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ABSTRACT 

The free energy of solvatlon of ferrous ion m water and the free energes of transfer of 
ferrous ion from water to ethanol + water nuxtures have been determmed without extrather- 
modynanuc assumptions Some comments are made regardmg the utlhty of the method 

In our previous commumcatlon [l], we reported the free energies of 
transfer of Fe*+ Ion, AG,*(Fe*+) from water to ethanol + water mixtures 
To calculate AG,-(Fe*+), we have used the AG,*(l) values for the lsoelectrlc 
reactions 

FeL, (ClO,), + Fe(ClO,), + 3L 0) 

wbch 1s usually wntten as 

FeL;+ + Fe*+ + 3L (2) 

(where L = l,lO-phenanthrohne (phen) or 2,2’-blpyndme (blpy)) and the 
AG,- Fe(Cl0,) 2 and AGte (L) values determmed from solublhty measure- 
ments m water and water + ethanol mixtures 

Both Fe*+ and FeLt+ are present as perchlorates so that the contnbu- 
tlons due to AG,“(ClO;) Ions automatically cancel each other and need not 
be determmed Moreover, both FeL,(CIO,), and Fe(ClO,), are associated 
with six molecules of water of crystalhsatlon and thus the free energy 
changes associated with the transfer of water molecules from water to mixed 
solvents also cancel out The utility of the method hes m the fact that the 
method gives the AG,-(Fe*+), 1 e free energy of transfer of single ion, 
directly from the experimental values without any extrathermodynamlc 
assumptions 

However, we have used the solublhty values of FeL,(CIO,), to calculate 
AG,-FeL,(ClO,), However it 1s well-known that the solublhty of a salt 
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TABLE 1 

Activity solublhty products of perchlorates of tns-complexes (nmol dmm3) 

EtOH 
(wt W) 

Ferrodm Ferrom Ferrodm Ferrom 

00 1747 0 453 12 818 0 287 
80 2 688 0 840 39 022 1613 

16 4 3 057 1248 50 782 4 631 
25 3 4 698 2 463 132 880 26 213 
34 4 7 452 6 484 323 052 237 258 
440 10 634 9 092 488 314 362 631 
54 1 9 835 6 117 258 623 109 842 
647 8 336 5 031 121882 51686 
76 0 5940 2 567 35 988 8 541 

depends much on the solvatlon of cations and anions and it IS desirable to 
use the actlvlty solublhty product K, of the electrolyte FeL,(ClO,), to 
obtain the accurate values of AG,“(Fe”+), the free energy of transfer of 
Fe*+ ion [2,3] The activity solublhty product K, for the reaction 

FeL3 (Cl04 j2 + FeL*+ + 2ClO- 3 4 (3) 

has been calculated using the relation 

K, = 4S3fF,,;+fz,,, = 4S3f: (4 

where S IS the solublhty of FeL,(ClO,), m the respective solvents 

TABLE 2 

(a) Values for the free energies of transfer of Fe 2+ (from blpy and phen complexes) from 
water to ethanol + water m rmxtures 

From blpy complex 

EtOH AGf (L) AGf (1) AGf (FeLy ) AGf (Fe2+ ) 

(wt %) 
80 2 49 3 36 27 -14 

16 4 4 70 4 91 34 -58 
25 3 7 50 5 13 57 -116 
344 9 01 8 73 79 -104 
440 11 33 12 15 89 -129 
54 1 12 73 15 06 74 -158 
64 7 14 21 17 63 55 -195 
76 0 15 74 14 72 25 -300 

AG*(Fe2+) (m water) = AC*(l)+ AG*(FeLt’)-3AG*(L) Solublhty values of blpy and 
phen at 298 K are 4 15 x 10W2 and 8 85 X 10m2 M respectively AC*(l) values are 100 00 and 

117 00 kJ of Fe+ blpy and phen complexes at 298 K, and AC* values calculated from the 
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Since the solublhty values (mol dmm3) of FeL,(ClO,), are very small, the 
Debye-Huckel hnutmg equation 

-log f*=AZ+Z& (5) 
was used for the calculation of the actlvlty coefficients of ions The values of 
the constant A m different solvents were calculated using dielectric constant 
values of the n-uxed solvents from the literature [l] The K, values are 
reported m Table 1 The AG,*(Fe2+) values from water to different ethanol 
+ water mixtures using blpy and phen are given m Tables 2(a) and 2(b) 
respectively 

