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Abstract

The Barclay—Butler(B-B) rule, which states that a linear relationship exists between the stadd#rg and
AS,q, for simple, non-associated liquids and their solutions, has been used to distinguish asd¢aimtednal’)
liquids from simple(‘normal’) liquids. The exact character of the B-B plots depends on the standard states chosen
for the liquid/solution 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(#he;
many solutions containing small, simple solutes haweative entropies of vaporization; an@) 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 line. Frank[2] has pointed out that this behavior
must reflect important aspects common to all
It is well over 60 years ago since Barclay and simple liquids, and it is almost certainly related in
Butler [1] pointed out that a linear relationship some way to Trouton’s and Hildebrand’s rules.
exists between the standard enthalpy and entropyThe Barclay—Butler rule is also probably one of
changes (AH,,, and AS,,) accompanying the the earliest recognitions of the empirical phenom-
vaporization of simple, non-associated pure liquids enon now commonly referred to as enthalpy—
at a given temperature. The transfer of most solutes entropy compensatiofsee Sharg3] for a good
from simple, non-associated solvents to the vapor review and explanation A typical plot is shown
phase also gives standard enthalpy and entropyin Fig. 1.
changes that fall on the Barclay—ButléB-B) In general, the\H,,, AS ,,points for associated
*Corresponding author. Marktek Inc, 37 Shady Valley Drive |IQUIdS (-jo -nOt fall on the B-B -Ime eVInC-Ed by
Suite B, Chesterfield, MO 63017, USA. Tel+ 1-314.878- ;lmple _Ilqwds. Often a dlffergnt _Ilnear relationship
9190: fax: + 1-314-878-9558. is obtained for non-simple liquids and for many
E-mail address: arhenn@marktek-inc.coifA.R. Henn. solutes in a given non-simple liquid solvent. Frank
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Fig. 1. Original Barclay—ButlefB-B) plot for pure liquids based on unit mole fractions.

[2] and Frank and Evan$4] pointed out that the solute in the vapor at 25C. Indeed, Frank
solvents and solutions could be classified as ‘nor- claimed that it is necessary to use a mole fraction
mal’ (non-associatedor ‘abnormal’ (associaten basis for the liquids in order to make valid com-
on the basis of such plots. iS,,, is plotted as parisons among solvents and solutid@k
the ordinate, then, in general, associated liquids, Ben-Naim[5-7] has, however, criticized the use
such as water and the lower alcohols and solutions of this common choice as the standard state for
in which they are solvents, give points that tend solutions in general. He points out that what we
to fall above the normal B-B line. really seek in understanding a solute’s environ-

Frank and Evan$4] showed that the deviation ment, and the attendant solvent—solute interac-
is particularly striking for aqueous solutions and tions, is evaluation of the free energy char{ged
proposed that non-electrolyte solute molecules the various thermodynamic derivatives thepefof
increase the structure of the neighboring water, the hypothetical transfer process:
forming what they referred to as ‘icebergdater

. , . S—>K )

more commonly called ‘cages’ or clathrate-like
structure$. Such analysis was instrumental in the in which a single(solute molecule is transferred
early understanding of hydrophobic hydration. from a fixed location and orientation in some

The character of the B-B plots must depend to phase S(which might be the pure solvent, but
some degree on the choice of standard stateswhich could also be any solution of given com-
employed for both the vapor and solution. Barclay position to phase K(typically the vapor or anoth-
and Butler[1] and Frank[2] used as the standard er solven}, also in afixed location and orientation.
states a hypothetical mole fraction of unity for the If the solute molecule possesses internal degrees
solute in the solution, and unit total pressure for of rotation(conformation$, then the conformation
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must be fixed as well7]. Henceforth, when we the opinion of the present authors, unique theor-
refer to a fixed position, it should be taken to etical advantages for probing the solvation prop-
mean both fixed location and orientatiofand erties of liquids.

