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Inhomogeneous Fluid Approach to Solvation Thermodynamics. 1. Theory
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The solvation energy and entropy at infinite dilution consist of a selstdvent term and a solvent
reorganization term representing the contributions of changes in solvent structure upon solute insertion. In
the standard, homogeneous treatment of solutions, changes in solvent structure are expressed through derivatives
of the homogeneous pair correlation function, which are very difficult to obtain by simulation. Tractable
expressions for the solvation energy and entropy are here derived by viewing the solution as an inhomogeneous
system with the solute fixed at a certain point. The solvent reorganization terms in the inhomogeneous view
contain two contributions: the local, “correlation” contributions, which are due to correlations between the
solute and the solvent and dominate at high densities, and the nonlocal, “liberation” contributions, which are
due to the effective dilution of the solvent caused by the thermal motion of the solute and dominate at low
densities. The liberation contributions are independent of the nature or size of the solute and depend only on
the properties of the solvent. For common liquid solvents the nonlocal terms are negligible and the solvation
properties arise almost entirely from effects localized around the solute. The new expressions are tested by
calculations of the solvent reorganization energy and entropy in ideal hard-sphere and Lennard-Jones mixtures
(solute identical to solvent). The solvent reorganization energy and entropy make distinct and significant
contributions to the solvation free energy. The theory can be applied to truly inhomogeneous systems as
well as small solute solvation, thus providing a connection between interfacial phenomena and microscopic
solvation.

I. Introduction been used to calculate the contributions of sehsmelvent
translational and orientational correlations to the entropy of
hydrophobic hydratioF¥—1> and the contribution of pair cor-
relations to the entropy of pure liquid watér.

The practical utility of the entropy expansion depends on its
tconvergence properties; i.e., whether accurate results can be
obtained with a small number of terms. In practice, only the
two-particle term can be calculated easily. Truncation of the
expansion at this level is equivalent to the Kirkwood superposi-
tion approximation (KSA}Y i.e., 5g® = 1 in the expression
for the triplet correlation function in terms of pair correlation
functions:

The thermodynamics of solvation, especially agueous solva-
tion, is rife with controversy. One source of confusion is that
several theoretical approaches to solvation exist and the cor-
respondence between the various terms appearing in differen
theories is not clear. Establishing a connection between
theoretical terms and the many intuitive ideas about solvation
has been difficult as well. This sometimes leads to different
qualitative conclusions as to the physical origin of the solvation
free energy. Another source of confusion is that because
solvation in real fluids is complex, insights are commonly
obtained by studies of simple hard-sphere (HS) or Lennard-
Jones (LJ) fluids. The conclusions drawn from these studies ®(1.2.3)= d?(1.2Yd?(1.3)d?2.3)5a®(1.2.3) (1

. ; . , 97(1,2,3)=97(1,2)g"(1,3)g"(2,3)0g(1,.2,3) (1)
are then extrapolated to real fluids. Since there is no unique . . ) .
way of doing this, the results may differ depending on the The KSA has been tested_ b)_/ simulations of simple fI_wd_s and
scheme of extrapolation adopted. Finally, much of the confusion W&s found to be qualitative correct but quantitatively

. . . 8—20 i i
stems from the fact that the nature of the entropic contributions iINadequaté®™2 Therefore, neglect of the third and higher
to solvation is not well understood. correlations is expected to lead to nonnegligible errors. How-

ever, most of the calculations on simple fluids listed above
showed that the two-particle term contribution to the entropy
agrees with the exact entropy to within 10 or 15%. Slightly
better or worse results are obtained depending on how the higher
order excluded volume terms are treated. In particular, if they
are determined in the incompressible fluid limit, truncation at
the two-particle level gives excellent agreement with the exact
entropy at high densities’6.1011 Even in liquid water the
truncated expansion gives results in close agreement with free-
energy simulations and experiméft.Explicit calculations of

« E-mail: themis@tammy.harvard.edu. Tel (617) 495-4102. Fax (617) the three-particle term for the Lennard-Jones flaidd the hard-

496-3204. After 9/98: Department of Chemistry, City College of New York, SPhere ﬂ_Uia indicate that this agreement probably results from
New York 10031. cancellations among the higher order terms. Nevertheless, these

A possible solution to the latter problem has emerged recently.
It is an expansion of the entropy of a fluid in terms of
multiparticle correlation functions? with the major contribution
coming from the two-particle term. The two-particle correlation
function can be readily and accurately obtained from simula-
tions. The method has been applied to a variety of simple fluids,
such as the hard sphere fldid, Lennard-Jones fluid&®2liquid
argon? mixtures of hard spheré8,as well as molten salfs,
liguid metals!! and model electrolyte’?. The method has also
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results are encouraging and warrant further development of thefluid mixtures. Application to an infinitely dilute mixture of
method, particularly for obtaining an understanding of the factors methane in water will be reported shortly.

involved in determining the entropy of liquids and liquid

mixtures. This is of primary interest since in most cases Il. Theory

experimental measurements of thermodynamic properties of A  Qverview of the Homogeneous Approach to Solvation
solvation of small molecules are either available or easy t0 gpergy and Entropy. If the potential energy of a pure

obtain and theory does not add anything if it only duplicates monatomic fluid is given by a sum of pairwise interactions, the

the experimental numbers. molar energy is given
To apply this distribution function approach to the problem
of solvation, we consider what happens when a solute is _3 1 )
dissolved in a solvent. The solvation energy is the sum of the &= "TkT+ /zpfg (r) u(r) ar (2)

solute-solvent interaction and the change in solvestlvent
interactions. Similarly, the solvation entropy arises from the
introduction of solute-solvent correlations and the changes in
solvent-solvent correlations upon solute insertidn. The
solute-solvent terms are similar to those for pure fluids and
can be easily evaluated. The solvesblvent terms are more ol @
difficult to obtain directly because they correspond to small s=s"+s7+s7+ .. ()
differences between large numbers. For example, the setvent . .

solvent energy before and after solute insertion will exhibit wheres‘ is the entropy of an ideal gas at the same temperature
statistical fluctuations as large or larger than the solvent and density Yok — k In(pA%) ands® + s + ... corresponds
reorganization energy itself. to the excess part of the molar entropy. The tegfisands®

. . can be expressed in terms of multiparticle correlation functions
In this paper we develop tractable expressions for the h P

1,2
solvent-solvent contributions to the solvation energy and as follows:
entropy by viewing the solution as an inhomogeneous fluid.
The src?lluteyis consi?jered “fixed” at the origin, so tr?at it generates P = —1/2kp f [9(2) In 9(2) - 9(2) + 1] dr (4)
an external field that creates solvent density fluctuations around
it. This trick (the “source particle method”) was first used by s = —(1/3)ko” [ g In 6g®® — g + 3gPg® — 3g® +
Percud! to derive integral equations through the technique of 1] dr dr' (5)
functional differentiation and was extended to polyatomic fluids
by Chandler et &2 More recently it was used to obtain accurate

