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The main purpose of this paper is to present a theoretical scheme which describes the solvation and
transfer free energies of small molecules and relate them to solvent contributions in the
biomolecular processes. Several proposals, based originally on Flory—Huggins theory, have been
made recently that there is a non-negligible solute’s volume-proportional term in solvation free
energy and the term should be subtracted to obtain solute/solvent contact free energy for
biochemical applications. These proposals have resulted in the revision of the magnitude of the
hydrophobic effect in biomolecules. The validity has been controversial, since the existence,
physical origin, and magnitude of the volume-proportional term have been model dependent. In this
paper, we cleared up this problem by using an accurate fused-hard sphere model and a perturbation
scheme in which the compensation between the repulsive and attractive interactions has been
clarified. The solvation free energy is shown to be dependent on the solute’'s surface area and
curvature: the volume-proportional term is shown to be negligibly small. This disproves the basic
assumption of the previous theories whose purpose is to “correct” the magnitude of the solvation
free energy by subtracting volume-proportional terms. The relationship of our theory to previous
theories is also discussed. ®999 American Institute of Physid$0021-960609)50106-3

I. INTRODUCTION ergies to obtain the surface area parametérsrrection”).
Such proposals have resulted in the large change in the mag-
nitude of solvation contributions for macromolec(lesd

ve been controversi&t’® We thus come to an inevitable
question: Is there indeed a volume-proportional term in
transfer free energy? This paper is devoted to answering this
question.

The existence of the volume-proportional term in the

solvation free energy was first predicted by the Flory—
p(l>) Huggins(FH) theory!! where entropy of mixing is predicted

Quantitative information on solvation and transfer free
energies is indispensable to the understanding and modeli
of biomolecular structure and binding. A large amount of
data on the oil/water partitioning and gas solubilitsapor/
liguid partitioning of small molecules has already been
accumulated. The transfer free ener§yrom phase 1 to 2
can be calculated from the partitioning data as:

AG*=RTIn

2 (1) to be volume proportional and the nonideality from the size

P differences between solute and solvent has been incorporated
wherep(Vs are the solute’s number densities in phase by using the lattice solution model. The lattice solution
Given the transfer data of small solutes, how can wenodel has recently been extended to take the free volume
estimate the solvation free energy of a protein in a giverinto account and the extended theory also predicts the exis-
conformation state, or the change in free energy when théence of the volume-proportional tefth** However, several
protein unfoldé? It has been assuntetin biochemistry that  facts show that FH theory is not a satisfying model. It is
transfer free energies are proportional to the solvent acceshown by Hall and co-worket&that FH significantly under-
sible surface are@ASA) of the solute. The surface area pa- estimates the fused hard-sphere compressibility factor. More-
rametersAG*/ASA are determined from the experimental over, the FH agrees well in the chemical potential with the
transfer free energy data of small solutes, and applied tgimulation in the lattice systefi.These facts show that the
various simulations of protein folding and protein—protein|attice system differs significantly from the continuum space
associatior . in the excluded-volume effects. Some authors, furthermore,
In the past decade, however, there have been severBhve reported that FH describes experimental partitioning
proposals that there is a volume-proportional teimuch  data. However, due to the difference between the lattice and
larger than the almost negligible pressure—voluf®/)  continuum space, these explanations should be reconsidered.
work upon solute insertionin the transfer free enerfias  There are some unnatural assumptions made in the explana-
well as an ASA-dependent contribution, and that the volumegjgn of experimental data by FH® for example:(1) consid-
proportional term should be subtracted from transfer free €Ngring flexible segmental benzene and cyclohexane molecules
in the experiments of De Young and Bit® and (2) assum-
3Electronic mail: seishi@bi.a.u-tokyo.ac.jp ing fully packed and zero free volume limits in the explana-
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tion of the solubility of xenon in a series of alkafleghich  nitude of the volume-proportional term in monomeric and

made the physical meaning of the parameters unclear anthain molecular solution, we present in this paper a new

