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Abstract

The off-lattice theory of solvation presented here is a generalization of the Flory—Huggins lattice theory of solvation
using the fused hard-sphere system as a reference. The contact free energy, a generalization of the Flory x. is formulated by
a perturbation approach. The perturbation term contains the bulk-compression contribution in addition to the contact free
energy, and the bulk-compression is shown to compensate with the hard-sphere pressure of the reference system. The contact
free energy is shown to be a local thermodynamical quantity and is related to the solvent accessible surface area. © 1998
Elsevier Science B.V.

1. Introduction

An indispensable step towards the understanding and control of the biological macromolecular processes is
the comprehension of the mechanism of solvation from a microscopic point of view. Configurational entropy
change, direct solute~solvent interaction, and reordering of the solvent around the solute (i.e., the change of
solvent—solvent (attractive) interactions of adding one solute molecule to the liquid) are the important factors in
the process of solvation. These factors determine the dependence of solvation free energy on liquid structure and
the molecular size and shape of the solute and solvent. In an earlier Letter [1], we developed a quantitative
theory of the configurational entropy change by using the fused hard-sphere model as a generalization of the
Flory—Huggins (FH) lattice model [2,3] into continuum space. In this Letter we investigate the effects of direct
solute—solvent interaction and solvent reordering in the continuum space, and we generalize the Flory y
parameter [2,3] into continuum space.

In an earlier Letter [1], the terms of direct solute—solvent interaction and solvent reordering, which are called
contact free energy ( fi., . )> are extracted from the experimentally obtained solvation free energy, that is from
Ben-Naim’s pseudochemical potential i, ) [4] in the following formalism: By using the analytical expression
of the packing entropy term ( ﬁpackhg), which expresses the increment of hard core configurational entropy upon
insertion of a solute under a constant pressure, the contact free energy can be evaluated as

/.L:; = ilpacking T ﬂ’comacl + PAV, (1)
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where AV expresses the volume of solvation defined as (du /dP); y (N, expresses the number of solvent
molecules) [4] and the PAV term is usually negligible for liquids. ‘The extracted contact free energy of
hydrocarbon gases in alkane sclution was shown in our previous Letter to be proportional to the solvent
accessible surface area (ASA) probed with a methylene base.

This scheme is the direct genzralization and improvement of the extended FH lattice theory of solvation by
Chan and Dill [2] and Kumar et al. [3]. The theory decomposes @) in the lattice scheme as

/J,; = ﬁ‘ooniig + IE’)( + PAV (2)

where fi,.;, and f,, respectively, express the change in the configurational entropy and the contact
interactions upon the introduction of a solute. They are expressed, in the lattice model [2], as

m,
/]’conﬁg = kTT [ ]vu( mu - 1) + N\( m_‘_ - l)]

and

. ) €., T €, 2 €
ool =5
where N, and N, are, respectively, the number of solute and solvent molecules having m, and m_ subunits, ¢,
(=m,N,/V )and ¢, (=mN,/V) are the volume fractions of the polymers, and ¢, is the contact energy
between the neighbouring subunits of species o and 7. The lattice model (3) assumes zero free volume; i.e.,
¢, + &, = 1. The term p, is the Flory y term generalized by Chan and Dill [2] to allow free volume in the
solution, and it is proportional to the ASA [5], because all the interactions are assumed to be contact ones,

The Flory~Huggins theory has been shown to be a poor descriptor for the configurational entropy, because it
severely underestimates the compressibility factor of the fused hard-spheres (FHS) [6]. Our packing entropy is
the continuum space version of the lattice configurational entropy [1] which is based on an accurate model of
the FHS. The contact free energy, on the other hand, is devised as the continuum space analog of the Flory y
[1]. The ASA proportionality of “he contact free energy of hydrocarbons in alkane solution that was presented in
our previous Letter is based only on this analogy and has no theoretical basis. Moreover, the Flory x was
practically a fitting parameter. But, if the contact free energy is given a theoretical basis which can be calculated
directly in terms of a set of force parameters of actual molecules, the contact free energy is no longer a fitting
parameter.