-parti i ' in si 4 : . : " .
three partlcllt(a Cr? rrglatlon functions flln .ergplt_a fluﬁs?, l(;] theb ._respect to a central particlg® is the triplet correlation function,
present work, the inhomogeneous fluid device Is used to obtain ;4 543) js the deviation of the triplet correlation function from

the solvent reorganization thermodynamic properties. The o kKsa (eq 1). Baranyai and Evanshowed that eqs-35
inhomogeneous point of view has been taken in a study of the 5. yalid for both the CE and GCE.

solvation energ¥ and excess volume and compressibfityf For a binary solution of a solute s and a solvent w and for

a hydrophobic solute in water and in the prediction of the solvent pairwise additive interactions, the total energy is given by the
density distribution around biomolecul€s’® but a systematic  standard formula:

formulation of the approach for the calculation of thermody-

namic properties has not been presented. E—=3(N.+ N KT+ N dr +
In the paper we employ the canonical ensemble (CE) because™ 2Ns ) Sp""fgs‘“ps"" '

it is coqceptually aqd formally simpler and gives partial molar 1/2N 0 fgs u.dr + 1/2NWPW fgwwuww dr (6)
properties in a straightforward way (we have no control over

the number of particles in the grand canonical ensemble (GCE)). ,here N. and N,, are the number of molecules of solute and

It is emphasized that although we are using the CE, we considersowem’ respectivelyps and pw the solute and solvent number

solvation at constant pressure. That is, when a solute is inserteddensities, respectivelg; the PCFs, and the pair interaction
into a volumeV, of pure solvent, we allow the volume of the potentials.

mixture to increase by the partial molar volume of the solute ~ The analogous expression for the total entropy of the system
so as to keep the pressure constant. However, each of the twqgs1,13
systems, the pure solvent and the mixture, are treated in the

CE. 5 3 5 3
S=N,/k—KklIn + N,k — kIn(p,Ay)) —
Section Il presents the inhomogeneous fluid theory of {72 (P Nol(T (PwA))

solvation. For simplicity, the development will be performed  kNyp,, [ (9g IN Gs = Gsy + 1) o — /kNop, [ (GesIN G —

for monatomic solvent particles. The equations can easily be 1

generalized by adding integrations over orientational degrees  9sst 1) dr — /2kNNow(9ww IN g,y — Gy 1) dr + ...

of freedom and dividing by the appropriate factorr{Sfor 7
nonlinear molecules andwfor linear molecule®). The new

expressions are tested in simple ideal mixtures in section lll. As can be seen in eq 7, perfect separation of the entropy into
Section IV contains a brief discussion of the results. Appendix solute-solvent, solventsolvent, and solutesolute terms is

A shows the equivalence of the homogeneous and inhomoge-possible if the higher order terms in eq 7 are neglected.
neous description of a mixture, and Appendix B explores the  The partial molar energy and entropy of the solute are
reasons for the discrepancies observed in the numerical resultsobtained from eqgs 6 and 7 by taking the derivative with respect
The following paper contains applications to a variety of simple to the number of solute particles at constant temperature and

wherek is Boltzmann’s constanp the number densityg® the
pair correlation function (PCF) the interaction potential, and
r represents the relative position of two particles.

For the entropy, we can write

wherer andr’ represent the positions of two particles with



Solvation Thermodynamics. 1

pressuré432 At infinite dilution (os — 0) these are

8" = KT+ py, [ Gsullsy dF +
1N 1IN ] Py, [ Gyl A} (8)
8" = (k= kIn(pAd) — k(L = p,7,") =
Kowf (Gsw N Ggy — Ggy + 1) o —
KN (1IN 1o P f (G 1N G — G T 1) A} + .. (9)

wherevs is the partial molar volume of the solut@M{oNs)t p.

The first integral in eq 8 is the solutesolvent interaction energy,
Esw, and the last term represents the change in sohsuitent
energy upon solute insertioAE. This term has been referred
to as cavity enerd¥ or solvent reorganization eneréf3234The
value of the solvent reorganization energy will be significantly
different for solute insertion at constant volume or constant
pressure’.32.35

The partial molar entropy expression, eq 9, is analogous to
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functions generated by computer simulations or integral equation
theories. The solvent reorganization terms are more difficult
to obtain, particularly in the form in which they appear in eqs
8 and 9. The solventsolvent correlation functions in that
expression are averages over the whole volume of the solution
and therefore contain contributions from large amounts of
essentially pure, unperturbed solvent. In practice, if one
calculates by simulation the solvergolvent correlation function

for even a small box of solvent with one solute molecule, the
calculated correlation function will be practically indistinguish-
able from that of pure solvent. What is needed is a formalism
that will isolate the effect of the solute on the structure of the
solvent next to it without having to deal with the large amounts
of unperturbed solvent. One such formalism is obtained by
viewing the solution as an inhomogeneous system. The solute
is considered “fixed” at the origin, generating an external field
that creates solvent density fluctuations arourdd it.

Morita and Hiroike in their classic work of 19&presented
formulas similar to egs 2 and 3 for a general, inhomogeneous
system. For a pure fluid oN molecules interacting with a
pairwise potetial under the influence of an external fielg, u

the energy expression. The first integral in eq 9 is the entropy {hase formulas are

due to solute-solvent correlations, i.e., the soldtsolvent
entropy,Ssw. The following term,AS,w, describes the change
in solvent-solvent correlations upon addition of the solute, and
in analogy to the energy expression, we will refer to it as the

o ; " 5
solvent reorganization entropy. In eq 9 there is an additional S*=3N-

term,k(1 — pw7”), which arises from the derivatives of the ideal
part of the entropy. The teriko,vs* is closely related to the
solute-solvent entropy due to the Kirkwoeduff3® expression
for the partial molar volume, which at infinite dilution becomes
5, =1kT= [(1-G,)dr (10)
wherek is the solvent compressibility an@s,, is the grand-
canonical solutesolvent PCF. It differs from the canonical
PCF,gsw, in that it tends to unity at long separations whereas

gsw does no€®30 For a pure fluidzs = 1/p, and eq 10 becomes
the well-known compressibility equatiéh.

The integral in eq 10 represents the change in volume due to

solute-solvent correlations. It includes the excluded volume

effect of the solute upon the solvent and the effect of solvent

packing around the solute. For simplicity, we will refer to it
as the “excluded volume” and denote it by, although this

term is often reserved for the value of the integral over the region

whereG is zero?%:37:38 The physical meaning of the first term,

kKT, can be understood by considering an ideal gas mixture. In

E=3NKT+ [p) v dr + 5 Jp(0p( gt yutrs erds” a2

oy 1n A3p(ry ar - % Jompar ) g Yng(er) -pre ) +1}drdr” +

P
g-1
+ -

+ {sum of all the more than doubly connected diagrams
of blackp® circles and ¢ — 1) bond$

+ - ..

