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Abstract: Marmur has claimed that large values of activity coefficients for nonelectrolytes, particularly in
the context of hydrophobic interactions between solutes in aqueous solution at ambient temperature and
pressure, cannot be accounted for by thermodynamics, and has suggested that association (self-assembly)
of solute molecules in solution solves this dilemma. We show that the analysis of Marmur is incorrect,
specifically because the equilibrium in solution between monomeric solute molecules and associated solute
molecules is entirely ignored. We show further that activity coefficients such as that for nitromethane solute
in hexane solvent, 39.7, and that for solute hexane in solvent water, 4.48 x 10°, can be calculated as 31.9
and 4.71 x 10°, respectively, by methods based on well-known molecule—molecule interactions. No
assumption of self-assembly is required.

Introduction Table 1. The Solubility of Some Solutes in Water at 298 K

The hydrophobic effect can be considered to be the insolubil- ___ S04 ve Ko %o
ity of certain compounds in water, compared to their solubility mﬁthane f-gi 18322 g-igx igzz gz
H ; H ethane . .40 x
in nonaqueous solvents. We consider a component of a binary propane 180 1682 271 10-5b 27 10-54
mixture that is present at low mole fraction, i.e., a component  pytane 2.04 1042 2.24% 10°5b 221054
considered to be the “solute”. There are a number of measures pentane 1.0x 10°2 1.46x 10°5P 1.0x 10°°
of “solubility” of the component, one of which is the Raoult’s Eg’gg‘ﬁe g-ég 1?: é-égx 1&3 Z-gx igj

.. .. . . . . . X .0 X

law activity goefﬂuentyz If it is pOSSIb|e'tO obtain values 'of octane 048 10P2 575 10-6b 11x 107
y2 as a function of the solute concentration (or mole fraction),  decane 4.0¢ 108¢ 1.45%x 1076 2.5x% 1079
then extrapolation to zero concentration yields the Raoult's law  ethanol 3.98 3.27 0°

infinite dilution activity coefficienty®,. For very insoluble
aFromy, = 1/(K*xf;), wheref; is the fugacity in atmP Reference 1.

substances that are liquid at 298 K, the most practical way of c a¢ infinite dilution. @ Reference 2¢ Reference 3 Reference 4.
obtainingy; is as the reciprocal of the mole fraction solubility,
but theny refers not to infinite dilution, but to the mole fraction  that the solute forms molecular aggregates in water, and that
of the saturated solutiorXy(sat). In Table 1 are given values the concomitant loss in entropy leads to a very large and positive
of v, in water at 298 K for alkane’s;? as typically insoluble or molar excess free energy, defined@%/RT = In y*, ~ —In
“hydrophobic” compounds, together with a value for ethanol X,(sat).GF, is also the standard Gibbs energy charnty&’-
in water; by comparison. The solubility of gaseous solutes can (sol), for the process
be given in terms of the gas-to-water partition coefficidt,
which is the inverse of the Henry’s constant. We give in Table solute (pure liquid)—
14 values ofK*,, where the standard states are unit pressure solute (aqueous solutioX,mol fraction) (1)
in atmospheres and unit mole fraction in solution. The alkanes
are characterized by very large valuesygf corresponding to and is related to the standard Gibbs energy of hydrat\@f,,-
very small values oK*,. (hyd), by
Discussion and Results AG,(hyd) = AG®,(sol) — AG%,(v) @

Marmur® has put forward a very novel explanation of the
very low solubility of hydrophobic solutes in water. He suggests where AG®,(v) is the standard Gibbs energy of vaporization;
AG°3(hyd) = —RTIn K%. Now if a solute, S, is associated in

* Corresponding author. E-mail: m.h.abraham@ucl.ac.uk.

