
2060 H. L. FRIEDMAN AND G. R. HAUGEN Vol. 76 

which would be expected to occur in the systems 
studied, the results of the three methods of attack-
are consistently negative. The results serve as 
additional magnetochemical evidence that the hy
drogen bond occurs as simple electrostatic attrac
tion. 

The study of the partition of electrolytes between 
aqueous and organic phases provides a method of 
investigating the thermodynamic properties of the 
organic solutions. The direct results of such an in
vestigation are limited to organic solvents in equilib
rium with water, but it appears that partition ex
periments will be of value to supplement measure
ments on solutions in anhydrous solvents for the 
following reasons: First, the partition experiments 
are relatively easy and may be used to select the 
systems for which a complete investigation will 
yield the most information. Second, the partition 
experiments relate the state of the electrolyte in the 
organic solvent directly to its state in water, which 
is relatively well understood, rather than to its 
state in the solid electrolyte, possibly solvated, in 
equilibrium with the organic solvent. Finally, a 
recent theoretical development by McKay3 leads 
to a method of calculating the free energy of trans
fer of an electrolyte from pure water to pure organic 
solvent from partition experiments combined with 
measurements of partial derivatives which are di
rectly related to salting out constants. Thus the 
combined measurements can lead to knowledge of 
the thermodynamics of the anhydrous organic solu
tions relative to those of the pure aqueous solu
tions. 

The experiments described here were undertaken 
to provide information about the effect of ion size 
upon the free energy of transfer of ions from an 
aqueous phase to an organic phase. Nitromethane 
was chosen as the organic medium in these experi
ments because it is incompletely miscible with wa
ter and has a dielectric constant high enough to 
avoid complications due to ion-pair formation at 
the concentrations employed here. 
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Experimental 
Materials.—Redistilled water was used throughout. 

Nitromethane was distilled from phosphoric anhydride. 
The fraction boiling between 100.4 and 100.6° was taken. 
For the perrhenate studies, an acid impurity in the purified 
nitromethane was removed by washing with sodium bicar
bonate solution. Commercial ammonium reineckate ( C p . ) 
was recrystallized from water. The product was meta-
thesized by CsCl, KCO2CH3 or NaClO4 to produce the re
spective reineckate. This was recrystallized once from 
water for final purification in each case. The reineckate 
ion decomposes slowly ( 1 % per day in 0.01 M solutions) at 
room temperature in the dark, and decomposes more 
rapidly at elevated temperatures or in diffuse sunlight. 
AU recrystallizations were carried out from aqueous solution 
between 30 and 0°. The solutions were handled only in 
artificial light and were stored in an ice-box. C P . potassium 
perrhenate was recrystallized twice from water and fused in 
a platinum crucible in air at 750° to constant weight. The 
stock perrhenate solution was made up from this known 
weight of KReO4. CsReO4 was prepared by the reaction 
in water of resublimed Re2O? with recrystallized (from alco
hol) Cs2CO3, and the product was recrystallized from water. 

Partition of the reineckates was studied by equilibrating 
aqueous reineckate solutions with nitromethane at 25 ± 
2° , and analyzing each phase by measuring the light ab
sorption due to the reineckate ion near 5220 A. (decadic 
molar extinction coefficient = 116). The extinction maxi
mum was shifted slightly toward longer wave lengths in 
nitromethane, but the extinction coefficient at the peak re
mained unchanged. The results are presented in Fig. 1. 

Partition of the perrhenates was studied by equilibrating 
accurately known amounts of KReO4, an alkali metal chlo
ride, water and nitromethane at 25.2 , and then analyzing 
each phase for rhenium by an application of the spectro-
photometric Re(VI) thiocyanate method of Hurd and Bab-
ler.4 A sample of each phase was evaporated to dryness 
with a drop of coned. HNO3 , taken up in 5-6 drops of coned. 
HNO3 , and evaporated again. The evaporation was carried 
out below 100° to avoid loss of Re2O7. The residue was 
dissolved in known volumes of KSCN and SnCl2-HCl solu
tions and the resulting solution examined spectrophoto-
metrically 15 min. after mixing. The molar decadic extinc
tion coefficient depends upon the details of the procedure 
but is about 104, calculated on the basis of known R e O 4

-

concentrations in standardizing experiments. Beer's law 
is obeyed up to optical densities of 1.5 (1 cm. light path) and 
the results seem reproducible to within ± 2 % in concentra-