13)

In the above expressiopgr) is the fluid density at point and
o(r,r') is the inhomogeneous PCF laiandr’ defined by the
relation

P21y = p(r) p(r') 9(r 1) (14)
where p@(r,r') is the two-particle density at andr’. The
graphs are defined in the standard fashion (see, for example,
ref 40).

In the absence of an external fieldeg = 0) the density
becomes uniformg(r) = p(r') = p) and we obtain expressions

this case, the integral in eq 10 vanishes, i.e., there is no excluded®’ @ homogeneous fluid. The expression for the energy is

volume. The partial molar volumekT = KT/P = 1/p, is

entirely due to the thermal motion of the solute. Generalizing
to any fluid, «kT is the change in volume due to the thermal
motion of the solute. If the solute were inserted at a fixed point
without thermal motion, the only change in volume would be
due to solute-solvent correlations. The same is true for an

incompressible solvent; the thermal motion of the solute has

no effect against the incompressible solvent.
Using eq 10, eq 9 becomes

gsoo: (3/2k —k |n(pSA§)) + Ko, kKT — kpwaswln G, dr —

1 KN(ON 7 6] ou f (G 1N Gy — G + 1) A} + .
(11)

B. Inhomogeneous Theory. The solute-solvent terms in

identical to eq 2 and the expansion for the entropy is identical

to eq 3 up to and including the two-particle term. The Morita

Hiroike expansion does not have thedg®™ terms. It should

be possible to rearrange the higher order terms in the two
expressions and prove that they are equivalent, but it is not
necessary for the present work since we focus on the two-particle

terms. Equation 13 was derived in the GCE. We assume it is
valid in the CE as well, based on the ensemble invariance of
the corresponding homogeneous expression.

Equations 12 and 13 hold for any external fieldy. In a
mixture of 1 solute and\,, solvent particles, the solute can be
considered “fixed” at the origin, giving rise to an external field

Uext = Usw: 2

Ugx(") = Ugy(T) (15)

egs 8 and 9 are relatively easy to evaluate using correlationIn this case the one-particle density in the inhomogeneous
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system corresponds to the pair density in the homogeneoushomogeneous description (egs 6 and 7) of an infinitely dilute
system: mixture are equivalent.

The partial molar energy and entropy in the inhomogeneous

P(r) = Pubsull) view are obtained by subtracting the energy and entropy of the

) ) . . pure, homogeneous solvent from the energy and entropy of the
In the CE, pair correlation functions do not approach unity at so|ution (egs 19 and 20):

long distances because the number of particles in the CE is
fixed.2230 Therefore, the conditional density at any point given _., 3 w0
that one patrticle is at another point is less than the (uncondi- & =T KT+ PWstm}sz dr +

tional) average density. In a pure fluid, this conditional density 1, «2 1y inh 1 o (o

can be estimated in the following way: with the central particle TP f Gonl) Coulr)Gumh dr df ToNwp Wf G O
being at the origin, the volume available to the otHér— 1) (21)
particles is N - 1)/p plus the “thermal volume” of the central

particle kkT. Thus the overall density in this available volume S~ = (*/,k — IN(pAd)) + ko, kT — kp\j'\';fGSWIn G, dr —

will be . _ _
- y TKou’ [ Gsulr) Goulr) sy In Gy — Gy + 13 r o' +
= — = p ~ - K— o o o o
P T IN=Dlp+«kT 1+ikTo(N—1) P ( Y; KNy, [{Gon 1N Gy — Gowe + 1 0 (22)
(16)

o . . where the solute kinetic energy and one-particle enfrépy
This Wlll also pe the value of Fhe corldl'glonal dens[ty far from (equal to the derivative of the solute ideal entropy with respect
the “fixed” particle, where density oscillations due to its presence i, Ny have been added. In eqgs 21 and @, is the PCF
have vanished. This result was obtained much more rigorously anq pe the density of pure solvent. THep«kT term in eq
and generally by Lebowitz and PerctisFor an incompressible 55 arises from the difference in the solvent ideal entropy

fluid or for a central particle that is truly fixed and lacks thermal | N |n(00/0® These equations are the inhomogeneous fluid
motion, this density becomes equal to the bulk fluid density. ;nl\;qogfjpgs/pgz)éqs 8 andqg If we add and subtra?ct
For an infinitely dilute mixture in the CE the solutsolvent '

correlation function will also not tend to unity even in the limit

1 002 o r

of zero compressibility. The reason is thgy, is defined with 1opy stm)(r)gwaww dr dr

respect to the density of the solvent in the mixtyre= Nu/V, )

which is slightly smaller than the pure solvent denstj,= from the energy equation and

Nw/Vo, whereVy is the volume of the pure solvent (before solute

insertion at constar®). In this case the asymptotic value of Y ko? (G (r){gS, In g, — o2, + 1} dr dr’

the conditional density of the solvent given the position of the 20w f sl Y G 1 Gl = G

solute ispy, ~ pg(1 — kKT/V). from the entropy equation and use the identities

Knowing the asymptotic conditional density in the G&,

one can define a new PCF in the CE with respeqgi}orather _ o

than o J Gy dr = Vp,Jp;, (23)
H C R ] — _ 02

p(r) — p\;.;GSV\Xr) (17) \l/lmo [Nw(pw pw)] Pw kT (24)

The functionGsy, is for all practical purposes identical to the Equations 21 and 22 can be rewritten as
GCE PCF and goes to unity at long separations wheggas
does not. We will use the notatiamfor the canonical PCF  _« _3 w
. : ) = + +
and G for the grand canonical or normalized canonical PCF. S kT prGS"‘MS"" r

The PCF in the inhomogeneous system will be labeled as Y 022 (G (NG (g™ — g° drdr’ —
such to distinguish it from the homogeneous PG, Which 203 Cork MGkt )y ~ Gl
is an average over the whole volume of the fluid: 1/2p§VKkT p;’vfg\j,wuww dr (25)
’ inh i
9(rr') = Gudr ') 18) 5= (1k— In(osAd) + kpgukT — kpj, [ Gg,, In G, dr —
With these substitutions, egs 12 and 13 become Ko [ Gl )Gl Y G IN G — Gy + 1} —
E = I;NKT + p [ 1) Ug(r) r + (G IN Gy = G + LTI dr” +

1
. 1 koeickTog [1ge., In g, — O + 1} dr (26
oo [ Goull) GoulI”) Ga(r ') Uy (117) 0 dr* (19) AMOLKTPG {1 Gy — G+ 13 o (26)