(1) Abraham, M. H.; Matteoli, EJ. Chem. Soc., Faraday Trans.1988 84, water, giving an h-mer”, we have,

® SOy Pt i v . cone B a2 ot (ass)

E?S Eﬁ'&"i?ﬁiﬁ‘éﬁ EE Zistian &. . Solution Cheml984 13, 849 S(aq)= 1/nS;(aq) ©)
(5) ﬁnea?rmur, A.J. Am. Chem. So@00Q 122, 2120-2121. AG°(ass)= AH°(ass)— TAS’(ass)= —RTIn K(ass) (4)
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Ass (aq) Ass (aq) Table 3. Solubilities of Solutes in Hexadecane at 298 K, in Terms
of y*, and KX,

A A solute Y2 103K,
methané 1.96 5.9
o o ethané 1.11 37.3
AG (ass) AG (ass) propané 0.96 135.0
water 1250 38.9
methandi 60 10.1
Monomer (aq) Monomer (aq)

The postulate of Marmércan also be examined through
AG®; (hyd), ass experimental data. If the solubility of a solute in water, expressed
asy, or asK*,, is influenced by the presence ofmers, then
the solubility should be highly dependent on the total mole
AG?, (sol), mon AG®; (hyd), mon fraction of solute in solution (because the fractiomeher is
highly dependent on the total mole fraction). Rettich étlzve

AG®, (sol), ass

"""""" Gas phase -------=---- shown that the solubility of methane and ethane in water at
298 K, asK*,, is independent of solute partial pressure, contrary
o Pure liquid - to Marmur’s postulate.
Figure 1. Marmur also suggested that .assouanon, this time of solute
water molecules, could be applied to the solubility of water in
Table 2. The Fraction of Dimeric Associated Species (n =2) as a nonpolar liquids, referred to as “...the low solubility of water
Function of Total Solute Mole Fraction and K(ass) in nonpolar liquids.” Whether or not water has a low solubility
total solute® K(ass)’ fraction dimere depends on the standard states adopted to describe the solubility.
2 x 1074 1.0 4.0x 1074 In Table 3 are given solubilities of watérmethanof and
1x 1W: 1.0 2.0x 101 alkane8 in hexadecane in terms of the two measures we have
i i igS 1:8 %;8§ 1&5 used, namely>, andK*,. Althoughy®, for water is very high,
2% 104 0.1 4.0% 10-6 it can be seen that in terms &F,, water is just as soluble in
1x10* 0.1 2.0x 10°® hexadecane as are methane or ethane. It has been pointed out
i x igg g-i %’8X 1(f§ beforé?that a standard state of pure liquid, as used in Raoult’s
* : 0x 107 law, is not very useful in the interpretation of soldt®olvent
aMole fraction. Units of (mol fraction) V2 ¢ Calculated asR/(2D + interactions in solution, because of intermolecular interactions
M), whereD andM are the mole fractions of dimer and monomer. in the pure liquid. The low solubility of pure liquid water in

hexadecane and other nonpolar solvents has almost nothing to
Then if AS’(ass) is very negative, as it is certainly expected do with interactions in the solvent, but is almost entirely the
to be, and if the contribution oAH°(ass) is ignored (as in  result of interactions between water molecules in the pure liquid
Marmur’s explanation), association will result in a positive°- water. The use of the gasiquid partition coefficient as a
(ass). This in turn will lead to an increase AG°(sol) and an  measure of solubility removes the effects of these pure liquid
increase iNAG®,(hyd), as postulated by Marmur, because the interactions, to leave only interactions in the solvent. There is
associated complex is much less soluble than the monomer, seéherefore no need to postulate association of water in solution
Figure 1. to account for the insolubility of water in nonpolar solvents,
There is, however, a difficulty in this argument.AfG°(ass) because gaseous water is actually quite soluble!
is very positive, as it has to be in Marmur’s postulate, then in ~ Tucker et aP were able to study the association of methanol
eq 4 the value of the equilibrium constali(ass), must be very  in hexadecane, and concluded that both trimers and octomers
small, and the fraction of associated solute present must bewere formed. However, such association cannot account for the
small. How small can be calculated for various valuek@fss) large value ofy>, for methanol in hexadecane. First, near zero
and various total mole fractions (8 (1/n)S;), where the total methanol mol fraction, the amount afmer approaches zero.
mole fraction will be very small, e.g. 16, see Table 1. In Table  Second, as the mole fraction of methanol increases, the amount
2 are given the fraction of dimen(= 2) present as a function  of n-mer increases, byt decreases. This is as expected @°-
of total solute mole fraction an(ass). It can be seen that there  (ass) is negative, as found by Tucker €t Although the entropy
is a negligible fraction of solute present as an associate whenof association is negative, the enthalpy of association of