conformation, if appropriale Ben-Naim referred Generalizing Ben-Naim’s procedure to include
to the quantities derived from such a process as non-spherical, polyatomic molecules, we derive a
local standard quantities of transf¢b—7. To simple expression for the molar-based chemical
complete the transfer process and make it corre- potential of transfer and apply it to the vaporization
spond with physical reality, the fixed solute is then process. Readily available solubility and vapori-
released from its fixed position and allowed to zation data have been recalculated using standard
move and rotate about the liquid or vapor. Obvi- states based on molar concentrations in order to
ously, referring to fixed positions is only allowable determine their effect on the enthalpy and entropy
in terms of classical statistical mechanics; but there of vaporization and the appearance of the original
is little error in ignoring quantum effects for most B-B plots.

solutions ordinarily encounterd&—7]. In addition, we have applied the Barclay—Butler

Making certain assumptions, Ben-Naim proved approach to the rarely considered but interesting
that, within the realms of classical statistical solutions of water in various simple, ‘normal’
mechanics, the free energy change for the abovesolvents. Perhaps contrary to expectation, we find
hypothetical transfer step would be correctly given these solutions to be ‘abnormal’, in that many of
if the concentration units were based on number them yield points well above the normal B-B line.
density values(i.e. molar concentrationin both Furthermore, these solutions form their own new
phases[5-7]. Moreover, he showed that the use lines that intersect the B-B line and have steeper
of number density leads to greater theoretical and slopes. These results may have significance for the
practical utility, as the results obtained therefrom behavior and interactions of water molecules inside
apply to all solutions, regardless of concentration globular proteins and micelle§See, for instance,
or degree of ideality, and no reference to physically Wade et al. in[8].)
unreal or hypothetical standard states is necessary.

Solution compositions described in terms of mole 2. Generalizing Ben-Naim's use of molar
fractions can be valid for finding the desired free- concentrations

energy change if the solutior(or solutions

involved is either symmetrically ideal or regular ~ As we noted, in the interests of clarity, Ben
[6]. But this situation is rare in practice and would Naim [5-7] based his discussion on a system
not be the case, for instance, if the solvent and containingN, molecules of A andVz molecules
solute molecules differ appreciably in size @dnd of B, both of which he takes to be ‘simple,
in the type and strength of their intermolecular spherical, structureless molecules’. He writes the
forces. classical canonical partition function as:

Most of Ben-Naim’s presentations of his argu- Na_ N
ment have been simplified by dealing only with Q(T.V,Na,Ng)=~—— q’? 9e
spherical, structureless solute molecules, possess- NalNg! AaviAg e
ing, for instance, no rotational degrees of freedom. (1a)
He does mention ir6,7] that, in order to gener-  \yhere
alize to non-spherical solute molecules, the transfer
process he describes should properly entail fixed Z(Va.Ne)
orientation and conformation, as well as fixed
location. We find that, particularly when discussing = f"J’dRAdRBeXF{_ B U(Ra.Re)] (1b)
solutions involving water, it is quite helpful peda-
gogically to expand and generalize Ben-Naim's whereg, andgg are the internal partition functions
assumptions and derivations. As can then be dem-of single A and B molecules, respectively, and
onstrated, Ben-Naim’s method clearly offers, in A, and Ag are the reciprocals of the momentum

Z(Na.Ng)
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partition functions resulting from the integration
over all possible momenta of single molecules of
A and B. U(Ra,Rg) is the total potential energy
of interaction among all molecules in the mixture
at some particular configuration, the vectBr,
denoting the &, position coordinates of the cen-
ters of mass of the A molecules, and similarly for
the vectorRg. In the simplest case, Ben-Naim
assumed thajg, andgg are constant, which is not
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
g values consequently cancel out during any iso-
thermal—isobaric transfer process.

An important physical possibility is, however,
obviously disregarded in writing Eq1a) and Eq.
(1b). The ‘internal partition functionsy, andgg,
as written, include the electronic, rotational and
vibrational partition functions of A and B
(assumed polyatomi¢ 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
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mechanics to the problem. Yet plausible reasons
can be given for justifying such an approach to an
extremely complex situatioh.

