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Abstract

The solubility data of a large number of complex cations and anions in water + methanol
have been examined using the solvent sorting method to separate free energies of transfer for
salts from water into water + methanol, AG,® (salt), into free energies of transfer for individ-
ual ions, AG® (i), to compare with AG® (i) determined earlier for simple cations and anions.
Broadly, the spread of values of AG,® (i) for varying i is similar to that found earlier for the
simple ions in water+methanol: AG.°(cation)=0 or <0, and AG; (anion) > 0, with
AG? (cation) becoming more negative as more hydrophobic organic groups are present in the
surface of the ion and AG.=® (anion) becoming negative when such hydrophobic organic
groups are present. In general, AG,®(X”"™) increases as n increases and — AG."(M™")
increases as m increases with similar ligands attached. The data for AG2(Fe?*t) are
re-examined, and it is concluded that, although large errors result from the only method
currently available, AG.? (Fe?*) <0.

INTRODUCTION

The spectrophotometric solvent sorting method for determining free en-
ergies of transfer of single ions, AG,® (i), from water into mixtures of water
with co-solvents was first applied to simple ions in mixtures of water with
methanol [1]. Following this, the method was applied to ions in mixtures of
water with a wide range of other components [2-4]. This method [2,3]
derives AG°(H™) by considering the transfer in two steps. Firstly, the
standard state of the solvated proton P = H* (H,0) with activity coefficient
y=1 for [P]=1.00 mol dm~? with y > 1 as [P] >0 is transferred as a
charged sphere of radius three times the radius of the water molecule from
water (w) into the mixture(s) as in egn. (1)

AG(Born) = u2 (P) — p2 (P) =167.6(D;' — D;!) kJ mol ! (1)

where D is the dielectric constant. Secondly, the free energy AG, of the
rearrangement of the solvent molecules around the proton for the new
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standard state in the mixture is determined experimentally by investigating
spectrophotometrically the competition of the two protonated forms, P =
H*(H,0), and SH*=H*(H,0),_,S for x> 35 for an added trace con-
centration of 4-nitroaniline (S is a co-solvent molecule). From this, K _=
[SH*]/[P]S] is determined and AG, is given by

AG,= —[SH*]RT In K ,[H,0]F, (2)

It is found that the symmetrical F,=y(SH*)y"”(H,0)/y(P)y”(S)=1.0,
where y is defined as above in the particular solvent mixture and for the
bulk components y” — 1.0 as Z[dissolved species] =0 in the mixture.
AG? (H") on the mole fraction scale is then given by

d.M,
AG? (H*) = AG(Born) + AG, + RT lnd—sM—w, (3)
where d is density and M is molecular weight, with M =100/{(wt%
S/M,)+ (wt% H,O/M,)}. Free energies for simple anions X~ can then be
derived from

AG? (X™) = AG? (HX) — AG? (H*) (4)

where AG.° (HX) is usually determined from E® measurements. Free en-
ergies of transfer for cations M™* can now be determined from

AG® (M™*) = AG? (MX,,) ~ m AG® (X") (5)

where AG.° (MX ) can be determined from E* or solubility measurements.

Since this initial investigation for water + methanol mixtures [1,2], the
solubilities of salts M, X,, containing a wide variety of complex cations and
anions have been determined [5,6]. We wish to compare the free energies of
transfer of these complex cations and anions on the solvent sorting scale
with those for the original simple ions [1,2] and with those for the complex
cations Co(Rpy),Cl; [7,8] on the same scale.

Free energies of transfer have been determined for these single complex
ions derived from the new data [5,6] on the TPTB scale, which is based on

AG? (Ph,P*) = AG?S (BPh;) =3 AG? (Ph,P*- BPhy) (6)

where AG,® (Ph,P™) is nearly equal to AG° (Ph,As™). Thus the solubility of
the salt Ph,P*- BPh; is determined in water and in the mixtures of water
with the co-solvent. Values for AG® (i)’ on the TPTB scale differ from those
on the solvent sorting scale AG.® (i), and the validity under all conditions of
assumptions (7) and (8)

AG? (Ph,P*), > AG? (PhP*), (7)
AGS (BPhy), > AGS (BPhy), (8)

has been questioned [9]: subscript n indicates the component arising from
the electrically neutral bulk and subscript e indicates the component arising
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from the charge on the ionic species. Such AG.° (i), from the TPTB method
are presented on the molar scale [5,6] and, if these are first converted to the
mole fraction scale via

