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Abstract

The Barclay–Butler(B-B) rule, which states that a linear relationship exists between the standardDH andvap

DS for simple, non-associated liquids and their solutions, has been used to distinguish associated(‘abnormal’)vap

liquids from simple(‘normal’) liquids. The exact character of the B-B plots depends on the standard states chosen
for the liquidysolution and vapor. We examine the effects of using number density for both vapor and liquid states
for pure liquids, non-aqueous solutions, aqueous solutions and solutions in which water is the solute. The utility of
B-B plots to detect solute-induced order is strengthened, and we also find remarkable changes in the modified B-B
relationship:(1) the points for small, H-bonded liquids, including water, are pulled below the general B-B line;(2)
many solutions containing small, simple solutes havenegative entropies of vaporization; and(3) solutions of water
in several organic solvents, relevant to studies of proteins and micelles, appear ‘abnormal’.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well over 60 years ago since Barclay and
Butler w1x pointed out that a linear relationship
exists between the standard enthalpy and entropy
changes (DH and DS ) accompanying thevap vap

vaporization of simple, non-associated pure liquids
at a given temperature. The transfer of most solutes
from simple, non-associated solvents to the vapor
phase also gives standard enthalpy and entropy
changes that fall on the Barclay–Butler(B-B)
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line. Frank w2x has pointed out that this behavior
must reflect important aspects common to all
simple liquids, and it is almost certainly related in
some way to Trouton’s and Hildebrand’s rules.
The Barclay–Butler rule is also probably one of
the earliest recognitions of the empirical phenom-
enon now commonly referred to as enthalpy–
entropy compensation(see Sharpw3x for a good
review and explanation). A typical plot is shown
in Fig. 1.

In general, theDH DS points for associatedvap, vap

liquids do not fall on the B-B line evinced by
simple liquids. Often a different linear relationship
is obtained for non-simple liquids and for many
solutes in a given non-simple liquid solvent. Frank
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Fig. 1. Original Barclay–Butler(B-B) plot for pure liquids based on unit mole fractions.

w2x and Frank and Evansw4x pointed out that
solvents and solutions could be classified as ‘nor-
mal’ (non-associated) or ‘abnormal’ (associated)
on the basis of such plots. IfDS is plotted asvap

the ordinate, then, in general, associated liquids,
such as water and the lower alcohols and solutions
in which they are solvents, give points that tend
to fall above the normal B-B line.

Frank and Evansw4x showed that the deviation
is particularly striking for aqueous solutions and
proposed that non-electrolyte solute molecules
increase the structure of the neighboring water,
forming what they referred to as ‘icebergs’(later
more commonly called ‘cages’ or clathrate-like
structures). Such analysis was instrumental in the
early understanding of hydrophobic hydration.

The character of the B-B plots must depend to
some degree on the choice of standard states
employed for both the vapor and solution. Barclay
and Butlerw1x and Frankw2x used as the standard
states a hypothetical mole fraction of unity for the
solute in the solution, and unit total pressure for

the solute in the vapor at 258C. Indeed, Frank
claimed that it is necessary to use a mole fraction
basis for the liquids in order to make valid com-
parisons among solvents and solutionsw2x.

Ben-Naimw5–7x has, however, criticized the use
of this common choice as the standard state for
solutions in general. He points out that what we
really seek in understanding a solute’s environ-
ment, and the attendant solvent–solute interac-
tions, is evaluation of the free energy change(and
the various thermodynamic derivatives thereof) for
the hypothetical transfer process:

S™K (I)

in which a single(solute) molecule is transferred
from a fixed location and orientation in some
phase S(which might be the pure solvent, but
which could also be any solution of given com-
position) to phase K(typically the vapor or anoth-
er solvent), also in afixed location and orientation.
If the solute molecule possesses internal degrees
of rotation(conformations), then the conformation
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must be fixed as wellw7x. Henceforth, when we
refer to a fixed position, it should be taken to
mean both fixed location and orientation(and
conformation, if appropriate). Ben-Naim referred
to the quantities derived from such a process as
local standard quantities of transferw5–7x. To
complete the transfer process and make it corre-
spond with physical reality, the fixed solute is then
released from its fixed position and allowed to
move and rotate about the liquid or vapor. Obvi-
ously, referring to fixed positions is only allowable
in terms of classical statistical mechanics; but there
is little error in ignoring quantum effects for most
solutions ordinarily encounteredw5–7x.

Making certain assumptions, Ben-Naim proved
that, within the realms of classical statistical
mechanics, the free energy change for the above
hypothetical transfer step would be correctly given
if the concentration units were based on number
density values(i.e. molar concentration) in both
phasesw5–7x. Moreover, he showed that the use
of number density leads to greater theoretical and
practical utility, as the results obtained therefrom
apply to all solutions, regardless of concentration
or degree of ideality, and no reference to physically
unreal or hypothetical standard states is necessary.
Solution compositions described in terms of mole
fractions can be valid for finding the desired free-
energy change if the solution(or solutions)
involved is either symmetrically ideal or regular
w6x. But this situation is rare in practice and would
not be the case, for instance, if the solvent and
solute molecules differ appreciably in size andyor
in the type and strength of their intermolecular
forces.