In the limit of long separation from the solute, the CE

— 0 A3 o0
S= N,,(%k = kIn(oy, A3)) = Koy, [ Ge(r) In G, (r) dr — inhomogeneous PCE" does not become exactly equal to the
1, 02 N inh inh. i pure solvent PCF because of the slight difference in conditional
Tokew fGSW(r) ol A a1 1) 1N Qo117 density Ap = py, — po = — poxkTIV).4t Therefore, we can

gm(r,r') + 1} dr dr' (20) separate the integrals involving]) into two regions: one

local around the solute, and the other in the region distant from
where in eq 20 and all subsequent derivations from this point the solute. The exact boundary between the two regions has
on the higher order terms are omitted. Appendix A shows that no significance, and in the thermodynamic limit the volume of
the inhomogeneous description (eqs 19 and 20) and thethe distant region is essentially equal to the volume of the
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mixture. Noting that in the distant regidds,y, = 1 we obtain
for the energy

o f Gaul )Gl Gl — o] Uy 0 ' =
P - Gk Gl )Gy = Gl Uy 0 0’ +
1NV f G — Dol Uy O (27)

The difference betweeg?" andgg,, at long distances from
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step in the solvation process, insertion at a fixed point, and will
be referred to as “correlation” terms. The compressibility-
dependent terms correspond to the change in thermodynamic
properties upon “liberation” of the solute and will be referred
to as “liberation” terms. Thus, the partial molar energy can be
written

8" =B + Bt AR T AR, (32)

where the terms correspond to those in eq 30 in the same order.

the solute is essentially due to the difference in density, therefore Similarly, the partial molar entropy can be written

the last integral in eq 27 is

00, 8 (e} p—
1/2VpW2 8_,0 [fgwwuww] Ap=
w2 0 o okKT o a
= 2Viow2 o [f Fowhana pwlcv — = 2P0 kTa_p

dp
[/ Gt (28)
where the replacement of;, by p; makes a negligible
difference when they multiply a quantity @(1). Similarly
for the entropy

=V S G I oy — G+ 1 —
{9 IN Gy — GG + L] dr —
o a (e} o o
lfszSKkT% [f{ G IN Gy — oy + 1] (29)

Using egs 28 and 29 in egs 25 and 26, combining k&
dependent terms, and replacipg by pg, for simplicity, the
equations for the partial molar energy and entropy become

8" = KT+ p§, [ Ggylly dr +
2855 - Gk 1) Galr) G — o] Uy O’ —

o a o
PPk T 5= o f Gomthd (30)

§soo = (S/Zk - |”(PsA§)) + kp\c;kaT - kp\c/’vstw In Gsw dr —

lleR’cfocaIGSV\xr)[Gsw(r’){gw\?v In gm - gm + 1} _
{0 IN Gy — G2, + 1] dr dr’ —

o a o o o
PRKT 5 - [ Kpu, f {Gow 1N Gy — G T 1] (31)

Following Ben-Nainf243we consider the process of solvation

oS, e SiASieash (9

where the terms correspond to those in eq 31 in the same order.
S is the liberation contribution to the change in ideal solvent
entropy andi;‘,j is the “ordering” contribution to the solute
solvent entropy. Ben-Naim'’s standard energy and entropy of
solvation (quite aptly called “local” standard propertféd§then
correspond to

AE* = E, + AESY = o5, [Gq,u,,, dr +
o T CondT)Gisalr )Gy — G Uy, I dr” (34)

AS = '+ ASey = —kpg, [ Gy, In G, dr —

K0T Gl )Gl Y G In Gl — Gl + 1} —
{9, In g3, — G5, + 131 dr dr' (35)

and the liberation terms correspond to

| | , 9 o
e =, + A, = ¥ KT — i (200, f Gt
W
(36)

$* =8, + S5 + ASp, = (Uk — In(pgAd) + kogukT —

o Ll o o o
W

Note that the liberation terms depend only on the properties of
the pure solvent and not on the nature of the setstdvent
interactions. The significance of eqs 34 and 35 is that they
provide an explicit connection between the solvation energy and
entropy and the structure of the solvent around the solute (the
pair correlation functions).

The second integral in eq 34 is equivalent to the equation

as consisting of two steps, one inserting the solute at a fixed for the solvent reorganization energy given by Matubayasi et
point in a solvent without thermal motion, and a second where al?® In terms of the blfldlng energy of solvent molgcules.m the
the solute is allowed to move (‘liberated”). In the first step Solvation shell and in the bulk. They also give, without

the volume of the system changes by the excluded volume of derivation, an equation for the entropy similar to the second

the solute Vex. The solvent far from the solute is identical to
pure solvent, with density;, and PCFg;,,. In the second step

the volume changes ykT. This volume change produces a
global dilution of the solvent. This effect is not localized around

integral of eq 35, except for the absence of th&(+ 1) terms.

No liberation terms were derived by these authors. As will be

shown in the next section, these terms are negligible for common
liquids at room temperature but are significant under conditions

the solute but affects the whole body of the fluid. The of high compressibility, as in gases or near the critical point.

conditional density far from the solute now becomgs In

egs 30 and 31, the solvent reorganization energy and entropy
have been split into two types of terms: (a) terms that describe  One instructive case where the solvent reorganization energy
the effect of the solute locally on the solvent structure around and entropy contributions are known exactly is a solution where
it and (b) terms that describe the effect of the thermal motion solute and solvent have identical molecular properties, i.e., an
of the solute on the whole body of the solvent and depend on ideal solution. In fact, one can consider solvation of a particle
the compressibility of the solvent. Evidently, the local terms in its own pure fluid. The newly inserted particle is considered
describe the change in thermodynamic properties for the first to be the “solute”, and the rest of the particles comprise the

[Il. Numerical Tests in Simple Ideal Solutions
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“solvent”. This “mixture” is equivalent to a pure fluid witN TABLE 1. Solvent Reorganization Entropies for the
+ 1 particles. The “solventsolvent” potential energy in the ~ Hard-Sphere Fluid®
“mixture” is (N + 1)e* minus the binding energy of the “solute” 1 2 3 4 5 6

(the interaction energy of the “solute” with the rest of the  p* X s AS AP tot ASww
system), which is equal to 2e= pfgudr) . The “solvent- 01  —0224 -021 0.04 0.14 0.18
solvent” energy before “solute” insertion Me®. Therefore, 0.3 —0.780 —0.67 0.24 0.23 0.47
the change in “solventsolvent” energy is 0.5 —1.544 -1.28 0.65 0.24 0.89
0.7 —2.649 —2.25 1.60 0.26 1.86
0.9 —4.359 —4.27 3.42 0.30 3.72

Ze(EX} _ NeeX: _eex:
—'pfgudr = —"1,E, (38)

AE, = {(N+ 1)¢™ —

a2. The “exact” excess entropy calculated by the Carnalsarling
EOS (eq 42). 3. The two-particle contribution to the excess entropy. 4.
The correlation contribution to the solvent reorganization entropy. 5.
The liberation contribution to the solvent reorganization entropy. 6.
Total solvent reorganization entropy. Should be compareesf®. All
values ink units.