: , M,d
AG? (i) = AGS (i), + RT In P (9)

they can then be converted to the solvent sorting scale (method A) using
eqn. (10) for i = X"~

AGS (X™") = AG® (X™") = n AG® (Ph,P*) + 3AG? (Ph -BPh;)  (10)

or eqn. (11) for i = M™*

AGE (M™*) = AG® (M™*) — m AG? (BPh;) + 2-AG? (Ph,P*- BPh])

(11)

Alternatively, AG,°(M,X,,) can be determined from the solubilities C on
the molar scale, and converted to the mole fraction scale via
M,d,

Md,

2

+ In5+—

(12)

Values for AG® (X"™) and AG°(M™") can then be calculated (method B)
directly on the solvent sorting scale using eqns. (13) and (14) and known
values for AG® (i).

AGE (M, X,,) —n AGS (M™™
> (M,X,) ~n 4G (M) 1)

AGE (M, X,,) —m AG? (X"7)

n

AGE (M, X,,) = (m+n)RT{lng

AGS (X") =

AG{G (Mm+) —

(14)

Although both methods A and B have been applied to the wide range of
data available for salts of complex ions, method B has invariably been used
where the actual solubilities have been published.

EVALUATION OF AG? (Ph,P*) AND AG;® (BPh; )

To use method A, values for AG°(Ph,P*) and AG,°(BPh;) on the
solvent sorting scale are required. The logarithm of the mean medium
activity coefficient for saturated solutions of potassium picrate given by
LaBrocca et al. [10] was converted to AG,® (KPic),, which was then con-
verted to the mole fraction scale using

M.d
AGE (KPic) = AG® (KPic), + 2RT In3p57° (15)
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with the densities of water + methanol mixtures interpolated from the data
of Chu and Thompson [11]. Our data for AG,® (K ™) [1,2] were then used in

AG? (Pic™) = AG? (KPic) — AG? (K ) (16)

to produce AG,° (Pic™). The log of the mean medium activity coefficient for
the saturated solutions of Ph,P*- Pic™ [10] was converted to AG,® (Ph,P™-
Pic™), which was translated to AG,® (PhP*: Pic™) using eqn. (15). Equation
(5) was then used with the above AG,® (Pic™) to produce AG,® (Ph,P™).

Likewise, the log of the mean medium activity coefficient for saturated
solutions of KBPh, [10,12] was converted using equations analogous to (15)
and (16) with AG.°(K™) [1,2] to produce AG.® (BPh}).

These values for AG.® (Ph,P™), AG.® (Pic™) and AG,® (BPh}) are given in
Table 1: both sets of values for AG,® (BPh}) are in good agreement.

TABLE 1

Free energy of transfer (kJ mol™') of complex anions Ph,As* and Ph,P* from water into
water + methanol mixtures at 25° C on the mole fraction scale

Ton Ref. Method Wit%
to and 10 20 30 40 50
data counter
ion Mole fraction
0.059 0.123  0.196 0273  0.360
Fe(CN);~ S A —0.68 1.31 2.47 7.4 9.9
ReO; 5 A 0.091 0.66 0.78 0.37 -
IrC1Z~ s A 3.68 79 10.8 131 -
IrCi3~ 5 A 6.9 16.8 27.2 - -
ReCl%™ 5 A 1.17 4.54 71 9.8 -
ReBr2™ 5 A 0.33 3.28 6.2 9.3 -
CN~™ 5 A —-0.58 —-027 -—060  —0.59 0.74
CoW,;,05° S A -3.23 -302 -52 - -
SCN~ 5 A —-0.035 0.78 0.99 4.43 -
BPh; 12 BK* -1.71 -3.81 - -74 -108
(60 w1%)
Ph,As* 12 BBPhj —2.76 -62 - -136 —205
[via (12)] (60 wt%)
Ph,As* 12 BBRBPh; -2.82 -6.6 - -125 -171
[via (10)] (60 wi%)
Picrate 10 BK* 0.451 0.73 0205 —034 -—0.36
BPh, 10 BK* -1.76 -319 -57 -86 —114
Ph,P* 10 Bpic” -3.12 -72 -107 -146 —184
Anthrag.- 21 B Ca’* 0.23 046 —0.32 - -
2-S0; (6.50 wt%)
Naphth.- 21 BK* 0.029 +144  -305 -496 -56

2-S05 (8.03 wt%)
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Values for AG,°(Ph,P*-BPh}) used in eqns. (11) and (12) were taken
from Abraham et al. [5] and converted to the mole fraction scale using an
equation analogous to (15).