Most of Ben-Naim’s presentations of his argu-
ment have been simplified by dealing only with
spherical, structureless solute molecules, possess-
ing, for instance, no rotational degrees of freedom.
He does mention inw6,7x that, in order to gener-
alize to non-spherical solute molecules, the transfer
process he describes should properly entail fixed
orientation and conformation, as well as fixed
location. We find that, particularly when discussing
solutions involving water, it is quite helpful peda-
gogically to expand and generalize Ben-Naim’s
assumptions and derivations. As can then be dem-
onstrated, Ben-Naim’s method clearly offers, in

the opinion of the present authors, unique theor-
etical advantages for probing the solvation prop-
erties of liquids.

Generalizing Ben-Naim’s procedure to include
non-spherical, polyatomic molecules, we derive a
simple expression for the molar-based chemical
potential of transfer and apply it to the vaporization
process. Readily available solubility and vapori-
zation data have been recalculated using standard
states based on molar concentrations in order to
determine their effect on the enthalpy and entropy
of vaporization and the appearance of the original
B-B plots.

In addition, we have applied the Barclay–Butler
approach to the rarely considered but interesting
solutions of water in various simple, ‘normal’
solvents. Perhaps contrary to expectation, we find
these solutions to be ‘abnormal’, in that many of
them yield points well above the normal B-B line.
Furthermore, these solutions form their own new
lines that intersect the B-B line and have steeper
slopes. These results may have significance for the
behavior and interactions of water molecules inside
globular proteins and micelles.(See, for instance,
Wade et al. inw8x.)

2. Generalizing Ben-Naim’s use of molar
concentrations

As we noted, in the interests of clarity, Ben
Naim w5–7x based his discussion on a system
containingN molecules of A andN moleculesA B

of B, both of which he takes to be ‘simple,
spherical, structureless molecules’. He writes the
classical canonical partition function as:

N NA Bq qA BQ T,V,N ,N s Z N ,NŽ . Ž .A B A BN !N !L LN NA BA B A B

(1a)

where

Z N ,NŽ .A B

w z
x |s « dR dR exp yb U R ,R (1b)Ž .A B A By ~| |

whereq andq are the internal partition functionsA B

of single A and B molecules, respectively, and
L and L are the reciprocals of the momentumA B



208 A.R. Henn, W. Kauzmann / Biophysical Chemistry 100 (2003) 205–220

partition functions resulting from the integration
over all possible momenta of single molecules of
A and B. U(R ,R ) is the total potential energyA B

of interaction among all molecules in the mixture
at some particular configuration, the vectorRA

denoting the 3N position coordinates of the cen-A

ters of mass of the A molecules, and similarly for
the vector R . In the simplest case, Ben-NaimB

assumed thatq andq are constant, which is notA B

to say constant with respect to temperature or
pressure, but with respect to the surroundings of
A and B. If assigned ‘constant’ in this manner, the
q values consequently cancel out during any iso-
thermal–isobaric transfer process.

An important physical possibility is, however,
obviously disregarded in writing Eq.(1a) and Eq.
(1b). The ‘internal partition functions’q andq ,A B

as written, include the electronic, rotational and
vibrational partition functions of A and B
(assumed polyatomic), and therefore include the
intramolecular vibration frequencies of the A and
B molecules. Suppose that either or both of A and
B contain hydroxyl groups. It is well known that
the O–H stretch frequency strongly depends on the
hydrogen bonding arrangements and environments
in which these molecules might be involvedw9x.

For instance, in water there is a shift of approx-
imately 500 cm in the O–H stretch frequency iny1

going from the vapor(isolated water molecules)
to ice (completely hydrogen-bonded molecules)
w10x. Such a frequency shift produces a change in
zero-point energy of approximately 3140 J mol ,y1

which is comparable withRT at room temperature.
Thus, the vibrational partition function associated
with such a frequency shift would be modulated
by a variable factor that could be as large as
approximately 3.5 for each O–H as the solvent
and solute molecules were moved and rotated in
evaluating the integral in Eq.(1b). Clearly, we are
not justified in treatingq and q as ‘constants’A B

that can be taken out of the integral in writing Eq.
(1a). Instead, we might be tempted to regardqA

and q as functions ofall of the molecular coor-B

dinates,q (R R ) and q (R R ), and includeA A, B B A, B

them as part of the integrand in Eq.(1b). (Of
course, this would be a bastardized way of com-
bining quantum statistics with classical statistics—
hardly a rigorous procedure for applying statistical

mechanics to the problem. Yet plausible reasons
can be given for justifying such an approach to an
extremely complex situation.)