Similarly, the solvent reorganization entropy is equal to one-
half of the solute-solvent entropy and opposite in sign:

ASy, = —d2 = 1/2kpf(g Ing—g+1)d = _1/235W wherey, is the packing fractionp*/6, p* = po®, whereo is
(39) the hard-sphere diameter), is also given to see the level of
agreement with the calculated two-particle contribution. The
In this section the inhomogeneous expressions for the solventdeviation between these two quantities is largest at intermediate
reorganization energy and entropy (egs 30 and 31) are applieddensity (17% error) and decreases for both low and high density
to ideal infinitely dilute hard sphere and Lennard-Jones mixtures (6% and 3%, respectively).
(solute identical to the solvent), and the results are compared The liberation contributions can be calculated based on eq
to the excess molar energy and two-particle entropy in egs 231 and using the compressibility from the Carnah8tarling
and 3-5. For the calculations we need the inhomogeneous PCFEOS. To determine the density derivative of the entropy integral
at short rangegm. For now, we assume thﬂ = B required for the liberation contribution, the values of this integral
which is equivalent to the KSA (eq A5). Thus, for a pure fluid Using the PY RDFs as a function of density were fitted to a
all pair correlations in egs 30 and 31 are identical: polynomial and the derivative was taken analytically.
An alternative way to calculate the liberation contributions
is through the thermodynamic relation

S . [as
KT = [a—v+

AE,,, = ",p*[G(r)[G(r') — 1]G(rr') u(r,r') dr dr’ —

2 d 1 X
p KKT%[ 1,p [ GUl (40) IS

N ]KkT =kTo. =

9S™
Y

AS,, = —1kp* [GNIG(r) = 1{G(r,r") In G(r 1) —
G(r.r") + 1} dr dr' — pZKkTa%) [~ko [{(GIn G —
G+ 1] (41)

kKT = k(To. — pxkT) (43)

and the EOS values for the thermal expansion coefficieamd

the compressibilityc. However, the latter method gives the

liberation contribution to the exact excess entropy rather than
As input to the above equations we used the radial distribution to the two-particle contribution alone. The values of eq 43 are

functions (RDF) obtained from the Peretigevick (PY) integral similar to those obtained from the density derivative of the

equation for H&*45and LJ® fluids at a number of thermody-  entropy integral (not shown).

namic states. Of course, we could have used RDFs from any  As shown in Table 1, the values of the liberation contribution

other source, such as simulations. For the compressibility we calculated using the EOS compressibility and the density

used the CarnahatBtarling equation of state (EOS) for HS
and a recent empirical EOS for the LJ flf#l. We then

derivative of the PY correlation functions vary modestly with
density. The correlation contribution, on the other hand, is small

performed numerical evaluation of the integrals in egs 40 and at low densities and increases rapidly with density. As a resuilt,

41. The RDFs are truncated at the poiR§)(that most closely

the liberation term is dominant at low densities and the

satisfies the compressibility equation. The cutoffs used for the correlation term is dominant at high densities. The sum of the

systems studied are for HS 3.4, 3.5, 5.3, 5.75, 5.pfor 0.1,

correlation term and the liberation term is close to minus the

0.3, 0.5, 0.7, 0.9, respectively, and for LJ 6.0, 6.0, and 5.25 for two-particle entropy, as it should, but systematically smaller in
p* = 0.1, 0.5, and 0.85, respectively. One-particle integrals magnitude. The deviation is largest at intermediate density
for the spherically symmetric solutes considered here are trivially (about 30%) and decreases at both low and high density (14
transformed into one-dimensional integraf&i( — /| (?Crz dr). and 12%, respectively), just like the deviation of the two-particle
Two particle integrals are evaluated using bipolar coordinates entropy from the total excess entropy. Appendix B clarifies
(fdr dr' — 4z /7 dr (27ir) fFs ds /|t dt). Integration over  the source of this discrepancy betwet8,., and —s?.
r is carried out up to R; because only at that distance the second The same HS systems were studied with a perturbation
particle ¢') becomes uncorrelated from the “fixed” solute. All potential of the LJ type:
integrations were carried out with the extended trapezoidal rule
and an increment of 0.05 dimensionless units.

The results for the HS fluid at different densities are given
in Table 1. The “exact” entropy, calculated based on the Wherer* = r/o. The excess molar energy at the first-order
Carnahan-Starling EO%° perturbation theory level is

WKT = 4(r* 2 — 179 (44)

e*=",0/9™udr (45)

™= —kn(4 — 3p)/(1 —n)* (42)
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TABLE 2: Solvent Reorganization Energies for the ing equation for the energy:

Perturbed Hard-Sphere Fluid?
1 2 3 4 5 IE™
o* €ex AESY AE® total AEym N kKT = KT(To — «P) (46)
0.1 —0.56 0.17 0.39 0.56
8'2 :é'gg %ég g'gi égg This term is found to be largest for the intermediate density
0.7 483 4.42 0.26 468 high temperature state. As for the HS systems, the total solvent
0.9 —6.19 4.80 0.004 4.80 reorganization energy and entropy agree well witef* and

) . - )
a2. The excess molar energy (eq 45). 3. The correlation contribution s), respectively, at low density but deviate from them at

to the solvent reorganization energy. 4. The liberation contribution to higher densities.
the solvent reorganization energy. 5. Total solvent reorganization  The calculations presented here show the relative importance

energy. Should be comparedt@ All values inkT units. No long- of the correlation and liberation terms under different conditions.
range corrections included. The liberation terms correspond to the change in energy and
TABLE 3: Solvent Reorganization Entropies for the entropy upon the slight expansion qf th-e sqlvent caused by the
Lennard-Jones Fluick thermal motion of the solute. Their sign is the same as the
sign of the derivative oE and S with respect to the volume,
1 2 3 4 5 6 7 " I . ;
* x 2 or ib usually positive. For common liquid solvents the liberation
0 T* & s@ ASS A tot ASuw D
terms are negligible. For example, for water at room temper-
8-% 1421 :g-gé :22? :8-‘133 g-gg g'ig ature, the liberation energy and entropy are calculated from eqs
085 088 —344 —3928 257 0.28 285 43 and 46 tc_) be 46 cal/mol and 0.03 cal/m_o_l K, respe(_:tlvely.
) X The correlation terms are also usually positive, reflecting the
23. The “exact” excess entropy calculated by the LJ EDS.The excluded volume effect of the solute: i.e., the solute breaks some

two-particle contribution to the excess entropy. 5. The correlation
contribution to the solvent reorganization entropy. 6. The liberation
contribution to the solvent reorganization entropy. 7. Total solvent

of the solvent-solvent interactions and correlations. The
correlation terms dominate at high densities. Numerically, eqs

reorganization entropy. Should be compared witf. All values in 40 and 41 give reasonable values, but the KSA introduces some
K units. error at high densities (see Appendix B).
TABLE 4: Solvent Reorganization Energies for the . .
Lennard-Jones Fluick IV. Discussion
1 2 3 4 5Cor 6|_b 7 Until now solvation thermodynamics has been analyzed in
p* T e*(EOS) e*(PY) AEy AE,, (OtAEw the standard, homogeneous view of solutions. Because of the
01 1.2 —0.69 -0.70 —-1.38 205 0.67 lack of precision of free energy simulations, this analysis has
05 14 —2.40 —2.39 041 215 2.56 been carried out mostly by integral equation meth#8.57-58
085 088 —7.26  —6.55 533 025 5.58 The correlation functions appearing in these theories are defined

