J. Phys. Chem. 1992, 96, 38473855 3847

Entropy of Hydrophobic Hydration: A New Statistical Mechanical Formulation
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A new statistical mechanical formulation is presented for the entropy of solution of simple molecules in water. The formulation
is based on the Green~Wallace expansion for the entropy in terms of multiparticle correlation functions, which is derived
here for rigid polyatomic fluids and for mixtures. In the latter case, the ideal (combinatorial) entropy of mixing is identified
with the one-particle contributions, leading to an expression similar to that of Flory and Huggins. With a factorization assumption
for the solute-water correlation function, we have been able to separate the translational and orientational contributions
to the entropy of solution. This approach is applied to an infinitely dilute solution of methane in water. The required correlation
functions are obtained by Monte Carlo simulation. The orientational contribution, which is due directly to the orientational
asymmetry of water-water interactions, is found to be comparable to the translational contribution. We find that the large
entropies and heat capacities of hydrophobic hydration are well accounted for by solute-water correlations alone and that
large perturbations in water structure are not required to explain hydrophobic behavior.

Introduction

The solution properties of nonpolar compounds in water have
been a subject of intense research for almost six decades. Par-
ticularly intriguing has been the observation that at room tem-
perature dissolution is slightly favored by enthalpy, but strongly
opposed by a large, negative change in entropy."* These prop-
erties, and large positive heat capacities of solution, are the dis-
tinguishing features of what is commonly called hydrophobic
hydration. An example is given in Table I for the thermodynamic
properties of methane dissolved in water and in carbon tetra-
chloride. This peculiar balance between enthalpy and entropy
leads to an extraordinary temperature dependence of the ther-
modynamic behavior, such as solubility minima and lower critical
solution temperatures.> Much of the interest in organic aqueous
solutions has been stimulated by the suggestion that their properties
are important to association phenomena in aqueous environments,
such as formation of micelles, protein folding, and molecular
recognition.** The hydrophobic interaction is usually viewed as
a partial reversal of the solution process and has been shown to
be entropy driven at room temperature,*S although it gradually
becomes enthalpy driven as the temperature is increased.?’
Therefore, determination of the molecular origin of the observed
entropies of solution is imperative for understanding the mecha-
nism of the above processes and identifying the source of en-
thalpy~entropy compensation phenomena in water.?

The first widely accepted explanation for the thermodynamic
properties of aqueous solutions of nonpolar molecules was the
“iceberg” hypothesis of Frank and Evans,! which states that the
structure of water around nonpolar solutes is more “ordered” and
therefore more stable energetically than bulk water. This change
is brought about by strengthening or by an increase in the number
of hydrogen bonds between water molecules in the hydration shell.
A statistical mechanical implementation of these ideas can be
found in the theory of Nemethy and Scheraga,’ which was based
on justifiable, yet unproven, assumptions on the nature of water
and the type of structural perturbations induced by the solute.
Several experimental techniques!®!! have been used to substantiate

(1) Frank, H. S.; Evans, M. W. J. Chem. Phys. 1945, 13, 507.
(2) Privalov, P. L.; Gill, S. J. Adv. Protein Chem. 1988, 39, 191,
(3) Franks, F.; Reid, D. S. In Water, a comprehensive treatise; Franks, F.,
Ed.; Plenum Press: New York, 1973; Vol. 2, Chapter 5.
(4) Kauzmann, W. Adv. Protein Chem. 1959, 14, 1.
(5) Tanford, C. The hydrophobic effect, 2nd ed.; Wiley: New York, 1980.
(6) Tucker, E. E.; Lane, E. H.; Christian, S, D. J. Solution Chem. 1981,
10, 1.
(7) Evans, D. F. Langmuir 1988, 4, 3.
(8) Lumry, R.; Rajender, S. Biopolymers 1970, 9, 1125.
(9) Nemethy, G.; Scheraga, H. A. J. Chem. Phys. 1962, 36, 3401.

TABLE I: Solvation Thermodynamics (in Ben-Naim’s Standard
State) of Methane in Water and Carbon Tetrachloride at 25 °C

water? cCle
AS*/(cal/(mol-K)) -15.94 -1.7
TAS* /(kcal/mol) -4.75 -0.5
AH* /(kcal/mol) -2.75 -0.3
AG* /(kcal/mol) +2.00 +0.2

Ac,(cal/(mol-K)) +50.0,% +56.6¢ (0 to 10)¢

4Reference 48. ®Reference 45. “Reference 47. “From: Wilhelm,
E.; Battino, R. Chem. Rev. 1973, 73, 1, after change of standard states
according to ref 48. ®Although it is established that Ac, in organic
solvents is very small, accurate values are not available. The range
given is an estimate taken from: Eley, D. D. Trans. Faraday Soc.
1939, 35, 1421,

the iceberg hypothesis and to characterize the structural and
dynamic properties of hydration water, but such results are
amenable to many interpretations (see, for example, ref 12).

Another explanation was based simply on the directional, hy-
drogen bonding properties of water, which rearranges around the
nonpolar solute in order to maintain the maximum possible number
of hydrogen bonds.!? 1In this view, hydration water need not be
different from bulk water; only its orientational freedom is re-
stricted due to the inability of the solute to participate in hydrogen
bonds, which makes certain orientations of the adjacent water
molecules energetically unfavorable.!* Of course one could in-
terpret this orientational restriction as “ordering” and consider
it a more specific version of the iceberg hypothesis. It is, however,
a distinct mechanism, since no enhancement of water-water in-
teractions is invoked. While orientational preferences have been
observed in computer simulations,'* no quantitative assessment
of the contribution of this factor to the entropy has been made
due to the lack of a direct, theoretical connection between the
entropy of solution and angular probability distributions.

An entirely different point of view has emerged since the work
of Pierotti, who applied scaled particle theory (SPT) to the
calculation of thermodynamic properties of solutes in nonpolar

(10) Franks, F. In Water, a comprehensive treatise; Franks, F., Ed.; Ple-
num Press: New York, 1975; Vol. 4, Chapter 1.

(11) Huot, J.-Y.; Jolicoeur, C. The chemical physics of solvation; Elsevier:
Amsterdam, 1985; Chapter 11,

(12) Muller, N. Acc. Chem. Res. 1990, 23, 23.

(13) Glew, D. N. J. Phys. Chem. 1962, 66, 605.