EVALUATION OF AG,* FOR COMPLEX CATIONS AND ANIONS

The data for AG,® (anion)’ of Abraham et al. [5] have been converted to
the solvent sorting scale using eqn. (11) after first converting the value to the
mole fraction scale with eqn. (9). These AG,® (anion) values on the solvent
sorting scale are given in Table 1. This table also contains values for
AG.P (Ph,As™) derived using the mean medium activity coefficients for
saturated solutions of the salt Ph,As™- BPh [12] converted to the mole
fraction scale using an equation analogous to (15), together with eqn. (5),
and the values for AG,® (BPh; ) derived from the data of LaBrocca et al. [10]
and of Tissier [12]. Both sets of values for AG,°(Ph,As™) are in good
agreement. Method B has also been applied to the solubility data [13] of
calcium anthraquinone-2-sulphonate and potassium naphthalene-2-
sulphonate involving our values for AG.° (Ca**) and AG? (K ") [1,2]. AG? (i)
values for these ions are also included in Table 1.

Both methods A and B, but predominantly the latter, have been applied
to the data of Blandamer, Burgess and co-workers [6,13-23] for complex
cations and anions. The results of these calculations are collected in Table 2.
As where method B is used for the data in Table 1, the counter ion involved
in the calculation of AG? (i) is also indicated in Table 2. For Fe(bipy)3*
and Fe(phen)3*, the solubility data of Sengupta et al. [24] have been used,
re-worked as described below. The more complex ligands attached to Fe?*
ions are classified as follows: N, is MeN=C(R,)-C(R,)=NMe, with Me and
H being possibilities for R, and R, and for hexN, R;R, = -(CH,),—; N; is
XPhN=C(Ph)(py) with py = pyridine and substituents X = 3,4-Me, or 3-
MeO; N, = symmetrical 2,2"-dilRN=C(Me)|pyridine with R = H, Me or Ph;
N, is MeCH=N-N=C(Me)-C(Me)=N-N=CHMe; N; is 2-py-CH=N-
(CH,),NHCH,-N=CH-2-py; N; is the symmetrical 2-py-C(R)=
N[(CH,),NH],CH,-N=C(R)-2-py with R=H or Ph; N{ = 2-quinoline—
CH=N[(CH,),NH],-CH,N=CH-2-quinoline; N;" = HON=C(Me)-C(R)=
N-[(CH,),NH],CH,-N=C(R)-C(Me)=NOH with R = H or Ph; and N, =
R’'N=C(R)(2-py) with R” and R being H or Me. The cages are described in
detail in the references marked in Table 2, but all are complexed through N
atoms with Me,cage having methyl groups on the outer surface and cxcage
having cyclohexyl groups on this surface; Bcage has a boron substituent,
with BcageOBu having butoxyl groups at the edge substituted for the boron
atoms and, likewise, BcageF has F atoms at the edge. Some of the perchlo-
rates of the complex ions of Fe?* had their solubilities determined in the
presence of a constant added concentration of perchlorate ions of 0.40 mol
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TABLE 2

Free energy of transfer (kJ mol™!) of ions and complexes from water into water +methanol

mixtures at 25° C on the mole fraction scale

Ton Ref. Method Wt%
or to and 803 1600 2450 3359 4300 5233
molecule data f:ounter Mole fraction
10!