In addition, it is clear that, in going to non-
spherical molecules such as water, we must include
molecular orientation coordinatege.g. Euler
angles as components of the vectoRs, andRg
in the integral in Eq.(1b). The result of these
considerations is that, instead of commencing with
Eqg. (18 and Eqg.(1b), we must start with the
following, more general expression:

Q(TaVaNAvNB)
=Z(NA,NB)/(NA!NB!AANAABNBFANAFB NB)
(2a)
Z(NaNg)

= J...deAdRB [Mexp| —B U(Ra,Re)|  (2b)

IT=product over all molecules

the O-H stretch frequency strongly depends on the The internal partition functionsg, and gg, now
hydrogen bonding arrangements and environmentscontain only the electronic and intramolecular

in which these molecules might be involvéel.

For instance, in water there is a shift of approx-
imately 500 cnt! in the O—H stretch frequency in
going from the vapoi(isolated water moleculgs
to ice (completely hydrogen-bonded molecules
[10]. Such a frequency shift produces a change in
zero-point energy of approximately 3140 J mbél
which is comparable witlRT 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 Eq1b). Clearly, we are
not justified in treatingg, and gg as ‘constants’
that can be taken out of the integral in writing Eq.
(1a). Instead, we might be tempted to regajd
and gz as functions ofall of the molecular coor-
dinates,ga(Ra Rg) and ¢g(Ra Rg), and include
them as part of the integrand in EQlb). (Of
course, this would be a bastardized way of com-
bining quantum statistics with classical statistics—
hardly a rigorous procedure for applying statistical

vibration partition functions, the rotational parti-
tion function being separated out. Moreover, the
values may or may not depend on the environment
in which the molecules find themselves. The new
quantities,I"’, and I'g, introduced for purposes of
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, I' is equal to
(2wkD)*2(11,1.)%?/ch® where thel variables
represent the molecules’ moments of inertia, and
o is the symmetry number or factde.g. 2 for
waten [11].

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 Eb). is the
number density. The only change we must make
in our interpretations is that we base them on Eq.
(2a), Eg. (2b) and Eq.(2c¢) rather than Eq(1a)
and Eq.(1b).
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Given the equations ofl) and (2), Ben-Naim the molar concentratioinumber density of the
[5] showed how the chemical potential of a mol- solute in the liquid and in the vapor at equilibri-
ecule in a solution containingy, molecules of A um]. The Ostwald coefficient essentially is a true
and Ng molecules of B can be written in the equilibrium constantpartition coefficient and, as
following form, which we generalize to include such, is theoretically preferred for describing
non-spherical molecules as: solutions.
_ 2 We see that\H,,, andAS ., being temperature
wa=KTIN(pal'a An/87%) —kTINgs derivatives oprLA’p, are expperimentally, in fact,
—kTIn<ex;{—BA(RA)/kT]> (3 the temperature derivatives of the product of tem-
) o perature and the logarithm of the Ostwald absorp-
where BA(R,) is the binding energy of one A {ion coefficient. They are the more appropriate
molecule, atRy, to all the other molecules of the yajyes to use when analyzing the vapor transfer
system at some specified configuration, gndis  process, because they directly reflect the environ-
the number density of A. Ben-Nairf5—7] refers ment of the transferred particle in its fixed position
to the last term as the workbinding or coupling  and do not require a physically unreal, hypotheti-
energy required to add a molecule of Ain afixed g or arbitrary standard state of, for instance, unit

location and orientation to a given concentration mo|e fraction of A surrounded by all B molecules,
of A and B moleculedthat is, either of the states o ynjt molality [5,6].