(14) Stillinger, F. S. Philos. Trans. R. Soc. London B 1977, 278, 97.

(15) (a) Geiger, A.; Rahman, A ; Stillinger, F. H. J. Chem. Phys. 1979,
70, 263. (b) Rossky, P. J.; Karplus, M. J. Am. Chem. Soc. 1979, 101, 1913.
(c) Pangali, C,; Rao, M.; Berne, B. J. J. Chem. Phys. 1979, 71, 2982. (d)
Postma, J. P. M,; Berendsen, H. J. C.; Haak, J. R. Faraday Symp. Chem.
Soc. 1982, 17, 55. (e) Alagona, G.; Tani, A. J. Chem. Phys. 1980, 72, 580.
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liquids!® and water.'” Although SPT is strictly a theory of simple,
monatomic fluids, the qualitative features of hydrophobic hy-
dration were reproduced surprisingly well, suggesting that the
microscopic structure of water is not directly implicated in the
solution thermodynamics. Stillinger improved SPT by considering
the effect of the hydrogen bonding structure of water on the
solute-water radial distribution function.!® Similarly, in the
integral equation theory of Pratt and Chandler,'® the hydrogen
bonding structure of water is taken into account only indirectly
through the use of the experimental O—O radial distribution
function and the density of water at different temperatures. Here,
as in the SPT theories, solute—water orientational correlations are
not evaluated as a separate contribution to the entropy. Despite
that, their prediction for the entropy of hydration of methane was
excellent. As recognized by several authors, the large negative
entropies of solution calculated by these methods for water com-
pared to nonpolar solvents are due to the smaller size of water,
and not directly to its hydrogen bonding properties.?2!

Computer simulations could in principle aid in deciphering the
molecular origin of the observed thermodynamic behavior. The
main obstacle is that the calculation of entropic quantities cannot
be easily accomplished. Free energy simulation methods developed
over the past decade have met with considerable success in cal-
culating free energies of solution but have not offered new insights
due to our inability to separate effectively the enthalpic and
entropic contributions to the free energy. Current methods for
doing so, either by finite-difference temperature derivatives?? or
by the simple difference between free energy and enthalpy, are
limited by high statistical uncertainties. Direct calculation of the
entropy would overcome these limitations and, perhaps more
importantly, provide an intuitive understanding of hydrophobic
phenomena. Such direct methods have been developed, for ex-
ample, to obtain the configurational entropy of macromole-
cules,*?* but extension to diffusive, fluid systems has only recently
been accomplished.2*26 The only direct method for calculating
hydration entropies?’ relies on the continuum approximation and
is intuitively appealing but lacks a rigorous statistical mechanical
basis.

In this work we present a rigorous statistical mechanical ex-
pression for the entropy of solution of a simple solute in water
in terms of translational and orientational correlations between
the solute and the solvent molecules. The leading terms in this
expression are evaluated by Monte Carlo simulations, enabling
us to examine quantitatively the influence of orientational re-
striction and relative solute/solvent size on the entropy of solution.
It is emphasized that this is not a theory or a model, since no
fundamental assumptions are made about the nature of liquid
water and its interaction with the solutes, other than accepting
an empirical energy function to be used in the simulations. In
addition to providing insights into the hydrophobic effect, this
formalism has proven useful in elucidating and unifying concepts,
such as the ideal entropy of mixing and communal entropy, within
the distribution function approach to the theory of the liquid state.

Entropy of a Pure Polyatomic Fluid

In this section an expansion for the entropy of a pure polyatomic
fluid is derived. The derivation is simplest in the canonical en-
semble and is similar to that of Wallace?>2 for a monatomic fluid.

(16) Pierotti, R. A. J. Phys. Chem. 1963, 67, 1840.

(17) Pierotti, R. A. J. Phys. Chem. 1965, 69, 281.

(18) Stillinger, F. H. J. Solution Chem. 1973, 2, 141,

(19) Pratt, L. R.; Chandler, D. J. Chem. Phys. 1977, 67, 3683.

(20) Lucas, M. J. Phys. Chem. 1976, 80, 359.

(21) Lee, B. Biopolymers 1985, 24, 813.

(22) Brooks, C. L., I11. J. Phys. Chem. 1986, 90, 6680.

(23) Karplus, M.; Kushick, J. N. Macromolecules 1981, 14, 325.

(24) Edholm, O.; Berendsen, H. J. C. Mol. Phys. 1984, 51, 1011.

(25) (a) Wallace, D. C. J. Chem. Phys. 1987, 87, 2282. (b) Wallace, D.
C. Phys. Rev. A 1988, 38, 469. (c) Wallace, D. C. Phys. Rev. A 1989, 39,
4843, (d) Wallace, D. C. Proc. R. Soc. London A 1991, 433, 615.

(26) Baranyai, A.; Evans, D. J. Phys. Rev. A 1989, 40, 3817.

(27) Rashin, A. A,; Bukatin, M. A. J. Phys. Chem. 1991, 95, 2942.
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The nomenclature used is a combination of that of Wallace and
that of Gray and Gubbins.?

Neglecting intramolecular degrees of freedom, the classical
canonical partition function for NV molecules of a polyatomic fluid
in a volume V at temperature T is

1
0= h:NN!o.NZ

zZ= f exp(—BHy) dr¥ dp” dwV dIV )

(1

where Hy is the Hamiltonian, ¢ is the symmetry number (2 for
water), & is Planck’s constant, s = 5 for linear and 6 for nonlinear
molecules, 8 = 1/kT, k is Boltzmann's constant, r¥ is the Cartesian
coordinates of the N molecules, pV are the linear momenta, w"
are the Euler angles (dw = sin 8 d8 d¢ d¢), and J" are the angular
momenta. We define two probability distributions: the dimen-
sionless canonical probability distribution

v = exp(-8Hy)/Q (3)
which is normalized to
f P’y dr¥ dp¥ dwV dIY = pVNIGN (4)

and a second, related distribution function
Py = exp(-BHy)/Z )]

which is normalized to unity. Py gives the probability of N
specific, distinguishable molecules having certain positions, ori-
entations, and momenta. The probability of N indistinguishable
molecules occupying the same point in phase space is

fnv = NieVPy = Py /hN (6)
In addition, one can define partial, n-particle distribution functions:
P = [ Py drr dptr dur dgv (7

M
fip = (TV—:T)!U"PW =

1 - f fv deVn dpin de-n dNn (8)