In this Letter, we give the first theoretical expression for the contact free energy in the continuum space by
using a perturbation theory taking the dispersion forces as a first-order perturbation. The contact free energy is
described in terms of solute—solvent direct interactions and solvent reordering effects, and the latter is shown to
be taken into account insufficiently by the Flory x. The contact free energy is shown to be ASA-proportional
when the range of attractive interaction is short and solvent reordering contribution comes mainly from a narrow
“‘shell”” region around the solutz.

The scaled particle theory (SPT) [7] models the liquid by using the corresponding hard-sphere system. The
SPT chemical potential contains P,, ;AV"™ terms where P, is the hard-sphere pressure usually as high as
1000 atm (and AV”" expresses the molecular volume of the solute, or equivalently the hard-core volume). The
SPT by Pierotti [7] ignores these terms due to the physical insight that PAV™ term of ambient pressure is
usually negligible for liquids. Neff and McQuarrie [8], on the other hand, used hard sphere pressure for the
PAV™ terms and obtained better agreement with experimental solubility. The apparent contradiction between
these theories has recently revived, where compensation of the PV term between repulsive and attractive
contribution in solvation thermcdynamical quantities (which are, respectively, called ‘*hard’” and “‘soft’’ terms
throughout in this paper) is the central issue [9,10], but the lack of explicit consideration of attractive
interactions cannot make their discussion conclusive [10]. The most important issue is to understand the effect of
reordering on compensation beiween the ‘‘hard’’ and *‘soft’” PV terms. In this paper, based on the rigorous



S. Shimizu et al. / Chemical Physics Letrers 282 (1998) 79-90 81

treatment of the attractive interactions, we give a clear view of the compensation between the ‘‘hard’’ and
“soft”” PV terms. A further general:zed theory on this issue is presented in the accompanying paper [11].

2. Theory
2.1. The perturbation approach to solvation

The perturbation approach based on a hard-sphere system has been successful to describe the equilibrium
properties of the pure monoatomic and spherical fluids [12] and, recently, pure alkane liquids [13]. In this
section, we extend this approach tc the calculation of the chemical potential of a solute in linear polyatomic
molecular solutions.

We begin with a brief sketch of the formal perturbation expression of the chemical potential. Consider a
solution of chain molecules comprising two molecular species: ‘a’ (solute) and *s> (solvent), which, respec-
tively, have m, and m_ subunits. For convenience we use some indices in the following discussions: o and 7
for the molecular species ¢ and s, and / and m for the individual molecules of each species (e.g.,
I=12,....N,), and i and j for each subunit in the molecule, i=1.2,. . The intersubunit potential
energy Uy » is assumed to be pairwise additive and each pair potential is decomposed into two parts, u"™™ and

uon respectlvely expressing the ‘‘hard sphere repulsion’” part and the residual part, such as dispersion forces
and electrostauc potentials. We will express the free energy of the system by a perturbation approach based on
the hard-sphere reference system (which is called the *‘hard’ part of the Helmholtz free energy) and the
residual interactions (which makes up the **soft’” part of the Helmholtz free energy) are taken into account by
perturbation, as

A(T,V.N,,N,) = A™%(T VN N,) +A°"(T,V.N,,N,).
g2ql
xp(~ BACTYV.NN)) = S [FANNJexp(= BUs ).
exp(—BA™(T.V,N,.N,)) = 4. 9" f@{ NJexp(—BUSY ) (4)
p LM 7R ,13;N'N| *

where #"=m,N,+m N, and the integration

fotnny = T1 T for, ., (5)

o=a,sl=1i=1"
is over the coordinates of the subunits.
The explicit form of the ‘soft’” free energy in the first order perturbation scheme is written as

AT, V,N,N,) == Z Y. fdr dryu}” (r,,r,)p olriryo.T)) = AT VN, N,). (6)

o.T L

Here phdrd (ry.ry, {a, 7 }) expresses the two-body distribution function between ith subunit of o and jth subunit
of 7 and i defined as

jv@{NmN‘}e"P(”BU,\?ﬁ%,) (ry = r)0(r, 5, —13)
N (N, — 1) (o=7),
[N N Jexp( ~BUY,
Prr\w}v(rwr:,{(fw“';}): (7)
JoN, NYexp( = BURES ) 8(r, 4, = r)8(r, ;= 12)
N, N, (o#7).
Jo N, NYexp( = BUES,)
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and ph"”d (r,,rz,o-{z, 7}) expresses two-body distribution function for the distribution between sites i and jof o
defined as

f { U,N}exp( BU\??.%,)S(’UJJ_"1)5(’0.1./‘_'2)
pron(riry.o{ij}) = : (8)
[N, NYexp(-BuUis)