(4) L. C. Hurd and B. J. Babler, Anal. Cham., 8, 112 (1936). 
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An experimental approach to the thermodynanics of electrolytic solutions in organic solvents is provided by the study 
of the partition of electrolytes between aqueous and organic phases. An investigation of the distribution equilibria of the 
alkali reineckates [MCr(NHa)2(SCN)4] and perrhenates (MReO4) shows that these salts are strong electrolytes in the nitro
methane phase as well as the aqueous phase in the concentration range investigated. For the reaction, M + ( aq ) + R e O 4

-

(aq) = M+(MeNO 2) + ReO4-(MeNO2), with hyp. 1 molar std. states, AF°29S is: Li, 6.23; Na, 5.83; K, 4.08; Rb, 3.43; 
Cs, 2.71; H, 5.32 kcal./mole. For the reaction, ReO4"(aq) + Cr(NHj)2(SCN)4-(MeNO2) = ReO4-(MeNO2) + Cr(NH3 )2-
(SCN)4"(aq), AF&8 = 5.0 kcal./mole. In simple cases both electrostatic and non-electrostatic contributions to the free 
energy of transfer of an ion from water to an organic phase tend to make this free energy more negative for larger ions, as 
observed. 
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Fig. 1.—Partition of reineckates at 25°. 

tion with only moderate care. Since the chlorides do not 
extract measurably, the initial stoichiometry, the measured 
equilibrium R e O i - concentration in each phase and the 
known volumes of the phases in equilibrium allow a calcula
tion of the equilibrium concentration of each species in each 
phase and also a check of the internal consistency of the 
data. From experiments with KCl and KReO4 the equilib
rium constant for partition of KReO4 was determined, and 
then from experiments with MCl and KReO4 the constant 
for partition of MReO4 was obtained. 

The investigation of the low ionic strength region using 
KReO4 without addition of KCl requires a greater complete
ness of phase separation in sampling than seems attainable 
by the simple pipetting techniques used. Small volumes 
of the aqueous phase taken with the sample of nitromethane 
phase give rise to anomalously large values of the partition 
coefficient, owing to the much larger concentration of per-
rhenate in the aqueous phase. These unreliable points 
have been omitted from Table I and Fig. 2. In order to 
confirm the interpretation of these anomalous results, the 
distribution of pure CsReO4 was studied. The sampling 
error is smaller for this electrolyte because its partition co
efficient is nearer to unity. As expected, then, the partition 
coefficient at the lowest accessible concentration of CsReO4 
lies on the curve extrapolated from higher concentrations. 

The partition data for the perrhenates are presented in 
Table I . The calculations are relatively direct in the cases 
where there is only one cation in the system (all of the KReO4 
experiments, and the last six CsReO4 experiments). The 
calculations in the other cases will be illustrated by outlining 
the calculation for the first LiReO4 experiment: The analyses 
yield the concentrations in columns 1 and 2. Preliminary 
experiments showed that for the range of salt concentrations 
employed here, the aqueous phase increased in volume by 
10% when it became saturated with nitromethane, while the 
total volume of the system remained unchanged within 1%. 
This allows the calculation of the final volumes of the 
phases from the initial volumes. In this case, the final 
volume of aqueous phase, 5.5 ml., combined with the 
amount of LiCl taken, 0.492 mmole, gives the values of 
(Cl~aq.) in column 3. The ionic strength of each phase 
may now be calculated and the value of P (defined below, 
recorded in column 3) of KReO4 read from the curve in 
Fig. 2. Then the ratio (K + . q . ) / (K +

o r g . ) may be calcu
lated as 153. Combined with the total amount of K + , 152 
X 1O -3 mmole, and the final volumes of the phases ( Vare. = 
14.5 ml.), this yields columns 5 and 6. The (Li+) in each 
phase may be calculated from the charge balances as (L i +

a q ) 
= 0.0895 M and (Li„rg.) = 1.56 X 10" ' M. When com
bined with columns 1 and 2 these yield column 7. A check is 
provided by the material balance (ReO4

-
a<1 ) V^ + 

(ReO4 -„ r s . )Fo r g . = 1.49 X 1O -3 mmole. This agrees'with 
the total amount of KReO4 taken, 1.52 X 1O - 3 mmole, 
within 2 % , as recorded in column 8. 