The use of AG,“(l) and AG,e(FeL3(C10,)2) values at 295 K introduce 
error m our values of AG,*(Fe2+) 

It should also be noted that the errors m the experimental determination 
of AG,* (l), AGp (L) and AG,* ( FeL 3 (ClO, ) 2) introduce considerable error 
m the values of AG,*(Fe2+) In spite of the hnutatlons, the method 1s useful 
as it gives the free energy change or free energies of transfer of Fe2+ directly 
without any extrathermodynanuc assumption or without use of the Born 
equation or other improved equations whch are open to question [4,5] We 
have also used the method to calculate the free energy change of Fe2’ ion m 
water simply from the relation 

AG* (Fe2+) = AG* (1) - 3AG* (L) + AG* (FeL,(ClO,),) 

by using the solublhty values of blpy and phen determined by Band- 
yopadhyay et al [6] and other values from the literature [1,7,8] The results 
for AGe(Fe2+) m water using blpy and phen differ by about 8-9 kJ 
Smularly, the AGF(Fe2+) values m ethanol + water mixtures using blpy and 
phen show variations 

(b) Values for the free energy transfer of Fe’+ (from phen complex) from water to 
ethanol + water nuxtures 

From phen complex 

EtOH AG? (L) AGf (1) AGf(FeL2,‘(ClO,),) AGf(Fe2+ ) 

(wt W) 

80 2 33 442 42 17 

16 4 445 7 30 68 08 

25 3 7 42 10 89 11 1 -03 
34 4 10 03 1226 16 5 -13 
440 12 01 18 25 17 6 -03 
54 1 13 38 21 68 146 -39 
64 7 14 71 20 42 12 7 -110 

76 0 16 22 22 59 83 -177 

solublhty products of Fe(blpy),(ClO,), and Fe(phen),(ClO,), at 295 K are 50 2 and 53 9 kJ 
respectively AC* (Fe2+ ) (m water) = 126 5 (blpy) and 135 8 kJ using phen (average = 131 2 
kJ) AG*(Fe3+) = 205 3 kJ 
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It 1s well known that the ab mltlo calculation of electrostatic solvatlon 
energy of Ions requires knowledge of the radu, dipole, quadrupole moments 
and the polanzablhtles of the solvent and the ions Moreover, the number 
and the geometnc arrangement of the solvent molecules m the primary 
solvatlon shell and the energetlcs of any structural effects on the solvent and 
other effects must be known [9] 

It has been pointed out by Popovych [9] that even m the most widely 
studled solvent (water), the accuracy of the hydration energy calculations 1s 
no better than 2-3 kcal (g ion)-’ 1 e about 8-12 kJ (g ion)-‘, and the 
accuracy of the AG* values m non-aqueous solvents would be expected to 
be of the same order of magmtude 

Consldermg the hnutatlons, the AG*(Fe*+) or AG,*(Fe*+) values usmg 
blpy and phen m the present determmatlon can be regarded as bemg m 
good agreement It 1s true that the anomaly m the AG* values may also be 
due to the error involved m measurmg solublhtles and determmmg the 
stability constants for such extremely stable complexes as FeL,(ClO,), 
mvolvmg three hgands 

We prefer the value of AG*(Fe*+) based on phen because [lo] (1) blpy 
1s present m the czs form m neutral solution but m the complex Fe(blpy)i+ 
or m acid solution truns-blpy 1s converted to cu-blpy whch mvolves energy 
changes of uncertain magmtude The error may be considerable as three 
molecules of blpy are involved, (2) the greater stability of phen and ferrom 
due to the fixed coplananty of heterocychc rmgs and greater resonance 
stablhzatlon compared with blpy and Fe(blpy):+ 

Once the value of AG-(Fe*+) 1s known, we can calculate the value of 
AG*(Fe3+) using the value of E* for the reactlon Fe3+ + e-l =+ Fe*+ [ll] 
The values of AG * (Fe*‘) and AG* (Fe3’) m water are recorded m Table 
2(b) AG*(Fe*+) becomes mcreasmgly spontaneous except at 44 0 wt%, 
although full interpretation of the results requires more mformatlon 

