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Acid-base equilibria of some salicylatopentaminecobalt(III) ions in mixed
solvent media: An attempt to study molecular recognition
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The study of the acid-base equilibria of cis-[Co(en)2(RNH2)02CC6HPHF+] (R=H, CH3, CHJCH2)

in methanol-water, propan-z-cl-water, terr-butanol-water, acetone-water, and ethylene glycol-water
(O~vol % organic solvent ~70) are reported at 25°C. The transfer free energy of the phenol fonn rela-
tive to that of phenoxide form of the complexes, where transfer occurs from water to the- mixed sol-
vents, have been evaluated. Solubility studies for the sparingly soluble dithionate salt of the phenol form
of these complexes have been made in methanol-water media at 25°C and the transfer free. energy of
the phenol and phenoxide species (relative to water) have been assessed. Results highlight theelectros-
tatic and nonelectrostatic medium effects on the solvation of the phenol and phenoxide species of the
complexes. The transfer free energy data suggest that the complex ions recognise the cosolvent mole-
cules in their Gurney cosphere via both coulombic and hydrophobic interactions.

The free energy change for any chemical reaction
is a thermodynamic criterion of molecular recogni-
tion. Solvation of reactants and products affects
their free energies and hence the overall free ener-
gy change of the associated equilibrium 1 -, \ In a
mixed aquo-organic solvent medium, the solute
species (i.e. reactants and products) depending on
their charges, hydrophobicity and hydrogen bond-
ing propensities can interact with the solvent com-
ponents to different degrees!". The solvent stru-
cure and composition in the cosphere of the solute
species may thus not be the same as in the bulk
phase of the mixed solvent media. The resulting
preferential solution effect, a measure of molecular
recognition, is likely to be reflected in the overall
free .energy change for a process in which the dis-
solved solute participate. Both electrostatic and
nonelectrostatic factors will, however, govern the
free energy changes.

We have chosen a standard acid-base reaction
of some cis-( amine )bis(ethylenediamine)( salicylato)
cobalt(lII) substrates and studied the equilibrium
(see Eq. (1)] in methanol-water, isopropanol-water,
tert-butanol-water, ethylene glycol-water and ace-
tone-water media. The aim was (i) to examine the
solvent effects on the acid-base equilibrium and
(ii) to know about the relative solvational feature
of the phenol and phenoxide species of the sub-
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strates in these mixed solvent media by assessing
their transfer free energies.

Materials and Methods
The cis-(amine)bis(ethylenediamine)(salicyclato)

cobalt(IIl) diperchlorates, cis- [(RNH2)(enhCo02-

CCnH4(o)OH](CI04h (R=H, CH~, CH1CH2) were
prepared and purity checked by analytical and
U'V-visible spectral data as reported earlier?". The
sparingly soluble dithionate salts of these com-
plexes were prepared by the double decompositon
of their perchlorate salts with sodium dithionate.
These samples were at least twice crystallized
from warm water, washed with ethanol followed
by ether and dried over fused calcium chloride.
The purity was checked by analysis of cobalt. An-
alytical grade reagents were used for equilibrium
studies. Methanol (MeOH), propan-z-ol (PrOH),
tert-butanol (BuCOH), ethylene glycol (EG) and
acetone (AC) were of > 99% purity grade. These
solvents were kept over molecular sieve and dis-
tilled before solvent mixtures were prepared in vo-
lume percent. Alkali was standardised against po-
tassium hydrogen phthalate.

All absorbance measurements were made on a
Jasco 7800 recording spectrophotometer using 10
mm matched-quartz cells.