" 0047 0097 0154 0221 0298 0.382
NO; 18 B Co(NH,);* - 137 - 335 - 6.1
NCS™ 18 B Coenjox™* - 124 - 282 - 7.1
SO~ 18 B Cr(urea),," 50 106 - 202 - -
S,0,%" 18 BCr(urea),,” 66 137 - 243 - 328
S,0,%” 18 BCoenpox® - 71 - 162 - 259
S04 18 BCr(urea)s© 451 95 - 174 - -
S,0,°” 18 B Copy,Cl; - 59 - 117 - -
S,04” 18 BCr(urea),™ 447 88 - 157 - 225
5,04 18 BCoen,ox* - 35 - 9.1 - 213
10,” 21 BK* 225 411 72 97 119 -
10,” 21 BTI* - 364 - 73 - 135
10, 21 BCo(NH,)s" - 343 - 6.0 - 107
BrO,” 21 BAg* 144 291 448 60 76 -
Cro,~ 21 BSr2* - 5.6 - 131 - -
Cro2” 21 BTI* - 6.3 - 8.3 - -
Cr,0,2~ 21 BRb* - 311 - 6.6 - 12
Cr,0,°~ 21 BCoen,Cl," - 130 - 429 - 8.2
N02©cm- 21 A 053 279 52 81 100 117
BPh,~ 14 BGs* -329 -424 -66 -73 - -
BPh,CN "~ 16 BCs* -136 ~236 -406 —64 - -
cis-[Crox,(OH),]~ 17 BK* - 126 - 099 - 373
Fe(CN);NO~ 21 BFephen,”t - 412 - 121 - 218
Sb,(tartrate),~~ 18 BFephen,’" - 6.8 -~ 7.0 ~ -
T 16 BBPh,CN~ -060 ~106 —091 —0.86 - -
TI* 21 Bpic” - —048 -039 - - —l64
La®* 21 A ~018 -110 -1.83 - -~ -
Ca®* 21 A - -208 -~ -414 - -
pPb** 21 BNO,” - 113 -  -011 - 248
Hg?* 14 BBPh, 61 68 100 109 - -
Cu?* 21 BIO;~ - =317 -  -319 - -
Cophen,’™* 21 A - - -127 - 26 -
Co(NH,)¢ " 20 BBr- - 099 - 037 - -121
Coen ox™* 17 BClO,” - 078 - -028 - 191
Cren,0x ™" 17 BCIT - 048 - 093 - -
cis-Co(NH,),(H,0),°* 17 B CIO,” - 327 - 455 - 335
Co(NH,),CO," 17 BCIO,” - 167 - 238 - 384
Cophen ,CO, ™" 17 BQOQ,” - -384 - -74 - =105
Cr(urea),* 17 BCIO,” - -127 - 235 - =335
Co(NO,)¢'~ 17 A - 5.4 - 126 - -
trans-Coen ,Cl,* 18 BNO,” - -031 - -—-142 - =300
Co(sepulchrate)®* 21 BQ~ - -290 - -52 -  —68
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TABLE 2 (continued)

Ion Ref. Method Wt%
or to and 803 1600 2450 3359 4300 52.33
molecule 2 data counter

Mole fraction
0.047 0.097 0.154 0.221 0.298 0.382

ion

Fephen,* 18 BNCS~ - ~-92 - =231 - -399
Fephen,** 14 BReCl,” -397 -82 -140 -190 - -
Fephen,”* 30 BCIO,~ -85 -124 174 -244 -276 —29.8
Fephen,”* 21 BNCS~ - -9.4 - =210 - =362
Febipy,” " 30 BClO,~ —-481 -87 -107 -181 -198 -215
Febipy,”* 21 BCIO,” - -71 - =150 - =222
Fe(N,)?* 21 BClO,” -—228 -389 -60 —82 - -99
FC(N2)2+

0.4M ClO, ™) 21 BClo,~ - —417 - -82 - =106
Fe(MeHN, )2

(0.4M ClO, ™) 21 BCIO,~ -—212 -437 - -8.7 - -128
Fe(Me, N, )**

(0.4M C1O, ") 21 BCIO, - ~5.5 - —109 - =159
Fe(Me,N,)?* 19 BClO,” - —4.05 - -9.9 - -
Fe(hexN,)**

0.4M C10,7) 21 BQO,~ -327 -67 -106 -146 - =204
Fe(N;)>* 21 BClO,~ -446 -74 —109 -144 - =220
Fe(N,)** 21 BNCS™ - —-8.6 - —152 - =211
Fe(Me, N;)?* 21 BClO,” -376 -64 —-99 —135 - =195
Fe(Me,N,)** 19 BCIO,” - —4.05 - -99 - -
Fe(Ph,N,)?* 21 BCO,” - -10.8 - =233 - -348
Fe(4MePh,N;)2* 21  BCIO,” - -8.1 - =171 - =217
Fe(3MeOPh,N,)** 21 BCIO,” - —-9.6 - =175 - =211
Fe(3MeOPh,N;)?* 21 B NCS~ - -9.8 - =199 - =343
Fe(3.4Me,Ph,N,)** 21 BCIO,” - -13.2 - =241 - -339
Fe(N,)** 21 BCIO,” -119 =55 - -462 - ~7.6
Fe(N,)** 19 BNCS™ - —4.58 - -97 - =216
Fe(Ng)** 21 BNCS~ - -4.39 - -92 - -~
Fe(Ph,N,)** 21 BNCS~ - ~8.7 - -193 - =362
Fe(Ng)** 21 BClO,~ -230 -56 —90 -—-128 - -184
Fe(N,)2* 21 BCIO,” - —14.8 - =196 - -
Fe(Ph,N,)>* 19 A - ~79 - -148 - -
Fe(Me,cage)** 21 BCQO,” - —4.86 - =117 - =157
Fe(cxcage)** 23 A -~ -98 - —=157 - =211
Fe(BcageOBu) 23 A - —-5.8 - -11.4 - —15.8
Fe(BcageF) 26 A - —426 - - -129 -168
Fe(Me, N; )2+ 6 A - —-18.0 - -308 - -413
Fe(MeON;)?* 19 BClO,” -54 -128 -—203 -284 -—323 -—406
Fe(MeHN, CN), 22 A - -1.05 - -273 - —4.35
Fe(Me,N;CN), 22 A - -2.11 - -395 - 5.8
Fephen,(CN), 22 - —3.04 - -7.2 - -9.7
Fephen,(CN),* 2 A - -5.8 - -110 - =150

