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Abstract

The solubilities of hexaamminecobalt(III) and tris(ethylenediamine) cobalt(I1I) hexacyanofer-
rates(IIT) were measured in water as well as in binary mixtures of water with tert-butyl alcohol
and acetonitrile as a function of temperature. The Gibbs energies, enthalpies and entropies of
transfer have been evaluated from experimental data. The contribution of [Co(NH;)¢]*",
[Co(en);1** and [Fe(CN),]*~ ions to the Gibbs energies of transfer of the investigated salts have
been calculated using the TATB reference electrolyte assumption.
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1. Introduction

Solubility measurements of sparingly soluble salts in water and in water—organic
solvent mixtures can be used for the evaluation of their thermodynamic transfer
functions. Hexaamminecobalt(III) and tris(ethylenediamine)cobalt(III) hexacyanofer-
rates(IIl) are thermodynamically and kinetically stable, and their solubility can be
determined spectrophotometrically due to the high extinction coefficient of the hexa-
cyanoferrate(IIl) ion in the visible region. The solubility of hexaamminecobalt(ITI)
hexacyanoferrate(IIl}in aqueous solutions of different electrolytes are reported in Refs.
[1-3], and the corresponding data for tris(ethylenediamine)-cobalt(IIT} hexacyanofer-
rate(Il) in water and in water—alcohol mixed solvents are reported in Ref. [4].
However, only scarce data exist on the thermodynamic functions of transfer of these
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salts from water to water—organic mixed solvents. The aim of our work was to
determine the solubility of [Co(NH,),J[Fe(CN),] and [Co(en),][Fe(CN)¢] (en is
ethylenediamine) in water and in the mixtures of water with tert-butyl alcohol and
acetonitrile as a function of temperature, and to evaluate the Gibbs energies, enthalpies
and entropies of transfer for the investigated salts. The contributions of the ions of the
salts to their Gibbs energies of transfer are also assessed.

2. Experimental

Hexaamminecobalt(I11) and tris(ethylenediamine)cobalt(I11) hexacyanoferrates(111)
were prepared by precipitation of the saturated solutions of the corresponding
chlorides with a saturated solution of potassium hexacyanoferrate(I1l). The purity of
the prepared salts was checked by elemental analysis. tert-Butyl alcohol and acetonit-
rile (both Merck, reagent grade) were distilled prior to use. Double-distilled water was
used throughout.

The solubilities were determined by stirring an excess of the complex salt with
approx. 50cm?® of the solvent in a jacketed vessel kept at a desired temperature
(£ 0.05°C). The equilibrium between the solid phase and the saturated solution was
achieved after 4 h of stirring. Longer equilibration gave the same result. The solubility
of both investigated salts was determined by measuring the absorbance at 420 nm
where [Fe(CN),]?~ exhibits a maximum with the absorption coefficient 1035
mol 'kgecm ™!, The absorption coefficients of the ions [Co(NH,),]*" and
[Co(en);]** at this wavelength are 12 and 30 mol ™! kg cm ™! respectively and the
appropriate corrections were introduced in the calculations of concentrations of the
complex salts. The measurements of the absorbance were performed using Specord
UV-VIS and Specol 11 spectrophotometers {(both Carl Zeiss, Jena).

3. Results and discussion

The solubility of the investigated complex salts in water, and in water—tert-butyl
alcohol and water—acetonitrile solvents of various composition and at various tempera-
tures are summarized in Tables 1 and 2. The solubilities in water, S¥, and in the solvent
mixture, S™ are related to the Gibbs energy of transfer of the salt, A, G° by the equation

A,G°® =2 RT In[S*/S™™)(3™ /7™ ] (1)

The solubilities were corrected to infinite dilution using the mean activity coefficients
y =+ calculated from the Mclnnes equation [5]

—logy+ =Az,z_JI/1 +15/1) ()

where A is the Debye-Hiickel parameter which depends on the solvent relative
permittivity and temperature, z_ z_ are the charges of the ions, and [ is the ionic
strength. The relative permittivities of water—organic mixtures at various temperatures
were taken from Ref. [6]. The A,,G° values calculated for different temperatures were
fitted to Eq. (3); the coefficients a, b, ¢ were evaluated by the method of least squares

AG°=a+bT+cTInT (3)
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Solubilities, S x 10° (mol kg~ ') of [Co(NH,)s ][Fe(CN)¢] in water and in water—organic mixed solvents with
various composition and various temperatures

Wt% °C
17 25 30 35 40 45
0 2144007 3124003 3704007 458+020 5554007 6.82+0.08
tert-C H,OH