3. The excess molar energy from the E®2. The excess molar ~ With respect to the overall densities and are averages over the
energy from the PY radial distribution functions. 5. The correlation whole body of the fluid. Therefore, it is difficult to isolate the
contribution to the solvent reorganization energy. 6. The liberation effects of solvent structural perturbation in the vicinity of the
Contribu.tion. to the solvent reorganization energy. 7. Total solvent solute, and one cannot take advantage of the fact that far from
irr?c;(r_lgirrm]lifsatlon energy. Should be compared-& (PY). All values the solute we have essentially pure, unperturbed solvent. This

' can be accomplished by treating the solution as an inhomoge-
neous system.

In this paper expressions for the energy and entropy of
solvation have been developed taking the inhomogeneous view
and using the KSA for the truncation of the entropy expansion

The liberation contribution was calculated using the density
derivative of the PCF. The results are shown in Table 2. As
for the entropy, the liberation term is dominant at low densities
and the_ correlation term at higher densi_ties. The total_s_olvent at the two-particle level. The expressions include a selute
reorganization energy agrees very well witt™ at low densities 5o\ ent term, which depends on the one-particle distribution of
but deviates from it at higher densities due to the KSA (see the solvent around the solute and a solvent reorganization term,
Appendix B). describing the change in solverdolvent interactions and
Tables 3 and 4 show the results for the LJ fluid at three correlations when the solute is inserted and which depend on
thermodynamic states. The EOS can be used to obtain thethe two-particle distribution of the solvent around the solute.
excess energy, entropy, and chemical potentiaL The tWO_partideThe solvent reorganization terms contain contributions from the
entropy calculated using the PY RDF is in quite good agreement structural effect of the solute on the solvent (“Correlation" terms)
with the excess entropy from the EOS. The deviation is largest @nd terms that depend on the compressibility and that arise from
at the intermediate density. The excess energy from the py the dilution of solve_n%solvent interactions anc_i correlations due
RDFs is in good agreement with that from the EOS for the two to the thermal motion of the solute (“liberation” terms). The

lower densities but is smaller in magnitude at the highest density. correlation tgrms are ngal, L.e., they depend on the strycture of
the solvent in the vicinity of the solute and are dominant at

It is interesting that the correlation contributions in Tables 3 high densities (liquidlike states). The liberation terms are
and 4 at low density are actually negative. This is due to the pop|ocal, i.e., they arise from changes in the whole body of the
overall attraction of the "solvent” molecules to the “solute” (the fluid. The liberation contributions to the solvation energy and
“excluded volume” integral of eq 10 here is negative) which entropy are independent of the solimlvent interaction
increases the interactions and correlations among the solveniotential or the size of the solute. They are the same for every
molecules. The liberation contributions were calculated by solute in a given solvent. They are, in a sense, “trivial” terms.
using data from the EOS and eq 43, along with the correspond-However, they become dominant at low densities (gaslike states)
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and need to be considered when comparison is made toeach other out. We can see this most clearly for the case of an
experimental data. ideal solution or a pure fluid, where the solvent reorganization

For common solvents the nonlocal, liberation terms are energy and entropy are known to be exactly equal to minus the
negligible. The other nonlocal term in the excess chemical molar energy and entropy. Cancellation of these quantities
potential is the PV term, which is also negligible for common Wwould mean that the molar free energy of any pure fluid is zero,
solvents. Therefore, for these solvents one can practically think Which is clearly untenable.
of the solvation properties arising entirely from effects localized ~ The difference between the present results and the conclusions
in the vicinity of the solute. Since both the soltolvent and of refs 53-56 is a question of physical interpretation. In various
solvent-solvent terms are integrals over space, one can statistical mechanical derivations, the solvent reorganization
determine contributions from each region of space around the energy appears in the expressions for both the solvation energy
solute, for example, the first solvation shell, the second solvation and entropy but cancels out in the expression for the free
shell, etc. This provides a theoretical justification for empirical energy?*¢! However, the solventsolvent energy is implicit
“hydration shell” models of solvatio#f:26:5960 The expressions  in the Boltzmann factors that determine the ensemble averages.
derived here provide a practical means of calculating solvent The fact that a term does not contribdtemally to the free
reorganization contributions and allow a detailed analysis of energy in one theory does not mean that it does not contribute
the contribution of solvent structure in each region of space to physicallyand that it cannot appear explicitly in a different
the solvation energy and entropy. theory.

In a recent study Cann and Patindirectly separated the In the test particle approach the expression for the excess
local from nonlocal contributions to the solvation energy and chemical potential contains an ensemble average over the
entropy by comparing the scaling of these properties with solute Unperturbed solvent, whereas the expressions for the energy and
volume, surface, and diameter under constant volume and€ntropy also contain averages over the system after solute
constant pressure solute insertion. Specifically, they estimatedinsertion>3¢* On the basis of this, Ben-Naim argued that the
the nonlocal terms from the difference of the surface- and free energy depends on teguctureof the solvent and not on
diameter-dependent terms at constant volume and at constangtructural changesn the solvent. However, insertion prob-
pressure. They concluded that nonlocal contributions in their ability actually depends on both the average structure and the
liquidlike solvents are very important, even for constant pressure structural fluctuations of the sol_vent. of course, flqctuatlons
solvation. This is in sharp contrast to the conclusions of the @nd changes are related: what is a structtiuatuationin the
present work. The discrepancy may be due to the fact that thesegPure solvent becomes a structuchingeafter solute insertion.
authors use the molecular volumerof/6) instead of the Thus, structural “changes” implicitly make their contribution
excluded volume\(sy) to isolate the nonlocal contribution at  to the free energy in the test particle method. Further, mixture-
constant volume. Because the molecular volume is normally type ideas of solvent structife®® are a rather limited definition
smaller thanVe,, some of the (global) solvent compression Of structure??
effects are inappropriately attributed to the (local) surface and Ashbaugh and Paulaiti8 using the same correlation expan-
diameter terms. This results in estimates of the local contribu- sion for the entropy that is used here, argued that the solvent
tions at constant volume that are too negative. reorganization energy and entropy exhibit complete cancellation.