Fe(CN),bipy?~ 2 A - 3.85 - 8.4 - 11.6
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TABLE 2 (continued)

Ion Ref. Method Wt%
or to  and 803 1600 2450 3359 4300 5233

molecule 2 data counter
ion

Mole fraction
0.047 0.097 0154 0221 0.298 0.382

Fe(CN),bipy, " 2 A - ~258 - -11 - -114
Fe(CN),bipy, 22 - =195 - -67 -  -101
Fe(oxime)2™* 21 BCO,” - -43 - -98 - -172
Fe(Ph,oxime)** 21 BCIO,” -262 -57 -97 ~-136 - —228
@ Co0"~
20 A - -131 - -201 - —-2.58
o)
BF,~ 23 A - -013 - 044 - 2.37
PE,~ 23 A -~ 153 - 135 - 1.81
Co[(OH),Co(NH,),].*" 17 BSO}” - -74 -  -212 - —-44
PiCl~ 15 BK” -~ 370 - 73 - -
Pd(Et ,dien)Cl* 15 BCl™ -~ -418 - -80 - -134
Py(4CNpy),Cl, 13 - - -08 - -351 -
(21.02 (44.40
wt%) wt%)

? See text for abbreviations.

dm ™3 [21]. In these cases, AG.? (salt) values on the moie fraction scale were
calculated from the solubilities of the salts using

. C, (0.4+2C,) M, d,
AGt (salt) = RT{]H‘Z: +2 mm +3 lnm} (17)

Some of the problems encountered in deriving values for AG.® (Fe®*)

have been discussed earlier [25]. Essentially, the solubility of a salt
Fe(phen), X, or Fe(bipy);X, is measured and AG? (Fephen}') or AG®
(Febipy;? ™) calculated from the procedures outlined above. For Fe(phen)3™,
the equilibrium constant for

Fe?*+ 3 phen = Fe(phen)3 " (18)

is measured, from which AGF for (18) can be determined. AG° (Fe®*) is
then calculated [25] using

AG? (Fe**) = AG? (Fephen,) — 3 AG.? (phen) — AAGS (19)

where AAG¢ is the change in AGY in transferring equilibrium (18) from
water into the mixture and AG,® (phen) can be determined from the solubil-
ity of 1,10-phenanthroline in water and in the mixture. Unfortunately,
Blandamer and Burgess [26] in eqn. (19) used + AGF derived from the data
of Biswas et al. [27] for equilibrium (18) together with their own values for
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AGF® (phen) [28]; they have subsequently [29] also used +AGEF in an
analysis of the equilibrium (18) with values for AG,® (phen) of Sengupta et
al. [24). Using eqn. (19) with the solubility data for Fe(phen),ReCl¢ and
Fe(phen),(Cl0O,), of Blandamer and Burgess [29] and the solubility data for
Fe(phen),(Cl0O,), of Sengupta et al. [24], together with Burgess and Haines’
values for AG® (phen) [28], we obtained relatively high negative values [25]
for AG? (Fe**). Blandamer and Burgess also used +AGg for equilibrium
(18) for the formation of Fe(bipy)3” in the analogous equation to (19) in
their analysis [26] of the data of Sengupta et al. [24].

