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ABSTRACT 

The enthalples of formation of 2.2’-dlpyndyl-lron(I1) complex m t-BuOH-crater and glycerol-water 
mixtures at 25°C have been determined by calonmetry The dlssoclatlon constants of the complc\ m the 

mixed solvents have been determmed spectrophotometncally The entropy changes hslc been calculated 

combmmg the enthalpy values wth the corresponding free energy changes calculated from pK values The 
influence of solvents on the thermodynamic parameters 1s discussed 

INTRODUCTION 

The influence of solvents on the thermodynanuc parameters of hgands and their 
complexes has received much attention in recent years. Such studies are helpful in 
understanding the various factors associated with solute-solvent interactions. Only a 
few reports are known on the thermodynamics of the ligand 2,2’-dipyridyl and its 
complex in rmxed solvents though these have been urldely known for then analytical 
applications [ 11. The thermodynamics of 2,2’-dipyridinium ions in methanol-, 
ethanol-, r-butanol- and glycerol-water systems and its ferrous complex in 
methanol- and ethanol-water systems have been reported earlier [2-61. 

In this communication we report the enthalpies of formation of Fe(dipy):’ in 
different t-butanol- and glycerol-water rmxtures at 25°C determined by calorime- 
try, the dissociation constants by spectrophotometry and AGO and AS0 values 
calculated from these experimental results. 

EXPERIMENTAL 

Ferrous ammonium sulphate (G.R.-E. Merck) was dissolved in a known quantity 
of HClO,. The purity was checked by estimating the iron content analytically with 
standard K,Cr,O, solution in the usual way. The solution was utlhzed withir; several 
hours. A fresh solution was used for each run. Dipyridyl solution was prepared as 
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reported previously 141. Purification of solvents has been described m an earlier 
communication [7]. 

Measurement of the enthalpy change was carried out usmg a calorimeter fabri- 
cated in this laboratory [8,9]. For each run. 5 ml of freshly prepared solution of 
ferrous ammoIlium sulphate (concentration range 3- 1 X 10 -’ M) in HClO, was 
taken in a Pyrex glass bulb and 250 ml of dipyridyl (concentration range 2- 1 X 
10 -z M) was taken in the Dewar flask. Both the solutions were in the mixed solvent 
of the same composition. Three different concentrations of HCIO, (5 X 10 --z M, 
1 x 10-Z M. 5 X 10 -’ M) were used for the Mohr salt solution. In each case, the 
heat changes due to the formation of dipyridinium ion were taken into account. For 
this purpose. a blank experiment lvlth no Mohr salt (5 ml of solution containing 
HCIO, and 250 ml of d~py) was carried out. The concentration of dipyridyl was 
always more than 30 times the concentration of Fe2’ ion. The dissociation constants 
of Fe(dipy)f A at 25°C in mixed solvents have been determined spectrophotometn- 
calIy as reported in detail previously [3]. 

RESULTS 

From the measured heat hberated. the enthalpy change per mole for the reactlon 

Fe” +3 dipy =[Fe(dlpy),]‘- 

was calculated using the relation AH = - Q/X, where Q represents the heat hberated 
in Joules for X moles of Fe(dipy)f+ formed. The ionic strengths of the solutions in 
which the reactions were carried out were - 10 -’ M. The reaction is rso-electric in 
nature. As such, the effect of ionic strength would be small. The measured AH 
values over the range of iomc strength of the solutions used was constant. so this has 
been taken as AHo. The dissociation constants and the AH0 values for Fe(dipy)g+ 

TABLE I 

Thermodynamics 0: 

Fc(d,pq):’ =Fe” 43 dip, 

m glycerol- and r-BuOH-water media at 25’C 

Wt S of solwnt pn’dtss 

Glycerol-uater 

0 1754(-t-l 44)= 
10 1660 
‘0 1599 
30 1525 
40 15.65 (-CO 51) 
50 

r-&OH-uatcr 

1754(-c1.44) 
1676 

16 13 
15 50 
1550 
15 79(f057) 

il Values In parentheses indicate maximum errors 
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-c Fe’- i-3 dipy in glycerol-water and t-BuOH-water are given in Tables 1 and 2. 
respectively. 