We then calculate the free energy of the system (7.V,N, + 1,N,) in order to compute the chemical potential.
The total potential energy of the system (7,V,N, + I,N,) Uy, +1.4, 1s decomposed into two parts: the total
potential energy of the solvent U\}“‘ffj and the increment upon the introduction of a new solute U,. as
Uy,+ 1.8, = Uy, v + Uy, where U, = 3z, T ‘,(rao,, r,.;)- Uy is composed of the following contributions:
()" interaction between the introduced solute ‘0" and the rest of the system, ie., U™ =
Loty @i, oFao Ty ;) and (i) intramolecular interaction in the introduced solute U™ =

ij uu,,u (ru.O.r ’ru‘O._/

The free energy of the system (T,V,N, + 1,N,) is given by

A(TV,N,+ I,N,) =A"%TV,N,+ 1,N,) +A°Y(T,V,N,+ I,N,),

N, + l
q(l .S‘

A (N, + 1)IN,!

exp(_BA(T’V’Nu + l’N\’) = _/9{ N\} ‘[.“O‘Z()exp(_B(l/[\/u,[\/'j + []0))’

N,+1

g g
A (N, + 1)IN!

exp(~ BAM(TV.N, + 1.N,)) = JRANNY [@oexp( - B(URS + Up)),  (9)

where

f@():fg[fdraor (10)

i=1]
Repeating the same procedure of perturbation, we can express A*™(T.V,N, + 1,N,) as

ASOﬂ(T,V,Nu + I’Ns) =Adirea(T,V,N“ + ]sN\«) +ASO“em(T,V,Na + ]"N\') +Ai""a'0(T,V,Na + I?Ns‘)’

Ad"w(TsV’Na +1,N,) = Z Z[d"odrluzﬁn(’Osrl{ono}})PQaﬂ N‘(rO’rl)’

o ij

ASOM“‘(T,V,N“ +1,N,) = Z Zfd"ld““mﬂ (r rz)PM +1, v(rl”'z’{UnT,'})’

o, 7#0 i,j

. 1 ..
AP Y(T VN, + 1,N,) = fclridrau”"f (rl,rz)pN v (ror 0fisg). (11)
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The term A““(T,V,N, + 1,N,) originates from the direct interaction between the introduced solute and the
surrounding molecules, and A™™%(T,V,N, + 1,N,) comes from the intramolecular interaction in the solute
molecule “*0”’. The two-body distribution functions are defined as

mrd( {0 }) f@{ "’N‘}fgoexp(_BU’QT‘TI,N\)(S("OJ—ro)a(ru,l,_j—rl)
PN N To T 1Y, 0; ,
N, N\ T 05T f@ (,,N}fgexp BUJ'aile)

hard
Pw,~ l.N,(rl ra2.{o ’7_/})

( )f‘g a’N}jg()exp BU’\'haidlN)a(ru.l.i—rl)(s(ro’.Z,j_rl)
NN, -1 (o=1),
[N, N [Foexp(—BUEE, )

f@{ a’N}exp( BU’\?‘"S)S( a,l,i rl)a(rle )
NUN? ((T?é T).
JoAN, NYexp( - BUIE )

(12)
Then we calculate the chemical potzntial u = A(T,V,N_+ I,N,) — A(T,V,N,,N.) as
[_L=AAhurd(T,V “,N) +Amrec!(T V.N + I’N\') +Am"a‘0(T,V “,N) + AA\ol\em(T v, u’N)
(13)
where
AAM(T V,N,,N,) = A“%TVA + 1,N,) — A™(T.V,N,,N,),
AANYTV,N N)=> 2 2. fd" dryu :r“f:"(rhrl){p’}\l'afl N(rl’r"’{o- T}) Phdrd (rl’r°’{0-117})}
o, 7#0 i,j
(14)
The pressure of the system can also be written in the perturbation scheme as
pP= Phard + P, soft
where
aAhz\rd ) ( aAs‘ot‘t )
P AT == * Ps'o' == : . 15
2l R - I (15)

The explicit forms of these pressures are given in the following subsections (and summarized in Table 1).
2.2. Hard terms: the packing entrcpy

Here we briefly review the explicit formula for the A A"™(7.V,N_.N,), the nonperturbed hard-sphere entropy
change upon insertion of a solute, in order to clarify the discussions in our preceding work [1].