(N - n)le™
which are normalized to
f P dr dp do” dJ" = 1 (9a)
f P drr dp” do” 4" = (N—TWU (9b)

The function f{P(r"p",w"J") is the probability that the point
(r",p",w"J") in phase space is occupied. The entropy is

k
PP f Py In P’y dr¥ dp” deV d3¥
k
=K N N dpN dwN dJV
o f fv In (B5Nf) dr? dp¥ dw dJ

Our approach will be to factor fy in such a way that the entropy
is expanded in terms involving one-particle, two-particle, etc.,
correlations. This can be accomplished in the following way:

Sy = D) RQ) .. WD) g0 (11a)

where fi)(r;,p,w.,J;) is denoted by f4(7) and g™ (r¥,w") is the
N-molecule correlation function, which depends only on positions
and orientations. The partial distribution functions are factored
in a similar way:

S =) HQ) . W) g0

SN=—

(10)

(11b)

(28) Green, H. S. The molecular theory of fluids; North-Holland: Am-
sterdam, 1952,

(29) Gray, C. G.; Gubbins, K. E. Theory of molecular fluids; Clarendon
Press: Oxford, U.K., 1984; Vol. 1, Chapter 3.
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Since momenta are uncorrelated to positions and orientations,?
we can also factor the one-particle distribution functions

m)(rhpl""l"‘]) = p(p) p(J}) p(ry,01) (12)

where p(p,), p(J,), and p(r;,®,) are the probability distributions
of linear momenta, angular momenta, and position/orientation,
respectively. These are normalized to

f p(p) dp, =1
frapas =1

f p@,0) dr, do; = No
The N-molecule correlation function is factored as follows?528
EM(Y 0™ = gd(1,2) ... ZON-1,N) 5g9(1,2,3) ...
SgD(N-2,N-1,N) ... 5g™(1,...N) (14)
where dg is defined by the relationship
£9(1,2,3) = g9(1,2) g(1,3) g2(2,3) §g(1,2,3) (15)

and similarly 8g through 6g™. In the above factorization for
&M we have (1/2)N(N - 1) pairs, (1/3))N(N - 1)(N - 2) triplets,
etc.

With this factorization we write

RNy = BP(1) BAPQ) ... PV gM (o) (16)
so that

(13)

In (BNfy) = ?151 In (BfP@E)) + In g™ %))

= Nin (k) + SNV - 1) In g +

%N(N C1)(N=2) In 5g® + ...
where the summation over the one-particle distributions is replaced
by a product because all particles are equivalent. Substituting
this equation into the entropy expression leads to the desired
expansion for the entropy in terms of one-particle, two-particle,
three-particlc etc., correlations:

Sy=-—0 f fv In (RSP drV dp¥ deV dIY -

e N -1
zfvv - ) f fvIn g® dr¥ dp¥ dw dIN -

KN(N = 1)(IV - 2)
e f fvIn 6g® de¥ dp¥ dw dIN -

=_1:. S0 10 (ef) dr, dpy de, 4T, -
) 3 de3 dn? des? dI3 —
R T

Using the factorization of f3 (eq 12), we can integrate over the
momenta. For a homogeneous fluid, the one-particle density
p(r;,w;) is constant and, from eq 13, equal to No/QV where Q
= {dw [Q = 4~ for linear molecules, and @ = 8=2 for nonlinear
molecules]. With these substitutions we obtain the desired final
result

- (18)

Sy = _ﬂ?_ff}v) In (B5f3)) dp, 43, -
f P In g® dr? dw? - —-f g% In 5¢ dr’ do’ -
(19)

where p is the number density N/V. The above expression is
closely analogous to that of Wallace for a monatomic fluid?* and

292
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reduces to it if we omit the constants o and Q, and the integrations
over orientations and angular momenta.

Equation 19 is an interesting expression for the entropy, since
it offers a connection between the entropy of a fluid and familiar
quantities, such as the pair correlation function. The one-particle
term in this equation is positive and represents, apart from the
momentum contribution to the entropy, the freedom of motion
of every particle throughout the volume of the system. For a
homogeneous fluid, the one-particle distribution is uniform. For
an inhomogeneous system or a crystal, where the one-particle
distributions will not be uniform but oscillatory, the one-particle
contribution to the entropy will be smaller, due to spatial ordering
of the particles. Thus the one-particle term contains the so-called
“communal entropy”, a concept used in older cell theories of the
liquid state.’® The two-particle term in eq 19 is negative and
represents the reduction in entropy due to correlations in the
positions of the particles. The “sharper” the pair-correlation
function is, the lower the entropy. This is reminiscent of Hertz’s
proposition!%3! of using the “sharpness” of the correlation function
as an indicator of the structural changes of water around a solute.
The present formulation allows a quantitative connection between
this measure of structure and entropy.

Truncating the series at the three-particle term in eq 19 is
tantamount to making the Kirkwood superposition approximation®
5g®, ..., 5™ = 1). That is, the terms beyond the second are
essentially corrections to the superposition approximation and can
be either positive or negative. While the above expression is exact,
its practical utility depends on its convergence, since the calculation
of correlations between more than two particles is very difficult
in practice. Applications of this approach to argon,® the
hard-sphere liquid,** and liquid metals?>® have been quite en-
couraging in that the sum of the first two terms in most cases
agrees well with the experimental thermodynamic entropy. A
different conclusion, however, was reached by Baranyai and Evans.
Using an alternate expansion for the entropy,¢ they found that
even inclusion of the three-particle term was not sufficient to bring
the calculated entropy up to the experimental value.”*> While
questions still remain about the nature and the convergence
properties of the different entropy expressions, we develop the
formalism for the problem of hydrophobic hydration, concentrating
on qualitative insights, rather than quantitative results, for the
hydration entropies.

Before we proceed, one more issue must be addressed. In the
canonical ensemble, because the number of molecules is constant,
the limiting value of the correlation functions is not unity but
slightly less than that. Therefore, the integrands in eq 19 do not
vanish at long distances, and thus the integrals contain contri-
butions from the entire volume of the fluid.26 In other words, the
integrals are not “local®. However, this will not be a problem in
the present work, since, as will be shown in a following section,
the required integral for an infinitely dilute solution is local.