K(ass)< 1, at a low mole fraction of solute. Whef(ass)= methanol in hexadecane is very negative, and this leads to the

0.1, the fraction of solute present as dimer ix210°° at a negative value forAG°(ass). Note that Marmur ignored any

total mole fraction of solute of 1@, and 2x 1077 at a total enthalpic contribution taAG°(ass).

mole fraction of solute of 1. The fraction present asmer Thus for water and methanol in nonpolar solvents, both have

whenn > 2 is even less. large values of*,; and both are reasonably soluble, as judged
The suggestion of Marmur is physically not possible. In order

. . . . 6) Rettich, T. R.; Handa, Y. P.; Battino, R.; Wilhelm, E.Phys. Cheni981,
that the solution process be influenced by the insolubility of © 85, 3230-3237. Y

i i o iti i (7) Christian, S. D.; Frech, R.; Yeo, K. Q. Phys. Cheml973 77, 813-819.
the associated specieAG°(ass) must be very pogltlve. Th|§ (8) Tucker E. E.. Fambam, . B Christian’ S.DPhys. Chemio6q 73
means thak(ass) must be much smaller than unity, and this, 3820-3829. . _ _
in turn, means that there is a negligible fraction of associate (%) 2braham, M. . Grelier, . L. McGill, R. AJ. Chem. Soc., Perkin Trans.
present at the low total mole fraction of solute in question. (10) Abraham, M. H.J. Chem. Soc., Faraday Trans.1984 80, 153-181.
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by K*,.. There is no reasolAG°(ass) should be positive, as
required by Marmur’s postulate, and in the case of methanol in
hexadecan@dG°(ass) is actually negative. In any case, as we
showed above, iING°(ass) is very positive, then the proportion
of associated species will be so low as to be negligible. For

water in nonpolar solvents, measurements of association con-

stants are very difficult, but in a detailed review Christian et
all® have summarized the experimental evidence that shows
water to be monomeric.

All of the above discussion has been in terms of the mole
fraction standard state in solution, but we stress that our
conclusions in no way depend on this. If the molar standard

Table 4. Calculation of the Activity Coefficient of Nitromethane in
Hexane and of Nitromethane in Nitromethane at 298 K

interaction nitromethane in hexane nitromethane in nitromethane

AG°(v) 1813 1813
constant 2694 4088
E-term 72 127
Sterm 0 —3485
A-term 0 —180
B-term 0 —217
dispersion —6752 —7428
cavity term 4224 5549
total (GF) 2051 267
yo(calcd) 31.9 1.6
y2(obsd) 39.7 1.0

state is used, exactly the same conclusion follows, namely that
association of nonpolar solutes in water or of water or polar
solutes in nonpolar solvents cannot account for experimental
solubilities.

Marmur goes further than the consideration of solutions of
nonpolar solutes in water or of water in nonpolar solvents. He
argues that for any solution for which jn is higher than about
1 (i.e.y, > about 3) the formation of molecular aggregates is
implied. However, there are numerous nonaqueous binary
mixtures for whichy*, > 3. Carr et al? have measured values
of y®, for 11 aliphatic hydrocarbons in 67 solvents. Of the 737
recorded values of*®,, 427 are>3, mostly for the nonpolar
solutes in polar solvents. For polar solutes in honpolar solvents
y®, is also often>3, as shown by Park et &.for the solute
nitromethane. We can investigate the origin of large values of
y%,, and take the example of nitromethane solute in hexane
solvent,y®, = 39.7, corresponding t&%, = 2181 cal mot?,
by comparison with nitromethane in nitromethane,= 1,
corresponding t&F, = 0.

The solution process can be broken down into the vaporiza-
tion of nitromethane from the bulk liquid to the gas phase;-

(v) = 1813 cal mot?, followed by solvation of the gaseous
nitromethane into hexane or into nitromethane. For the latter
process, equations have been constructed in terms of the gas
solvent partition coefficient, as described previoudliThese

can be transformed into Gibbs energies for the solvation process1arge »*» andGE
with the standard states we have adopted, viz. unit atm pressurg oretavorable. i.e v2 andGE

(gas phase) and unit mol fraction (solution phase) as follows.