The free energy of the FHS fluid can be accurately obtained by the first-order thermodynamical perturbation
theory (TPT1) [14,15], which introduces hard sphere connectivity as a perturbation from a system of hard sphere
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monomers by a perturbation scheme as A (T.V.N)=A, (T.V.N)+ A ...{T.V.N). By using the Carna-
han-Starling equation of state [16] for a single-size-monomer fluid, one can write the FHS free energy as

4n =37’ (-’
44T ¥ N, (m,— )In——— 6
Gy T 2 Nem = n—rse - (16)

where 7 is the packing fraction, p, and N, are, respectively, the number density and the number of molecules
of the species o, and m, is the number of spheres per molecule. The extension to the system of mixtures of
different monomer sizes by using the equation of state in Mansoori et al. [17] is straightforward and will be
presented in the accompanying paper [11].

The calculation of the chemical potential is also straightforward. The FHS part of the chemical potential is
given by p, pys = (0Apys/0N,)ry . and since A A™" s the pseudochemical potential given by s, pus —
kTlnp,, we can write

AFHS=kT( > N,np, — 1) +kTY_ N, m,

o=a,s

AV 4n—3n? 1-7) AV™
v (1-n)° (1-n/2)
The fused hard-sphere pressure Py,  here is given by
L+ N, . n 31 dn—27’
Phardsz + kT zd p(r(mu" I)( - ) + kT Z Py My 3 (18)
o=a.s 2-7 = o=a.s (1 —77)>

where AV is the hard-sphere volume of solvation expressed as AV ={(du" /3P, ) . and AV"™ is the
molecular volume of the solute. This expression of AV means that we assume that the volume of solvation is
equal to the hard-sphere volume of solvation. Further generalization to arbitrary AV is given in the forthcoming
paper [11].

The contribution of P, ;AV term in solvation in relation to the compensation with the soft term is the matter
of dispution [9.10]. The proposal by Ben-Naim [18] to use ft = (34 /3N, ), and also used by Chan and Dill [2] is
an elegant device for avoiding the explicit decision of the above P,, AV problem by using constant pressure
Helmholtz free energy. In Section 2.3, we show that the soft term is composed of P, AV and the quantity
localized around the solute. This enables us to subtract the Py, AV term from AA*"™? to obtain the
non-compensating hard-sphere contribution in the chemical potential. This gives the configurational entropy,

s A AT P Ay = —kTA—V(N +N,) +kTm M-FkT(m - 1)1n—(1—_i
/'LFHS hard v a s « (l )2 « (1 _ n/z)

AV"™
), (19)

+ Phard( - AV
n
which is the same as the packing entropy terms given in our preceding Letter [1].

2.3. Soft terms: the contact free energy

Here we consider the perturbztion contributions to the free energy in order to derive a theoretical expression
of the contact free energy and its relationship to ASA. For simplicity we restrict our considerations to spherical
solutes. The extension to general polyatomic solutes is presented in the accompanying paper [11].
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2.3.1. Direct interaction
The direct solute—solvent interaction upon insertion of a solute is simplified to

AYE(T VN, + 1,N,) = DM fdradrlu?fg,(’aﬂﬁ)P:f,lflw;(’o”l)- (20)
J

a

The p{””fl n{ry.r ) is zero in the range of 0 <[r | —ryl<(d, + d(,)/4 (d, is the hard-core diameter of the o th

SOit

specie) because of the hard core repulsion. If the potentlal uy ‘,(ro, l{O a;}) is a short-ranged potential, the
direct interaction becomes proportional to ASA:

d,\’ d d
A" (T VN, + 1,N,) =477'('?“) Ad{ubo‘f:(”m = Y)P?/Mfl ARSI f)}

m d,+d,\’ o d,+d\ d,+d,
+ 2477'( 2 Ad Uy, | For = )pN‘lﬁ-l.N\ Toy = ) ’

