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Abstract

The conclusions recently summarised by A. Marmur [J. Am. Chem. Soc. 122 (2000) 2120] concerning hydrophobic
aggregation of solutes in aqueous solution are examined. The thermodynamic analysis is critically reviewed and the impact
of implicit extrathermodynamic assumptions discussed. These assumptions are questioned and shown to lead to a model for
hydrophobic aggregation which is flawed.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction Nevertheless, solubility data for a wide range of

systemg5] do not conform to the model developed
The importance of hydrophobic solute—solute in- by Marmur[4]. Therefore, the question remains as to

teractions in aqueous solution at ambient tempera- the validity of the thermodynamic analysis set out by

ture and pressure has been recognised for almost 50Marmur[4]. Here we show that the derived equations

years prompted by a key publication by Kauzmann are based on three extrathermodynamic assumptions

[1]. Nevertheless, controversy and debate concern- which are doubtful.

ing such interactions and hydrophobic hydration

have been inteng@,3]. Recently, Marmur suggested

that aggregation of neutral solutes in aqueous solu- 2- Thermodynamic analysis

tion can be quite extensiv@]. For ethanol(aq) and

n-butanol(ag), Marmur calculated aggregation num- 2.1. Liquid mixture |

bers of 2.5 and 119, respectivgi§]. This surprising

conclusion is based on a novel model for aqueous sys- A given liquid mixture | contains two components;

tems together with a detailed thermodynamic analysis ni(l) moles of water andhx () moles of chemical

[4]. substance X. Then the Gibbs energy of the mixture
Gi(mix) is defined byEq. (1) [6].
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Here and below, we confine attention to closed sys- Then, the molar Gibbs energy of mixing is given by

tems at thermodynamic equilibrium. Further, we as-

sume that the systems are at ambient pressure and aty

298.2K although Marmuf4] specifies neither. Here
ni(mix ) and ux(mix 1) are the chemical potentials
of the two liquid components in the binary liquid mix-
ture. We use Raoult's law descriptions of the prop-
erties of components 1 and X in the system where

the thermodynamic reference states are the pure liquid

chemical substances at the samandp [7,8].
Thus,

Gi(mix) =n1 (D[ @) + RTIN(x f)i]
+nx(N[ux @) + RTIn(xx fx)il (3
Here 7 (¢€) and ug (¢) are the chemical potentials of

pure water and liquid X at the sareandp. Further,
by definition[7,8], at all Tandp,

limit[x 1(1) — 1](f)1 =1 (4)
limitfxx () — 1](fx1 =1 ®)
Further, mole fraction

x1() = m (6)
and mole fraction

wx(l) = — X0 @)

[n2() + nx (D]

Here then-quantities refer to the amounts of chemical
substances in the system. Marnjdiy develops the ar-
gument in terms of the Gibbs energy of mixing. Thus,

for a system comprising the same amounts of two pure

liquids, 1 and X, but in the unmixed state, the Gibbs
energy is given byeq. (8).

Gi(no-mix) = na(Hui() +nxHux D (8)

Thus, we envisage a closed system with a very thin
membrane separating the two pure liquids. The two
liquids are now allowed to mix.

By definition,

AmixG| = G| (mix) — G| (no-mix) (9)
Then,
AnmixG

e L= ni() InGerfn + nx () InGex i) (10)

Eqg. (11)(cf. Eq. (4)in [4]).

AmixGmi
RT
The latter equation is similar tBq. (6)in [4].

=x1(D INnGxafr +xx (D InCex fx1 (11)

2.2. Liquid mixture Il

We turn our attention to a liquid mixture prepared
using three liquid components, water, liquid X and
liquid Y at the samd andp. For such a mixture, the
Gibbs energyG (mix) is defined byEq. (12) [6].

G (mix) = Gy [T, p, na(ll), nx (1), ny (1] (12)

Then using a Raoult’'s law descriptiofg (mix) is
related to the composition of the system usdiitg (13),

G (mix) =n1(IN[1(¢) + RTIN(x1 fon]
+nx (1D @) + RTIn(xx fx)ul

+ny (IN[Y @) + RTIn(xy ] (13)
Thus, at allT andp,
limit[x x (I — 1](fx)n = 1.0 (14)
Similar equations defines(i; and (f/).
Further,
xx (1) = nx (D) (15)

[n2(11) + nx (1) 4+ ny ()]

Similar equations defing(II) and xy (II).