We have now re-examined the analysis of the equilibrinm and solubility
data of Sengupta et al. [24] for both Fe(phen);* and Fe(bipy);* along the
lines suggested by Sengupta et al. [30] with the following modifications.
Firstly, in calculating the ionic product K, for the perchlorates, Davies’
equation [31] has been applied to the calculation of the activity coefficient
v, on the molar scale. In water + methanol mixtures, this becomes [5]

11/2

3/2
~log y, = (‘bf) (——1 0301 (20)

for a 1:2 salt, where I is ionic strength. Values for D were interpolated
from the data of Akerlof [32]. Values for K;, were then calculated from the
product of the solubility product obtained without activity coefficients [29]
and (y,)’. AG?[Fephen,(ClO,),] and AG.®[Febipy;(ClO,),] on the mole
fraction scale were obtained using

(Kip), Md}

(Klp) +31nMd

and by using eqn. (5) with our values for AG.®(CIO; ) [1,2], the values for
AG 2 (Fephen') given in Table 2 were obtained. A similar procedure was

AGZ (salt) = RT{ln (21)

TABLE 3
Derivation of the free energy of transfer (kJ mol“ ) at 25°C of Fe?* ions from water into
water + methanol mixtures using AGe(Feph 5t ), subscript ¢ indicates the molar scale and
subscript x the mole fraction scale
[Methanol] AGS- ~3AG.°- — AAGE AGS- AGS-
W% Mole  (Fepheni*),  (phen), (Fe’*),  (Fe**),
fraction
8.03 0.047 -84 3.46 -2.3 —-72 ~74
16.00  0.097 -12.1 9.3 ~39 -6.7 -69
2450  0.154 -17.0 16.2 -53 ~-6.1 —64
33.59 0.221 ~23.8 244 —-83 -17 -83
43.00 0.298 ~26.9 313 -11.3 -69 -7.6

52.33 0.382 -~ 28.9 37.2 —-16.3 —80 —-89
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TABLE 4

Derivation of the free energy of transfer (kJ mol™') at 25°C of Fe?* ions from water into
water + methanol mixtures using AG;® (Febipy? ™' ); subscript ¢ indicates the molar scale and
subscript x the mole fraction scale

[Methanol] AG?- —3AGS- —AAGE  AGS- AGE-
Wi% Mole (Febipys ™). (bipy). Fe’*),  (Fe’™),
fraction

8.03 0.047 —4.381 3.88 0.34 —-0.59 -0.71
16.00 0.097 -8.7 82 1.09 0.59 0.35
24.50 0.154 -10.7 13.9 0.06 3.26 2.88
33.59 0.221 -18.1 20.5 -3.37 -0.97 1.51
43.00 0.298 -19.8 26.6 -54 1.40 0.70
52.33 0.382 -21.5 323 -92 1.60 0.72

used to produce the AG? (Febipy;*) values in Table 2 from the data for
Fe(bipy),(ClO,), [24,29,30].

AGP (Fephen?, ) was then converted to the molar scale using egn. (9) and
AG P (phen) calculated from the solubility data of Sengupta et al. [24]. The
values for AG,® (Fe®") calculated using these data in eqn. (19) with those of
AGE of Biswas et al. [27] are given in Table 3 after being converted to the
mole fraction scale using eqn. (5).

A similar procedure applied to AG.° (Febipy*) and AG. (bipy) calcu-
lated from the solubility of 2,2’-bipyridine in water + methanol [24] and
AGZ calculated [29] from the data of Hazra and Lahiri [33] results in
another set of values for AG. (Fe**) (see Table 4).

The values for AG? (Fe?*) from both sources will be compared later.

COMPARISON OF AG® (i) FOR SINGLE IONS IN WATER + METHANOL

For the more hydrophobic co-solvents, like propan-2-ol, ¢-butyl alcohol
and acetone, which modify the physical properties of water, a clear sep-
aration of AG.® (i) into positive values for anions and negative values for
cations occurs at low mole fractions of co-solvent [2,4]. For more hydro-
philic co-solvents, like ethane-1,2-diol and glycerol, this separation is less
clear [2,4], with the differences in AG,® (anion) — AG.® (cation) in general
being much smaller than those found for the hydrophilic co-solvents [2,4].
With methanol as co-solvent, a situation is found for simple ions that is
rather like that for the hydrophilic co-solvents [1,2]. For the latter, the
electron availability at the basic oxygen site is greater than the electron
availability at the basic site in the glycols, owing to the presence of the
multiple electron attracting OH groups, or in methanol, with its single
electron-repelling methyl group. Accordingly, methanol should show less
ability than the more hydrophobic alcohols in attaching itself to a cation in
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its solvation shell and, as a result, some positively charged ions like K*, Na*
and Rb* have positive values for AG. (i) at low mole fractions of methanol
[1,2]. Correspondingly, ion NMR measurements in water + methanol show
[34] that Na* and Rb* have a preference for water molecules over methanol
molecules in their coordination shells. Hence, we might well expect AG,® (cat-
ions) in water + methanol to overlap the zero line, some with negative values
and others with small positive values like those found for some simple ions.