DISCUSSION 

The thermodynamic parameters (AGO. A Ho and T AS’) for the above-mentioned 
reaction in glycerol- and t-butanol-water are given in columns2, 3, 6, 7, 10 and 11 
of Table 2 along with the same in EtOH-, and MeOH-water (reported earlier [3,6]) 
in columns 4, 5, 8. 9, 12 and 13 of the same table. Figures l-3 indrcate the nature of 
the ~101s of AHo, AGO and T AS0 agamst wt.% and mole fraction of organic solvent 
and the reciprocal of tne dielectric constant (l/D) of aquo-organic solvents. From 
extrapolation of the AHo and AGo values in the region of lower percentages of 
organic constituents in water. the same parameters have been determined m water. 
The thermodynamics of the tris-dippridyl-ferrous complex in aqueous medium 
reported m the hterature alon, * with those determmed in this work are given in 
Table 3. 
Our values are in good agreement wrth those reported by Davres and Dunnmg [ 111. 
Anderegg’s [IO] value seems a httle too high. 

From Frgs. l-3 tt is seen that AGO changes linearly up to 30% of t-BuOH (which 
corresponds to 0.09 mole fraction) and 20% o f glycerol (corresponding to a mole 
fraction of 0.04). and deviates at higher percentages. whereas AH0 and T AS0 frrst 
Increase with increasing solvent and pass through a maximum at about 30% in the 
case of t-BuOH and 20% in the case of glycerol m the respective solvent mixtures. 
Similar behaviour has been observed by us m the case of dipy H - m r-BuOH- and 

A- Glycerol- wafer 

01 , I I 1 I 

10 20 30 40 50 
b+T % OF ORGANIC COMPONENT 

FIN 1. PIOCS of A@. A Ho and T AS0 vs. UC % of organic components 
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glycerol-water mixtures [4] and also by Pointud et al. [ 131 for the transfer enthalpies 

of HCI and LiCl in the r-BuOH-water system. The same type of maximum 
structuring was also reported by Mishchenko and Poltoratskli [ 141 and Krestov and 
Klopov [ 151. 

Fig 2 Plots of AGO, A Ho and T AS0 vs mole fraction of orgamc solvents. 

Fe dqiy:* $= Fe’++ 3 dlPY 
0-t-BuOH- water 
p-Glycerol- waler 

MOLE FRACTION OF ORGANIC SOLVENTS 

~-Glycerol-water 
0 , I I I 

II 0 12 0 130 
rd*o 

15Q 160 
Lo x10’ ( for Glycerol 1 

Fig. 3. Plots of AGo. AH0 and TAS” vs. l/D of solvent murturc 



TABLE 3 

7Icrmodyamtc funct~ona of the tn~-dtp~rld~l-f~rmua ~omplcr m Jquc’ou\ mcdtum 

Rc.tcrmn 

Fc(dlp>)f’ ==Fc’- -3 dip., 

XT” AlI” -xT” 

(kJ molt - ’ ) (kJ molt -I ) (kJ moic -I) 
9791 131 x0 33SYa 

95,5X I17 I5 i757h 

lo042 IO042 000’ 

YY 73 117 15 1741 d 

J Ca!on11c1nc \alur. p=O I NaKO, [IO] 
h CAonmctrtc BAIT. p= 1 0 KSO, [I I] 
L SpCctranhnIoni~trlc \nluc from tenipcrnturc ‘0cfflLwnt mc3wrcmcnt (7%35’C). p=O 025 [ 121 

’ Our \aiu~‘\ c\trapolatcd from lwcr pcrccntagc\ of t-buta 101 .md gl~ccrol 

Interpretanon of the thermodynamic data in mixed solvents is extremely difficult 
as it Involves knowledge of the structure of the lrqutd mtxture and structure 
modtficatton of the media when an ionic system 1s introduced in the medta in 
addition to tonic solvation effects. However. attempts ~111 be made to examine the 
free energy. enthalphy and entropy changes semi-quantrtattvely. 