Entropy of a Simple Mixture and the Ideal Entropy of Mixing

In this section an expression for the entropy of mixing two fluids
is obtained. For simplicity the derivation is given for two mon-
atomic fluids, but the final results hold for molecular fluids as
well. Consider M molecules of type A in volume ¥, and N- M
of type B in volume ¥ mixed at constant temperature and pressure
to a total volume V. The canonical partition function and the
entropy of the mixture are

1
BN(N - M)!M
—k

WN(N - M)IM!

0= f exp(-8Hy) dr¥ dp¥  (20)

N 210

f P’y In P’y drV dp¥

(30) Hirschfelder, J. O.; Curtiss, C. F.; Bird, R. B. Molecular theory of
gases and liquids, Wiley: New York, 1954; pp 273-276.

(31) Hertz, H. G. Ber. Bunsen-Ges. Phys. Chem. 1964, 68, 907.

(32) Kirkwood, J. G. J. Chem. Phys. 1942, 10, 394.

(33) Baranyai, A.; Evans, D. J. Phys. Rev. A 1990, 42, 849.
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The distribution function is given by

fv=(N-MMPy=Py/pN (22)
and is normalized to
v dr¥ ap¥ = (N - M1 (23)

The partial distribution functions here must be distinguished
by two indexes: one for the total number of molecules (#) and
one for the number of molecules of type A (m):

Py = f Py drvn dptr (24)

. (N - MM i

= MmN -M=ntmi ¥
1

M-m)(N-M-n+ m)!

Here f%" is the probability that a certain point in phase space is
occupied by m particles of type A and n — m particles of type B.

Performing the same factorization as before, we separate the
entropy into one-particle, two-particle, etc., terms

Sy =k [ ) In (BAD) dr, dp, -
KSR D) ar, dp, - 5 [ oatg n gt ar -
k f papo a8 n g8 - 5 [ ogtefi In g ar - . 26

where fi) = f\} and f{’ = f8}. By factoring the momenta out of
the one-particle distribution functions, we obtain for the one-
particle terms

S1p = kN { () In p(p) dp - k [ pa(r) In py(r) dr -
k { ps(r) In py(e) dr (27)

where, for a homogeneous system, p,(r) = M/V = p, and pg(r)
= (N-M)/V = pp. The one-particle terms for the pure systems
A and B are

Sipa = —kM [ p(8) In p(p) dp — k  pa(r) In pp(r) dr  (28)

Sipn = k(¥ = M) { p(p) In p(®) dp - k  ps(r) In py(r) dr
29)

Sty v ap (25)

where here p,(r) = M/V, and pg(r) = (N - M)/ V3.
The momentum terms in eqs 27-29 cancel, and thus the one-
particle contribution to the mixing entropy is
M N-M
AS1p=—len(?)—k(N—M)ln( 7 )+

len(M)+k(N—M)ln(N_M)

Va Vs

~ VA VB
=-kMin| 7 )-kv-mm| (30)

ﬂ—ul Pa) kx| 22 (31)
N C Ay L N7

where X, and Xy are mole fractions. If the particles are the same
size and the interactions between them are identical, then V' =
Va+ Vgand V,\/V = X,, Vi/V = X. In this case,

AS]p/kN=—XA lnXA"XB ln XB (32)

or

which is the well-known expression for the entropy of forming an
ideal mixture. One can also show that the second and higher order
terms in the entropy expression are identically zero in this case.
However, these terms are expected to contribute when the particles
are not the same size and/or the interactions between them are
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different. The question is then which expression, eq 31 or eq 32,
should one accept as the “ideal” (or “combinatorial” or “cratic”)
contribution to the entropy of mixing. Of course, what one calls
the ideal part of a nonideal entropy of mixing is a matter of
definition. However, our choice should be the one that separates
most clearly that part of the entropy due to specific interactions
of the solute with the solvent. Since AS), contains no information
on the specific interactions of molecules A and B (except implicitly,
in that they determine the total volume of the system at constant
T and P), it is this quantity that should be identified with the ideal
contribution to the mixing entropy and not eq 32. We will call
eq 31 the Hildebrand expression, since it was first derived by
Hildebrand based on intuitive arguments.3

Flory and Huggins, on the other hand, have shown that in
polymer solutions, the large deviations from Raoult’s law are due
to the disparate size between the solute and the solvent, rather
than disparate energetics.>® On the basis of lattice models, they
obtained the following expression for the combinatorial contri-
bution to the entropy of mixtures containing long, flexible mol-
ecules

c .
mix

"W = _XA In QA - XB In QB (33)
where &, and &g are volume fractions of A and B in the mixture.
This expression can also be obtained from the Hildebrand formula
by assuming no volume change on mixing. Although the validity
of the Flory—Huggins equation has been established for polymer
solutions, its application to mixtures containing small or bulky
molecules has long been debated.®® In such cases, the entropy
of mixing was shown to conform better to eq 32 rather than eq
33. For example, the entropy of mixing two hard-sphere liquids
of different molecular size is overestimated by the Flory-Huggins
formula, while it is slightly underestimated by the ideal mixture
formula.’” Since this mixing process occurs with a negative
volume change, one possible reason for the discrepancy could be
the inability of the Flory-Huggins expression to account for
changes in volume upon mixing. The Hildebrand formula, how-
ever, does account for such volume changes and would give an
entropy of mixing between these two limits. In addition, there
is a nonzero “packing” entropy contribution, represented by the
second and higher order terms in the entropy expansion. This
could well account for the remaining discrepancy between the ideal
and the actual entropy of mixing.

An alternative way of deriving eq 31 is through the expression
for the chemical potential. The chemical potential of a pure
component and that for the same component in a mixture is given
by

I“A.purc = ""rAe,spure + kT In (pA,pureAA3)
Bamix = Wnix + KT I (pamixAa®) (34)

where A, is the de Broglie wavelength. The first term in these
two expressions is the residual chemical potential, which can be
interpreted as the reversible work of inserting the solute A into
a fixed position in the solvent.’® The second term is the ideal
gas chemical potential (or “liberation free energy” according to
Ben-Naim?3), which, for a real fluid, contains the contribution
of momenta and the freedom of the molecules to “wander”
throughout the volume of the system. If we mix n, moles of pure
A and ng moles of pure B, the total Gibbs free energy of mixing
will be

(34) Hildebrand, J. H.; Scott, R. L. The solubility of nonelectrolytes, 3rd
ed.; Reinhold: New York, 1950; p 108.

(35) Flory, P. J. Principles of Polymer Chemistry, Cornell University
Press: Ithaca, NY, 1953; Chapter 12.