K or S in the process in Edl)]. He then goes on
to combine the last two terms of E(B) into what
he calls a pseudo-chemical potential,’ such

that: The standard enthalpy and entropy of solution
MA=p«’A+kT|n(pATAAA/87T2) (4) transfer processe€n our case, vaporizationfor
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
are real and measurable—as we see belpwr]. and coefficients of thermal expansion at the same
The second part of, in Eq. (4) was labeled  omperature and pressure, corrections are required
by Ben-Naim as the ‘liberation free energfB— t0 CONVertAH,, and AS%., and AHT,,and AS™,,

7]; it comes about when the added molecule of A (ya1yes obtained using mole fractions and molality,
is allowed to move about the whole system vol- respectively to AHY,, and AS"!
Vi

: ) Vap (Values obtained
ume,V, and rotate over the full orientation space, using molarity dath appropriate to the process in

8m2.
Eq. (1.
For the transfer of a molecule of A from phase | heir most general form, whereby solutions
S to phase K, the change in the chemical potential 4 oy concentration can be accurately dealt with,

is thus: the complete corrections for converting mole frac-

AMA=MK—M§=M'A<—M'AS+kT|n(pAK/9AS) (52 tion- and molality-based transfer quantities to
o KIS molarity-based quantities require the dengityin
=Ap/a+ATIN(pR/pR) (Sb) g cm~3), coefficient of thermal expansiow, and

At equilibrium for the transfer of a solute either the ‘average molecular weight(M)=
molecule A from a solution of A in Blor A) to xiM,+x.M, wherex and the subscripts 1 and 2
the vapor of A, we have: have their usual meaning®f the saturated solu-

, , , tion and its temperature dependence, or the actual
Ap'a=pR—pa =kTIn® (6) molality, m, of IOthe saturaFt)ed solution and its
where the superscripts v and | indicate vapor and temperature dependence, all7aand P (typically
liquid, respectively, andpb is the Ostwald absorp- 25 °C and 1 atm. Information of this kind is
tion coefficient [normally defined as the ratio of almost never available from compiled tables or

2.1. Conversion of experimental data

wa’ is not a real chemical potential, because it
does not contain &Tlnp, term, nor is it a
measurable quantity. However, differencespip’
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reviews and often must be estimated from original
sources.
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constant-volume(1l) and constant-pressurél
atm) conditions for both the liquid and ideal vapor,

It is understood that the solute in its saturated there is noPV work done during our defined

solution is in equilibrium with its saturated, partial

pressure, the total pressure above the solutionis really the energy of vaporizatio

vaporization process. Thus, th&d}}, we calculate
Ve and we

being 1 atm. This means that, for a gaseous solutejmmediately recognize why theT term is always

at temperaturd, its partial pressure is 1 atm minus
the partial pressure of the solvent, while for a
solute that is a liquid or solid af, its partial
pressure is that of the pure compoufreglecting
solution non-idealities at 7. Thus, we have,
assuming the vapors are ideal gases:

AHY,— AHY o= RT(aT — 1

+TdIn(M)/dT) (7a)
AHY— AHu=RT|oT — 1+ (TM £1000)
X (dM/dT)/(1+mM/1000) | (7b)
ASM— AS% o= R(aT — 1+ TdIn(M)/dT
—In(1000p) +In(M)) (70)
ASY— ASTa=R|aT — 1= In(RT) ~Inp +1n
(1 +mM/1000)+ (TM,/1000)
(dM/dT)/(1+mM,/1000)] (7d)

where ¢dT 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:

AHY— AH = AHN 05~ AH™

= RT(ctoT — 1) (82
ASM — AS = ASM o5 AS™ o
—R[aT—1—In(RT/V,)] (8b)

where V, and o, are the molar volume and
coefficient of thermal expansion, respectively, of
the pure solvent af” and P. Care must be taken
that the value oR used in I{RT/V,) matches the
units of V.

It should be noted here that, by virtue of having

subtracted from botA /., and AHY,,above. This
result highlights one of the advantages, in terms
of theoretical treatments of liquids and solutions,
gained when using molaritthumber 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 Eg.(8b) to a total of
53 pure liquids at 25C.