Before discussing the transfer thermodynamic parameters, tt is in order to 
examine the nature of the mixed solvents used. Alcohol-water mixtures are known 
to present interesting behaviour because of the polar and apolar groups in the 
alcohols: the apolar hydrocarbon group m monohydric alcohols, because of its 
hydrophobtc character, produces structure promotton when present in small amounts 
till the structure collapses and the hydrophilic -OH group takes part in H-bonding 
uith water when the alcohol content increases. The hydrocarbon group in r-EuOH is 
the largest among MeOH, EtOH. z-PrOH and r-BuOH. As R’ (hydrocarbon group) 
decreases in size, the mammum in ASE shifts to a htgher mole fraction: tt becomes 
shorter and broader at the same time. In the case of r-BuOH the maxtmum is at 0.22 
whtle for EtOH it is 0.32 mole fractton. The monohydrtc alcohols containing a larger 
number of hydrophobic groups cause a more raped and more extensive structure 
promotion [16] followed by a complete coliapse due to packing imbalance at whtch 
AS’ occurs. 

The temperature of maximum density for alcohol-water mixtures shows that 
normal alcohols, MeOH, EtOH, n-PrOH and tr-BuOH. have decreasing structural 
contribution [ 171 to change m temperature of maximum density, &9,,,( = A&,, - de,,) 
with maximum shifting to lower s2. Partial molar volume [ 181 ( V2 - Va”) also shows 
a minimum shifting to lower x2 with EtOH, I-PrOH and t-BuOH. 

In the case of the glycerol-water mixture the structure promoting propensrties of 
the hydrophobic -CH, group m isopropyl alcohol is reduced by the -CH,OH 
group in glycerol, the -OH sites of the -CH,OH might tend to hydrogen-bonding 
with water, thus reducing structure promotion. No report of ASE measurement is 
availa5le. Variation of vtscoslty and partial molal volume suggests gradual break- 
down of the 3D structure of water on addition of glycerol, though vartation of the 
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P-parameter of the Jones -Dole equation for HCl and HBr m glycerol-water 
medium shows a maximum, and transport number measurements Indicate structur- 
ing on addition of a very small amount of glycerol [19]. Basumallic and Kundu [20] 
in their estimate of transfer entropy report a broad maximum for T ASo similar to 
that observed in the case of the MeOH-water system. 

For the free energy change for the reaction 

Fe(dipy):& e Fe’+ +3 Ipy 

AGO values are found to decrease m all cases, mdicating that the free energy change 
of transfer from water to the mixed solvent decreases (or is becoming more negative) 
with the increase in concentration of the organic component. AGP, the transfer free 
energy, conststs of an electrostatic part and a non-electrostatic part, the former 
depending on the dielectric constant of the medium and the latter indicating 
ion-solvent, solvent-solvent and other interactions. In the present case, since the 
reaction is iso-electric, the contribution of AGpe, wrll be negligible due to the small 
difference in the iomc ratio of Fe(dipy)z+ and Fe(H,O)t+ which is always solvated. 
AGP ~111 be mainly due to ion-solvent and solvent-solvent interactions. In view of 
this we would ascribe the AGp to the following. AGP Indicates that the reaction IS 
favoured in rmxed solvents possibly because of (1) the higher solubility of “dipy” in 
the mixed solvent, (2) the difference in the solvation properties of Fe(H,O)f+ and 
Fe(dipy)f + m the media, and (3) the solvent-solvent interaction. 

It may be interesting to examine the transfer parameters in hght of the models 
based on those of Frank and Wen [21], later modified by Parker and co-workers 
[22,23] and Kundu and Bose [24] and others. The transfer of any species from water 
to a mixed solvent may be considered as taking place in four successive steps: 

(1) dismantling of the hydration zone to give the bare species and mfmitely dilute 
gas of water molecules; 

(2) condensation of the gas to give structural liquid water; 
(3) evaporation of the solvent molecules for forming a cavtty to dissolve the 

solute; 
(4) solvation of the solute and introduction mto the cavity. 