In addition, it is clear that, in going to non-
spherical molecules such as water, we must include
molecular orientation coordinates(e.g. Euler
angles) as components of the vectorsR and RA B

in the integral in Eq.(1b). The result of these
considerations is that, instead of commencing with
Eq. (1a) and Eq. (1b), we must start with the
following, more general expression:

Q T,V,N ,NŽ .A B

sZ N ,N y N !N !L L G GN N N NŽ . Ž .A B A BA B A B A B A B

(2a)

Z N ,NŽ .A B

w z
x |s « dR dR Pexp yb U R ,R (2b)Ž .A B A By ~| |

Psproduct over all molecules
w z
x |q R ,R q R ,R i of A and j of B. (2c)Ž . Ž .A A B B A By ~i j

The internal partition functions,q and q , nowA B

contain only the electronic and intramolecular
vibration partition functions, the rotational parti-
tion function being separated out. Moreover, theq
values may or may not depend on the environment
in which the molecules find themselves. The new
quantities,G andG , introduced for purposes ofA B

emphasis and clarity, are analogous to the momen-
tum partition functions and result from integration
over the angular momenta of single A and B
molecules. In general, G is equal to
(2pkT) (I I I ) ysh , where the I variables3y2 1y2 3

x y z

represent the molecules’ moments of inertia, and
s is the symmetry number or factor(e.g. 2 for
water) w11x.

Generalizing to polyatomic, non-spherical mol-
ecules, which, by their very nature, reduce the
likelihood of having ideal or regular solutions, in
no way changes the conclusion that the proper
concentration unit to use in setting up the standard
states appropriate to the process Eq.(I) is the
number density. The only change we must make
in our interpretations is that we base them on Eq.
(2a), Eq. (2b) and Eq.(2c) rather than Eq.(1a)
and Eq.(1b).
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Given the equations of(1) and (2), Ben-Naim
w5x showed how the chemical potential of a mol-
ecule in a solution containingN molecules of AA

and N molecules of B can be written in theB

following form, which we generalize to include
non-spherical molecules as:

2m skTln r G L y8p ykTlnqŽ .A A A A A

w z
x |ykTln exp yB R ykT (3)Ž .N MA Ay ~

where B (R ) is the binding energy of one AA A

molecule, atR , to all the other molecules of theA

system at some specified configuration, andr isA

the number density of A. Ben-Naimw5–7x refers
to the last term as the work(binding or coupling
energy) required to add a molecule of A in a fixed
location and orientation to a given concentration
of A and B moleculeswthat is, either of the states
K or S in the process in Eq.(I)x. He then goes on
to combine the last two terms of Eq.(3) into what
he calls a pseudo-chemical potential,m 9 suchA

that:
2m sm9 qkTln r G L y8p (4)Ž .A A A A A

m 9 is not a real chemical potential, because itA

does not contain akTlnr term, nor is it aA

measurable quantity. However, differences inm 9A

are real and measurable—as we see beloww5–7x.
The second part ofm in Eq. (4) was labeledA

by Ben-Naim as the ‘liberation free energy’w5–
7x; it comes about when the added molecule of A
is allowed to move about the whole system vol-
ume,V, and rotate over the full orientation space,
8p .2

For the transfer of a molecule of A from phase
S to phase K, the change in the chemical potential
is thus:

K S K S K SDm sm ym sm9 ym9 qkTln r yr (5a)Ž .A A A A A A A

K SsDm9 qkTln r yr (5b)Ž .A A A

At equilibrium for the transfer of a solute
molecule A from a solution of A in B(or A) to
the vapor of A, we have:

v lDm9 sm9 ym9 skTlnF (6)A A A

where the superscripts v and l indicate vapor and
liquid, respectively, andF is the Ostwald absorp-
tion coefficient wnormally defined as the ratio of

the molar concentration(number density) of the
solute in the liquid and in the vapor at equilibri-
umx. The Ostwald coefficient essentially is a true
equilibrium constant(partition coefficient) and, as
such, is theoretically preferred for describing
solutions.

We see thatDH andDS , being temperaturevap vap

derivatives ofDm 9, are experimentally, in fact,A

the temperature derivatives of the product of tem-
perature and the logarithm of the Ostwald absorp-
tion coefficient. They are the more appropriate
values to use when analyzing the vapor transfer
process, because they directly reflect the environ-
ment of the transferred particle in its fixed position
and do not require a physically unreal, hypotheti-
cal, or arbitrary standard state of, for instance, unit
mole fraction of A surrounded by all B molecules,
or unit molality w5,6x.

2.1. Conversion of experimental data

The standard enthalpy and entropy of solution
transfer processes(in our case, vaporization) for
both pure solvents and solutions are most often
calculated from data reported in either mole frac-
tions or molality as the concentration units. As
vapor and solvent have quite different volumes
and coefficients of thermal expansion at the same
temperature and pressure, corrections are required
to convertDH and DS and DH and DSx x m m

vap vap vap vap

(values obtained using mole fractions and molality,
respectively) to DH andDS (values obtainedM M

vap vap

using molarity data) appropriate to the process in
Eq. (I).