Only a few of Frank’s[2] original data points
have been used. Instead, we have drawn upon data
compiled in the 13th edition dfange’s Handbook
of Chemistry [12] and The Thermodynamics of
Organic Compounds [13]. All additional informa-
tion (viz. ay and V, at 25°C) needed to convert
from a mole fraction to a molarity basis was taken
from either the references just mentioned or from
Organic Solvents [14]. We note in passing that
some of our converted entries for pure liquids
differ somewhat from those of Ben-Naim and
Marcus [15], 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 moi* K?* for the enthalpy
and entropy, respectively, because the original
graphs in[1,2,4 were plotted that way. Conversion
to units using Sl joules simply requires multipli-
cation by 4.184. For a tabulation of much of the
data graphed in this paper, sE#].

Fig. 1 is the usual B-B plot using mole fraction
unity as the concentration unit for the liquide.
the standard state is the pure liquahd the partial
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Fig. 2. Modified B-B plot for pure liquids based on nhumber density.

pressure of the vapor at 1 atm as the standard state The use of molar concentrations certainly does
for the vapor. Fig. 2 is the B-B plot employing not vitiate the relationship discovered by Barclay
molarity at 1 atm as the concentration unit in both and Butler, but it does cause some remarkable

the vapor and liquidi.e. inverse Ostwald absorp-
tion coefficiend, in accordance with the recom-
mendation of Ben-Nain{5-7]. Clearly, because

changes in the positions of the points for several
liquids. Most notably and surprisingly, the points
for methanol, water, hydrogen peroxide and hydra-

the concentration units have been changed, andzine, all of which lie above the original B-B line

the whole ‘liberation entropy’ removed as a con-
sequence, thds,,, values in Fig. 2 are consider-
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(l), 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.

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 toAS,,, that result from the
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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[17]. The fact that all the higher alkanols are still viewed in light of the strength of the intermolecular
above the new B-B line implies that, relative to forces, reflected byAHY,, which must be over-
the strength of their intermolecular interactions, come to remove the solute molecule in the first
their liquids possess some unusual degree of struc-place. Obviously, for completely structureless, iso-
ture, not inconsistent with the picture of winding tropic liquids, there is little restructuring required.
H-bonded chains presented by Jorgenke$i19. For liquids made up of large molecules or ones
Interestingly, ethyl ether, isopropyl ether and ethyl that engage in stronger, more directional interac-
acetate, all presumably non-associated, are alsations (viz. H-bonding that putatively create some
above the new, general line, again hinting at the degree of order, we would expect greater restruc-
presence of some sort of enhanced order, perhapduring. This presumably is reflected in higher
due to weak(H-bond interactions or packing  ASV,, (andAHY,) values. However, the molecular
considerations. Even more intriguing is the posi- rearranging needed to find another local-energy
tion of n-octane; but we refrain from further minimum for the four structured H-bonded liquids
discussion and speculation at this time. mentioned above might not be as extensive as

The observation that methanol, which, like its
homologues, exists in winding chains in the liquid
[19], and the other, relatively small H-bonded
liquids, generally considered to be structured, now
lie on or below the main line deserves special