AG°(solvation of gaseous compounds into nitromethane)
4088+ 405 — 36685 — 2992A — 701B — 993 (5)

AG°(solvation of gaseous compounds into hexane)
2694+ 230E — 0S— 0A — 0B — 1334_ (6)

In these equations, our new simplified nomenclaflireused.
E is the compound excess molar refractiis the compound
dipolarity/polarizability,A and B are the compound hydrogen
bond acidity and basicity, andl is the logarithm of the
compound gashexadecane partition coefficient. We have these

(11) Christian, S. D.; Taha, A. A.; Gash, B. \®. Res (Chem. Soc.197Q 24,
20—-36

(12) Castells, C. B.; Eikens, D. I.; Carr, P. \.. Chem. Eng. Dat200Q 45,
369-375.

(13) Park, J. H.; Hussam, A.; Couasnon, P.; Fritz, D.; Carr, PA®al. Chem
1987 59, 1970-1976.

(14) Abraham, M. H.; Andonian-Haftvan, J.; Whiting, G. S.; Leo, A,; Taft, R.
W. J. Chem. Soc., Perkin Trans.1®94 1777-1791.

(15) (a) Abraham, M. H.; Du, C. M.; Platts, J. A.Org. Chem200Q 65, 7114~
7118. (b) Abraham, M. H.; Benjelloun-Dakhama, N.; Gola, J. M. R.; Acree,
W. E., Jr.; Cain, W. S.; Cometto-Muniz, J. Bew J. Chem200Q 24,
825-829. (c) Abraham, M. H.; Gola, J. M. R.; Cometto-Muniz, J. E.; Cain,
W. S.J. Chem. Soc., Perkin Trans.ZD0Q 2067-2070.

values for nitromethaneE(= 0.313,S= 0.95,A = 0.06,B =
0.31, and. = 1.892}* and so all the terms in eqs 5 and 6 can
be calculated. The term ih is composed of an unfavorable
cavity effect and a favorable general dispersion interaction; the
former can be calculated by scaled particle theory (SPand
the latter obtained from thke-term by difference. The Gibbs
energy for creation of a cavity in hexane solvemt € 5.97 A
andV; = 131.6 cni mol~?) or in nitromethane solvent{ =
4.31 A andv = 54.0 cn? mol1) was calculated with Pierotti’s
version of SPT® The hard sphere diameter and molar volume
of the solvent are denoted hy and Vi, and we takes, as
equal too;. Finally, the vaporization Gibbs energ&G°(v) =
1813 cal motl, at 298 K must be included in order to start
with the bulk nitromethane liquid, rather than with nitromethane
in the gas phase. Results of these calculations are in Table 4.
The overall calculation yield§F (using Marmur’s definition)
for nitromethane in hexane as 2051 cal mpkorresponding
0 y*, = 31.9 (experimental 39.7§,and GF for nitromethane
in nitromethane as 267 cal mad| corresponding tg; = 1.6
(experimental 1.0). Our calculation thus accounts almost
guantitatively for the large/®, for nitromethane in hexane,
through straightforward chemical interactions, without the need
for invoking association of nitromethane at all. Furthermore,
inspection of Table 4 reveals exactly the effects that lead to the
. Solvation of nitromethane in nitromethane is
are smaller, mainly because of
the very favorableSterm. This is due to dipotedipole
interactions between nitromethane and nitromethane, and coun-
teracts the unfavorable cavity effect in nitromethane. In our
view, no extra effects, such as association of nitromethane in
hexane solvent, are required to explain the lartie
Although we can account for the quite large®, for
nitromethane in hexane, values for alkanes in water are orders
of magnitude larger (see Table 1). Can a similar type of
calculation lead to such very large values? We take the case of
hexane in watery®, = 44800 (Table 1), and for comparison
the case of nitromethane in water, where = 35.2 only**
Our equation for the solvation of gaseous solutes in wat¥r is,

AG°(solvation of gaseous compounds into water)
6006— 1121F — 37425 — 5326A — 6568 + 292 (7)

and the only extra data we need are the solute parameters for
hexaneE=0,S=0,A=0,B=0, andL = 2.668) AG°(v)

for hexane (955 cal mol), and the SPT parameters for solvent
water @1 = 2.77 A andVv; = 18.02 cnd mol1).16 Details of

(16) Pierotti, R. A.Chem. Re. 1976 76, 717-726.
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Table 5. Calculation of the Activity Coefficient of Nitromethane in

Water and of Hexane in Water at 298 K

interaction

nitromethane in water

hexane in water

AG°(v) 1813 955
constant 6006 6006
E-term —350 0
Sterm —3555 0
A-term —320 0
B-term —2036 0
dispersion —6172 —10995
cavity term 6724 11774
total (GF) 2110 7740
y*2(calcd) 35.2 47100
y*2(0obsd) 32.4 44800

the calculations are in Table 5; it can be seen that both
calculations lead to excellent agreement with experiment.