made xenon a flexible 5.5 mer. The description of solvatiortheory of solvation based on a fused hard-sphere reference

and partitioning therefore requires a continuum space theorgystem in the continuum space and a novel perturbation
The existence of the volume-proportional term has alsscheme which describes the solvation shell for incorporating

been predicted from gas-based theories. Hildebrand'sttractive interactions. This treatment is free from artifacts of

theory® is based on the van der Waals fluid model rathetthe lattice. Our theory, furthermore, overcomes the hard-

than a lattice model, but it nonetheless predicts the existencgphere pressure problem in SPT and the hard—soft compen-

of a volume-proportional term similar to that predicted by sation is treated rigorously. We show in this theory that the

FH theory. Sharpet all’” used the ideal gas to derive the volume-proportional term is negligibly small even for chain

volume-proportional term. In the gas-based continuum-spacgolvents; the solvation free energy is dependent on surface

theoriest’~2° the mixing of free volume distributed to each area and curvature. This clarifies the dependence of transfer

solute and solvent molecule is the origin of the volume-free energy on molecular size and shape and it gives a theo-

proportional ternf! It is noteworthy, however, that neither retical foundation for estimating the solvation effects in bio-

the ideal gas nor the van der Waals gas model represents theolecules.

excluded-volume effects of the real molecutéghe differ-

ence between the lattice and the gas theories is that while the

gas theory predicts the existence of the volume-proportiona| theoRry

term even for the monomer solvent molecules, the lattice o _

theory does not. On the other hand, Ben-Naim and Lovetf: Hard-sphere contribution to the solvation free

have shown, based on virial theory, that the volume ternf"€'%

contained in solvation free energy is PV wdikhich means Scaled particle theof§ is equivalent to the analytical

this term is negligibly small at 1 aimThis result apparently solution of the Percus—Yevick integral equation by

disproves former gas-based ‘“rederivations.” However, theirLebowitz?® a solution obtained through the compressibility

theory is valid only for monomers at a low-density lifitt. equation, and it has a physical consistency at the limit of

The question as to the existence of a volume-proportiondarge solute size. The SPT provides one of the most realistic

term of solvation for monomeric as well as chain moleculesnodels of solvation for spherical molecular fluids. The

should be answered by a model that better represents tlehemical potentiats, naq Of the hard-sphere solute of diam-

excluded-volume effects in solution. eter R, (at the number density,) in the solution of the
The scaled particle theor{fSPT)?*~%® is based on the hard-sphere solvent of diamet@g of the number density,

accurate analytical model of the hard-sphere system and isia given, in the infinite dilution, by the following equatith

far better model of the excluded volume effects for liquids

than the theories based on the ideal gas or the van der Waals

fluid, although it is limited to monomeric solutes and sol-

vents. The hard-sphere chemical potential upon which SPTis  u? .= PharcA V" + KT

based contains a term for the PV work performed when the

solute is introduced into the system. Since the pressure of the

hard-sphere system is usually as high as 100%a#mnthe +kT

density of water, this PV work amounts to several kilocalo-

ries. The way in which this term should be treated has nothere u} .4 is the pseudochemical potenfiavhich ex-

been clarified and has been a source of confusitiard-  presses the free energy change upon insertion of a solute at a

sphere pressure problemih understanding the existence of fixed position. They in this equation is the packing fraction

the volume-proportional term of the solvation free of the liquid (ﬂzziéwpin), and Py,,q and AV™ are the
energy:"?® The scaled particle theory of Pierdttignores  pressure of the hard-sphere reference systemich through-

this hard-sphere PV term under the physical |nS|ght that P\but this paper is called s|mp|y “hard_sphere pressurahd
work of real solvent is negligibly small: if one follows this the hard-core volume of the solute:

approach, one concludes that there is no volume-proportional

term in the entropy of solvation. Shagi al?® follow this 1+n+79°

theory of the hard-sphere pressure. Neff and McQuétrie, Phard=KTps (173 )

however, made straightforward use of the hard-sphere pres-

sure in a different perturbation scheme and reported bette¥nd

agreement with the experimentally obtained solubility. Thus

if one follows their treatment of the hard-sphere pressure, AV™=

one concludes that there is a volume-proportional term.