(36) Hildebrand, J. H.; Prausnitz, J. M.; Scott, R. L. Regular and related
solutions; Van Nostrand Reinhold: New York, 1970.

(37) Meroni, A.; Pimpinelli, A.; Reatto, L. J. Chem. Phys. 1987, 87, 3644.

(38) Ben-Naim, A. J. Phys. Chem. 1978, 82, 792.
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AGpix = NaBA mix + MBEB mix ~ PAMApurc ~ PBHB,pure

= na(kiimix = “rpnr:) + ”B(ﬂtfmi; 5 -""E.spuu) +
maA L’ naAy’
nAkT(ln (T)—ln( A +
npAg’ ngAyg’
HBkT(lﬂ( v )—]n( VB ))

which is separated into residual and ideal parts. The ideal part
is entirely entropic and can be set equal to — TASws". Thus

AS”—“' = —kna In E" = kﬂB In E
mix vV %

which is eq 31.

Finally, we should discuss the choice of standard state for the
thermodynamic quantities of solution. Following Ben-Naim,*
the “local” standard Gibbs free energy of solution, denoted here
by an asterisk, is identified with the residual part of the chemical
potential:

AG* = ui® (35)

As mentioned above, the ideal gas chemical potential contains the
contribution of momenta and the freedom of the molecules to
wander throughout the volume of the system. In the present
formulation, these contributions are included in the one-particle
term; thus the local standard (residual) entropy of solution cor-
responds to

AS* = AS, + ASy, + ... (36)

Entropy of Solution at Infinite Dilution

In this section we obtain an expression for the entropy of solution
of a monatomic solute (S) from an ideal gas (IG) phase into water
(W) at infinite dilution. The process we consider is

(1 molecule of solute, IG) + (¥ — 1 molecules of water) —
(S] W]

(1S + (N - 1)W mixture)
M]

The entropy of solution is given as
AS,y = Sy~ S5~ Sw

For comparison, the solute partial molar entropy at infinite dilution
in the mixture is

§=SM_SW

in the limit N — =, As above, one can derive an expression for
the entropy of the mixture M

SM = _k;‘f_m) In (HM) dl’l dpl d(lJl dJl -~
k [/ In (BA) drs dps -
Z%J‘f%lng@kvdrz dp? dus? dJ -
k
= J /8 In g dr, drs dp, dps dw; 43, -
%j‘mw In 8¢y dr’ dp® de? dJ® -
M3

%J‘fg{bw In 8g)w dr? drg dp? dps dw? dJ2 - ... (37)
a

where the subscripts S and W stand for the solute and water,
respectively. In the nomenclature of the previous section the
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Figure 1. Definition of the angles used to describe the orientation of
water molecules with respect to the solute S. xyz is the body-fixed
coordinate system.

distribution functions in eq 37 are fih, =%, /& = /¥, etc. The
entropy of pure water (W) is

Sw = -Efﬂ.‘) In (A*f})) dr, dp, dw, dJ, -
L 1M dAe? dn? de? d12 —
zﬁfj%lngﬂ‘,dr dp? de? dJ
o ( Rhuw In g P P d? B .. (38)

303
The integrations in eqs 37 and 38 are performed over the volume
of the system in each case.

For the ideal gas in the canonical ensemble, the contribution
of the multiparticle correlations to the entropy is not zero, but
k per molecule.?® The contribution of the two-particle term
amounts to !/,k, that of the three-particle term to ! /gk, etc. Thus,
the entropy of system S is

Ss ==k | SO In (B3f) dr, dp, + k()b + % + ..)

= ki, —In (oA} + k = kf}, — In (pA%)] (39)
The residual entropy of solution is
AS* = ASy, + ASy, + .. (36)

The pure water terms (g5, 824w, etc.) cancel in the limit N
— o, and thus

AS* = —Effg{l. In g dr, drg dp, dps dw, dJ, - 5k —

% o In gy dr? dirg dp? dpg do? 42 = Yok + .
(40)

with the major contribution coming from the two-particle term,
which can be further developed as follows:

k
AS,, =- ;J‘fwfglgg), In g dr, drg dp, dps dw, dJ; - Yok

= =% [ plev) plrs)e In g dr, drs du, ~ Yok (41)

For a homogeneous system, p(r,,w,) = (N = 1)o/¥Q and p(rs)
= 1/V. Substituting these and performing the integration over
rg, we obtain

k(N-1
P __‘_V!T’_fg@ In g, dr, dey - %k (42)

The radial distribution function g&}} depends on the distance
r between solute and solvent (the oxygen nucleus is taken as the
center of the water molecule) and the orientation of the solvent.
The orientation of a nonlinear molecule, such as water, is fully
described by three angles. The definition of these angles is given
in Figure 1. One of them (0) is defined as the angle between
the dipole vector (OZ) and the solute-oxygen axis (Z). The second
angle (x) is defined as the angle between the hydrogen-hydrogen
vector (H,H,) and the normal to the plane defined by Z and OZ.
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If we further define a coordinate system xyz fixed on the water
molecule as in Figure 1, then 8 and x are recognized to be the
Euler angles [ref 29, p 459] of this coordinate system with respect
to a coordinate system XYZ whose Z axis coincides with the
solute-water axis. The third Euler angle, ¢, characterizes rotation
around the Z axis. For a spherical solute the probability dis-
tribution will be uniform with respect to ¢. Therefore the exact
position of the axes X and Y is immaterial and we only need two
angles to specify the relative orientation of a water molecule with
respect to a spherical solute. The range of the angles will be 0—r
for 9, 0-2x for ¢, and 0-2x for x. For x, only the range 0—=
produces distinguishable configurations due to the symmetry of
water. However, since the symmetry number has been included
explicitly in the derivation, the integration in eq 42 should be
performed over the full range of x, 0-2.