Equilibrium measurements
The acid base equilibrium was studied spectro-

photometrically at 310 nm. The absorbance of a
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known concentration (== 4.6 X 10-4 mol dm=') of
any complex in aquo-organic solvent media was
measured at different [NaIOHh- and at
[HCI04h-=0.1O mol dm" (l~pH~13); ionic
strength was maintained constant at 0.10 mol
dm"? using NaCIO~ wherever .necessary. Typical
plots of absorbance versus [OH-h- (see Fig. 1) in-
dicate that ionisation of the phenol group is com-
plete at [OH-h-~O.OS mol dm ":'. Thus the ab-
sorbance in 0.10 mol dm-3 HCI04 and at
[OH-h-~0.05 mol dm-3 was taken to be that of
the phenol and plieoxide forms of the complex re-
spectively. The base hydrolysis of the complexes
were too slow to affect measurements-". However,
zero time extrapolated absorbance data were tak-
en to calculate the equilibrium constant (Q) as giv-
en below.

At any value of [OH-h- when equilibrium be-
tween the phenol and phenoxide forms [see (Eq
(1)]exists,

.,Q
(RNH2Xen)2Co02CC6H40H2+ + OH- .=

(RNH1)( enhCo01C6H40 + ... (1)

the absorbance of the complex (for cell length = 1
em) is given by Eq. (2)

... (2)

where EI and E'2 denote the molar extinction coef-
ficients of the phenol and phenoxide forms of the
complexes respectiely; a = [complex], and x is the
concentration of the phenoxide species, Eland E1

were taken to be Eobsat [H+]=O.lO mol dm? and
at [OH-h ~ O.OSmol dm"? respectively to calculate
x using Eq. (2), Q was then calculated using Eq.
(3) which assumes fOH- = fRo+

[
X j 1Q- .--
(a-x)([OH J.r-x) fRoH"

... (3)

where fROH2+denotes the activity coefficient of the
phenol species. The activity coefficient was calcu-
lated from the Debye Huckel relationship
(Eq.4)

... (4)

with A= 1.8246 x 106/(D;T)3/2, B= S0.29 x 1081
(D;T)1/2, a = sA where D, denotes bulk dielectric
constant of the medium'? and T is temperature in
absolute scale. Values of Q and the standard free
energy change (~Go = - RT In Q) are collected in
Table 1.

The solubilities of the sparingly soluble dithion-
ate salts of the complexes were measured spectro-
photometerically (310 om) at 25°C in MeOH-H20

0·10

°0~----~OO~2-----~~0~4----~0~.06~--~o.~oe----~O~'0
- .,

[OH I.mol elm

Fig. I-Absorbance versus [OH-]lmol dm-> plot for
cis·[(en)2(CH3NH2)Co02CC.H40Hj2+ (4.6-4.8) x 1O-~ mol
dm-3 in different compositions of (v/v) % MeOH: 1,0%;

2, 20%; 3, 40%; 4, 50%; 5, 60%; 6, 70%.

Table I-Calculated values of standard free energy d GO/kJ mol- I for NH3, CH3NHI and CH3CH2NHit complexes at 25°C in
mixed solvent media

Vol % d G()(kJ mol)
Organic
solvent MeOH Pr'-OH Bu'-OH AC

0 - 19.4(- 18.8)[-18.6) -19.4 -19.4( - 18.8)[- 18.6) -19.4
10.0 - 17.7(- 18.2~ - 18.5) -19.7 -19.l( -19.4)[ -18.9) -19.3
20.0 -18.6(-18.2)[ -18.2) -20.4 - 19.7( - 19.8)[- 19.6) -18.~
30.0 -18.1( -18.0)[ -17.6) -20.8 -20.8( -19.6)[ -20.1) -19.6
40.0 - 17.7(- 17.2)[- 17.2) -21.5 - 21.6( - 20.1)[ - 20.8)) -20.9
50.0 - 17.6(- 17.3)[- 16.9) -22.5 - 23.4( - 22.6)[ - 22.1) - 21.2
60.0 - 17.7(- 17.2)[- 16.8) -23.7.
70.0 -17.8( -17.3)[ -16.5)

'Values for CR,NHz complexes )
"Values for CH3CHzNHz complexes [

EG
-19.4
-18.0
-17.7
-16.8
-16.7
-16,0
-15.8
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media. The molar extinction coefficients of the
complexes were independent of the solvent com-
position (see footnote of Table 2). The solubility
data as well as the standard free energy change
(1\G~ol= -2RT In Sf±2, f ±2 =fROH'+Xfs,ol-'
S-solubility of the complex salt) are given in
Table 2.