These seemingly contradicting conclusions result from the The treatment of the produ®,,AV™, which for the

insufficienct in the treatment of the hard-sphere pressure angydration of methane can be as large as 2 kcal/mol is com-

the unclear mechanism that makes up the real ambient preparable to the solvation free enerffyAs is pointed out in

sure. Sec. |, the treatment of this term has been confused and the
To resolve the controversy over the existence and magrolume dependency has been unclear. To clarify the treat-

Ma hard— M;,hard+ KT In Pa

_a)2§w
Rs/ 2 (1-n?

Ra) 37
ﬁs m—kT |n(l—77), (2)

™

3
5 R (4
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ment of theP,,,, AV™ term, we introduced the attractive in- sum of the hard sphere pai,,q and the soft parfg: as

teractions and rigorously formulated their compensation withu = ppargt soit- The modeling ofup,g has been discussed

PharAV™. in Sec. Il A. Our interest here is how we can expresss.
The result can be obtained as

B. Contribution of attractive interactions tsoi=A* T p(r)]— AT p(r)]

We thus require a quantitative treatment of the compen- = Adirec(T \/ 1 NQ) + AASNE TV Ny),

sation between the term which originates in the hard-sphere
reference systenfwhich in this paper is called the “hard direc softy .\~ x
term”) and the term due to attractive interactitthe “soft A t(T'V’l'Ns):f druas (r)padr), @)
term”). To see the way in which the hard and soft terms
compensate and make up the solvation free energy, we use
the perturbation approach based on a hard-sphere system de-
veloped by Henderson and co-work&?dn the perturbation _ _
scheme, we decompose the attractive interaction contribution X[psdr,r')—psdr.n)],
of the solvation free_ energy into the locéhe so_lvat_|on_ where Ad"e"‘(T,V,l,Ns) andA ASO"’e”KT,V,NS), respectively,
shel) and bulk contributions, and the bulk contribution is - A

express solute—solvent interaction and the change of

H m
shown to compensate WitBhaAV"™. solvent—solvent interaction upon the insertion of a solute and
1. The perturbation approach of the solvation shell the solute—solvent and solvent—solvent two-body distribu-

tion functions are defined, respectively, a}égs(r)

1
AASOlventT,V.Ns): Ej dr dr’ uzgﬁ(l’,r’)

Consider a solution of molecules comprising two mo- + har ~ . " )
lecular speciesa (soluté ands (solveny, and assume infinite = P(F)Gas W), pdrr)=p()p(r)ged(r,r’), and
dilution so that solute—solute interactions are negligible. Weps{(r.r")=p(r)p(r") g™ 4r.r").
also require that the intersubunit potential enetgy n_is
pairwise additive and each pair potential is decomposed into
“hard sphere repulsion’u"and “soft” part us°", which 2. Sojute —solvent interaction
expresses the contribution such as dispersion forces and elec- _
trostatic potentials. padr) is zero in the range of €|r|<[(R,+R,)/2] be-

In the dense fluids, the molecular structure of the fluidscause of the hard core repulsion. If the potentig{r) is a
is basically determined by the hard-sphere repulsion. Frorghort-ranged potential, the direct interaction is expected to be
the density functional perturbation theory proposed by Hendproportional to ASA:
erson, Evans and co-workefsthe free energy of the pure AT v/ 1 N)

solvent of the density(r) is expressed as
2

Alp(r)]=A"" T p(r)]+ A% p(r)], ~4 RaZRS Ad
®)
1
ASOﬁ[p(r)]ZEJ drdr’p(r)p(r)geg"tr,rHussrr), o RatR)- Ra+Rs
X[ uge| Irl= pad 1= :
hard soft 2 2

where ggc =~ and ugg~ express solvent—solvent correlation
function of the hard-sphere reference system and solventwhereAd is the range of the potentialugg“. AYTE(T V. N,)
solvent attraction, respectively. The free energy of the sysis thus proportional to ASA probed with the monomer of the
tem after the insertion of a solute molecule to the fixed po-solvent.