In their most general form, whereby solutions
of any concentration can be accurately dealt with,
the complete corrections for converting mole frac-
tion- and molality-based transfer quantities to
molarity-based quantities require the density,r (in
g cm ), coefficient of thermal expansion,a, andy3

either the ‘average molecular weight’(NMMs
x M qx M , wherex and the subscripts 1 and 21 1 2 2

have their usual meanings) of the saturated solu-
tion and its temperature dependence, or the actual
molality, m, of the saturated solution and its
temperature dependence, all atT and P (typically
25 8C and 1 atm). Information of this kind is
almost never available from compiled tables or
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reviews and often must be estimated from original
sources.

It is understood that the solute in its saturated
solution is in equilibrium with its saturated, partial
pressure, the total pressure above the solution
being 1 atm. This means that, for a gaseous solute
at temperatureT, its partial pressure is 1 atm minus
the partial pressure of the solvent, while for a
solute that is a liquid or solid atT, its partial
pressure is that of the pure compound(neglecting
solution non-idealities) at T. Thus, we have,
assuming the vapors are ideal gases:

M xDH yDH sRT aTy1Žvap vap

N MqTdln M ydT (7a).
wM m xDH yDH sRT aTy1q TM y1000Ž .vap vap 2y

z
|= dMydT y 1qmM y1000Ž . Ž .2 ~ (7b)

M x
N MDS yDS sR aTy1qTdln M ydTŽvap vap

N Myln 1000r qln M (7c)Ž . .
wM m xDS yDS sR aTy1yln RT ylnrqlnŽ .vap vap y

1qmM y1000 q TM y1000Ž . Ž .2 2

z
|dMydT y 1qmM y1000 (7d)Ž .Ž . 2 ~

where dydT denotes the temperature derivative at
constant totalP, but not constant partial pressure
or composition, both of which change as the
temperatures changes.

Fortunately, for pure liquids and very dilute
solutions, it is readily shown that the corrections
simplify to:

M x M mDH yDH sDH yDHvap vap vap vap

sRT a Ty1 (8a)Ž .0

M x M mDS yDS sDS yDSvap vap vap vap

w z
x |sR aTy1yln RTyV (8b)Ž .0y ~

where V and a are the molar volume and0 0

coefficient of thermal expansion, respectively, of
the pure solvent atT and P. Care must be taken
that the value ofR used in ln(RTyV ) matches the0

units of V .0

It should be noted here that, by virtue of having

constant-volume(1l) and constant-pressure(1
atm) conditions for both the liquid and ideal vapor,
there is no PV work done during our defined
vaporization process. Thus, theDH we calculateM

vap

is really the energy of vaporization,DE , and weM
vap

immediately recognize why theRT term is always
subtracted from bothDH andDH above. Thisx m

vap vap

result highlights one of the advantages, in terms
of theoretical treatments of liquids and solutions,
gained when using molarity(number density).

3. Results and discussion

3.1. Pure liquids

In order to observe the effects of changing from
mole fraction to molarity concentration units on
the Barclay–Butler rule, we have applied the
corrections of Eq.(8a) and Eq.(8b) to a total of
53 pure liquids at 258C.

Only a few of Frank’sw2x original data points
have been used. Instead, we have drawn upon data
compiled in the 13th edition ofLange’s Handbook
of Chemistry w12x and The Thermodynamics of
Organic Compounds w13x. All additional informa-
tion (viz. a and V at 25 8C) needed to convert0 0

from a mole fraction to a molarity basis was taken
from either the references just mentioned or from
Organic Solvents w14x. We note in passing that
some of our converted entries for pure liquids
differ somewhat from those of Ben-Naim and
Marcus w15x, who calculated the number density-
based vaporization quantities for a myriad of pure
liquids directly from the temperature dependence
of the liquids’ density and vapor pressure. We also
mention here that all the figures are plotted using
kcal mol and cal mol K for the enthalpyy1 y1 y1

and entropy, respectively, because the original
graphs inw1,2,4x were plotted that way. Conversion
to units using SI joules simply requires multipli-
cation by 4.184. For a tabulation of much of the
data graphed in this paper, seew16x.

Fig. 1 is the usual B-B plot using mole fraction
unity as the concentration unit for the liquid(i.e.
the standard state is the pure liquid) and the partial
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Fig. 2. Modified B-B plot for pure liquids based on number density.

pressure of the vapor at 1 atm as the standard state
for the vapor. Fig. 2 is the B-B plot employing
molarity at 1 atm as the concentration unit in both
the vapor and liquid(i.e. inverse Ostwald absorp-
tion coefficient), in accordance with the recom-
mendation of Ben-Naimw5–7x. Clearly, because
the concentration units have been changed, and
the whole ‘liberation entropy’ removed as a con-
sequence, theDS values in Fig. 2 are consider-vap

ably lower than those in Fig. 1.
It is perhaps highly significant that the modified

B-B line in Fig. 2, determined as a least-squares
fit of all 53 points, extrapolates very close to the
origin, with a slope not much greater than 1. But
is this not exactly what we should expect in the
process Eq.(I), though, if the energy of vapori-
zation were zero? For if no energy is required to
remove a molecule in a fixed location and orien-
tation from a liquid and bring it to a fixed location
and orientation in a vapor, then it is likely that
there will be little, if any, overall attendant change
in entropy.