We will now make a factorization “ansatz” for g&,. We will
assume that the orientational distribution is independent of distance
within the first hydration shell and neglect orientational corre-
lations beyond the first hydration shell:

gg"\ll(rso’d’sX) = ggW(r) 3(09)(&5)
ggz\{’(r’ey¢9X) = ggW(’)

where g5w is the orientationally averaged solute~oxygen radial
distribution function and ry;, is the radius of the first hydration
shell, defined by the first minimum of ggw. The above approx-
imation would certainly be poor for molecules of highly non-
spherical shape, where the ability of these molecules to rotate varies
rapidly with intermolecular distance. Water, however, is nearly
spherical around the oxygen. Indeed, most water potentials have
a single van der Waals interaction site located at the oxygen
nucleus. Therefore, the rotation of water molecules is not inhibited
by van der Waals repulsions, but only by electrostatic interactions,
which vary smoothly with distance (~1/r). The neglect of
orientational correlations beyond the first hydration shell also
appears justified based on neutron and X-ray diffraction data,*
which show that orientational correlations in pure water die out
much faster than positional correlations and are virtually non-
existent between second and higher nearest neighbors. It is
reasonable to expect similar behavior for hydrophobic solute~water
interactions which are much weaker. In any case, the above
assumptions could be easily relaxed by calculating orientational
distributions as a function of distance within and beyond the first
hydration shell.

Since the orientational correlation function g(f,x,¢) will be
uniform with respect to ¢, we can set it equal to

g(0,x.0) = p(6,x)c
where ¢ is a constant determined from the normalization condition

of g

forr<ry, (43)

forrzrgy

§ e dr, do, = ¥R (44)
Now, since
fggz&l dr, dw, =
15 ®
S, gwan fp00cdoy + 0 f " gt dr (45)
we demand
S PO do, = @ (46)
so that
fo gwdr, =V (47)
Thus
Q

= (48)
27 f p(8,x) sin 6 d6 dx

(39) Narten, A. H. J. Chem. Phys. 1972, 56, 5681.
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With this factorization ansatz we have separated the two-
particle term into translational and orientational contributions:

ASZp =
k N-1
( ) fg’sw In giw dr; — 4k~ (translational)

k(N
-E—— f p,x)c In {p(8,x)ct dw;  (orientational) (49)
where V; = {# ghw dr,. The quantity (N - 1)V,/V = pyV,, where
pw is the number density of water, is the coordination number
of the solute.

The form of eq 49 allows a qualitative discussion of the factors
that determine the entropy of solution. First, the residual entropy
of solution is due to the introduction of translational and orien-
tational correlations between the solute and the solvent molecules.
For a solvent that does not orient preferentially with respect to
the solute, p(8,x) will be uniform (p(6,x)c = 1) and the orien-
tational contribution will be zero. Water, however, is known to
orient itself in such a way as to optimize its interaction energy
with its water neighbors. This is expected to lower the entropy
of solution according to the equation above.

It has been observed experimentally that a correlation exists
between the solution thermodynamic properties and either the
exposed surface area* or the number of water molecules in the
first hydration shell.2 The linear dependence of the orientational
entropy on the coordination number is explicitly shown in eq 49.
In addition, the translational entropy should depend on the size
of the solute too. As the solute size increases, the peaks of the
radial distribution function will move to greater separations and
thus make a greater contribution to the integral. An alternative
rationalization of this effect could be that the packing of solvent
around the solute becomes “tighter” as the relative size of the solute
grows,*! thus restricting the “free volume” of the solute. This is
exactly the effect accounted for by scaled particle theory, which
nevertheless neglects entirely the orientational term.

Finally, since the normalization condition for g&y is given by
eq 47, the limiting value of g§y at long separations should be unity
and thus the integral of giy is local. Therefore, no corrections
are needed for long-range contributions when this integral is
calculated from computer simulations.

Application and Results

Equation 49 suggests a direct method of calculating the entropy
of solution, at least within the superposition approximation: the
distribution functions gfw(r) and p(6,x) can be obtained by
computer simulations. This method is illustrated here by ap-
plication to a simple model system, methane in water. Monte
Carlo (MC) simulations of one methane molecule in 215 water
molecules have been performed using Jorgensen’s BOSS program,*2
modified to calculate the required orientational distribution
function. Methane was represented by a simple Lennard-Jones
particle (¢ = 3.73 A, € = 0.294 kcal/mol), while the TIP4p model*?
was used for water,

A sensitive test of the method should be the variation of entropy
with temperature. Thus, we performed a number of simulations
between 5 and 65 °C at a constant pressure of 1 atm. [Strictly
speaking, the present formulation requires simulations at constant
volume rather than pressure. We have verified, however, that this
leads to no systematic differences in the calculated entropies.] This
allows the calculation of the heat capacity increment from

_ (aaH* IAS*
ACP‘( oT )f’( 3T ) G0

(40) (a) Hermann, R. B. J. Phys. Chem. 1972, 76, 2754. (b) Reynolds,
J. A.; Gilbert, D. B.; Tanford, C. Proc. Natl. Acad. Sci. USA 1974, 71, 2925.

(41) Lee, B. J. Phys. Chem. 1983, 87, 112.

(42) Jorgensen, W. L. BOSS, version 2.8; Yale University: New Haven, CT,
1989

(43) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
Klein, M. L. J. Chem. Phys 1983, 79, 926.
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Figure 2. Methane-water oxygen radial distribution function at 25 °C.
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Figure 3. Contour plot of the calculated orientational probability dis-
tribution p(8,x) of water molecules in the first hydration shell of methane
at 25 °C. Arrows indicate the direction of increasing probability. Letters
denote characteristic orientations: (A) hydrogen radially inward (§ =
125°, x = 90°); (B) hydrogen radially outward (§ = 55°, x = 90°); (C)
lone pair radially outward (# = ~125°, x = 0°); (D) lone pair radially
inward (8 = ~55°, x = 0°).

Each MC run consisted of 5 million (or more) configurations for
equilibration and 20 million for sampling, which was found ad-
equate for convergence of the distributions. All simulations were
performed on a SGI 4D-220 workstation. On this machine, §
million configurations of our system took about 28 single processor
CPU h. The preferential sampling* facility of Boss was employed.

The calculated methane-water radial distribution function is
shown in Figure 2. The size of the first hydration shell and the
coordination number were found to be approximately the same
at all temperatures (7, = 5.4 A, Nopoq = 20.25 £ 0.4). For the
calculation of p(6,x) a two-dimensional histogram was prepared
with data taken from the first hydration shell. Because the
probability distribution is symmetric around x = 90 °C, the range
of the histogram was O— for 6 and 0—/2 for x. The probability
distribution is obtained from this histogram after dividing by sin
8, to account for the dependence of the volume element on 6. To
assess the systematic error arising from discretization and the
artifical “roughness” in the calculated distribution, a number of
interval sizes were used for the histogram: 3°, 6°, 10°, 15°, and
18°. According to the suggestion of Edholm et al.,2* the best value
of the entropy, S, can be obtained from the formula

S(n) = Sg- nA + 52 (51)
n

through a best fit of the constants S, 4, and B to results S(#n)

(44) Owicki, J. C.; Scheraga, H. A. Chem. Phys. Lett. 1977, 47, 600.
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Figure 5. Orientational contribution to the entropy of solution (in entropy
units) as a function of temperature.

obtained with different numbers of intervals n. After we used
this formula for a number of results, we found that the 6-deg
interval was always closest to the best value, and we subsequently
used the results for this interval. For the radial distribution
function the interval 0.1 A was used.