sition (at the origin in the fluid under constant volum¢he

relation between constant pressure insertion and constant

volume insertion will become clear in Sec. IIB& ex-
pressed as:

A*[p(r)]=A* " p(r)]+A* S p(r)],

3. Solvent —solvent interaction

Now we rewriteA AS°Ve"ysing the binding energy. The
binding energy in the presence of a fixed solute is defined as

1
A*'S"f‘[p(r)]:zf drdr’p(r)p(r")gsl®qr,rHusir,r’)

~x 7\ ,SO ’
pE(r.rHug(r,r’)
B*(r):J’dr’ = = s (8)
pas(r)
SO har
+J druginp(rgsn, (6)  and the bulk binding energy of the same component is given
. b
where g and g, respectively, express correlation
function between solute and solvent molecules, and between > J{r r/)usoﬂ(r r')
R it 0 ,Pssls ss \'»
solvent molecules in the presence of a solufg; expresses B"= | dr P ' 9
S

solute—solvent attraction.
The chemical potentiak is the difference of the free whereps=N,/V. B® is a constant due to the isotropicality of
energy of the above two states, which is expressed as thtbe system.
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Using these binding energies, we can rewrite the avtd
AASOVE(T V Ny) in Eq. (7) as S ReTiee T O
hard-sphere (9 QOOO &O@“‘_’ 6) 0
1 - reference 0 %
AASO'Ve“ET,V,NS)zz(f drpgs(r)B*(r)—j drpSBO). system 0 b 0% b RAV* SelSel’
(10)

The binding energ* (r) far from the solute located at
the origin tends to

limB*(r)=B*~. (12) solution .Q“
r—oo % $ i
|

Note that compression of the solution upon the insertion of unitary process
the solute makeB** different fromB°. @ soue (O hard-sphere solute

By usingB*~, we can rewrittAASVe"(T,V,N,) as @g solvent Qo hard-sphere solvent

Iven 1 ~ % )
AASOVET VN = > dr prdr)[B*(r)—B*~] FIG. 1. Schematic summary of the perturbation scheme. Ben-Naim's uni-

tary procesgRef. 3 1—3, insertion of a solute at a fixed position in the
1 solvent, is decomposed in the following thermodynamic cycle in terms of
+=1| dr ~ NB**— p.B%1. (12 the fused-hard spher@HS) reference systems.—%a: turn off attractive
2[ [pas( ) Ps ] (12 interactions with T,V) fixed. a—b: insert a hard-sphere solute into the
system of hard-sphere solution. The volume incremenhV§ the hard-
Since the number of solvent molecules is constant uporphere excess volume of solvatidn-c: compress the FHS system to the

insertion of the solute. it holds that volume ofa. c— 3: recover attractive interactions.

J drpa(r)= J dr ps, (13
By using Eq.(17), we can rewrite the second term of Eq.

and the fact thaB*~ is a constant can be used to rewrite Eq.(14) as

(12) into a simple form: 1 1 9BO

- *eo_ 0y _ - -

2JdrpS(B B") AVZJ’drpsav

1 ~
AASOVEN(T v/ N = EJ dr pX(r)[B*(r)—B*~]