The use of molar concentrations certainly does
not vitiate the relationship discovered by Barclay
and Butler, but it does cause some remarkable
changes in the positions of the points for several
liquids. Most notably and surprisingly, the points
for methanol, water, hydrogen peroxide and hydra-
zine, all of which lie above the original B-B line
in Fig. 1, now lie on or below the modified line
determined by all of the 53 pure liquids in Fig. 2.
Bear in mind again, though, that, by virtue of
using number densities, we have removed the
major contributions toDS that result from thevap

transition from hindered translations and rotations
in the liquid to free translations and rotations in
the vapor.

A few other features are worth noting. The point
for mercury has been pulled even farther from the
normal B-B line determined by all the liquids. The
mercury behavior is likely due to the substantial
change in its internal, electronic partition function
in going from the liquid, where metallic bonding
exists, to the monatomic vapor, where it does not
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w17x. The fact that all the higher alkanols are still
above the new B-B line implies that, relative to
the strength of their intermolecular interactions,
their liquids possess some unusual degree of struc-
ture, not inconsistent with the picture of winding
H-bonded chains presented by Jorgensenw18,19x.
Interestingly, ethyl ether, isopropyl ether and ethyl
acetate, all presumably non-associated, are also
above the new, general line, again hinting at the
presence of some sort of enhanced order, perhaps
due to weak(H-bond) interactions or packing
considerations. Even more intriguing is the posi-
tion of n-octane; but we refrain from further
discussion and speculation at this time.

The observation that methanol, which, like its
homologues, exists in winding chains in the liquid
w19x, and the other, relatively small H-bonded
liquids, generally considered to be structured, now
lie on or below the main line deserves special
comment. It is likely that all these liquids share
certain features, not present in normal liquids, that
lower theDS values from what might be expect-M

vap

ed given the type and strength of their intermole-
cular energies(as reflected byDH ). WaterM

vap

happens to be the most prominent and important
example of the group, and we discuss it in more
detail below.

Before we do so, though, we offer the following
general, heuristic discussion that might partly
explain these surprising observations. Recall how
we dissected the actual transfer process Eq.(I)
into two steps, first transferring a solute molecule
in a fixed position and then letting it translate and
rotate over the available system space. Equivalent-
ly, we can just as well place the origin of the
coordinate system used to evaluate the integrals in
Eq. (2a)–Eq. (2c) on a randomly selected, fixed
solute molecule that is either introduced or
removed, and then let the surrounding solvent
molecules move about it in response to achieve a
new equilibrium configurationw5,6x.

For the transfer process describing vaporization
of a pure liquid, the key question to ask is: How
much rearranging by the solvent molecules sur-
rounding the fixed molecule is necessary to return
to a local equilibrium configuration when the fixed
molecule is removed? Keep in mind throughout
this discussion that theS values should beM

vap

viewed in light of the strength of the intermolecular
forces, reflected byDH , which must be over-M

vap

come to remove the solute molecule in the first
place. Obviously, for completely structureless, iso-
tropic liquids, there is little restructuring required.
For liquids made up of large molecules or ones
that engage in stronger, more directional interac-
tions (viz. H-bonding) that putatively create some
degree of order, we would expect greater restruc-
turing. This presumably is reflected in higher
DS (andDH ) values. However, the molecularM M

vap vap

rearranging needed to find another local-energy
minimum for the four structured H-bonded liquids
mentioned above might not be as extensive as
expected because they are all relatively small,
multifunctional (i.e. can engage in more than one
H-bond) molecules. By comparison, molecules of
n-propanol, for instance, having only one O–H
group at the end of a three-carbon chain, might
actually require more extensive rearranging after a
neighboring n-propanol molecule is removed
before they are able to return to a another local
minimum-energy configuration of winding chains
w19x.

In addition to the simplistic picture offered
above, there are certainly other possible factors to
consider when explaining why the point for water,
in particular, now lies below the new B-B line. It
might be argued, for instance, that either water is
not nearly as ordered or associated in the liquid
state as generally accepted, or, as for formic and
acetic acids, a major portion of its vapor exists as
dimers w17x. (Note that both carboxylic acids fall
more or less on the new B-B line.) The evidence,
however, for water being a highly structured liquid
is preponderant, and there is little indication that
water vapor exists as dimers at 258C and 1 atm
w10x. Instead, we believe that, precisely because
water is such a highly associated, structured liquid,
it possesses certain features, not present in normal
liquids, which cause theDS value to be dimin-M

vap

ished. For instance, if we accept that liquid water
has a structure that is related to a distorted ice
lattice, and which possesses residual proton disor-
der, as assumed by Sceats and Ricew20x and Henn
and Kauzmannw21x in their random-network mod-
els of liquid water, then this contribution to the
entropy is lost when water is vaporized. In addi-
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Fig. 3. Original B-B Plot for pure liquids and non-aqueous solutions based on mole fractions.

