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The various integrals over the pair correlation functions, GAA, Gww and GAW (A=alcohol,
W = water) have been calculated for aqueous solutions of methanol, ethanol, I-propanol and tert-
butanol at 25°C by utilizing the thermodynamic properties like the isothermal compressibility, partial
molar volumes and vapour pressure and by the application of an inverse procedure for Kirkwood-
Buff theory of solutions as suggested by Ben-Nairn. It is observed that as a function of concentra-
tion, GAA, GAW and Gww have extremas in the studied concentration range. The results are com-
pared with similar systems reported earlier and are interpreted on the basis of solvent structural ef-
fects and hydrophobic interaction amongst the solute molecules. The behaviour of GAA in dilute
concentration indicates that the strength of hydrophobic interaction decreases initially in all the stud-
ied water-alcohol systems. The mean square concentration fluctuation parameter N < (dx)2 > as a
function of concentration has been estimated using Gjj values. These results are in agreement with
the available scattering data, suggesting further that the main effect of alcohol is to interfere destruct-
ivelywith low density domains in water in dilute concentration of alcohols in water.

The Kirkwood-Buff theory is a powerful tool for
solution studies 1 and the parameters relate mac-
roscopic quantities to the microscopic structure of
the system. The theory involves the calculations
of integrals Gi/s of the orientation averaged pair.
distribution functions with the help of thermody-
namic parameters like partial pressures, partial
volumes of the solute and compressibility of the
solutions. Such calculations have been reported
for some alcohol-water and other non-electrolyte-
water systems! - 8.

Recently Iijima et aL9 from X-ray small angle
scattering measurements have successfully shown
that the concentration fluctuation parameter N
< (L\X)2 > can be correlated with the KB parame-
ters and further established the importance of
complementary information obtained through the
analysis of spectroscopic and thennodynamicdata
at molecular level.

In this paper, we report our analysis of the
thermodynamic data available in literature about
vapour pressure, compressibility and volume of
systems: MeOH-H20 (0 to 100%), EtOH-H20 (0
to 100%), ~PrOH-H20 (0 to 100%) and t-
BuOH-H20 (0 to 40%) at 25°C. By applying the
KB 'theory and the inverse procedure suggested
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by Ben-Nairn, the integrals over pair correlation
functions, GAA' GAW,Gww and N < (L\X)2 > were
calculated as a function of concentration of alco-
hol molecules. These are reported here and com-
pared with the data of other workers mentioned
earlier.

Conceptual aspects of the theory and analysis
The KB integrals (Gij) are defined by Eq. (1)

(ref. 10)

Gij"" f (g.j(r)- 1) 4m2
• dr

o
... (1)

where g;j(r) is the radial distribution function or
pair correlation function between the species i
and j. The Gij is the average excess over the bulk
average of the number of molecules of type j (or
i) around a molecule of type i (or j) per unit'num-
ber density of molecules of type j (or i). For a two
component system of species A (organic solute)
and W (water), the KB equations are:

TJ = PA+ Pw+ PAPw(GAA+ Gww- 2GAW) ... (2)

1;= 1 +PAGAA+ PwGww+ PAPw(GAA·GWW-G~w)
... (3)

where TJ and 1; are the functions that appear in
the equations below and PA andp., are the num-
ber densities of A and W respectively".
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From thermodynamic considerations

p/~ =XA(d:~A)
where PA is the partial pressure of A and p is the
total number density. Using Eq. (4), the values of
~ at different concentrations can be computed.
Similarly, ; can be obtained by using Eq. (5)

~=;;kTfJ ... (5)

... (4)

where I3T is the isothermal compressibility, k is
Boltzmann constant and T is temperature.

The three KB integrals GAW,Gww and GAAcan
be calculated from Eqs (6-8)

VA' Vw=(;-~GAw)/~2 (6)

VA=[l+Pw(Gww-GAwWfJ (7)

Vw=[l+PA(GAA-GAwWfJ (8)
where VA and Vw are the respective partial molal
volumes of species A and W.

U sing the three KB integrals, the parameter
liAW'the degree of similarity can be calculated by
using Eq. (9), the magnitude of which may serve
to indicate the extent of deviation from a symmet-
rical ideal behaviour".

liAW=GAA+Gww-2GAW ... (9)
The mean square concentration fluctuation N
< (liX)2 > can be expressed in terms of Gij as",

N «lix2» =xA.Xw[l+p.xA.Xw.liAw] ... (10)

Equation (10) is useful for understanding the
meaning of N < (liX)2 >. If the affinity between
the like species and that between unlike species
are same (GAA= Gww= GAW), N «liX)2> is
equal to xAXw (F=N «liX)2>lxA.Xw= 1). When
the affinity between the like species is stronger
than that between unlike species
(GAA+ Gww> GAW)' N < (liX)2 > is larger than
xA.XW (F> 1). When the affinity between unlike
species is stronger than that between like species
(GAA+ Gww< GAW)' N«lix)2> is smaller than
xA.XW (F< 1). Kato has discussed the usefulness
of these parameters to understand the state of
mixing in aqueous solution", _ _