—av i f dr psB°
1 s T vz) A
+3 dr pg(B**—B9). (14)
——AV Asoft
We show that the second term of Ed4) is equivalent to N oV
P as follows: Matubayaset al3! by using the work of
Lebowitz and Percd4 have shown thapX{r) andpX(r,r’) =PsordAV. (18)
atr andr’ far from the solute at the origin tend to: The second term in Eq14), Ps,sAV, almost cancels out
_ 9ps PhardA\_/ for quu_id solutions, becays@zPham& P.oit and
st(f)ﬁps—AVW' PAY is negligibly small. The first term in Eq(14)
(= Msoven) 1S then the leading term and is localized in the
7 , (15 shell: B* (r) converges t®* ~ at a certain distance. When
T "n_,7 ' —AVM \ is short enough, it is proportional to the solute’s coordina-
psdr r')—psdr,r’) BY; ) . .
tion number and thus is dependent on surface area and cur-
vature.

whereAV= dup,.{ IPhaqis the hard-sphere excess volume
of solvation. It follows from these relationships that

Pss(r:r/)> +O(l
ps(r)

C. Extracting shell thermodynamical quantities from
’ the hard-sphere reference system

Ezs(r,r’)ﬁﬁss(r.r’)_A K2
Padr) ps(r) Y

\Y

(16 Here we present the scheme for the compensation be-
tween hard and soft contributions based on the formulation
of PsoAV in Sec. IIC. The results of this perturbation

9B scheme are summarized schematically in Fig. 1, whete
B*WZBO—AVW- (A7) (=t Msof) s Miarg @Nd s, rESPECtively, correspond to
the free energy changes upon processes 8}, (a—c), and

Thus the binding energ** is shown to be equal to the (1—a) + (c—3). The main result of Sec. IIC igso

binding energy of the solution of the densig/(V—AV). = lsoit PsoAV, Where AV:(ﬂMﬁarMPhar&T,Ns is the

and the binding energB*” then becomes
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hard-sphere volume of solvation afd,AV is equal to (2 in Appendix B. It is shown in Appendix B that the funda-
—b) + (c—3). The free energy change upar-b is the  mental relationship for the soft termysyi= wsoi— PsodV

noncompensating part calculated as holds even for chain molecular solvents: we can disgegt
~ N into soft PV work and the solvation shell contributions
Mhard™ Mhard™ PhardV, (19 (ZL a
Soiv -

and the termsP, AV and P,,;AV make up the ambient
pressure term oPAV (2—3). The volume of solvatiodV

in the hard-sphere reference system is calculated as 2. Hard term: A fused hard-sphere model of solvents
5 The thermodynamic quantities of the fused hard-sphere
AV= KTIn (FHS) system can be calculated by Wertheim's thermody-
IPhard 9Py Manard” Pa) _— namic perturbation theorgTPT),3® which gives an accurate
*e analytical expression of the equation state of FHS in com-
=AV™+ AV parison with simulationd which has not been realized by

whereAV™ is the molecular volume of the solute ana/fee  Flory—Huggins. In TPT, a monomeric hard-sphere system is

is the free volume in the hard-sphere reference system: chosen as the reference system and intramolecular bonds are
taken into account by first-order perturbation from the refer-
ence system a#\qys=Apst Apongs Where Ays is the free

zRg energy of the hard-sphere system axd,qis the change of
Avfree:i 6 [(R_) 3(1+27)(1-7) free energy upon the introduction of intramolecular bonds.
KT (1+4np+4?)[\R This theory is shown to give an accurate description of the

compressibility facto?* The pseudochemical potential of the

Ra ) 3 monomer solutea in the FHS solvent can be calculated
+ R 3(1—n)“+(1—7n)°|. 29 from
S
Note that the free volume given by E@OQ) is on the order of Xk n (22)
. - . o . K M Mbond:
R2 and is negligible in theR,— limit relative to AV™, hard ™ monomer™ fbon
which is on the order oRg, and is physically plausible. where wpong €Xpresses the contribution of intramolecular
Hanaais then calculated as bonds, which is given byupond= (dApond/ INa) 1.v,n- Here
we are interested in the polymerization of the solvent, which
N L, - R.\%(3 7(7+2) is given as
Ma hard™ M, hard ™ PharcdV=KT| =] | 5 -2
R _
Apond
s o =~ NSMs— )i pgiiRY +NE(me— 1), (23)
+kT<—a)—’7—kT|n(1—7;) , _
Rs/1-7 wherem is the number of monomers in a solvent molecule
(which is assumed here to be a homopolymer for simplicity
1+ n+ 7* 0s{Rs) is the two-body correlation function for monomers,
(1-7)3 R andN¢ andp¢ are, respectively, the number and the number
—kTr;—z(ﬁa) [3(1+27)(1—7)] density of the solvent chain molecules. We have used the
(1+4n+4n°)\Fs Lebowitz’s compressibility solution restitfor the two-body
R correlation functionsuygng in infinite dilution limit is given
+(§)3<1— (1= )%, @y
S