Results and Discussion
It is worth noting that the equilibrium constant

Q is sensitive to the medium properties for a given
complex as also to the nature of the complex, as
the nonlabile amine ligand is varied. The electros-
tatic effect remaining the same, the small but defi-
nite changes in Q with variation of the amine li-
gand in a given solvent demonstrates the signific-
ance of noncoulombic factors such as hydrophobic
interactions and solvent structure which are likely
to mediate the solvation of the complex ions and
hence the equilibrium constant.

A quantitative assessment of the solvation of
the complexes can be had in terms of the transfer

free energy changes. Since 1\ GO=GO(RO+)
- GO(OH-)- GO(ROH2+), where GO(i) denotes
the standard free energy of a species i, the transfer
free energy of RO + (phenoxide species) relative to
that of the phenol species (ROH2+), when transfer
occurs from water (w) to the mixed solvent (s) can
be written as Y'as given in Eq. (5)

y= [1\G?(RO+) - 1\G :1(ROH2+)!rs-w)

=[1\ G?(OH- )ls-w) - RT In Q/Qw ... (5)

(1\G?(OH-)l(s-Wj were taken from literature'lP.
Values of Y (see Table 3) reflect that it is leastaf-
fected by EG-water although dielectric constant
varies in the range 78.6-59 (for vol % EG = 0..(0).
Despite this fact a minimum for Y discernible at
40 vol % EG (see Table 3) might be related to the
solvent structure enforced differential solvation of
the phenoxide and phenol form of the salicyla-
toaminecobalt(III) complexes. It is worth noting
that Y is positive, [L\G?(RO+)l(s-w>
[1\G ?(ROH2 +)ls-w), for all monohydric alcohols

Table 2-Solubility data and calculated values of [~G,(ROH2+)l,_wl and [~G,(RO+H,_w) at 25°C

Vol % 104S ~G~ol [~G,(ROH2+J~,_") [~G,(RO+)h_w)
MeOH (moldm-3) (kJmol-') (kJmol-') (k.lmol " ")

cis-[( en);(NH 3)C001CChHi o)OHF +
1.734 0 0
1.048 2.4 - 0.5
0.767 3.9 1.8
0.576 5.3 0.9
0.448 6.5 - 1.0
0.387 7.3 -4.0
0.314 8.3 -5.7

[ci.s-(en)2(CH3NH2)Co02CC6H.(o)OH]2+

2.346 0 0
1934 I~ -2n
1.276 2:9 O.R
1.058 3.9 - 0.0
0.910 4.7 - 1.2
0.787 5.4 - e.o
0.656 6.3 -7.7

cis-[(en)2(CH3CH2NH2)C001CC,,(o)OHF +
1.117 0 0
0.852 1.3 -1.6
0.748 2.0 -0.1
0.575 3.3 - 1.2
0.452 4.4 - 3.I
0.323 Ii. I - 5.2
0.232 7.7 - 1i.3