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

comment. It is likely that all these liquids share
certain features, not present in normal liquids, that
lower theASV,, values from what might be expect-
ed given the type and strength of their intermole-
cular energies(as reflected byAHY,,). Water [19].
happens to be the most prominent and important In addition to the simplistic picture offered
example of the group, and we discuss it in more above, there are certainly other possible factors to
detail below. consider when explaining why the point for water,
Before we do so, though, we offer the following in particular, now lies below the new B-B line. It
general, heuristic discussion that might partly might be argued, for instance, that either water is
explain these surprising observations. Recall how not nearly as ordered or associated in the liquid
we dissected the actual transfer process @j. state as generally accepted, or, as for formic and
into two steps, first transferring a solute molecule acetic acids, a major portion of its vapor exists as
in a fixed position and then letting it translate and dimers[17]. (Note that both carboxylic acids fall
rotate over the available system space. Equivalent-more or less on the new B-B lineThe evidence,
ly, we can just as well place the origin of the however, for water being a highly structured liquid
coordinate system used to evaluate the integrals inis preponderant, and there is little indication that
Eg. (2a-Eq. (2¢) on a randomly selected, fixed water vapor exists as dimers at 26 and 1 atm
solute molecule that is either introduced or [10]. Instead, we believe that, precisely because
removed, and then let the surrounding solvent water is such a highly associated, structured liquid,
molecules move about it in response to achieve ait possesses certain features, not present in normal
new equilibrium configuratior5,6]. liquids, which cause thas)}, value to be dimin-
For the transfer process describing vaporization ished. For instance, if we accept that liquid water
of a pure liquid, the key question to ask is: How has a structure that is related to a distorted ice
much rearranging by the solvent molecules sur- lattice, and which possesses residual proton disor-
rounding the fixed molecule is necessary to return der, as assumed by Sceats and R&@ and Henn
to a local equilibrium configuration when the fixed and Kauzmanr21] in their random-network mod-
molecule is removed? Keep in mind throughout els of liquid water, then this contribution to the
this discussion that the}l, values should be entropy is lost when water is vaporized. In addi-

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
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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 zine as well. We also note that, based on their

extent of association in the liquid phase, the
intramolecular vibrational stretching frequencies of

relative positions, B O appears to be slightly more
structured than K O, which is generally acknowl-

water are considerably reduced compared to theedged to be the cadé].
vapor[10]. As a consequence, the liquid possesses The factors just described can only really be

a so-called zero-point distortion energy and con-
comitant entropy contribution not present in the
vapor [21]. 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 watg1] to be
more than 1.35 cal moft K! (5.65 J mof?
K~1) at 25°C. The addition of 1.35 cal mol
K~*to the waterAS,,, value would place it very
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

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

does not gain as much entropy upon vaporization majority of these data are taken from the seminal

as might be expected if only simple structural

paper of Frank and Evarid], but quite a few are

factors are considered. Similar arguments probably taken from the review by Wilhelm and Battino
apply to methanol, hydrogen peroxide and hydra- [22]. As the former[4] observed, the points for
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Fig. 4. Modified B-B plot for pure liquids and non-aqueous solutions using molarity.

solutions involving non-associated solvents lie on structure that exists in the solvent; when the solute
the B-B line obtained for pure, non-associated leaves, the solvent is able to return to its slightly
liquids. Solutions involving associated solvents lie more ordered, regular state.
slightly above this line, presumably for the same  We also mention in passing a couple of other
reason that most associated, pure liquids do. observations. It is surely significant that, despite
Fig. 4 dramatically shows the effect of using falling slightly below the normal B-B line as a
the molarity concentration scale. The points cor- pure liquid, as water does, solutions of hydrazine
responding to non-aqueous solutions are, if any- (data from[22]) are above the line. This is almost
thing, brought closer to the B-B line of Fig. 2, and certainly analogous to aqueous solutions and is
the line passes nearly, but not quite, through the suggestive of enhanced order in hydrazine induced
origin. Furthermore, there are now a considerable by the solutes. In contrast, solutions of ether,
number of points having negative values of exceptfor the ammonia one, fall below the general
AH,., even more remarkable, there are several B-B line, despite the fact that the pure solvent

solutions with negative values of AS,,, These
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 in-alkanes(data
from [22]) and those containing He and,H are,
not surprisingly, particularly prominent in this

itself clearly lies above. The point for ammonia in
ethyl ether(calculated from data taken frof23])
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-

regard. We propose that such solute atoms andlight the real advantage of using molarity units
molecules tend to loosen, or disorder, the local when determining transfer quantities because, by