tion, as mentioned earlier, due to the strength and
extent of association in the liquid phase, the
intramolecular vibrational stretching frequencies of
water are considerably reduced compared to the
vaporw10x. As a consequence, the liquid possesses
a so-called zero-point distortion energy and con-
comitant entropy contribution not present in the
vapor w21x. Together, the residual proton disorder
and zero-point distortion, both of which are not
present in normal liquids, account for a loss in
vaporization entropy that is estimated from the
Henn–Kauzmann model of liquid waterw21x to be
more than 1.35 cal mol K (5.65 J moly1 y1 y1

K ) at 25 8C. The addition of 1.35 cal moly1 y1

K to the waterDS value would place it veryy1
vap

close to the main B-B line. We conclude then that,
given the strength of its intermolecular forces, as
reflected by its enthalpy of vaporization, water
does not gain as much entropy upon vaporization
as might be expected if only simple structural
factors are considered. Similar arguments probably
apply to methanol, hydrogen peroxide and hydra-

zine as well. We also note that, based on their
relative positions, D O appears to be slightly more2

structured than H O, which is generally acknowl-2

edged to be the casew7x.
The factors just described can only really be

revealed and appreciated when all the translational
and rotational contributions to the entropy of
vaporization are eliminated from the vaporization
process. If data are only analyzed on the usual
mole fraction basis, those important factors are
totally dominated and hidden by the large transla-
tional and rotational contributions to the entropy.

3.2. Non-aqueous solutions

In Fig. 3 data based on the mole fraction
concentration scale for 73 non-aqueous solutions
have been added to the data exhibited in Fig. 1. A
majority of these data are taken from the seminal
paper of Frank and Evansw4x, but quite a few are
taken from the review by Wilhelm and Battino
w22x. As the formerw4x observed, the points for



214 A.R. Henn, W. Kauzmann / Biophysical Chemistry 100 (2003) 205–220

Fig. 4. Modified B-B plot for pure liquids and non-aqueous solutions using molarity.

solutions involving non-associated solvents lie on
the B-B line obtained for pure, non-associated
liquids. Solutions involving associated solvents lie
slightly above this line, presumably for the same
reason that most associated, pure liquids do.

Fig. 4 dramatically shows the effect of using
the molarity concentration scale. The points cor-
responding to non-aqueous solutions are, if any-
thing, brought closer to the B-B line of Fig. 2, and
the line passes nearly, but not quite, through the
origin. Furthermore, there are now a considerable
number of points having negative values of
DH ; even more remarkable, there are severalvap

solutions with negative values of DS . Thesevap

values belong to solutes having small molecular
or atomic diameters for which the intermolecular
forces are predominantly repulsive. Of the solu-
tions presented in Fig. 4, Ne inn-alkanes(data
from w22x) and those containing He and H are,2

not surprisingly, particularly prominent in this
regard. We propose that such solute atoms and
molecules tend to loosen, or disorder, the local

structure that exists in the solvent; when the solute
leaves, the solvent is able to return to its slightly
more ordered, regular state.

We also mention in passing a couple of other
observations. It is surely significant that, despite
falling slightly below the normal B-B line as a
pure liquid, as water does, solutions of hydrazine
(data fromw22x) are above the line. This is almost
certainly analogous to aqueous solutions and is
suggestive of enhanced order in hydrazine induced
by the solutes. In contrast, solutions of ether,
except for the ammonia one, fall below the general
B-B line, despite the fact that the pure solvent
itself clearly lies above. The point for ammonia in
ethyl ether(calculated from data taken fromw23x)
thus appears curiously anomalous and could be
indicative of some interesting solute–solvent inter-
actions. Perhaps, as we see for water later on,
ammonia is able to induce some degree of order
in certain ‘normal’ liquids. All these results high-
light the real advantage of using molarity units
when determining transfer quantities because, by
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Fig. 5. Modified B-B plot for aqueous solutions of non-electrolytes based on molarity.

removing the ‘liberation entropy’, valuable infor-
mation about the solvent and solvent–solute inter-
actions is revealed more clearly.

3.3. Aqueous solutions of non-electrolytes

Most of the data presented here were recalculat-
ed from the paper of Frank and Evansw4x. Solu-
tions involving miscible solutes, except for
ammonia, were omitted, since the conversion from
mole fraction to Ostwald coefficients could not be
made accurately without knowledge of the actual
solution data required in Eq.(7a) and Eq.(7c).
Even though ammonia is highly soluble in water,
we included it in our database because we were
able to obtain the saturated solution properties
mentioned in Section 2.1(from w12,24x) necessary
to convert the vaporization quantities. The correc-
tions employed differ from those afforded for pure
water (although not substantially, because the
molecular weight of ammonia is almost the same
as that of water), and thus our converted values
for ammonia disagree slightly with those given by

Ben-Naim and Marcus inw15x. Data for some
aromatic hydrocarbonsw25x, alkanesw26x, small,
fluorinated compoundsw27x, and a few, poorly
soluble, higher aminesw28x have been added to
the original Frank and Evans entries. The total
number of data points is 37.