The variation of AG.® (i) for aqua-cations calculated here is similar (Fig.
1) to that found earlier for other aqua-cations [1,2]: Pb’>* has very low
positive values for mole fraction of methanol x, < 0.2, becoming negative
for x,>0.2. However, the negative or positive deviations of AG.®(Pb**)

2+
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Fig. 1. Gibbs free energy of transfer of simple and complex ions from water into water +
methanol mixtures with varying mole fraction of methanol.
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from zero are such that we conclude that AG,.® (Pb**) approximates to zero,
like indeed also AG2 (i) for i=La**, Ca’* and T1*; this matches very
closely the earlier observations [1,2] with non-transitional metal ions.
AGZ (Cu?™) is a little more negative, and indeed more negative than AG? (i)
for i = Zn?** and Cd** [1,2], suggesting that Cu’* has a definite preference
for methanol over water. The large positive values for AG® (Hg?") are
unique for simple cations, perhaps suggesting that Hg(BPh,),, from which
this result is derived, is not fully dissociated in water + methanol, leading to
a spurious result for AG? (Hg>"). The presence of hydrophobic groups, like
phenyl groups, in cations, as in Ph,As* and Ph,P*, produces large negative
values in water + methanol, as found for other water + co-solvent systems
[2,4]. This is in accord with the observation for water + alcohol mixtures that
AG? for neutral organic molecules becomes increasingly negative as the size
of the organic molecule increases [35]. It should be noted also that, although
(as found for other water + co-solvent systems [24]) the hydrophobic phenyl
groups make AG,®(BPh;) also negative for water + methanol, as in the
other systems [2,4], AG,®(BPhy) is less negative than either AG,*(Ph,As™)
or AG®(Ph,P*). It has been argued elsewhere [9] that the assumption
described above on which the TPTB method (and the corresponding ones
for the TATB method) separates AGS® (salt) into values of AG,® for its
constituent ions is unlikely to hold for all conditions, as demonstrated here
and elsewhere [2,4] by the values for AG.°(Ph,As™), AG°(Ph,P") and
AG,® (BPh;). Now, we have additional evidence of this in Fig. 1. It is argued
in the TPTB method that AG°(Ph,P*) should be equal to AG,®(BPhy),
because each large species presents the same surface to the solution; yet Fig.
1 shows that the replacement of a phenyl group in BPh,; by CN~ to
produce BPh,CN™ with no alteration in charge gives AG,®(BPh,CN™) =
AG.? (BPhy), which it should not do if the values of AG,®(BPh}) [and of
AG? (Ph,P*) and AG.° (Ph,As™)] are determined only by the hydrophobic-
ity of the ionic surface. Presumably, also, the large negative values for
AG S (PdEt,dienCl;) arise largely from the hydrophobicity of the organic
ligand.

Figures 2 and 3 show a comparison of AG.® (i) values for i = anions with
the metal atom complexed with halide ions and for i= oxyanions. In
general, these show the same trend found for simple anions; in the main,
AG® (anion) is positive. The one exception in Fig. 3 is CN7, but
AGF(CN7) = 0. The exceptions in Fig. 2 are oxyanions with large hydro-
phobic organic groups attached, which are expected [35] to produce a
negative contribution to the free energy of transfer; but, even here, AG.® (i)
= ( for i = picrate or anthraquinone-2-sulphonate anions. The main excep-
tion in Fig. 2 is the very large inorganic anion CoW,,0z . We must
conclude here that, although the size of the negative charge may appear
large in comparison with the other anions, it is small relative to the size of
the anion, and is so effectively diluted by the spread over such a large
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surface in contact with the solution that the small negative AG,” (i) arises in
the same way as the small negative values found for neutral inorganic
species in water + alcohol mixtures [35]. In support of this, among the oxy
di-sulphur anions, AG,®(i) becomes less positive for increasing size for a
constant charge, and AG? (Cr,027) < AG? (CrO;~). Otherwise, there is a
tendency for AG.°(anion"”) to increase with the size of n for ions of
approximately the same size. The value for the electrically neutral
Pt(4CNpy),Cl, is negative, as found for other electrically neutral molecules
in water + alcohol mixtures [35].