There are divergent views on the use of ‘lsoelectr~’ reactions to calculate 
the free energy of transfer of smgle Ions Blandamer et al [12] erroneously 
consider that the method suggested by Lahlrl et al [1,2] 1s based on the 
extrathermodynamlc assumption that A(aq + X2) p*(ClO;, soln, T) or 
rather A(aq -+ X2) p*(X-, soln, T) 1s zero (where X- 1s any monovalent 
anion) 

In the determmatlon of free energy of transfer of H+ ion from the 
reaction LH+ + L + Ht (L = phen or dlpy) Lahln et al [1,2] calculated 

AG& of LH+ using the extrathermodynarmc assumption but +AG,*(ClOi) 
for the system (mcludmg reactants and products) 1s zero 

It should be noted that AG,*(FeLt’) 1s always the same but the expen- 
mental values of AGt+(FeL3X2) will differ depending on the nature of the 
anions Since there 1s no posslblhty of the existence of free cations m 
solutions or solids, the anions are Important, though neglected The reaction 
scheme can be written as 
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FeL,X, + FeX, + 3L 

(sohd) (sohd) 

8 Jr 

(sohd) 

Jr 
where X- = Cl-, CIO,, CNS-, etc 

and X2- = SOi- etc 

FeL,X, + FeX, + 3L 
(solutlon) (solution) (solution) 

Obviously, the free energy of formation and free energy of solvatlon of 
FeL,X, and FeX, would be different depending on X- The advantage of 
the “lsoelectnc” reactions 1s that the reaction 

FeL,X, + FeX, + 3L (3) 
can be written as 

FeLi+ + Fe*+ + 3L (2) 
only if X- cancels automatically from both sides There should be no 
artlflclal ehrmnatlon of X- from one of the components such as FeL,X, as 
carried out by Blandamer et al [13] This would not satisfy reaction (1) as m 
solution, like FeL,X,, Fe*+ 1s present also as FeX, Thus means that 
+AG,*(X-) for the system (for the reactants and the products) 1s zero 
irrespective of the nature of the amens but not that AG,*(X-) = 0 It IS 
apparent that reaction (3) would be better represented by reactlon (4) rather 
than reaction (2) 

FeLi+ + 2X- + Fe*+ + 2X- + 3L (4) 
Similarly 

HL+= H++L (5) 
should be represented as 

HL++X-+H++X-+L (6) 
Thus, the free energy changes due to the formation of HL+ and FeL:+ 1 e 
AG*(HL+) and AG-(FeLi+) are always the same but the experimental 
values for the equlhbnum constants and the dlssoclatlon constants for 
reactions (4) and (6) may be different depending on the nature of the amon 
The anomaly m the equlhbrmm or dlssoclatlon constant values obtained by 
different workers may be due partly to the use of different anions 

It should be noted that the specific rate constants for the dlssoclatlon 
reaction for ferrom or ferrodun have been found to be dependent on the 
anions [14,15] The conversion of low spm FeL<+ to high spm FeL%+ 
(FeL;+ -+ FeLy) has been universally accepted to be the rate determmmg 
step [14] However, for the formatlon of ferrom or ferrodun, the rate 
dependence of the forward reaction on anions has not been studied exten- 
sively However the rate determmmg step suggested for the formatlon of 
ferrom or ferrodun 

FeL$+ --, FeL:+ 
high-spm low spin 
complex complex 
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cannot be tenable as the reaction 1s associated with orbltal stablhsatlon and 
highly exothernuc energy changes [16,17] The equlhbrmm constants or 
dlssoclatlon constants are thus expected to be dependent on anions 

It should also be noted that though the free energy change due to the 
formation of FeL2+ 3 1 e AG* (FeL<‘) 1s always the same, the expenmental 
values may be slightly different depending on the nature of the amens The 
formation of FeL:+Xs- would obviously be dependent on the amon as no 
value of AG*(FeL;+) 1s obtainable m then- absence The slight variation m 
the results from different workers may arise from the use of different amens 
leading to changes m ionic environment, changes m solvatlon energy of the 
anions or heat of solution 

We therefore feel that more work should be done m ths direction to 
clarify ideas on the free energies of smgle Ions. It 1s desirable to denve 
values of free energes of single ions using different extrathermodynanuc 
assumptions m order to have a consistent set of smgle ion values It 1s also 
necessary to explore the posslblhty of derlvmg the free energies of single 
ions without extrathermodynanuc assumptions 
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