The calculated orientational distribution function p(6,x) at 25
°C is shown in Figure 3. The letters A-D denote characteristic
orientations of the water molecules around the solute. From this
figure it is concluded that the orientations where one of the vertices
of the tetrahedral coordination of water is pointing outwards (B
or C) are most probable, while those orientations where one of
the vertices points toward the solute (A or D) are least probable.
This is an expected result and has been observed in many previous
simulations.> At 25 °C, the relative probability of the orientations
is approximately 1:20:20:4 for A:B:C:D, respectively. The cal-
culated orientational distribution was similar at all temperatures,
while the peaks of the maxima become less pronounced at higher
temperatures.

For the translational entropy in eq 49, we calculated the radial
distribution function (RDF) up to a distance of 8 A, assuming
that beyond this distance the function takes its limiting value of
unity. For internal consistency, we required that the integral of
the RDF up to that point is equal to the volume of a sphere of
radius 8 A and enforced this by scaling the RDF by a constant.
The results for the translational entropy are shown in Figure 4.
All quantities are per mol of solute. The error bars were estimated
here as the maximum deviation between the result from the full
20 million data points and those from different subsets of 15
million data points. The calculated orientational entropy is shown
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TABLE II: Standard Entropy of Solution of Methane in Water at
Several Temperatures Calculated by Monte Carlo Simulations [All
Values in eu (1 eu = 1 cal/(mol-K)); Experimental Values Given in
Parentheses]

T/°C translational orientational total
5 -119%£12 -83+£12 -202z%17
15 -11.5+£02 -82+£06 ~19.7+06
25 -94£03 -66x05 -160%0.6
(-15.94,7 -15.43%)
35 -88+£03 -60£04 -148x05
45 -91£03 -57@02 ~148%04
55 -80£04 -46£03 -126%05
65 -81£02 -44x£05 -125%05
Ac, at 25 °C 28.3 23.9 52.2
(56.6,% 50.0°)

dAc,/dT at 25 °C -0.92 -0.31 -1.23

(-0.25,2 ~0.179)

4Reference 48. Yvan’t Hoff analysis of gas solubility.*’ <Direct ca-
lorimetry.**

in Figure 5. The error bars were obtained as above. As expected,
both contributions diminish with increasing temperature.

To obtain the heat capacity increment, the results were analyzed
in exactly the same way as experimental data.**#¢ Using eq 50,
the entropy is expanded in Taylor series around a reference tem-
perature §

Ac,(6)

AS* = AS*(6) + (T - 0) +

dAc, Acy()
—[9( dT) 5 ](T N2+ ... (52)

Truncating the series at the third term and performing a least-
squares fit, we obtain Ac,(25 °C) = 52.2 cal/(mol-K) (28.3
translational and 23.9 onentatlonal) and (dAc,/dT)(25 °C) =
-1.23 cal/(mol-K?) (-0.92 translational and —0. 31 orientational).
The experimental values are Ac,(25 °C) = 50.0 £ 0.7 cal/(mol-K),
(dAc,/dT)(25 °C) = -0.25 A 0.05 cal/(mol-K?) from direct
calorlmetx'y“5 and Ac,(25 °C) = 56.6 + 0.7 cal/(mol-K),

Ac,/dT)(25 °C) = —0 17 % 0.14 cal/(mol-K?) from van’t Hoff
analysns of gas solubility data.*’

These results are summarized in Table II and plotted, along
with experimental values, in Figure 6. The total entropy of
solution at 25 °C is found to be =16 + 0.6 eu, which is virtually
identical to the experimental value (-15.94 eu*). This excellent
agreement must be, at least in part, a result of cancellation of
errors. The agreement is less satisfactory at other temperatures.
This leads to an overestimation of the temperature dependence
of the heat capacity increment.

Conclusions

Our statistical mechanical formulation as applied to methane
in water allows two important conclusions to be drawn about the
molecular origin of the large hydrophobic entropies of hydration.

(a) A significant portion of the entropy of solution (35-42%,
see Table II) is due to reduced orientational options for water
molecules interacting with the solute. It is important to note,
however, that statements such as “hydration water has lower
entropy than bulk water” are not strictly correct. The orientational
entropy defined here refers to correlations between solute and
water molecules and cannot be “assigned” to water alone (see also
ref 48, p 2025). The existence of orientational preferences by no
means implies that hydration water is less “mobile” or more
“ordered” than bulk water, as suggested elsewhere.!> Water
molecules in the hydration shell of another water molecule will

(45) Naghibi, H.; Dec, S. F.; Gill, S. J. J. Phys. Chem. 1986, 90, 4621.

(46) Clarke, E. C. W.; Glew, D. N. Trans. Faraday Soc. 1966, 62, 539.

(47) Rettich, T. R.; Handa, Y. P.; Battino, R.; Wilhelm, E. J. Phys. Chem.
1981, 85, 3230.

(48) Ben-Naim, A.; Marcus, Y. J. Chem. Phys. 1984, 81, 2016.
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Figure 6. Total entropy of solution calculated by the present method
(filled circles). Experimental values are indicated by the open circles
(data from ref 47, after change of standard states).

also exhibit strong orientational preferences, presumably the
opposite of those observed next to nonpolar solutes.