The partial molal volumes VA and Vw for the
aqueous solutions of methanol, ethanol, l-propa-
nol and tert-butanol were obtained from the anal-
ysis of density data reported by Benson et aL 12

and Desnoyers et aL13. The partial pressure data
required for the calculation of fJ values for the
aqueous solutions of ethanol and tert-butanol
were obtained from the vapour pressure data of
Vaslow et aU4 and given in the book of Rock"

and Ives and Brown 16 respectively, while, for
aqueous solutions of methanol and n-propanol
the corresponding data were taken from the But-
ler et aL 17. Recently Koga et al'" have reported
total vapour pressure of aqueous tert-butanol so-
lutions, which has not been used by us (see be-
low). The values of fJ can also be calculated by
utilizing the activity coefficient or excess free en-
ergy or partial vapour pressure of solvent. How-
ever, we prefer to calculate ~ using partial pres-
sure of solute (PA)' The reasons for adopting this
approach are:

(i) The use of activities in the place of partial
pressure brings in the question of standard state
ofthe solute. There isno consensus amongst scientific
workers about this as in literature one finds use
of Henry's law or Raoult's law (i.e. pure solvent
as a standard liquid and use of Gibb's Duhem
equation).

(ii) Kato" has shown that the ca1culation of
N < (liX)2 > using partial pressure of solute and
other thermodynamic parameters as input gives
values which agree very well with the values ob-
tained from measurements of Rayleigh scattering.

We have not attempted to express the data of
volumes, compressibility and vapour pressure in
the form of any equations having various con-
stants. The calculation of concentration deriva-
tives of the volume (cjIv) and vapour pressure (PA)
were made by drawing appropriate curves graphi-
cally and the required derivatives were obtained
by drawing tangents using mirror method. The
validity of the method of estimating VA and Vw
was verified by making the calculations of VA and
Vw for 'IHF-H20 system at 25°C, the comparison
of which over the whole concentration region was
found to be in excellent agreement with the values
reported by Zaitsev et ai'". Similarly, the calcul-
ations of the parameter din P"" dx; for methanol
at low concentrations (0 to 10%) were made using
Butler et al.Is data as well as the data of Tucker et
al.20• The two sets of data were found to be in
close agreement with each other. Isothermal com-
pressibilities for ethanol-water were computed by
using expansivity, adiabatic compressibility, den-
sity and specific heat". For other systems, adia-
batic compressibilities were used instead of isoth-
ermal as this parameter does not affect Gij par-
ameters appreciably-".

The KB integrals GAA, GAW and Gww were
computed by using Eqs (6-8). The errors involved
in various Gi/s at different concentrations were
estimated following the method suggested by Zait-
sev et ai'". The magnitude of the errors in low
concentration region < 10 mole % are comparat-
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ively less than in the region of 10 to 40 mole %
of alcohols which is mainly because of large er-
rors involved in the parameter dlnpN'dxA" The
estimated errors in the Gij parameters are indicat-
ed by showing vertical bars over the correspond-
ing points in figures. The variations of KB inte-
grals as a function of concentration for the sys-
tems MeOH-H20, EtOH-H20, n-PrOH-H20 and
t-BuOH-H20 are shown in Figs 1, 2, 3 and 4 res-
pectively. The variation of degree of similarity
parameter, !:lAW with mole % of alcohol is shown
in Fig. 5.

The values of mean square concentration fluc-
tuation, N < (!:lX)2 > for various alcohol-water
mixtures were calculated using ·Eq. 10 and are
shown in Fig. 6. In order to compare the devi-
ations from symmetrical ideal solution for various
alcohol systems, the values of calculated parame-
ters, F as a function of xA are exhibited in Fig. 7.

Results and Discussion
It can be seen from Figs 1-4 that GAA goes

through a minimum at about 6-.8 mole %, 10
mole %, 2.5 mole % and 4 mole % of methanol,
ethanol, n-propanol and tert-butanol respectively,
while, with further increase in concentration of al-
cohol it goes through a maximum at about 30
mole %, 20 mole % and 10 mole % of ethanol, n-
propanol and tert-butanol respectively. However,
in the case of methanol it remains almost con-
stant. The positive slope of GAA with concentra-
tion (in the range of 10 to 30 mole % of alcohols)
is in agreement with the observation of Ben-

2

MeOH - H20 (25°c)
o----.!I GAW

- Gww
- GAA

-2!~----~------L-----J-------------y
~
1

o 20 40 &0
mole" of Alcohol

Fig. I-The concentration dependence of Gq., for metbanol-
water system at 2S·C.