The transfer free energy for the reaction Fe(dipy):+ Z+ Fe?’ + 3 dipy is given by 

AG; = 3,~+,~) + p+2+) - ~r,[Fe(di~y),]‘+ 

To gain some idea about the pt of the different species one may use the Frank-Wen 
model for the FeZf ion, talung into account the behaviour of the alcohol-water 
mixture for the rmxed solvent, and for the pt values of dipy and [Fe(dipy),12+ one 
could use a model u&zing the hydrophobic properttes of the molecules (hydro- 
phobic effects based on the suggestion of Parker and co-workers [22,23], which 
assumes the formation of a highly ordered solvent ‘skin’, mitially of water and 
subsequently in mixed solvent (with bulk property different from bulk water), the 
property of the ‘skin’ being modified due to the presence of the organic component). 

For the first transfer term (i.e. for dipy), the free energy of transfer has been 
found to be favourable for both glycerol-water as well as t-BuOH-water systems 



[4]. For Fe’+ 1011 one would expect pt to be negntlvely fwournble if the quo-orgamc 

medium IS more basic than wdttr. The r-BuOH-water system IS decidedly more 
basic than water. Although glycerol-uater 1s reported to bt? 1~‘s~ bnsic thnn water. 

recent results of Basumallick and Kundu [20] and also our work [7] indrcate tt to be 
m3re bns~c. In any case its magmtude ~111 be small. As for CL tI 1-4+,,, ,: 1 , because of 
the Iargc size. the contrlbutlon ~111 be small. As expected, the transfer free energy for 
the reaction follows the same trend ds the transfer free energy of dtpy in glycerol- 
\\ ater iknd r-B&H- water mlrtures. 

One may examine T AS” and AH” m light of the above model. Since the reaction 
IS Iso-electnc. one may 61ssume both the transfer entropy and transfer cnthalpy 
ch,lnges due to the non-electrostatic part as ban g the result of nxunly ion-solvent 

md sohent-solvent internctlons, so we have for the entropy change 

Assummg that the lomc species are mnmly solvnted by water. T ASt(Fc:cj wrll depend 
on the difference m entropy of the solvent media md the entropy transfer will pass 
through a ma..imum. Franhs and Reid [25] found the ionic entropies rn mixed 
M&H-water systems to reach a maltlmum in the vlcmlty of 40 mole% methanol 
rind explamcd It m terms of the solvent having the highest degree of structuring at 
this composition. 

For “dlpy”. smlllar to the observations of Kundu and Bose [24] who found that 
the transfer entropy of mtroamhne passes through a mnxmw one would expect the 
same trend. As for [Fe(dlpy),]“+ . the change. because of Its large size. IS expected to 
be small. This accounts for the maximum m T A!?’ as found experimentally. Thus 
the variation m AHo will also pass through a maximum, depending on the degree of 
structuring of the mixed solvent with composatlon. 

It mdy be Interesting to examine the posltlon of the maxm~um with the nature of 
the solvent which, as pointed out earlier, has hydrophobtc hydrocarbon and hydro- 
phlhc -OH groups. Of the monohydrlc alcohols the position of the maxima in 
structurmg shifts to lower sz as one passes from CH,OH to r-BuOH. In glycerol- 
water medium it 1s still smaller. A similar trend in the position of maximum in AH0 
and T AS0 1s found although, because of a different contrlbutmg factor, the position 
IS not exactly at that correspondmg to only solvent mixtures The same type of 
dlffercnce m posltion of the maxima [20] has been found for T AS” in the case of 
HI. The position of mmma in the present system does not agree with the HX 
system m glycerol-water. The present maximum m the case of the glycerol-water 
system supports the maximum m the case of the P-parameter ds reported by Khoo 
[ 191. The height of the maximum follows the sequence EtOH > MeOH > r-BuOH > 
glycerol. 

It may be concluded that the behaviour of the system is possibly more com- 
plicated than depicted in the simple modei. More experimental work is required with 
Iso-electric and non-iso-electric systems in mono- and po!y-01s. 
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