where the last term comes fromP,,,AV™®. It is notewor-

thy that theﬁayhard obtained does not contain anR{/R)3
term. This shows that there exists no volume-proportional

R,|2mg—1 3n
Mbonf_kT(§> TST'I 2 T e
s s (1=7)(1— 37+379°)

terms in the solvation free energy, as will also be discussed bon 77
_ +pPond — (24)
in Sec. Ill. 6
. ) where
D. Extension to chain molecular solvents
1. Soft term: Extension of the perturbation scheme 1+ p+ in?

c

The solvation shell formalism of the soft term presented PPN —KkT(mg—1)pg 1— (1 .
in Sec. 11 B can be extended to the chain molecular solvents. (1=m(A=zn+ir)
Appendix A generalizes the perturbation scheme into the Then we extract the noncompensating part from the
chain molecular solvents. Equatid5) has served as the chemical potential of a solute in the chain molecular sol-
basis of our hard soft compensation scheme, and the generents. From the discussion of Sec. IIC, we know that the
alization of this equation to chain molecular solvents is givernoncompensating hard term can be extracted as
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Mhard— :U*;;ard_ PhardV

R.\%(3 n(n+2) mg—1 3 Ra| 3
=kT(—a> U ,3— : 7 T(—E">—77 —KTIn(1—17)
RINZa=m? M 201-nA-in+ir Re/ 1=
1+p+7° mg—1 1+ p+ 37
- (1-7°% M (1-n)(1- 39+3i7%)
—Kln
, M1 L1420 30+ i+ fon*
(+4n+a4nT)————(1-n) RS
s (1-z2n+3n°)
Ra)2 ms—1 (1= 9)?(3—37°+37°) (Ra)
X[ =] | 3(1+2m)(1—n)— +|=|3(1—n)?+(1-n)3 25
R, (1+27)(1-7n) m (1= Ipt 1?2 R, (1=m)+(1-7n) (25

and, as in the case of the monomer solvent, is dependent ¢fH, Hildebrand, and ideal gas. In Sec. lll A, we clarify, in
the surface area and curvature. The consequence of this gethe light of our rigorous treatment of hard-soft compensation
eralization will be discussed in Sec. Il E. in FHS, the theoretical basis and assumptions in the previous
The theoretical scheme presented here can be genergas models that lead one to expect a volume-proportional
ized to the chain molecular solutes under the assumption thag&rm to contribute to the solvation free energy. The way to

Tsof= Msofi— Psord V. holds for chain solutes. The expression overcome the hard-sphere pressure problem of.S.PT 'is dis-
of ZnaraiS given in Appendix C. In this case, it also appearscussed in Sec. Il B. We then point out some deficiencies of

likely that there are no solute-volume proportional terms. the FH in Sec. IlIC and comment on the validity of the FH
“correction” of the solvation free energy in Sec. I D.