A.R. Henn, W. Kauzmann / Biophysical Chemistry 100 (2003) 205-220 215

A Svap, cal/mol-K

45
n-pentanol <><>
40 - L Bu2NH
Et20 o
35| CeH14 ArPr o 7 Et3N
o o
L C5H12 ArEt

30 o O o

C4H10 CBH12 S hexylamine

SFe .-~ "CHCI3
25 - O
Cc3He .-~ ArMe
CF4() c2He ’

20 <

15

10 [0

— Mod. Normal B-B Line '

0 | | | | 1 | | | |
0 2 4 6 8 10 12 14 16 18 20

A Hvap, kcal/mole

Fig. 5. Modified B-B plot for aqueous solutions of non-electrolytes based on molarity.

removing the ‘liberation entropy’, valuable infor- Ben-Naim and Marcus in15]. Data for some
mation about the solvent and solvent—solute inter- aromatic hydrocarbon§25], alkanes[26], small,

actions is revealed more clearly. fluorinated compoundq27], and a few, poorly
soluble, higher amine$28] have been added to
3.3. Aqueous solutions of non-electrolytes the original Frank and Evans entries. The total

number of data points is 37.

Most of the data presented here were recalculat- Fig- 5 gives a plot ofAS,., vs. AH ,, for the
ed from the paper of Frank and Evap. Solu- removal to the vapor of a number of non-electro-
tions involving miscible solutes, except for lytes from water. The data points for all of these
ammonia, were omitted, since the conversion from Solutions, save ammonia, fall well above the mod-
mole fraction to Ostwald coefficients could not be ified normal B-B line (determined by the 53 pure
made accurately without knowledge of the actual liquids), still consistent with the proposal of Frank
solution data required in Ed.7a) and Eq.(7¢). and Evans that water undergoes unusual structural
Even though ammonia is highly soluble in water, changes in the vicinity of the solute moleclee.
we included it in our database because we were So-called ‘iceberg’ formation[4]). Indeed, we
able to obtain the saturated solution properties believe that, because hindered translation and rota-
mentioned in Section 2.Gfrom [12,24) necessary  tion contributions have been removed from the
to convert the vaporization quantities. The correc- entropy of vaporization, the concept of enhanced
tions employed differ from those afforded for pure structural changes occurring in aqueous solutions
water (although not substantially, because the of non-electrolytes is more clearly revealed and
molecular weight of ammonia is almost the same strengthened. Incidentally, as might be expected,
as that of water, and thus our converted values the n-alkanes andn-alkyl substituted benzenes
for ammonia disagree slightly with those given by separate into two groupings having different
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slopes. In general, as the solute size increases, savater in these solvents exists in polymeric form

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-

[31,33, which only complicates our interpretation
of the data. We have used dataom [29] and
[33-47) for solutions at temperatures bracketing
25 °C and which give a reasonably good linear
correlation(r?>0.925 between the natural loga-
rithm of the solubility and the reciprocal of the
absolute temperature. There are strong indications
[43] that the heat of vaporization for such systems
is independent of temperature near Za 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

ecules to rearrange and reduce the structure of neatelative errors of a few percent. For example,

water around it(i.e. be a so-called ‘structure
breaker), much like certain ions dd]. 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 @] and
Wolfenden and Radzick429] on the hydration
probabilities of protein cavities or the small-angle
neutron scattering studies of Dill et al30] 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