Nairn', Donkersloof', Matteoli! etc. The initial
minimum in low concentration region is in agree-
ment with Patil's observation for tert-butanoP and
the prediction of Ben-Nairn for ethanol-water sys-
tem 1. It is also pleasing that GAA data of tert-
butanol in the concentration range of 5-30 mole
% is in very good agreement with the data of
Iijima et al. obtained from X-ray scattering analysis
and which has already been compared graphically by
Iijima and coworkers".

The Gww (Figs 1-4) parameter for all the stud-
ied systems increases slowly initially and goes
through a maximum at about 30 mole %,20 mole
% and 25 mole % of ethanol, n-propanol and
tert-butanol respectively. In the case of methanol-
water system, this maximum cannot be established
conclusively. These observations are also in
agreement with those of other workers.

The interesting observation from this work
seems to be variation of G AW (Figs 1-4) with con-
centration. It increases initially (becomes less ne-
gative) and then goes through a minimum a~.the
concentration, where GAA goes through a maxi-
mum. We feel that there is a feeble maximum in
GAW in low concentration region for EtOH-H20
system but i the same cannot be established for n-
propanol and tert-butanol as there are limited
number of data points in low concentration re-
gion. In the case of methanol solutions G AW in-
creases distinctly up to 12 mole % and thereafter
remains constant. It is quite likely that the con-
centration of maximum in GAW may be same as

E IOH - H20 (2S°cl

•
-- GAW
- Gww
--- GAA

+300

•

100o 40 80
mole " of Alcohol

Fig. 2- The concentration dependence of G,., for ethanol-
water system at 2S·C.
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Fig. 3-(a) and (b) The concentration dependence of Gij', for
n-propanol-water system at 25°e.

the concentration where GAA goes through a min-
imum. In Figs 1-4 the blips in Gww and GAW ap-
pear to match. We cannot offer satisfactory expla-
nation for this at the moment but feel that this
may be due to structural changes in solvent
brought about by solute molecules as the com-
pressibility of the solutions goes through "a mini-
mum at about the same concentration ..The calcul-
ations of these parameters at ~ - 0 or Xl - 0 were
avoided as in the limit ~ - 0, the chemical poten-
tial (~2)= .:..00 (ref. 7).

Our observations of initial minimum in G AA in
the case of alcohols probably suggest that alcohol
molecules which are associated with each other
in liquid state (or to a certain extent in gaseous
state also) get dissociated "in large environment of
solvent molecules. The probable mechanism of

l·euOH-Hp(2Scl
~GAW
_Gww
e------.e G,.,.

800

t.D0
1_

oE 200
~
v
.- 015

10 20
mole % of Alcohol

Fig. 4- The concentration dependence of Gij'. for ten-
butanol-water system at 25°e.
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Fig. 5- The concentration dependence of I1AW for aqueous
solutions of methanol (0-0), ethanol (11-11), n'-propanol

(e-e) and te*butanol (0-0) at 2S°e.

this dissociation may be due to the decrease in
hydrogen bonding between alcohol molecules
(-OH -OH interactions) or due to decrease in
strength of hydrophobic association amongst alco-
hol molecules. Alternatively, this also may be due
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Fig. 6-Variation of N«~x)2> as a function of mole % of
alcohol [0-0 methanol, ~-~ ethanol, .-. n-propanol and

0-0 tert-butanoil in water at 2SOC.

to hydrogen bond formation between alcohol and
solvent (water) molecules. Out of these two, which
mechanism is operating and to what extent is dif-
ficult to decide but most probably the solute-sol-
vent hydrogen bond formation interaction should
give rise to this effect, as in the same concentra-
tion region G AW does not vary appreciably with
concentration. This amounts to a decrease in so-
lute-solute interaction in this concentration range
as predicted by Ben-Nairn and Yaacobi on the ba-
sis of solubility of argon in aqueous alcoholic so-
lurions". Further increase in solute concentration
increases the solute-solute association, reflecting a
steep rise in GAA values up to a certain concen-
tration and then normal solute dilution effect by
solvent molecules should prevail in the solutions.
We summarize that the initial minimum in G AA

corroborates with the minimum in partial volume,
compressibilities and other derived properties,
while, the maximum in GAA corresponds to the
extremas in the case of ultrasonic absorption, vis-
cosity, heat of mixing and excess entropy of mix-
ing for aqueous alcoholic solutions". This is in
contradiction with the usual belief that these ex-
tremas are because of strong solute-solvent inter-
actions. Our observations about minimum in GAW

corroborates with the interpretation given above
indicating further that at 15 to 30 mole % of alco-
hols, the solute-solvent interactions are minimum
and may even lead to phase separation in suitable
cases.