The formulas have been numerically tested on simple hard- They used Mayer cluster expansions of the correlation funqtions
sphere and Lennard-Jones fluids at various thermodynamic@nd showed that energyentropy cancellation holds up to third
states. The fact that the solvent reorganization energy and®rder in density. However, this does not constitute a proof that
entropy for a pure fluid are equal to one-half of the sotute cancellation will hold at liquidlike densities. Further, in the
solvent term and opposite in sign was used as a consistency€St particle analysis the authors performed at liquidlike densities
check for the method. This test is approximately satisfied at the definition of solvent reorganization entropy in that analysis
high densities when the KSA is employed. It appears that the May not necessarily correspond to the definition based on the
KSA underestimates the solvent reorganization energy andchange in the solvenisolvent correlation functions (eq 9).
entropy in the systems studied. Appendix B shows that if the C@ncellation of the solvent reorganization energy and entropy

liberation terms are calculated self-sonsistently within the KSA, In the low-density limit is also obtained in the present work. In

this test is satisfied exactly. the low density limitG = exp(—uwkT) and it is easy to show
The use of the inhomogeneous formalism allows us to take that

the limit of the solute to a macroscopic surface. In this case, ox 1 1

the excess solvation energy and entropy, per surface arealAEw, — TAS,,, + (PV)™ = =1y, + 1,1, +

become equal to the interfacial energy and entropy. The use KT((P/pkT) —1)=0 (47)

of the same expressions for microscopic and macroscopic

solvation should facilitate our understanding of the similarities if the virial expansion for the pressure is used, truncated at the

and differences between the two phenomena. This is of interestsecond term. However, complete cancellation does not take

since attempts have been made to use surface tension data tplace at higher densities.

elucidate aspects of aqueous solvation of nonpolar sotates.  |n the pure simple systems studied here use has been made

The inhomogeneous approach is also more convenient inof the accurate EOS of these systems for (a) evaluation of the

extrapolating results from small molecule solvation to larger |iberation contributions and (b) calculation of reliable values

molecules. Specifically, it can be used to define group of the excess energy and entropy. Since such information is

contributions to the solvation properties (unpublished work). not available for most practical systems of interest, the validity
On the basis of thermodynamic and statistical mechanical of the results obtained will have to be confirmed by comparison

arguments, it has been argued that changes in “solvent structureto free energy simulations and experiment. In addition, libera-

may influence the energy and entropy but not the free energy tion terms in such systems are negligible and, if wanted, could

of solvation3-56 |n the present work the solvent reorganization be estimated using the experimental compressibility for the

energy and entropy partly compensate but certainly do not cancelsolvent. The following paper presents applications of the present
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method to infinitely dilute HS and LJ mixtures of varying size to the homogeneous two-particle and the logarithmic three-
ratio. Application to methane in water will be presented in a particle term:
forthcoming publication.

1 2 (3) 3) '
—1k In 69" dr dr A7
Appendix A 2 pwfgsww g ( )

Here we show that the two descriptions for the mixture of 10 oPtain perfect %(grrespn(andence between the two approaches,
| |

Ns = 1 solute andN, solvent molecules, the homogeneous We could replaca,, In gy, in eq 20 by o 1N G

description (egs 6 and 7 witNs = 1 and ps — 0) and the .

inhomogeneous one (eqs 19 and 20) are equivalent. In the”APPeNdix B

inhomogeneous description the solute is not considered part of Here we perform an alternative calculation of the liberation
the system whose energy and entropy are written down butterm using an explicit expression for the long range value of
merely provides the external field. Therefore, the kinetic energy 6g®. For an infinitely dilute mixture of s in wNs = 1), the
(3/2kT) and the ideal entropy of the soluték — k In(psAg)) limiting value of the conditional density of s given the position
do not appear in eqs 19 and 20. For the same reason, theof a solvent molecule is

solute-solvent excluded volume ternf(—Gsw + 1) dr) does

not appear in the inhomogeneous entropy expression. However, PG — LIV — V) (B1)

the lack of this term is compensated by the fact that the solvent

densities appearing in the ideal solvent entropy terms in the WhereVexis the solute-solvent excluded volume/(1 — Gsw)
two equations are differeni, is Nu/V, whereasp., is the drg) andps = 1N. Therefore, to ordeO(1NV?), the limiting

asymptotic value of the conditional pair density equaNg value ofgsw is

(Mo + kKT) = Nw/(V — Vey), WhereV is the volume of the 5

mixture andV, the volume of the pure solvent before solute O — 1 —14 V_ex+ ex (B2)
insertion. Thus, the difference in the ideal solvent entropy terms Wl =V IV Vo2

ineqs 7 and 20 is
Similarly, the conditional density of s given the position of two

KN, |n%x = —ko,V In(l _ Vﬁx) Y ooy = solvent particles is
W, S

When this extra term is taken into account, the sehst@vent whereVe, = /(1 — Gyww) drsis the excluded v_olume betvyeen
. i . __the solute and two solvent molecules (a function of the distance
entropy in the inhomogeneous and homogeneous expressiong
. . . o etween the solvent molecules). Therefore,
become identical. The difference betweefh and p,, is
negligible in the solutesolvent terms of egs 6, 7, 19, and 20 , V.2
because they multiply a quantity Gf(1). Oy — 1 + ex2 y Tex2
To see the correspondence between the homogeneous and \ V2
inhomogeneous expressions for the solvesdivent terms, we )
need the connection between the inhomogeneous PCF and theince
homogeneous three-particle correlation function. The prob- @
ability of finding two particles at,r' in the inhomogeneous Jgww = YsuJswdY (BS)
system (given that the “source” particle is at the origin) is

(B4)

the long-range behavior &ig® in the limit of s being far from

o(r) p(r')gm = szgsw(r) (D) gm(”') = two solvent molecules can be deduced from eqs B2 and B4:
02, ' inh r
P Coul") Goulr") Guan(r1") (A2) 51+ Vee = Ver | (Verz ™ Vo) ©6)
This probability in the homogeneous system is given by the \ V2

triplet correlation function . .
Using the long-range value og® (eq B6), the last integral

szg(si),w(oﬁr') (A3) in eq 27 becomes
Therefore AY v f (6@ — 1)@, Uy, Or =
G0N 1) = Gl Gl dinr 1) (A4) o0 [ Vexe = 2Ve) Gorathu O (B7)
Using the definition 0fdg® (eq 1), we also see that wheregww = gy, When the solute is identical to the solvent.
The result for the entropy is similar:
GolT 1) = G (1 1) 0920 1) (A5) ih _ o

_I/ZKVP\DI:ZL/;/[gm IN Gy — G + 11 —
The homogeneous expressions for the sokreotvent energy (g8, Inge, — g, + 1] dr =
and entropy in egs 6 and 7 are obtained by substituting eqs A4 W S S
and A5 into egs 19 and 20 using the CE identities ~ ko’ [ (Vexo = 2Ve)Giny IN Gy O (BE)