values of AH,,, for water in benzendthe most
frequently studied system because of the relatively
high solubility of water in benzeneranged from
4.10 to 4.96 kcal mol* and\S,,, varied from
7.82 to 10.21 cal mol* K?* (cf. Table 2.
Therefore, all results in this section must be viewed
with a certain amount of caution. Nevertheless,
the few AHg values generated by calorimetric
studies performed on water in hydrocarbons
(43,44, from which we can calculatdH,,, val-
ues, agree reasonably well with td7,,, values
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 lieibove the average
modified B-B line determined by the 53 pure
liquids. This is in strong contrast with solutions of
methanol and ethanol in hexadecddé], both of
which fall nicely along the normal B-B linécf.
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 &€ 25
Solvent class AHY,, ASY, Reference
compound (kcal mol™?) (cal mol™* K™1)
n-Alkanes
Pentane 1.55 3.238 [36]
Hexane 2.75 7.36 [36]
2.46 6.69 [41]
Heptane 2.53 5.44 [35]
2.85 7.81 [36]
Octane 2.28 591 [36]
1.91 4.61 [42]
Decane 2.25 5.93 [34
Undecane 2.22 5.84 [34]
Dodecane 1.67 4.12 [34]
Tridecane 1.45 3.49 [34]
Hexadecane 191 5.23 [34]
Branched & cyclic alkanes
Isopentane 2.38 6.12 [36]
Isohexane 2.99 8.15 [36]
Isooctane 221 5.67 [36]
Cyclohexane 191 4.67 [32]
2.92 7.99 [41]
1.40 4.68 [29
3-Methylhexane 2.89 8.00 [36]
2,2,5-Trimethylhexane 3.04 8.63 [36]
Benzene 4.10 7.81 [39]
4.96 10.1 [36]
4.25 7.96 [37]
4.38 8.90 [39]
4.81 9.56 [32)
4.53 8.58 [41]
Substituted benzenes
Toluene 4.64 9.57 [36]
4.80 10.4 [37]
5.52 12.5 [39
5.11 11.3 [40]
Ethylbenzene 3.39 5.88 [37]
4.35 9.01 [36]
4.19 8.45 [42]
Butylbenzene 3.80 7.35 [37]
o-Xylene 4.40 9.07 [36]
m-Xylene 4.85 10.8 [36]
Chlorobenzene 4.43 9.51 [37]
Bromobenzene 5.25 11.9 [37]
lodobenzene 5.37 11.9 [37]
1-Heptene 2.55 9.90 [35]
4.28 9.90 [40
Carbon tetrachloride 3.93 9.35 [32

4.35 10.8 [39]
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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 poif,4d, perhaps hints at similar behavior for the ammonia
the substituted benzenes and carbon tetrachloridemolecule(vide supra.
deviate the most from the normal B-B line. Unfor- Recently, Marmur[49] argued that the low
tunately, the present data are not of sufficient splubility of water in non-polar or slightly polar
quality or breadth, we believe, to observe firm jiquids (as well as the low solubility of non-polar
trends _W|th respect to carbon number_or chain gg|utes in wateris due solely to molecular aggre-
branching of the alkanes and alkyl substituents. gation of the solute, which he associates with a
We refrain from speculating much on the mean- general ‘solvophobic effect. In contrast, our

ing of any of these observations at this time. results indicate that water again exhibits its unusual

Ho_wever, we do offer our _results_as additional character. For, despite existing essentially as a
evidence for H-bond-like interactions between : )
monomer in nhon-polar solvents, water still appar-

water and aromatic ring§9,46,47, carbon tetra- ) X .
chloride [33,46 and double bond$48]. Further- _ently cau§es the§e solutions to dev_late from bel_ng
more, we suggest that, in a role reversal of sorts, /d€al or ‘normal’, at least as defined by their
water, due to its unique molecular character, induc- deviations from the Barclay—Butler plot.

es or enhances the degree of local structure, or Cléarly, the acquisition of more extensive and
order, in many of the solvents in which it is the better data would be desirable to increase our
solute. The mechanism for this postulated effect is Understanding of water in non-polar and slightly
probably related to the small size of water, its high polar solvents. Indeed, whereas Franks and Reid
dipole moment and its strongly directional bond- [50] years ago had called all such binary solutions
ing. Water may not be entirely alone in this regard, ‘normal’, our analysis indicates that many of these
though, as the point for ammonia in ethyl ether 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 molaritnumber 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 contributioikb-
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:&f-
ative entropy of vaporization, and the position of
water in various organic solvents. Solution transfer
gquantities 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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