Fig. 5 gives a plot ofDS vs. DH for thevap vap

removal to the vapor of a number of non-electro-
lytes from water. The data points for all of these
solutions, save ammonia, fall well above the mod-
ified normal B-B line(determined by the 53 pure
liquids), still consistent with the proposal of Frank
and Evans that water undergoes unusual structural
changes in the vicinity of the solute molecule(i.e.
so-called ‘iceberg’ formationw4x). Indeed, we
believe that, because hindered translation and rota-
tion contributions have been removed from the
entropy of vaporization, the concept of enhanced
structural changes occurring in aqueous solutions
of non-electrolytes is more clearly revealed and
strengthened. Incidentally, as might be expected,
the n-alkanes andn-alkyl substituted benzenes
separate into two groupings having different
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slopes. In general, as the solute size increases, so
does the deviation from the average B-B line.

As noted above, the point for ammonia stands
out, in that it lies substantially below the modified
B-B line for aqueous solutions-and even below the
normal B-B line. We note here, too, that two of
the three amines included in our database fall
below the overall aqueous line as well. Contrast
this observation again with the point for ammonia
in ethyl ether, which is well above the normal B-
B line (cf. Fig. 4). Since we have observed how
transfer quantities based on molarities sense sol-
ute–solvent interactions, this result suggests a
tendency of relatively small, polar ammonia mol-
ecules to rearrange and reduce the structure of neat
water around it (i.e. be a so-called ‘structure
breaker’), much like certain ions dow4x. At the
very least, the solute–solvent interactions in aque-
ous ammonia solutions clearly must differ from
those occurring in all the other aqueous solutions
presented here. Again we see how the use of
number densities helps to strengthen the supposi-
tion of solvent structure rearrangement in aqueous
solutions of polar and non-polar compounds.

3.4. Solutions of water in non-polar and slightly
polar organic solvents

Little attention seems to have been paid to
obtaining and interpreting data on the solubility of
water in non-polar and slightly polar organic sol-
vents, especially as a means of gaining information
on the state of water in similar environments. This
subject is of considerable interest to those con-
cerned with the role of water inside globular
proteins, surfactant micelles and cell membranes.
See, for instance, the work of Wade et al.w8x and
Wolfenden and Radzickaw29x on the hydration
probabilities of protein cavities or the small-angle
neutron scattering studies of Dill et al.w30x in
search of localized water in surfactant micelles.
Unfortunately, there is a paucity of accurate solu-
bility data, particularly as a function of tempera-
ture, suitable for elucidating the presence and role
of water in such environments.

Solutions with polar chlorinated and fluorinated
solvents were not included in the present study
because deviations from Henry’s law indicate that

water in these solvents exists in polymeric form
w31,32x, which only complicates our interpretation
of the data. We have used data(from w29x and
w33–42x) for solutions at temperatures bracketing
25 8C and which give a reasonably good linear
correlation(r G0.925) between the natural loga-2

rithm of the solubility and the reciprocal of the
absolute temperature. There are strong indications
w43x that the heat of vaporization for such systems
is independent of temperature near 258C. Unfor-
tunately, measurements for many of the solutions
were made at only two or three temperatures, and
the solubility of water is quite low, all of which
can lead to wide discrepancies—despite claims of
relative errors of a few percent. For example,
values ofDH for water in benzene(the mostvap

frequently studied system because of the relatively
high solubility of water in benzene) ranged from
4.10 to 4.96 kcal mol andDS varied fromy1

vap

7.82 to 10.21 cal mol K (cf. Table 1).y1 y1

Therefore, all results in this section must be viewed
with a certain amount of caution. Nevertheless,
the few DH values generated by calorimetrics

studies performed on water in hydrocarbons
w43,44x, from which we can calculateDH val-vap

ues, agree reasonably well with theDH valuesvap

obtained by the van’t Hoff method, despite the
fact that the former provides an integral heat of
solution, while the latter gives a differential heat
solution. (The two are theoretically only equivalent
at infinite dilution, but these solutions, for the
most part, are so dilute in water that they can
probably be considered infinitely dilute.) It should
be mentioned here that all the data listed in Table
1, including multiple entries for the same solvent,
are plotted in Fig. 6 in order to help show the
range of experimental results currently available.

The results of our analysis are listed in Table 1
and plotted in Fig. 6. It is evident, surprisingly,
that there is a definite tendency for most of the
water-in-solvent points to lieabove the average
modified B-B line determined by the 53 pure
liquids. This is in strong contrast with solutions of
methanol and ethanol in hexadecanew45x, both of
which fall nicely along the normal B-B line(cf.
Fig. 4). Moreover, the alkanes and the aromatics
seem to lie along steeper lines of their own, as
was observed with the aqueous solutions. Except
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Table 1
Enthalpy and entropy of vaporization of water from various organic solvents at 258C

Solvent classy DHM
vap DSM

vap Reference
compound (kcal mol )y1 (cal mol K )y1 y1

n-Alkanes
Pentane 1.55 3.23 w36x
Hexane 2.75 7.36 w36x

2.46 6.69 w41x
Heptane 2.53 5.44 w35x

2.85 7.81 w36x
Octane 2.28 5.91 w36x

1.91 4.61 w42x
Decane 2.25 5.93 w34x
Undecane 2.22 5.84 w34x
Dodecane 1.67 4.12 w34x
Tridecane 1.45 3.49 w34x
Hexadecane 1.91 5.23 w34x