4 4
(21)

where ry =|r, —rgl and Ad is the range of the potentials «*". In the infinite dilution, the first term is
negligible and A*4"(T,V,N,,N,) is proportional to ASA probed with the monomer of the solvent.

u’

2.3.2. Solvent reordering

Here we express A A" in terms of the binding energy of solvation. First we show that the two-body
correlation functions in the system (7,V,N, + 1,N,) can be related to the correlation functions in (T,V,N,,N,)
with a fixed solute, which in the case of monomeric solute can be considered as an external field. In this case,
A A™% =0 and the integration 2, reduces to:

o= [dry. (22)

Then py', , becomes

1
PR’?TLN\(Ms"zv{"'t’Tj})— }d"op*hm(’ T {o{,a’}) (23)

where py W(r,.r,{o;,,0}}) is the two-body distribution function of the system (7.V.N,,N,) with a fixed
monomer solute as an external field and is defined by

P: hwdrd("l 'rZ’{Ui*Tj})

f@{N N} exp ﬁUNl'?:dl,N\)S(ru.l,i—rl)a(ra.Z.j_r2)
Ivrr(jvu_- (O':T),
[N, Nexp(~BU, )

f‘g{Nan\}eXp(-Bl]:’\?(ir,s))s(ra.l.i —r)o(r,,;—r)
N, N, (o+71).

1{7 N, NJexp(—BUY )
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Now we rewrite A A*"™ ysing the binding energy to the solution. To do this, we introduce a one-body
distribution function in (7,V,N,,N) with a fixed solute:

[1h

jg{ u’N}e"p( BU,QTLN,)S(%.H_’I)
P, hAi\m("l”'()’{("i})=Nn ) (25)
JZ{N Nyexp(-BUES, )

where, again, the fixed solute can be considered an external field. The binding energy of o; to the “*sea’” of 7;

in the presence of a fixed solute is defined, using the conditional one-body distribution function

pu Ny do)), as

‘* hard(l,l ’.7,{ }) sort(rl’rj)

By n(rirodont}) = fdn or. llard(rl’r())

(26)

And the bulk binding energy of the same component at the density py y({o;}) =N, /V is given by

Py, .~ ({ )“\0" (r1.ry)

B w({om)) = [dr, pN“‘N_‘({cr,.}) ' 7

Using these binding energies, we can rewrite A AT V.N,,N,) as

a’

AAPN(TV,N,.N,) = = Z Z fdrofdrl Pr; *}v:'l\rd(rl’rO’{a-i})BN*”,NA(rl;r()’{a-i”rj})

—'_ZZ jd"ofdrlpw ’v( ) (UT}) (28)

The binding energy Bl\ﬁw\(rl;ro,{a'i,q--}) far from the solute located at r, tends to

lim By N(rl,ro,{o' 7}) =By ({o,,'r}) (29)

For =%

Note that compression of the solution upon the insertion of the solute makes By % ({o;,7}) different from
BN o).
By using By {07}, we can rewrite A APYY(TV,N,.N,) as

AA°Y(T V,N,,N,) = Z Z fdr(}[dr, Py, T\?r (’1’r(),{Ui}){Bl\*/u.N\(’l;’0’{0',"7;})

o7 i.j

B&,'j;({o}ﬁj})} Z Z fdrofd"l V har (’1 REE ‘T})B \({0':‘-7_;})

o7 i,

- pN“,N\({ o} ) B;\)i,,_,\g({ g; ’Tj} )} . (30)

The following relationship is used to rewrite the second term:

—fdrp* hard(rl’ro’{a'} ) = PN“,.N"\({O?})’ (31)
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which comes from Eq. (25) and the two-body nature of the potential energy which has been assumed. Then
A A*Mer(T VN, N,) becomes

AAsolvent(T,V N) = — Z Z v[drofdrl pN (rlar[) { } <BN N("pro { ;})

arz}

T})}+ L L fdr, oy y({o)){Bi5((0.7))

o7,

~Bf(\)l(,,.\'s({0-i’7}})}' (32)

We show that the second term of Eq. {32) coincides P, as follows: It is shown by Matubayasi et al. [19]
that py g dod) and py N .r, {07} at vy and r, far from the solute r, tend to

dpew(riTo. fo)