The material balances recorded in Table I indicate a sys
tematic error in the perrhenate analyses of the order of a 
few per cent. An effort to find and remove the cause of this 
error was unsuccessful, but an analysis of the data and pro
cedure suggests that this error produces an error in P of the 

X 
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Fig. 2.—Partition ratio, P, as a function of concentration 
for the perrhenates a t 25°. P is the concentration (moles/ 
1.) equilibrium constant for transfer of electrolyte from the 
aqueous phase to the organic phase, /iorg. and juaq. are the 
respective ionic strengths (moles/1.). The best straight line 
of theoretical slope has been fitted to each set of points. 
The vertical length of the graph has been reduced by shifting 
the curves as follows, n values: CsReO4, 0.0; RbReO4, 
1.0; KReO4, 1.0; HReO4, 1.7; NaReO1, 2.0; LiReO4, 2.0. 

same order as that arising from the 2 % uncertainty in 
(ReO4") indicated by the precision of the perrhenate analyses. 
In Fig. 2 each datum is represented by a line centered on the 
experimental value of P and having an upper end calcu
lated on the assumption that the aqueous and organic ReO 4

-

concentrations are, respectively, 2 % lower and 2 % higher 
than observed, and having a lower end calculated from the 
opposite set of assumptions. 

Discussion 
We define the partition ratio, P (M+org.) 

(A_org.)/(M+aq.) (A -
aq.), for the partition of an 

electrolyte MA between aqueous and organic 
phases. Here the symbols in parentheses represent 
the equilibrium concentrations of the ions in the 
phases indicated. 

The partition data for the reineckates (Fig. 1) 
show that for each of these except sodium reineck
ate the P is nearly independent of concentration 
over the range investigated. The aberration of 
the sodium reineckate curve at low concentrations is 
probably due to an acid impurity in the nitrometh
ane. Measurements on the perrhenate system in
dicate that Na + and H + are about equally effective 
in promoting the extraction of anions from water 
to nitromethane. 

The concentration independence of the P's shows 
that these reineckates, which are completely dis
sociated to metal ion and reineckate ion in water 
must also be completely dissociated in nitromethane 
in the concentration ranges investigated. If this 
were not true, but the electrolyte existed as ion 
pairs in nitromethane, one would expect a tenfold 
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TABLE I 

DISTRIBUTION OF PERRHENATES BETWEEN WATER AND NITROMBTHANB AT 25° 
EQUILIBRIUM CONCENTRATIONS (MOLES/LITER) AND PARTITION RATIOS 

1 O t [ R e O 4 a,I 

2.13 

1.88 
2.11 
2.19 
2.18 
1.94 
2.08 
2.23 
2.85 
2.39 
2.91 

2.26 
2.31 
2.42 

1.73 
1.85 
2.04 

1.98 
2.12 
2.12 

2.02 
2.12 
2.22 

2.22 
2.09 
2.00 

0 ' [ R e O 4 - a ( 1 ] 

2.31 
2.24 
1.96 
3 . (52 
1.98 
2.85 

J 1 0 ' [ R e O 4 „ r g ] 

8.10 
9.65 
8.70 
6.50 
6.60 
3.88 
4.48 
6.25 
4.28 
2.55 
3.23 

1.74 
1.44 
1.23 

3.53 
2.80 
2.28 

9.90 
7.80 
5.40 

2.05 
1.69 
1.40 

7.70 
9.13 

10.8 

105fReO4 "org] 

7.35 
10.0 
13.3 
3.70 
5.15 
2.96 

10"[CI "a«J 

54.0 
86.9 
55.5 
27.1 
27.6 

9.79 
12.1 
21.6 
6.91 
2.70 
3.46 

89.5 
44.7 
22.4 

111 
55.3 
27.6 

24.4 
12.2 
5.54 

66.6 
33.3 
16.7 

25.7 
50.2 
99.4 

10 ' [CI -aqJ 

2.35 
4.69 
9.38 
0.00 
1.07 
0.00 

lOiPj 

5 
0 
7 

4 
5 
6 

7 
8 
8 

5 
6. 
7. 

7 
6. 
5. 