10 1364004 1974005 226+004 321+011 3704013 465+022
20 0974002 1274003 156+003 1754007 195+009 307+0.14
30 0.63+002 083+003 0974004 1124003 156+007 195+004
40 054+002 063+003 083+003 107+004 1224006 1.66+0.09

CH,CN

10 5794008 599+006 701+015 7604021 818+012 9.35+006
20 4724014 4974015 5314006 570+005 628+007 7.74+0.11
30 346+0.10 355+0.15 365+010 390+0.11 453+005 560+003
40 3214005 3264012 3514030 3554016 3.65+015 4.58+0.06
Table 2

Solubilities, S x 10* (mol kg~ !), of [Co(en); ][Fe(CN),] in water and in water—organic mixed solvents with
various composition and various temperatures

Wt% °C
17 25 30 35 40 45
0 317+0.06 434+005 516+005 632+007 764+013 936+001
tert-C,H,OH
10 0.94+0.12 1.95+0.06 2374009 2.82+0.01 3.75+006 493+0.16
20 050+ 006 0.83+001 1.05+004 1244006 1.56+0.05 2.00+0.02
30 024+006 0454003 053+003 054+0.02 0721004 096+006
40 021+004 024+001 029+004 0331007 042+009 044+0.05
CH,CN

10 7.83+024  9.13+0.10 11.8+0.1 124+ 0.1 159+0.7 16.4+0.2
20 9784024 11.2+04 139402 15.6 £ 0.8 180+ 0.6 21.0+0.6
30 8.15+002 834+011 870+£020 950+020 107402 11.74+03
40 469+013 486+003 5024022 5424022 600+016 6.81+0.12

With respect to the relations (dAG/dT) = — AS,and AG = AH — TAS, Eq. (4) and Eq.
(5) represent the enthalpy and entropy of transfer

A"HO =a-—-cT

AS’=—b—c(1+InT)

4
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The results in Table 1 show that [Co(en), ][ Fe(CN),] is more soluble in all investigated
media than [Co(NH;),1[Fe(CN)]. At the same time, both complex salts are more
soluble in water than in water—tert-butyl alcohol mixtures, the solubility of
[Co(NH;)][Fe(CN)s] in the mixtures with lower concentrations of acetonitrile is
larger than in water and decreases with increasing cosolvent concentration; the
solubility of [Co(en),]J[Fe(CN),] as a function of acetonitrile concentration passes
through a maximum. The values of A,,G° at 25°C evaluated for each solvent composi-
tion, along with the values of A H®, TA, S°, and the values of the coefficients of Eq. (3),
are listed in Tables 3 and 4. The reported data indicate that both investigated salts are

Table 3
Thermodynamic functions of transfer of [Co(NH,),I[Fe(CN)] from water to water—organic mixtures
(molality scale, 298.1 K) and the coefficients a, b, ¢ of Eq. (3)

Wt% Aero/ A"HO/ TA“SU/ af b/ ¢/
kJ mol ™! kJ mot~! kJ mol ! kJ mol ! kImol ' K™! klmol 'K™!

tert-C,H,OH

10 22 89 6.7 - 77.665 1.807 —-0.270
20 44 —13 —17 — 25935 0.3509 —0.044
30 6.5 - 12 — 18 —550.03 12.15 —1.804
40 8.0 —11 - 19 —457.16 10.09 —1.497
CH,CN
10 28 —38 —35 — 32595 6.575 —0.964
20 - 19 —45 —-43 —592.71 12.44 —1.836
30 -0.3 —50 —49 —816.16 17.38 —2.570
40 0.2 —51 — 51 — 509.66 10.47 —1.538
Table 4

Thermodynamic functions of transfer of [Co(en);][Fe(CN)y] from water to water—organic mixtures
(molality scale, 298.1 K) and the coefficients a, b, ¢ of Eq. (3)

Wt% A“GO/ A"HO/ TA”SO/ a/ b/ ¢/
kJ mol ! kJ mol ! kJ mol ! kJ mol ™! kImol ' K™! klmol 'K™!
tert-C,H,OH
10 38 33 29 610.35 —13.06 1935
20 73 22 15 361.25 —7.671 1.138
30 9.8 36 26 1385.8 —30.42 4.528
40 13 —8.5 —22 —121.14 2.603 —-0.378
CH,CN

10 —2.4 - 15 - 13 —23.599 0.227 —0.027
20 —26 -~ 24 —21 — 61.296 0.902 —0.124
30 —0.7 - 32 —31 41.258 - 1.517 0.241

40 1.6 —31 —33 — 23241 4.569 —0.665
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increasingly destabilized with increasing concentration of tert-butyl alcohol and that
they are stabilized at lower acetonitrile concentrations. However, this stabilization
diminishes with increasing cosolvent concentration and at 40 wt% CH;CN, a slight
destabilization takes place.