o
10
20
30
40
50
60

o
10
20
30
40
50
60

o
10
20
30
40
SO
60

o
1.2
1.0
0.4

0.7
-1.7
-2.3

o
-1.3

1.4

0.1
- 2.80
-4.0
-3.2

o
- I.S

0.2
-0.3
- I.S
-1.7
-2.7

(a) ~ G~ol= - 2RT In Sf ±

(b) Based on [~G,(SP~ - )i,-wl (kJ mol- I) = 2.9, 2.1,4.4,7.5, 11.3 and 14.0 at 10,20,30,40,50 and 60 vol % MeOH at 2soC"I.
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and relatively more so for acetone. It also in-
creases with increasing proportion of the non-
aqueous component. Both electrostatic and none-
lectrostatic effects contribute to Y (Toverau=Yel+
YnoneJ The plots of Y versus 102/D; for
(en}z(NH3) complex (see Fig. 2) are essentially
nonlinear and clearly reflect the individuality of
cosolvents. The.plots of Y versus 102/D, for NH3,
CH3NHz and CH3CH2NH2 complexes for MeOH-
H,O and Bu' -OH -H?O media show little dependence
on the nature of the ~onlabile amine group as expect-
ed. The solvent dependence of Y at constant dielec-
tric constant (i.e. at D; = 60, see Fig. 3) demon-
strates the variation of the destabilishing effect of
the medium on the complex species and this must
be attributed to Ynonels the nonelectrostatic compo-
nent of Yoverall- It appears that the species ROH2 +

20·0

16·0

r, 12·0
0
E....... 8·0...•
>-

4·0

0
-2·0

1·0

s

e 1·

2·0 2·S0I·S0
1020;'

Fig. 2-Plot of Y (kJ mol- I) versus 10'/ D, for cis-
(en}z(NH))CoOzCC"H40Hj'+ in different aqua-organic
solvent media: I, EG; 2, MeOH; 3, Bu'-OH; 4, Pr;-OH; 5,

AC.

and RO + recognise the organic cosolvent mole-
cules through both coulombic and noncolumbic
(hydrophobic) interactions.

The solubility data for the complexes in Me-
OH-H20 media combined with the transfer free
energy data for S20i - (based on TPTB assump-'
tion for MeOH-H20 media)'? yielded the values
of [~G:l (ROH2+)!s_w)

[~G :lsoll(s_w)= [~G :)(ROH2+lls-w)

+[~ GO, (S20i - )ks-w)'

Combining these values with that for Y (see Table
3), we also obtained the transfer free energy of the
phenoxide species, [~G?(RO+ lls-w)' These data

12·0 ?-AC
1 ', \
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\
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Fig. 3-Plot of Y (kJ mol-I) versus Xo,g under isodielectric
conditions (D, = 60) at 25°C. data points refer to mole
fraction of the organic component; complex = cis-
[(en),(X)CoOZCC"H40Hj2+: for X=NH]) (0), CH]NH2

(f::.) and CH)CHzNH2 (0).

Table 3-Calculated values ofrelative transferfree energy for NH] complex Y=[d O:(RO·) - d O:(ROH'· )t-". (kJ mol I) at 2YC
in mixed solvents

Vol %
Organic solvent

Y' (kJ mol-I)

Bu'-OH EG

0.3
0.09
0.4

-0.03

0.1
0.4

10
20
30
40
50
60
70

MeOH
1,7(0.7)'[0.08]tt

0.8(0.6 )[0.3]
1.3(0.7)[0.9]
1.7(1.6X1.6]
2.3(2,0)[2.5]
3.4(3,2)(3,6]
4,7(4,5)[5,9]

Pr;-OH
1.8
2.3
3.2
4.3
5.4
6,6

'Values for cu.r-u, complexes ()
"Values for CH)CHzNH1 complexes [

AC
3.3
7.4

10.2

13.6
18.2

U(0,3)[0,6]
2,5( 1.8[1.8]
3,9(4,6)[3,9]
5,5(6.4)[5.5]
6.0(6,2[6.5]
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for MeOH-H20 media for all the three complexes
are collected in Table 2. A clear distinction in the
interaction .of the phenol and phenoxide species
(having same size but differing in charge bearing
centres) with MeOH-H20 media is now evident,
the ROH2 + species are relatively more .stabilised
in MeOH-H20 media With increasing hydropho-
bicity of the nonlabile amine function. The solvent
stabilisation of ROH2+ species also increases on
making the medium more non-aqueous. The ob-
served behaviour of the phenoxide species in rela-
tion to solvent stabilisation (see values of
[~G~(RO+}~s_w) in Table 2} reflect that specific
hydrogen bonding interaction of the medium with
the phenoxide moiety plays a vital role.
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