Two effects lead to larg&F and hence largg,. First, there
is a particularly large constant term in eq 5, and second in the
special case of water as a solvent, the favorable general
dispersion effect does not overcome the very unfavorable cavity
effect. Hence values of*; will always be very large unless
very favorable solutewater interactions are set up. This is what
happens with hexane as solute and, indeed, with nonpolar solute
in general. If the solute is polar or contains groups that can
hydrogen bond with water, then various favorable setutater
interactions will be set up. Nitromethane can undergo dipole
dipole interactions (th&term) and hydrogen bond interactions
of the type solute basewater acid (theB-term) that together
total —5591 cal mot?, and lead toy®, values orders of
magnitude smaller than that of hexane solute. However, to
reducey®; to near unity, solutes that have a greater propensity
than nitromethane for favorable soluteater interactions are
needed, for example ethylamineg* = 0.5 in water) or
methanol =, = 1.5 in water)4

Thus not only the simpler system of nitromethane in hexane
but also the more difficult system of hexane in water can
satisfactorily be analyzed without the necessity of postulating
effects such as association of solutes.

We have shown that the suggestion of Marhisiphysically
unreasonable, and that large activity coefficients arise naturally
from differences in interaction energies. The question remains
as to how Marmur's analysis indicates that large activity
coefficients can only be interpreted through some quite unusual
phenomenon (such as association of solutes). The original
definition of excess Gibbs energy in Marmur’s eq 1 is not the
same as the Gibbs energy defined in his eq 6; it is the latter
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guantity that is used in the final key equation, his eq 8. If these
two Gibbs energies differ appreciably, then any calculations with
his eq 8 will not be valid for his eq 1.

Marmur explains the problem of large activity coefficients
through the last term in his eq 8, which we summarize as,

(GE)a/RT=In(y,)a=1...] — {a,(k, — 1)ks} Inx,
(8,ref.5)

In this equation G5)a and Inf)a are the experimental or
observed values, the term in square brackets is irrelévasnt,
is the fraction of associated species, &ads the association
number defined as the number of monomer molecules in the
associate. Marm@rspecifically states that, must be close to
unity, so that ifk, is quite large (22.5 to 119 for example)
then for small values of I, In(y2)a will be a large number.
However, we have already shown that the fraction of
molecules that form an aggregate approaches zero as the total
solute mole fraction approaches zero, see Table 2 as an example.
Thus for the case of, — 0, the final term in eq 8 from ref 5
will be given by the following: {O(k, — 1)kz} In 0 = 0.
Analysis through eq 8 from ref 5 thus provides no basis for the

Sargument that association of solute molecules is the reason for

very high activity coefficients. In particular, the fraction of solute
present as an associated complex cannot simply be assigned a
given value (i.e. the stateménhat o, must be close to unity).

As we have shown, the fraction associated must be calculated
from a knowledge of the equilibrium constant for association
and the total solute concentration. This is what we show in Table
2, for a monomerdimer association.

There are two main problems with the analysis of Marmur.
First, no account is taken of the equilibrium between the
monomer and the associated species. A solution of a “solute”
in a solvent is regarded as a three-component system: the
solvent, the monomeric species, and the associated species,
where the latter is a fixed fraction of the total solute. The fact
that the fraction of associated species depends crucially on the
total solute concentration is ignored. Second, Marmur refers all
interactions to the standard state of the pure liquid solute. It
has been pointed out previouythat such a standard state
obscures solutesolvent interactions, because of the incursion
of interactions within the pure liquid. Hence, as we show above
in Table 3, water as a bulk liquid is insoluble in alkanes, but
water in the gas phase is just as soluble as ethane in hexadecane
solvent.
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