A%

PA*Q,I?\?\.M("M"O’ })”Phard(’ rofo}) — AV

ey (rirafont))

oV

Pa, ““d(rl,r“{rrx,'r )—-»p}\‘,““;,(rl,rv,{ 7)) — AV , (33)

where AV = du” /3Py, is the volume of solvation of the solute introduced in Section 2.2. It follows from these
relationships that

P, hard(’x rq,{(r‘,‘r}) p,{‘;“f{,(rl,rz,{o;,r-}) d P:‘/‘T%("u"za{ is ,}) 1)
hard tard AV—_ hard tolg ) (34)
P, N ("1»’0 o:}) Py, w{ri.ro. {o}) prn(rirod o)
Then the binding energy B,;ﬁv‘({a',,‘r‘;}) becomes
. aB/l\)’..N({O.i’T'})
BC?({ ‘TivTj}) = B;‘]IH.N‘({ 0'1»7/.’) - AV'——"’_&IV—_L_' (35)

Thus the binding energy By 3 ({0;,7,}) is shown to be equal to the binding energy of solution of the density
N, /(V — AV). By using Eq.(35), thé second term of Eq. (32) can be rewritten as

I
DI EI N (CAN IR (CR AR M (LY

T o}

By ({ 7))
=—-AV- szdrlp\ N((U})—‘N‘N—_‘—‘
oo
‘ soft
_—A‘/WEZ Efd"l Pn,, \((a})B  w{or )+ 0( )‘——AV »' =P aAV. (36)

.7 i

It is thus shown that the second terra in Eq. (32) is P, AV term, which actually cancels out with Py, ;AV, as
discussed in the previous subsection. Then the first term in Eq. (32) (= L, rgerin,) i the leading term and is
localized in the shell: By ,(r;;ro {7, 7;}) converges to By 5({o,.7,}) at a certain distance A. When A is short
enough, this term becomes an ASA- propornonal term.



88 S. Shimizu et al. / Chemical Physics Letters 282 (1998) 79-90

2.3.3. The contact free energy

In the previous section, A A*" is decomposed into two parts: the shell quantity and P AV term. As
discussed in Section 2.2, the P, AV term cancels out with P, AV, and the leading contribution is thus
extracted as

p“soﬂ = Mot — PsottAV (37)

This gives the theoretical expression of the contact free energy. To summarize the previous sections, the contact
free energy for the monomeric solute is given as

ﬁsof‘=221d’0d’1“0(r("o» I)P,:l/rflw("()v 1)+ ZZ /d’ fdrlp*hard(rlv"m{a'})
o

o.T i
X By n(riire.(onT)}) - B&.:TL.({U.-,T,-})}- (38)

When the ranges of uz,"f,‘ and By (rirglo,7) — By 3 ({o,,7}) are short, the contact free energy is
proportional to ASA. This Is the generahzed Flory x in the commuum space, and in the following section this
continuum space theory is compared with the lattice model.

3. Discussion

In the previous section, we gave, for the first time, a continuum space theory of solvation in which the Flory
X is generalized into the continuum space. The solvation free energy is made up of packing entropy and contact
free energy, and the contact free energy is shown to be an ASA-proportional term under the assumptions that (i)
the soft part of the potential energy has a steep minimum and (ii) the solvent reordering is confined to a thin
*“‘shell’”” region. The derivation was restricted to spherical solutes, and the extension to polyatomic solutes is
presented in the accompanying paper [11]. But regardless of the restriction, the theoretical expression obtained
in the previous section justifies the use of a monomer of the chain solvent as a probe to evaluate the ASA
proposed in our previous Letter. The results of our continuum space theory are summarized in Table 1, where
they are compared with the corresponding results according to the lattice model.

Table 1
Lattice (Ref. [2]) Continuum space (this paper)

Pdirect m,z(€,, ¢, + €,8,) z, Z,fd"od"l“a?frl.("oyrl)Pl}\"afldx/(r<>,"|)

Freordering _%33‘/(5““05 +2€,,¢,6, + fs.\‘l’x:) ;’zu,le ;Jdr, va hdrd(r rodo })B\* N ("1 ros {U,u
=38, .5, dry py R, {ohBy LoD

conig kT2 N (m, — 1)+ N,(m,—1)] — KTS%(N, + N+ KT 2220 4 kT (m, — 1)
+ kT(m, — Dingmhs 4 P (37— AV)