At this point, Marmuf4] defines the composition of
a particular liquid mixture 1l such that; (1) = n1(1l),
nx() = (1 — a)nx(l) andny (1) = (a/k)nx(1). In
these terms, chemical substance Y is an aggregate of
chemical substance X. Thus, a composition vari-
able, is the fraction of chemical substance X present
as substance Y, aggregation numkethe important
point to note is that it is assumed that the liquid mix-
ture is prepared using three chemical substances, wa-
ter, monomer X and aggregate At is not envisaged
that a chemical equilibrium exists between monomers
and aggregates. Nevertheless, the composition of the
system is determined by the variables(l), nx(l), «
andk. Then, with respect to mole fractions of chemi-
cal substances in system (ll),

ni(l)

xa(ll) = 5

(16)
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where
(07
B =n1(l) + (1 — aynx(l) + <E> nx (1) 17)
Similarly,
xx (1) = M (18)
B
And,
wy(y = 2O (19)

B

Then, with reference to the liquid mixture Il, the Gibbs
energyG (mix) is given byEg. (20).
G (mix) =n1(D[1(€) + RTIN(x1 foul
+ @ = a)nx D[k () + RTINCxx fx)u]
+ () Oy @ +RTInGey foon]
(20)

In the event that the system comprised the ‘no-mix’
liquids in the manner described above, th&p
(no-mix) is given byEg. (21).

Gy (no-mix) = na(Hui(€) + (1 — a)nx (Hux (0)

+ (%) nx (1) (£) (1)
Then,
AnmixG
mRT L = na () InCer fon+A—a)nx (1) InCGex AN

+ (%) nx () In(xy fru (22)

The molar Gibbs energy of mixingmixGim is given
by Eq. (23)whereg is given byEq. (17).

AmixGim [ na(l) (1 —a)nx ()
T —[ 5 }m(xlfl)n +[T]
x InCex fxon + [W}

x In(xy fu (23)

Up to this point, the thermodynamic analysis is

straightforward although complicated by the exten-
sive use of symbols defining the various systems. The

symbols are, however, important as we now show.
At this point, we suggest that in order to obtain
Eq. (8)in [4] (or, its equivalent,Eq. (27) below),
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Marmur[4] makes three extrathermodynamic assump-
tions.

Assumption I. AmixGim = AmixGiim-

Assumption I1. x1(DIn(x1 f1)1=[n1(1)/B] IN(x1 /-
Assumption 1. « <« 1 such thaB = n1(1) +nx ().

These assumptions allofags. (11) and (23j)o be
combined. Then,

1-— |
xx (D In(xx fx)1 = [%} INCex fxOn

n [(a/k)nx(l)

5 ] In(xy fy)un (24)

Hence,

xx (D) InCex fxO1
=[(1 = a)xx(D]IN[(X = a)xx (1) fx (1]

+[(5) @] [(£) s 0]

InLfx (D] = [ = ) In{fx ] + (7]
< In [(%) fy(ll)] +(1—a)In[xxD)]

(25)

+ (%) Infxx (1] — In[xx (1)] (26)
Or,
In[fx (1]
= [a-a@mixan + (5)]m[ () rran)]
_ [“("k_ 1)] InLex (1] (27)

The latter is essentiallig. (8)in the analysis given
by Marmur[4].

3. Discussion

The analysis presented here was prompted by the
analysis given by Marmu#]. In particular, we were
concerned with the magnitude of aggregate num-
bers reported by Marmue] for aqueous solutions.
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Here our aim was to explore the extrathermody- The final equation making the same assumptions de-

namic assumptions invoked in Marmur's analysis scribed by Marmuf4] leads to the same conclusion.

[4]. We suggest that the derived aggregation numbers In any event, we suggest that the analysis does not ad-

taken together with the disagreements with solubility vance our understanding of hydrophobic interactions

data[5] point to the unsatisfactory nature of the ex- in aqueous solution.

trathermodynamic assumptions. We see no basis for

Assumption Ibecause the two solutions are quite dif-

ferent. Assumption llis invalid because the amounts

of solutes in the two solutions differ. Then, for exam- (1] W. Kauzmann, Adv. Protein Chem. 6 (1957) 1

ple, Va.n’t Hoff propertl_e-s, such as depressmn of freez- [2] W. Bloukzijl, JBEN. Engberts, Angew. Chem. Int. Ed. Engl.

ing point, would confirm the pointAssumption IlI 32 (1993) 1545.

requires in any case that there is little of chemical [3] K.A.T. Silverstein, A.D.J. Hayment, K.A. Dill, J. Am. Chem.

substance Y in the system. We should add that a  Soc. 120 (1998) 3166.

similar set of extrathermodynamic assumptions are [4] A- Marmur, J. Am. Chem. Soc. 122 (2000) 2120.

required if the analysis uses a Henry’s law description [ %;Abraham’ M.J. Blandamer, J. Am. Chem. Soc. 124 (2002)

of the thermodynamic properties of solutes X, Y and [e] 1. Pri.gogine, R. Defay, Chemical Thermodynamics (D.H.

aggregates. In such an analysis, the reference state Everett, Trans.), Longmans, London, 1953.

for a solute is an ideal solution, having unit molality [7] K. Denbigh, The Principles of Chemical Equilibrium, third

at the samd& and p. The activity coefficients are de- ed., Cam_bridge University Press, Cambridge, _1971, Chapter 9.

fined, for example, in the case of chemical substance [8] R.A.' Robinson, R.H. Stokes, Electrolyte Solutions, second ed.
L (revised), Butterworths, London, 1959, Chapter 2.

X such that limit(nx — O)yx = 1.0 at allT andp.
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