In all the cases, !1AW (Fig. 5) are positive (ex-
cept tert-butanol) initially and become very small
in magnitude in the region, where many investiga-
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Fig. 7- Variation of F as a function of mole % of alcohol
[0-0 methanol, ~-~ ethanol, .-. n-propanol and 0-0

lert-butanol] in water at 25°C.

tors have postulated clathrate like equilibria, The
positive values in higher concentration range
again can be ascribed to hydrophobic interaction
in solution. The information given by !1AW can be
converted in N< (!1x)2 > and where one can note
that the mean square fluctuations are very small
in dilute concentration region. We find that
N < (!1X)2 > increase after the concentration 10
mole %, 10 mole %, 5-7 mole % and 5 mole %
for methanol, ethanol, n-propanol and tert-butanol
respectively. The variation of N < (!1x)2 > with
concentration and the magnitudes agree very
closely with the data reported by Iijima et al" for
tert-butanol-H20 system.

The F value decreases initially and after 10
mole % remains more or less constant in the case
of methanol, while, in other alcohol systems it
goes through a small minimum initially and then
through a large maximum. Franks and Desnoy-
ers25 have attempted to answer the question,
whether alcohols interact primarily by direct hy-
drogen bonding or whether the observed effects
are dominated by the alkyl groups. Pratt and
Chandler postulated two distinctive modes of hy-
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dration in terms of a model for methanol in wa-
ter ". We think that the alkyl-alkyl correlations are
affected by polar - OH groups in low concentra-
tion of alcohol, while at higher concentrations the
alkyl-alkyl correlations dominate the solution be-
haviour. This can easily be seen by comparing the
F values or N < (L\X)2 > values for alcohols from
methanol to n-propanol. The more number of al-
kyl residues in n-propanol seems to cause the ex-
treme behaviour compared to that of methanol.

Franks and Desnoyers have drawn the conclu-
sion from scattering data for x < Xc (where Xc is
the actual concentration at which the derivative of
thermodynamic properties shows extremas), the
main effect of alcohol is to interfere desctructively
with the low density domains in water, whereas
for x> Xc the predominant effect becomes one of
the compositional microheterogenities leading to
alcohol clusterisanon". Our analysis of Gi/s for
alcohols supports this view strongly.

References
1 Ben-Nairn A. J chem Phys, 67 (1977) 4884.
2 Donkersloot M C A, J soln Chern, 8 (1979) 293.
3. PatilKJ,JsoInChern, 10(1981)315.
4 Kato T, J phys Chern, 88 (1984) 1248.
5 Matteoli E & Lepori L, J chem Phys, 80 (1984) 2856.
6 Ben-Nairn A. FturllJay Symp, Royal Soc Chern, 17 (1982)

121.

7 Blandamer M J, Blundell N J, Burgess J, Cowles H &
Horn I M, J chem Soc, Faraday Trans, 86 (1990) 277.

8 Bladamer M J, Blundell N J, Burgess J, Cowles H J &
Horn I M, J chem Soc, Faraday Trans, 86 (1990) 283.

9 Nishikawa K, Kodera Y & Iijirna, J phys Chern, 91 (1987)
3694.

10 Kirkwood J G & Buff F P,J chem Phys, 19 (1951) 774.
11 Ben-Nairn A, Hydrophobic interactions (Plenum Press,

New York) 1980.
12 Benson GC & Kiyohara 0, J soln Chern, 9 (1980) 781.
13 Avedikian L, Perron G & Desnoyers J E, J soln Chern, 4

(1975) 331.
14 Linderstrom C U & Vaslow F, J phys chem; 72 (1968)

2645.
15 Rock P, Chemical thermodynamics (University Science

Books) 1983.
16 Brown A C & Ives D J G, J chem Sac, (1962) 1608.
17 Butler J A V, Thomson D & Mcclennan W H, J chem

Soc(1933) 674.
18 Koga Y, Wong T Y H & Siu W W Y, Thermochim Acta,

169(1990)27.
19 Zaitsev A L, Petrenko V E & Kessler Y M, J soln Chern,

18 (1989) 181.
20 Christian S D, Lane E H & Tucker E E, J soln Chern, 10

(1981) 18'1.
21 Benson G C, D'Arey P J & Kiyohara 0, J soln Chern, 9

(1980) 931.
22 Lara J & Desnoyers J E, J soln Chern, 10 (1981) 465.
23 Yaacobi M & Ben-Nairn A, J soln Chern, 2 (1973) 425.
24 Blandamer M J, Wa(er, a comprehensive treatise, Vol. 2,

edited by F Franks (Plenum Press, New York) 1973,
Chapter 9.

25 Franks F & Desnoyers J E, Water science reviews, edited
by F Franks (Cambridge University Press), 1 (1985) 171.

26 Pratt L R & Chandler D, J chem Phys. 67 (1977) 3683.




