the findings with other co-solvents [9-161. 
As found before [9-161, AGy(‘) 1 va ues 1 for i = cations are negative with 
the sequence in -AGF(i) being Ph,As’ > H+ > Li+ > Na+, Rb’, Cs+, 
K+, again showing the effect of the hydrophobicity of Ph,As+, with 
-AGF(Ph,As+) > -AGy(BPh,), showing the effect of the positive 

0.05 0.10 
XL 

0.15 0.20 

Fig. 3. Variation with mole fraction of the di-ether of AC?(i) for i = F-, Cl-, Br-, I- and 
picrate in mixtures of water with 1,Zdimethoxyethane at 25°C. 
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-3oL I 4 I I 
0.05 0.10 0.1 5 0.20 

x z 

Fig. 4. Variation with mole fraction of the di-ether of AGF(i) for i = H’, Li+, Na+, K+, 
Cs+, Ph,As” and BPh; in mixtures of water with 1,2_dimethoxyethane at 25°C. 

charge over the negative charge for two ions having similar hydrophobic 
effects. Presumably, AGF(Pic-) is less than AG,“(i) for the halide ions 
owing to the effect of the hydrophobicity of the benzene ring. It should 
also be noted that, as in the other water-rich solvent systems f9-161, 
AGF(anion), except for i = BPh;, appears to be approaching a maximum, 
with an actual maximum for i = Pit-, and AGF(cation) appears to 
approach a minimum. 

As in many other solvent systems [g-16], AC?(i), values in Table 4 for 
large organic cations are negative at low x2 with a minimum, in this case, 
at x2= 0.07-0.09. The variation in AGF(i)e for i = acetate or benzoate 
with solvent composition, resembles the variation of AGF(i), for anions in 
other water + co-solvent systems [g-16]. 

In comparing AGF(i) for any particular ion in water + co-solvent 
mixtures for a range of alcoholic co-solvents, it has been shown [6,7] that 
the electron availability on the bonded oxygen atom of the co-solvent 
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molecule is an important factor that must be considered. Another variant 
that must be important is the extent to which the co-solvent induces 
structure formation in the aqueous mixture. A range of indicators are 
used to assess the degree of structure formation induced by the co-solvent: 
the existence of and the depth of a minimum in vZ - VP [25-29,441; a 
positive structural contribution to the increase in the temperature of the 
maximum density of water when the co-solvent is added [45]; a maximum 
in the ultrasonic absorption of the mixtures [46,47]; the existence of a 
minimum in the excess enthalpy of mixing AH:, and the extent to which 
this occurs at x2 < 0.5 [25,27,48-511; and the existence of a maximum in 
the viscosity q of the mixtures [52,53]. For hydrophobic alcohols, all these 
properties indicate the enhanced formation of structure in the mixtures 
over that found in water, but for glycols and other polyhydroxy 
compounds, little if any enhanced structure is found in the mixtures. 
However, when one of the hydroxyl groups in ethane-1,2-diol is alkylated, 
ROCH,CH,OH, structure appears, as shown by the existence of a 
maximum in the ultrasonic absorption for R = Me or Et [46], and a sharp 
minimum in vZ - VT for R = Et [16]: the sharp minimum in the variation 
of vZ - VP with x2 shown in Fig. 5 for water + 2-MeOCH,CH,OH 
mixtures calculated from the density data of Shindo and Kusano [54], 
confirms this. As with the alcohols and glycols, v1 - VF remains approx. 
zero during the minimum in v2 - VT, showing that the structural 
surroundings of the average individual water molecule remains little 
changed in water-rich mixtures from that in pure water. For 1,2- 
dimethoxyethane mixed with water, in addition to a sharp minimum in 
V2- VT at x,<O.l with vl- Vy = zero [36], a maximum appears in q at 
X2 = 0.15 [55], which is absent for water + glycol mixtures: similarly, 
dimethoxylation of diethylene glycol produces in aqueous mixtures a 
maximum [55] in q, a sharp mimimum in v2 - VF for x2 < 0.1 [55], and 
also a minimum in AHE at low x2 [56]. The variations in all these physical 
properties suggest that the order in which co-solvents produce an 
enhanced structure in water is glycol < methanol < ethanol < alkoxy- 
alcohol < dialkoxyethane C propan-2-01 < t-butyl alcohol: when added to 
water they form stronger hydrogen bonds with water than water does with 
water, owing to the electron releasing effects of the alkyl groups, 
producing a negative excess AHE, accompanied by a negative excess 
entropy of mixing. However, the alkyl groups themselves form structure 
by being excluded from the “flickering clusters” of structured water into 
the cavities between the water clusters, resulting in the decrease in 
v2 - VF, whilst the fact that v1 - Vy = zero shows that the surroundings 
of the average individual water molecule remain little changed from that 
experienced in pure water. 