O = 1NV [(gg,,, O oo [G,,dr =N, (A6) The two types of expressions for the long-range contribution
w f swes Wf o v (egs B7 and B8 vs eqs 28 and 29) are equivalent by virtue of

For the entropy, the inhomogeneous two-particle term gives rise the relationship between the triplet correlation function and the
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TABLE 5: Self-Consistent Calculation of Liberation TABLE 6: Self-Consistent Calculation of Liberation Energy
Entropy for the Hard-Sphere Fluid 2 for Perturbed Hard-Sphere Fluid2
1 2 3 4 5 6 1 2 3 4 5

p*  ASp  —p*kkTS)  [AQ@INg—0) Yoo*Ne? tOtASuw o* AES — prckTee [Agu tot AEym
0.1 0.036 0.139 —0.025 0.057 0.21 0.1 0.17 0.37 0.019 0.559
0.3 0.24 0.197 —0.020 0.250 0.67 0.3 1.22 0.54 0.069 1.829
0.5 0.65 0.169 0.064 0.376 1.26 0.5 2.82 0.44 0.047 3.307
0.7 1.60 0.128 0.071 0.452 2.25 0.7 4.42 0.24 0.157 4.817
0.9 3.42 0.098 0.081 0.490 4.09 0.9 4.80 0.03 1.376 6.206

a2. The correlation contribution to the solvent reorganization entropy.  22. The correlation contribution to the solvent reorganization energy.
3. One contribution to the liberation entropy (last term of eq 26). 4. 3. One contribution to the liberation energy, last term of eq 25. 4. The
The other liberation contribution, eq B8 and the first term of eq B12 other liberation contribution calculated from eq BY € Vexz — 2Vey).
(A = Vexa — 2Vey). 5. The second term in eq B12. 6. Total solvent 5. Total solvent reorganization energy, the sum of columns 2, 3, and
reorganization entropy, the sum of columns® Should be compared 4. Should be compared tee® in Table 2. All values irkT units. No

to —s@ in Table 1. All values irk units. long-range corrections included.
isothermal density derivative of the PCF3! TABLE 7: Self-Consistent Calculation of the Liberation
Entropy for the Lennard-Jones Fluid?
1 3Gy, 1 2 3 4 5 6 7
[ ——— — — — +
Gy oo " ekT= [(Gis = DG~ D g p* T ASS —p*kKT) JA(@INg— ) Yop*Ve? Ot ASu
@ _ 01 12 -069 0951 -1.715 1.770 0.316
IG13GZ3(6G 1) dr3 (B9) 05 14 -0.13 0.989 0.284 0.012 1.155
0.85 0.88 2.57 0.060 0.313 0.482 3.425

which, using the compressibility equation, can be rewritten as
a3. The correlation contribution to the solvent reorganization entropy.

1 3G, 3 4. One contribution to the liberation entropy, last term of eq 26. 5.
G pkkT = f[G13G23(3G( ) — 1] dry — 24kT+ 2/p = The other liberation contribution, eq B8 and first term of eq B12. 6.
12 0P The second term in eq B12. 7. Total solvent reorganization entropy,

— (Voo — 2V, (B10) the sum of columns-36. Should be compared tes? in Table 3. All
values ink units.

Equa}tlons B7 and B3 h_ave the advanta_ge of giving self- TABLE 8: Self-Consistent Calculation of Liberation Energy
consistent results. That is, the KSA that is employed in the for the Lennard-Jones Fluid?

calculation of the correlation terms is also employed for the
calculation ofVex2 in eq B8.

As mentioned in Appendix A, the solvensolvent term in
the inhomogeneous entropy expression corresponds to the 0-1 1.2 _10-38 22-00179 00(-)0%0 20:-%%%7
homogeneous solvensolvent term plus the homogeneous ’ L4 41 01 —0.04 ’

. . . 3 3 0.85 0.88 5.33 0.121 1.089 6.540
logarithmic three-particle term/¢® In 5g®). Exact cor-
respondence to the homogeneous two-particle term is obtained * 3. The correlation contribution to the solvent reorganization energy.
if this term is subtracted from the results. The value of this 4. One contribution to the liberation energy, last term of eq 25. 5. The

contribution at lona range can be calculated knowing the other liberation contribution, eq B7. 6. Total solvent reorganization
9 g 9 energy, the sum of columns-%. Should be compared tee®* (PY) in

2 3 4 5 6
o* T AE®  —p*kkTeé®  [Agu  totAE

asymptotic behavior 0dg® in the CE (eq B6) and it is: Table 4. All values irkT units.
2

_ 1,2 (o o2 ™ WVex | Voo Ve RDF (Table 2). This is probably due to overestimation of the

1 Kpw” [ Gow| L + + x

2Pw ) G \Y, V2 structure of the functioVex> — 2Vex by the KSA. When the

Vop— 2V, (Vo — V)2 KSA is used in both the calculation @fSy, andVey, the total
+ dr dr' (B11) solvent reorganization energy calculated is in close agreement
\4 2 with the expected value;e™

Similar results are obtained for the LJ systems. Use of egs
B7 and B8 and subtraction of the long-range logarithmic three-
particle contribution for the entropy (eq B12) gives values for
1, 02 [ B 1 w2y, 2 the solvent reorganization energy and entropy in good agreement

Ikoy, fgww(vexZ 2V dr — ko, Ve (B12) with —e#*and—s@. The solvent reorganization energy is very
accurate for all three thermodynamic states and the solvent

The termO(1/N?) contributes only for large distances between
the solvent molecules, whekg,, = 2Vex. The final result is

The first term in eq B12 was found to largely compensate with S o 0 L 2)
the term in eq B8, therefore they are listed together in Table 5. reorganization entropy exhibits only a 4% deviation frers!
The second term varies from 0 (low density limit) t,k 2t the highest density. o
(incompressible fluid limit). The calculation &f., was done Thus, the deviations of the calculated solvent reorganization
using the KSA Gsww = GsuGsw)- terms from—e® or —s? are due to the KSA and the inclusion
As can be seen in Table 5, if the liberation terms are Of the homogeneous logarithmic three-particle term in the
calculated self-consistently and the long-range logarithmic three- inhomogeneous two-particle term for the entropy. When the
particle term is subtracted, the total solvent reorganization liberation terms are calculated self-consistently (using the KSA)
entropy is in excellent agreement witls?. Only at the highest ~ and the long-range logarithmic term is subtracted, very good
density a deviation of 4% is observed. agreement is obtained with the expected values.
The energy results for the perturbed hard spheres are shown
in Table 6. At high density, eq B7 gives values significantly Acknowledgment. The author is grateful to Prof. Martin
larger than those expected from the density derivative of the Karplus for useful comments and suggestions and financial
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