Branched & cyclic alkanes
Isopentane 2.38 6.12 w36x
Isohexane 2.99 8.15 w36x
Isooctane 2.21 5.67 w36x
Cyclohexane 1.91 4.67 w32x

2.92 7.99 w41x
1.40 4.68 w29x

3-Methylhexane 2.89 8.00 w36x
2,2,5-Trimethylhexane 3.04 8.63 w36x
Benzene 4.10 7.81 w35x

4.96 10.1 w36x
4.25 7.96 w37x
4.38 8.90 w38x
4.81 9.56 w32x
4.53 8.58 w41x

Substituted benzenes
Toluene 4.64 9.57 w36x

4.80 10.4 w37x
5.52 12.5 w39x
5.11 11.3 w40x

Ethylbenzene 3.39 5.88 w37x
4.35 9.01 w36x
4.19 8.45 w42x

Butylbenzene 3.80 7.35 w37x
o-Xylene 4.40 9.07 w36x
m-Xylene 4.85 10.8 w36x
Chlorobenzene 4.43 9.51 w37x
Bromobenzene 5.25 11.9 w37x
Iodobenzene 5.37 11.9 w37x

1-Heptene 2.55 9.90 w35x
4.28 9.90 w40x

Carbon tetrachloride 3.93 9.35 w32x
4.35 10.8 w39x
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Fig. 6. Modified B-B plot for solutions of water in organic solvents based on molarity.

for the questionably high 1-heptene pointsw35,40x,
the substituted benzenes and carbon tetrachloride
deviate the most from the normal B-B line. Unfor-
tunately, the present data are not of sufficient
quality or breadth, we believe, to observe firm
trends with respect to carbon number or chain
branching of the alkanes and alkyl substituents.

We refrain from speculating much on the mean-
ing of any of these observations at this time.
However, we do offer our results as additional
evidence for H-bond-like interactions between
water and aromatic ringsw9,46,47x, carbon tetra-
chloride w33,46x and double bondsw48x. Further-
more, we suggest that, in a role reversal of sorts,
water, due to its unique molecular character, induc-
es or enhances the degree of local structure, or
order, in many of the solvents in which it is the
solute. The mechanism for this postulated effect is
probably related to the small size of water, its high
dipole moment and its strongly directional bond-
ing. Water may not be entirely alone in this regard,
though, as the point for ammonia in ethyl ether

perhaps hints at similar behavior for the ammonia
molecule(vide supra).

Recently, Marmur w49x argued that the low
solubility of water in non-polar or slightly polar
liquids (as well as the low solubility of non-polar
solutes in water) is due solely to molecular aggre-
gation of the solute, which he associates with a
general ‘solvophobic effect’. In contrast, our
results indicate that water again exhibits its unusual
character. For, despite existing essentially as a
monomer in non-polar solvents, water still appar-
ently causes these solutions to deviate from being
ideal or ‘normal’, at least as defined by their
deviations from the Barclay–Butler plot.

Clearly, the acquisition of more extensive and
better data would be desirable to increase our
understanding of water in non-polar and slightly
polar solvents. Indeed, whereas Franks and Reid
w50x years ago had called all such binary solutions
‘normal’, our analysis indicates that many of these
solutions may yet prove to be hardly that.
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4. Conclusion

The introduction of the procedure recommended
by Ben-Naim to treat solution transfer quantities
based on molarity(number density) has, in gen-
eral, strengthened the theoretical understanding and
utility of Barclay–Butler plots to sense structural
changes in solvents induced by solutes because
the translational and rotational contributions(‘lib-
eration’ entropy) to the entropy of vaporization
are removed. In particular, the substantial devia-
tions of the points for aqueous and hydrazine
solutions almost certainly result from the ability
of non-polar molecules to enhance local order in
those associated solvents. In contrast, the result of
converting to number density seemingly blurs the
distinction between associated and non-associated
pure liquids, since most of the liquids are brought
closer to the main, overall modified B-B line. This
is to be expected to some degree, because conver-
sion to molarity removes the ‘liberation’ entropy,
which varies from liquid to liquid. However, other
factors germane to H-bonded liquids then come to
light when the ‘liberation’ contribution is removed.
There are a few major surprises in the modified
B-B plots—most notably in the positions of pure
water and other substances containing multiple
hydrogen-bonding groups—the occurrence ofneg-
ative entropy of vaporization, and the position of
water in various organic solvents. Solution transfer
quantities based on molarity are confirmed as very
useful, general tools for probing interactions
between solutes and solvents, and revealing infor-
mation about the structure of solvents. More
detailed explanation and speculation await a later
paper, but we hope that the present work stimulates
further discussion on the use of standard thermo-
dynamic solution-transfer quantities and highlights
the need for additional studies of water in various
solvents.
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