KReO4 

.02 

.20 

.19 

.00 

.90 

.97 

.40 

.25 
,95 

.54 
05 
58 

.28 

.24 
00 

10*[K\ , rBl 

KReO4 

8.10 
9.65 
8.70 
6.50 
6.60 
3.88 
4.48 
6.25 
4.28 
2.55 
3.23 

LiReO, 

0.177 
0.268 
0.377 

HReO4 

0.0619 
0.104 
0.169 

RbReO4 

0.463 
0.381 
0.316 

KaReO4 

0.149 
0.226 
0.322 

CsReO4 

5.16 
7.00 
9.07 

10'[CsVcJ 

7.35 
10.0 
13.3 
3.70 
5.15 
2.90 

10<[K+aq] 

542 
870 
556 
273 
278 

99.9 
123 
218 

72.0 
30.0 
37.5 

2.71 
2.69 
2.66 

2.74 
2.73 
2.72 

31.3 
17.0 
8.99 

2.72 
2.70 
2.68 

246 
491 
983 

10<[Cs+aq) 

25.8 
49.1 
95.8 

3.62 
12.6 
2.85 

10<PMReO4 

5.68 
5.70 
6.45 
7.07 
7.19 
7.77 
7.85 
8.04 
8.93 
9.07 
9.56 

0.134 
0.163 
0.194 

0.637 
0.773 
0.858 

22.0 
25.5 
26.7 

0.290 
0.351 
0.408 

67.2 
71.5 
73.1 

10'P(JsItO(I4 

90.6 
90.9 
94.2 

104 
106 
108 

Mate r i a l balan 
ReO 4 

4.6 low 
4.0 low 
3.3 low 
5.9 low 
5.9 low 
5.9 low 
6.6 low 
4.6 low 
4.6 low 
7.0 low 
5.9 low 

2.0 low 
3.3 low 
0.7 low 

4.0 low 
5.3 low 
4.6 low 

5.3 low 
5.3 low 
3 .3 .ow 

7.2 low 
6.6 low 
6.6 low 

0.1 high 
1.3 low 
1.3 low 

.Material ba l an 
ReO 4 

4.4 low 
1 .3 low 
3.1 low 
3.1 low 
5.0 low 
4.4 low 

change in P for a tenfold change in aqueous reincck-
ate concentration, contrary to what is observed. 

The more accurate partition data for the perrhen
ates (Table I, Fig. 2) yield values of P which de
pend upon concentration, bu t in a way entirely 
consistent with the Debye-Htickel ion atmosphere 
theory. The dielectric constants for the calcula
tion of the theoretical slopes were estimated from 
the values for pure water and pure nitromethane by 
assuming t ha t the dielectric constant of a wa te r -
nitromethane mixture is a linear function of the 
volume fraction, by analogy with the behavior of 
water-methanol mixtures. The aqueous phase 
at equilibrium at 25°, 10.G wt. % CH3NO2,6 then 
has a dielectric constant of 74.6, the organic phase, 
98.o wt. % CH3NO2 , has a dielectric constant of 

i.'ij R M. O i r d l i . C. A , 46, :i37lle (MKW). 

37.4. Defining the therniodyiianiic equilibrium 
constant 

K = P ( 7 ± org.)V(7± aq.)2 (1) 

and calculating y± in each phase from the Debye-
Htickel limiting law leads to the relation 

logio P = log10 K - 1.09/xaq2 + 3.08MO«! (2) 

Figure 2 demonstrates tha t the partition da ta are 
consistent with this equation. Therefore the equa
tion of which K is the equilibrium constant 

M+(aq.) + ReO4 "(aq.) = M+(org.) + ReO1 "(org.) 

accurately describes the net reaction in the trans
fer of electrolyte from aqueous to organic phase. 
T h a t is, these perrhenates are all completely ionized 
in the nitromethane phase in the concentration 
range investigated. 
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The standard free energies of transfer of the vari
ous electrolytes from the aqueous to the nitrometh-
ane phase, for hyp. 1 molar std. states, have been 
calculated from the partition data and are presented 
as functions of the cation crystal radius (Pauling) in 
Fig. 3. The parallelism of the curves for the rein-
eckates and perrhenates confirms that AF0 is com
posed of additive contributions from the ions, which 
is consistent with the earlier conclusion that the 
electrolyte is completely dissociated in each phase. 