The effect of structure in the water-rich mixtures is shown in the 
magnitudes of the AGF(i) values and their types of variation with x2. In 
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Fig. 5. Variation with mole fraction of the hydroxyether of the relative partial molar 
volumes of water (0) and 2-methoxyethanol (01) in their mixtures at 25°C. 

general, AGy(anion) is positive and AGF(cation) is negative [9]. Only 
low values are found for glycols or glycerol as co-solvents [9]. For 
methanol [9], at the bottom end of the scale for structure fo~ation with 
alcohols, smaller AC?(i) values are found than with other alcohols at low 
x2, but for n,<0.3, AGFfcation) decreases and AGy(anion) increases 
continuously with increasing x2. For the strongly structure-forming t-butyl 
alcohol and propan-2-01 as co-solvents, AG$(cation) shows a minimum 
and AGF(anion) a maximum at x2,== 0.1-0.2 [9]; and ethanol [lo] and 
propan-l-01 [12] show a tendency towards this. ROCH2CH20H with 
R = Me [15] or Et [16] shows larger values for AGF(i) than ethane-1,2- 
diol [9], with a tendency to reach limiting values for x2 = 0.15, as does 
1,Zdimethoxyethane. 

Previously, the assessment of the effect of changes in the electron 
availability on rU, were made at very low x2. To make an assessment at 



TABLE 5 

~rn~~~son of values for tu, and AGF(H+) for 50 wt.% mixtures crf co-soivents with water 
at 25°C 

Co-solvent Kc (I mol-‘) AGp(H+) (W mol-‘) 

Ethanol 1.51 -8.2 
Ethane-1,2-diol 0.14 -2.2 
2-Methoxyethanol 1.20 -7.7 
2-Ethoxyethano~ 5.2 -10.2 
1,2-Dimethoxyethane 5.5 -12.7 
Glycerol <WI -0.5 
Tetr~ydro~ra~ 4.2 (37 wt.%} -11.0 (37~.%~ 
Dioxane 2.17 -8.0 

higher xZt difficulties will arise due to different structural effects arising 
with any particular ion from the differing hydrophobicity of the co- 
solvent, as discussed above. However, for all co-solvents, AG, rises to a 
limiting value at about 50 wt.% of co-solvent, where, indeed, the maxima 
in the acidity function Ho approximately occur. It would seem instructive, 
therefore, to compare values for KC and AGF(H+) in this region of 
composition on the limits of the water-rich region. Table 5 shows the 
reducing effect on the size of K, in the presence of multiple electron- 
withdrawing groups with ethanol [lo] > ethane-i,Z-dial [9] > glycerol 
[5,9], and a ~orres~ndi~g reduction along the series for - AGy(H+). 
Converting an OH group in the diol into an ether results in an increase in 
both KC and -AG?(H+), which are further increased when the electron- 
releasing effect of the alkyl group is increased. Dimethoxyethane, with 
two linear ether groups, shows the highest value for KC and for 
-AGF(H+). A single ether oxygen atom in a ring shows high values 
for KC and -AGF(H+) [573, but both these values are reduced when a 
second ele~~on-attracting oxygen atom is introduced into the ring [9], 

In previous investigations, values for AC;?& have been examined for 
(a) changes occurring for an increase in size of the molecule without any 
change in the extent of the distribution of the charge, and (b) changes 
where both an increase in size and in the extent of the distribution of the 
charge occur 19-16, 58fV For (a), although the data in Table 4 show that 
there is an overall tendency for -AG;“(i), to decrease with increasing 
size, +this does not+ occur in specific series except for BrPhNH3 > 
BrPhNHMe2 > BrPhNHEt,. For (b), AG;“(anion), changes little with 
change in the size and the extent of distribution of the charge. 
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