In order to evaluate the single-ion values of the Gibbs energy of transfer, the data for
[(CH;),N]5[Fe(CN)s] given in Ref. [7] have been used. The values of A,G° for
(CH,),N* ion were taken from Refs. [8,9] and were used after conversion to the
molality scale. The values for 10 and 30 wt% of CH;CN were obtained by interpolation
of the published data. For the Gibbs energy ‘of transfer of [Co(NH,),]** and
[Co(en);]**, the following equation holds

A,,G%Co**)=A,G°{[Col* *[Fe]*~} — A,G{[(CH,),N],[Fe(CN),]
+3A,GO{(CH,),N* )

In this equation, A,,G%Co® *) stands for the Gibbs energy of transfer of [Co(NH3)¢]**
and [Co(en);]**, and A_,G°{[Co]**[Fe]® } for the Gibbs energy of transfer of
[Co(NH,).][Fe(CN)¢] and [Co(en);J[Fe(CN),], respectively. All calculations of the
single-ion transfer functions are based on the TATB reference electrolyte assumption.
The values of the Gibbs energies of transfer for [Fe(CN)]*~, [Co(NH,),]** and
[Co(en);]** ions are summarized in Table 3. It follows from the reported data that the
overall destabilization of both investigated complex salts in water—tert-butyl alcohol
mixtures is mainly due to the destabilization of [Co(NH;)¢]** and/or [Co(en),]**
ions at the lowest cosolvent concentration, and to the destabilization of [Fe(CN),]*~
ion for the transfer to the mixtures with higher content of tert-butyl alcohol. However,
both [Co(NH,),]** and [Co(en);]*" ions are destabilized in water—acetonitrile
mixtures (with the exception of [Co(NH,),]* * ion at highest cosolvent concentration).

Table 5
Gibbs energies of transfer, A,_G°(kJ mol ™), of [Fe(CN)s]* ", [Co(NH,)]** and [Cofen);]°* ions from
water to water—tert-butanol and water—acetonitrile mixtures (298.1 K, molality scale)

Wt% AG°
[Fe(CN)s]*~ [Co(NH,) 1> [Cofen)y]**
tert-C,H,OH
10 —35 5.7 7.3
20 6.3 —19 1.0
30 23 —16 —13
40 34 -27 -21
CH,CN

10 —6.8 4.0 4.4
20 —-58 39 32
30 -39 3.6 32

40 0.6 —04 1.0
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The overall stabilization of both complex salts (again with the exception for 40 wt% of
acetonitrile) is due to the stabilization of [Fe(CN),]* ~ ion in these media. Tables 3 and
4 show significant differences in the values of the enthalpies and entropies of transfer for
the salts investigated for the mixtures water—tert-butyl alcohol. This different behav-
iour is evidently due to the different composition of the coordination spheres of the
complex cations. This conclusion is in agreement with the single-ion values of A, G° for
[Co(NH;)4]1** and [Co(en);]**ions respectively (Table 5). However, the ther-
modynamic functions of transfer to water—acetonitrile mixtures show a certain similar-
ity, i.e. A H® for both complex salts are negative and the transfer results in a large
decrease in entropy. One possible explanation of the different behaviour of tert-butyl
alcohol and acetonitrile is based on the different effect of these cosolvents on the cluster
structure of water. tert-Butyl alcohol is known as a water-structure maker [ 10], i.e. with
its increasing concentration in an aqueous mixture, the number of monomeric water
molecules decreases which results in the dehydration of ions of the dissolved salts and,
therefore, in their destabilization in these mixtures. Acetonitrile, is a water-structure
breaker [11, 12] and increases the concentration of free, non-associated water mol-
ecules. There are enough monomeric water molecules in water—acetonitrile mixtures,
so hydration is enhanced in these media. However, at higher concentrations the
formation of hydrogen-bonded complexes, H,O-CH,CN, takes place [9,13]. It is
evident that more effects are operating simultaneously in a water—acetonitrile mixture.
At moderatecosolvent concentrations, the monomeric water molecules, liberated from
clusters by the structure-breaking effect of acetonitrile, are immediately trapped in the
associates CH,CN—-H,0. These oppositely acting effects can also account for some
observations concerning solubility and the thermodynamic transfer functions.
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