Py AV —kTYT, - N (m, — D)= kTAV log% KTAGBAV +kTY ., | p,(m, — IX32s — 720)AV
+ kTZUz(U Oy mUHAV

Py AV %ZAV(EM‘A? +2¢,, 0,0+ €, (-bs'l) ‘?Z(rj Zi,jfdﬁ Pu,+ ],XV'\({O‘I})BAG”Z:/LV‘({UI’Tj})

~1L,. L, Jdr, py y{o DBy yUo.mh
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Here we discuss the relationship between our continuum space theory and the Flory y term. The Flory y
term is, [2], expressed in the following form: if we remove the assumption of zero free volume ¢, + ¢, = 1 and
the assumption that the partial free volume is expressed as AV =m_ as in [2],

ﬂ’x = muz( euud)u + Easd)s) - _L!»ZAV( Euu¢3 + 26m‘¢u¢x + 6ud)\2) (39)

The first term comes from direct solute—solution interaction, which corresponds to A* 4™ in the continuum
space theory. The second term comes from the breaking of the old intermolecular interactions by the
introduction of a solute. This corresponds to the reordering of the solution expressed by A A™<" in the
continuum space. But as shown in Table 1, this 3zAV( €, d; +2€,,¢, b, + €, )= flreorering) term also
appears in P, AV. The lattice thecry has an artifact in that the reordering contribution has the same form as
P, AV, the bulk quantity. This means that the solvent reordering is not sufficiently taken into account in the
lattice FH theory. The generalization of the theory into the continuum space enables us to treat solvent
reordering effects, where reordering contribution of the chemical potential is evidently a shell quantity and has a
different expression to the bulk quantity P, ;. Furthermore, the contact energy parameters €,,s are now replaced
by the potential energy and correlation functions. This opened a way to evaluate the contact free energy directly
from simulations.

Ben-Naim [20] attempted to explain the microscopic contribution (i.e., ASA and volume dependence of the
solvation free energy), by using the second virial coefficient system, which is limited to the spherical van der
Waals solute. The ASA parameter obtained by his model contained only the direct interactions, and the
reordering of the solution was ignored. But the reordering effect is clearly innegligible when a hydrophobic
solute is dissolved in water and the positive contact free energy should be attributed to the reordering effect.

All these results on the contact free energy are based on the rigorous treatment of the compensation between
hard and soft terms. A A*™™ has not been explicitly taken into account in SPT both by Pierotti [7] and Neff and
McQuarrie [8]. So the compensaticn has not been understood quantitatively. We have shown in Section 2.3.2
that AAY™ = fiiering T PoonAV, and shown from this result that Py ,AV, where AV is the volume of
solvation comprising both of the molecular volume AV" and of free volume change upon solvation AV, is the
term which compensates with the soft term P_; AV. This is different from Pierotti’s SPT [7] in which P, ,AV"”
is ignored. The two distinct treatmznts of the PV term give rise to the term P,, ;AV/ as the difference in the
dissection of the chemical potential between SPT and our theory, which is in the same order of the solvation
free energy. The consequence of this difference between the two theories is further investigated in the
forthcoming paper [11].

The original motivation for this series of work grew out of the long lasted controversy over the theory of
Sharp et al. [21]. It had eventually become apparent that the problem was not to “‘correct’” the solvation free
energy but to decompose it into its microscopic components such as ASA-proportional terms and the
volume-proportional terms [5,1]. But attention have been concentrated on the treatment of the reference states,
or the hypothetical states such as ideal gas [21] and hard spheres [10] for the evaluation of the entropy change
upon solvation. The rest of the contributions, the Flory x equivalent, had been discussed only in the lattice
models [2,3] and in the van der Waals fluid model [20]. Our theory give the first theoretical expression of the
contact free energy in the continuum space model, and improved the physical picture in the lattice model.
However, the treatment is limited to the hard-sphere volume of solvation. The generalization to arbitrary volume
of solvation is presented in the forthcoming paper [11]. We think, furthermore, this expression is quite important
to the understanding of the microscopic physical contributions to the solvation free energy.

4. Conclusion

The continuum space theory of solvation for the chain molecular solution, which is the generalization of the
Flory—Huggins (FH) lattice solution theory, is presented in this Letter. The contact free energy, a continuum