A similar variation to those discussed above for Figs. 1-3 and for the
simple ions [1,2] is found in Fig. 4 for complex cations and anions based on
Co’*. Those with moderate overall positive charges remain with AG,® (cat-
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ion) =0, with a tendency for the hydrophobic organic ligands to make
negative contributions to the free energy of transfer. AG.°[Co(NO;)27] is
firmly positive and AG.® (i) for the cation with an overall charge of 6 + has
large negative values. AG,®[Coox,(H,0);] in Fig. 5 is positive, as expected
[1,2].

The complex cations of Cr>* show a similar variation in Fig. 5 to those of
Co’* in Fig. 4. For those with overall charges of 1 + or 2 +, AG,® (cation)
=~ 0, whereas, for a charge of 3 +, AG.® (cation) becomes definitely negative.

Free energies of transfer of iron complexes with cyano, phenanthroline
and bipyridine ligands are compared in Figs. 5 and 6. All such complexes
with overall negative charges have AG,” (anion) positive, in conformity with
the general findings above and elsewhere [1-4] for water + alcohol mixtures.
The two electrically neutral species, Fephen,(CN), and Fe(bipy),(CN),,
have negative free energies of transfer, in agreement with the previous
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findings for such inorganic and organic species in water + alcohols [35].
Adding a single positive charge to these two molecules makes AG. (i)
slightly more negative, suggesting that the hydrophobicity of the phen and
bipy ligands make the more important contribution. Replacement of all the
cyano groups by phen or bipy, makes AG,® (cation) more negative still, but
here the positive charge also increases.

Figures 7 and 8 show the variation of AG? (i) for Fe?* complexed with
large ligands attached with nitrogen atoms. These are classified according to
the number of complexing nitrogen atoms in the ligand and the number and
type of organic groups attached. All have negative AG.® (i), as expected for
cations, but it is clear that the size of the ligand as represented by the
number of complexing nitrogen atoms has little, if any, effect in controlling
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AG P (i). However, as found above and as expected from AG.® (i) for neutral
molecules in water + alcohol mixtures [35], AG,®(cation) becomes increas-
ingly negative for the linear ligands as the degree of hydrophobicity in-
creases: examples exist for the ligands N,, N,, N and N’ in Figs. 7 and 8.
Again, for the cages complexed with Fe?*, that with the cyclohexyl groups
on the surface has a more negative free energy than that with only methyl
groups in contact with the solution. AG, (i) for the two neutral mixed cyano
complexes in Fig. 8 are negative, as expected for neutral molecules [35], but
the small increase in hydrophobicity in going from MeHN,’(CN), to
Me,N;’(CN), makes AG.® (i) more negative.

The one question remaining is, how do these AG,”(cation) values for
complexed Fe?* ions in Figs. 5-8 compare with AG.° (Fe?*)? The earlier
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calculations [25] of AG? (Fe®*) using eqn. (19) with AG~= (phen) derived
from the solubilities of Burgess and Haines [28] showed that AG,®(Fe?*)
could have quite high negative values. Moreover, the calculations in Table 3
using AG,” (phen) derived from the solubilities of Sengupta et al. [24] and
applying medium corrections to activity coefficients in the ionic products
also show negative values for AG?(Fe?*). However, when an equation
analogous to (19) is applied to Fe(bipy)3* using the solubilities of Sengupta
et al. [24], deriving AAGE from the pK data for (18), with bipy replacing
phen of Hazra and Lahiri [33] and applying corrections to the activity
coefficients, AG,® (Fe?™) = 0 (Table 4). The disparity between these two sets
of data for AG? (Fe®") probably arises from the operation of eqn. (19),
where the right hand side opposes large positive and negative quantities,
making the error on the final AG? (Fe®*) rather high. In the case of the
bipyridine route, this may be accentuated by the very high errors which
probably occur in AAGE, owing to the relative invariance of the pK of eqn.
(18) for bipyridine in water + methanol mixtures from the pK found in
water alone. Nevertheless, it seems safe to conclude that AG.? (Fe?*) has
small negative values and that the addition of organic ligands causes an
increase in these negative values arising from the ligand hydrophobicity, as
expected.
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