The vertical shift from the reineckate curve to 
the perrhenate curve of Fig. 3 shows that the stand
ard free energy of transfer of the perrhenate ion 
from water to nitromethane is 5.0 kcal. more posi
tive than that of the larger reineckate ion. For the 
cations, AF0 also increases with decreasing ion ra
dius. Although the linear dependence on crystal 
radius is surprising, the qualitative trend is consist
ent with the observation that electrolytes with 
large ions generally extract better than those with 
smaller ions of similar structure.6 

This inverse dependence of AF0 on ion radius is 
also consistent with the following theoretical con
siderations. The ionic contributions to AF0 may 
be supposed to have the form7 

±F\on = I (Z 2 / 2 ) [ (1 l / 2?„ ) / rw ~ 

(1 - 1/D0)A0]J +AF ' (3) 

The term in braces accounts for the difference in 
work required to charge the ion in each of the sol
vents, 2 being the ionic charge, r0 and rw being the 
effective radii of the ion in each of the media, and 
Do and Z)„ the dielectric constants. This is a di
rect adaptation of the modified8'9 Born charging 
equation to this problem. The physical signifi
cance of rw — rc and r0 — rc (rc is crystal radius) 
namely the distance from the surface of the ion to 
the point at which the dielectric constant rises from 
a low value (near unity) to its macroscopic value, 
leads to the conclusion that in most cases ra > rw, 
and then the term in braces is positive, but becomes 
smaller with increasing ionic crystal radius. 

Although the model from which (3) may be de
rived, that is, an ion in solution represented by a 
charged conducting sphere of radius rc, in a concen
tric cavity of radius r0 or rw, in a homogeneous di
electric of dielectric constant Dn or Dw, is a severe 
approximation to the electrostatic interaction of 
ion and solvent, its success in correlating the hy
dration energies of gaseous ions leads to the expecta
tion of at least qualitatively correct predictions 
from (3) for the effect of ion size upon the electro
static part of AF°ion. However, AF', the non-elec
trostatic part of the ion solvation energy, although 
quite negligible compared with the electrostatic 
part of the hydration energy of a gaseous mon-
atomic ion, is relatively important compared to the 
electrostatic part of AF0J0n which is estimated as only 
2-3 kcal. for K + between water and nitromethane. 

(6) For other examples, see H. M. Dawson, J. Chem. Soc, 93, 1308 
(1908); S. Tribalat, Anal. Chim. Acta, 3, 113 (1949): ibid., 4, 228 
(1950); S. Tribalat and J. Beyden, ibid., 6, 96 (1952); J. T. Davies, 
J. Phys. Chem., 54, 185 (1950); F. M. Karpfen and J. E. B. Roules, 
Trans. Faraday Soc, 49, 823 (1953). 

(7) Cf. A. Lannung, THIS JOURNAL, 52, 68 (1930). 
(8) A. Voet, Trans. Faraday Soc, 32, 1301 (1936). 
(!)) W. M. Latimer, K. S. Pitzer and C. M. Slansky, / . Chem. Phys., 

7 W9 (1939). 

< 

0.5 1.0 = 1.5 

Cation crystal radius, A. 

Fig. 3.—Standard free energy of transfer of perrhenates 

and reineckates from water to nitromethane at 25°, M + -

(H2O) + A-(H2O) - * M+(MeNO 2) + A-(MeNO2), AF°: 

upper curve, perrhenates; lower curve, reineckates. 

It may be possible to evaluate AF' from experi
ments with uncharged molecules similar in structure 
to the ions,10'11 but lacking this detailed information 
it may be predicted that AF' will also become less 
positive or more negative with increasing ion size, 
for ions of similar structure. This is based upon 
regularities in the solubilities of non-electrolytes. 
For instance the free energies of transfer7'11'12 

(kcal./mole, 20°) from water to acetone at the same 
solute concentration are for Ne, —0.66; A, —1.26; 
Rn, - 2 . 9 ; and (C2He)4Si, -7 .77. 

In this way we can explain the general increase of 
extractability of ions with increasing size. How
ever, the smaller cations exhibit anomalous behavior 
in some systems. For instance, the order of in
creasing tendency of cations to transfer from pure 
water to pure methanol is R b + < Cs+ < K+< 
Na + < Li+.10'13 This anomalous radius depend
ence may arise from special features of the water 
structure13 which are destroyed by the high con
centration of organic component in the aqueous 
phase in the partition experiments. On the other 
hand, it may arise from specific interaction of the 
smaller ions with the methanol solvent structure.13 

Additional experiments should allow a decision here. 
Los ANGELES, CALIF. 
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