(b) The contribution of translational correlations seems to be
higher than in nonpolar solvents. For example, the standard
entropy of solution of methane in CCl, is ~1.7 eu (Table I) and
that of xenon in a great number of organic solvents is on average
-4.1 £ 0.5 eu*® The two-particle entropy of the Lennard-Jones
fluid at high densities has been calculated to be —5.5 to -7 eu at
reduced temperature 1.15.2 Apparently, the small size of water
is involved in increasing the translational contribution. Scaled
particle theory would be expected to predict this effect with
sufficient accuracy, since the translational term in the present
formulation corresponds to the entropy of solution in a fluid that
has the density, packing fraction, and radial distribution function
of water but no orientational degrees of freedom. However, the
fact that this theory has given entropies of solution as high as the
experimental ones, while totally neglecting the orientational
contribution, suggests that the translational contribution must be
overestimated by SPT. The source of the error may lie with the
use of the actual thermal expansion coefficient of water in the
SPT formulas. Our calculations with SPT show that if the the-
oretical, hard-sphere expansion coefficient is used, the translational
contribution does increase with size disparity between solute and
solvent, but only moderately and not dramatically as in the original
SPT calculations.'”?® This issue will be addressed in a later
publication. Within the present formalism, further work is needed
to characterize the dependence of the translational contribution
on relative solute-solvent size. To this end, simulations of a variety
of solutes in water are currently underway in our laboratory.

The observed temperature dependence of solute—water orien-
tational correlations suggests a mechanism for the change in the
nature of hydrophobic hydration from entropic to enthalpic as
the temperature is raised. If water molecules oriented randomly
with respect to the solute, the orientational contribution to the
entropy of solution would vanish and the enthalpy of solution would
be positive due to the loss of hydrogen bonding interactions. This
hypothetical solvent can be identified with what Frank called
“inhibited water™. In actuality, water will seek an orientational
distribution which corresponds to a state of minimum free energy.
At low temperatures, enthalpic contributions to the free energy
are more important and water molecules sacrifice orientational
freedom in order to minimize interaction energy. This is consistent
with Shinoda’s statement that, at lower temperatures, water re-
organization (“iceberg formation”) enhances solubility.s! As
temperature is increased, however, entropic contributions to the
free energy prevail and the orientational distribution becomes more

(49) Pollack, G. L. Science 1991, 251, 1323.
(50) Cited in ref 7.
(51) Shinoda, K. J. Phys. Chem. 1977, 81, 1300.
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and more uniform at the expense of enthalpy. Thus, the hydro-
phobic effect may appear entropic in some instances and enthalpic
in others.

The numerical resuits from the present study at the superpo-
sition approximation level are judged to be quite satisfactory. We
need to note, though, that the empirical potential used for water
has been parametrized with data at 25 °C only,* and the degree
to which it reproduces the structure of water at other temperatures
is not known. This may be one reason for the discrepancies in
the calculated entropies at higher temperatures (Figure 6). In
any case, more work is needed to ensure that the agreement is
not entirely fortuitous. First, the basic assumption, namely, the
factorization of the radial distribution function, should be examined
independently. Geiger et al.!** have reported that two different
subshells of the first hydration shell are characterized by different
orientational distributions. If this is the case, averaging over the
whole hydration shell might result in an underestimation of the
magnitude of the entropy. In contrast, no subshells in the radial
distribution function could be discerned in this work (Figure 2),
or in calculations by others.’?® Zichi and Rosskys?® also found
no differences in orientational preferences within the first hydration
shell and only a slight broadening of the peaks in the orientational
distribution function. Furthermore, the distributions calculated
by Geiger et al. appear quite noisy, and therefore the differences
they observed may be due to inadequate sampling. The possibility
of longer range orientational correlations, e.g. in the second hy-
dration shell, should also be examined.

Second, the accuracy of the calculation of the translational
entropy should be improved. This contribution is very sensitive
to the values of the radial distribution function at relatively long
separations, just before it reaches unity. Therefore, one needs

(52) (a) Rossky, P. J; Zichi, D. A, Faraday Symp. Chem. Soc. 1982, 17,
69. (b) Zichi, D. A.; Rossky, P. J. J. Chem. Phys. 1988, 83, 797.

very accurate estimates of the RDF at that range of separations.
Finally, the contributions from the terms omitted in the entropy
expansion in eq 40 should be examined. Particularly interesting
would be the three-particle solute—water—water term, which should
contain any “water-structure enhancement” effects. Structure
enhancement or increased hydrogen bonding would be manifested
in enhanced correlations between water molecules in the first
hydration shell.52 There has been conflicting evidence about this
in the simulation literature. Alagona and Tani!* have calculated
water—water radial distribution functions in the bulk and in the
hydration shell of argon and found no appreciable difference.
Differences, however, were observed in the calculations of Geiger
et al.!® Several studies have found a slight enhancement in
water—water interaction energy near nonpolar groups.**<2® From
the results of the present work, water-structure enhancement is
not required to explain the large entropies of solution, in accord
with Stillinger’s view.!* The major contributions to the entropy
come from solute-water correlations.

As to the question of utility of the entropy expansion for
practical, quantitative calculations, we believe that the conclusion
of Baranyai and Evans®® needs to be reexamined. In addition to
improving the numerical accuracy of the calculations, another
possible direction for future work would be to develop and test
alternative factorization/reduction schemes for the N-particle
correlation function.
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The critical properties of binary mixtures containing hydrogen + argon, nitrogen, carbon monoxide, carbon dioxide, methane,
and ethane are calculated and compared with experimental data. The properties of these mixtures are likely to be influenced
by the quantization of translational motion at high densities. It is shown that the addition of a theoretically based quantum
correction term to the equation of state can dramatically improve the quality of the agreement between theory and experiment.
Even the simple van der Waals equation can then be used to calculate the critical properties of these mixtures with a reasonable
degree of accuracy. The only additional experimental input data are the molecular weights of the constituent components.
The experimental £;, parameters obtained from the analysis indicate weak interaction between the different component molecules

of the mixture.

Introduction

The phase behavior of fluid mixtures is a direct manifestation
of the influence of intermolecular interactions. The diversity of
critical phenomena! is perhaps the most interesting aspect of the
high-pressure equilibria of binary fluid mixtures. The nature of
the critical line can be related, at least qualitatively, to the nature

(1) Van Konynenburg, P. H.; Scott, R. L. Philos. Trans. R. Soc. London,
Ser. A 1980, 298, 495.

of the components. For example, binary mixtures constituted of
components which differ substantially in size often exhibit lig-
uvid-liquid criticality,? and in some cases a discontinuity (i.e., type
IIT or type IV behavior) is observed in the gas-liquid critical
properties. This discontinuity of gas-liquid critical properties is
frequently observed in mixtures containing at least one polar
component such as water® or ammonia,* whereas a continuity of

(2) Hicks, C. P.; Young, C. L. Chem. Rev. 1978, 75, 119.
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