E. Comparison with Flory x
) ) . . A. Volume-proportional terms of solvation in gas
Here we briefly mention the relationship between ouryggels

soft term and the Flory. The Floryy term‘?is expressed in _
the following form: if we remove the assumption of zero free - Hildebrand's theory
volume ¢,+ ¢s=1 and the assumption that the partial free  Hildebrand “rederived” the FH type of volume-
volume is expressed asV=m, as is assumed in Ref. 12, proportional term from van der Waals fluid mod@But as
~ pointed out by Chan and Dif Hildebrand’s theory is based
Py =MaZ( €agtpat €ass) on an assumption that the molar volume, and thus the free
— 1 ZAV(€qup?+ 2€ppachst €s?), (26)  Volume, is proportional to the molecular volume. This leads
to the volume-dependent entropy of solvation, but it fails for
wheree;; is the intersite contact interaction between molecuarge solutes. In our theoryhV™e is dependent on surface
lar species andj, and¢; is the packing fraction of specie  area and curvature, and is not proportional to the molecular
The first term comes from direct solute—solution interactionygjume AV™.
which corresponds t&9"tin the continuum-space theory.
The second term comes from the breaking of the intermo», 1o theory of Sharp et al.
lecular interactions by the introduction of a solute, and it o . .
corresponds to ouk A", But in the Floryy, the same term The origin of thel\éo.lume—dependent termin the |degl gas
also appears iP,AV. The lattice theory has an artifact in theory of Sharpetal." is u“nderstqod as fc’),llows: In taking
that theA A™®" has the same form d&,,;AV, the bulk quan- Ehe ideal gas limit of the “entropical part” of the formula
tity, and the shell localization of the interaction energy is notthard™ Ahard~ PharddV, instead of upaq and AV going to

taken into account. zero as expected, the volurd/ remains constant and the
partial molar volume determined experimentally is used. In
Ill. DISCUSSION this case pag 90es to— Pigea A V™. This is the origin of

. . . . the volume dependent term in the solvation free energy. The
In this section, we used a rigorous perturbation schem?

. . [eatment violates our hard—soft compensation which takes

and showed that the solvation free energy of the spherica .

. . place for the process of the volume incrementAy.
solute does not contain any volume-proportional tefotiser
than a small PV terinand is dependent on the solute’s sur- o ) ,
face area and curvature. An influence of curvature on solvagé;(g(;””;?t_‘i?epteﬁg;ncy and attractive interactions in
tion free energy, which had been proposed previotisijs part y
supported by the present theoretical scheme, but we have not The volume dependency of the solvation free energy has
come up with a volume-proportional term like that expectednot been clarified even in the framework of SPT, and is
for both monomer and chain solvents in the theories such ascognized”?® as a critical problem in clarifying the
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molecular-volume dependence of the solvation free energyte’s molar volume, is equal tAV™ . This, however, is
As mentioned in Sec. |, if one follows Pierotti's appro&ch, equivalent to assuming molar volume to be molecular-
one concludes that there is no volume-dependent term in theolume proportional and has the same deficiency as that in
entropy of solvation, but if one follows the approach of Neff Hildebrand’s theory.

and McQuarri€® one concludes that a volume-dependent

term exists. The two theories adopted different ways of takc comparison to Flory—Huggins theory

ing attractive potentials into account. We have concluded

Sec. Il A that no volume proportional term contributes to the - Volume dependency in the Flory ~—Huggins theory
solvation free energy of the monomer solutes, except for a  Although FH theory predicts the existence of a volume-
usually negligible PV term. What are the relationships be-proportional term in water- oil transfer due to the flexibil-
tween these three conclusions? They are summarized in thig of the oil solvents, this flexibility does not lea@h our
following compact form. hard-sphere chain thedry to a molecular-volume-
proportional term. The inconsistency between FH and our

= tarat o Neff & McQuarrie) 27 theory is discussed here in detail.
~ ~ ~ ~ The configurational part of the FH chemical potential is
= hardt Mot PAV== ttpargt tsor OUr theory (28 expressed é%g P P
= :Lhard+ ﬁsoﬂ‘*’ ﬁres‘*’ PAV= :’vhard"' ﬁsoﬁ( Pierotti), (29) ~FH AVFH

_ Mhard™ kT v [Na(ma—1)+Ng(ms—1)]
where newly introdu~ced quantities are defined @rd ree
= Mhard l:)hardAer :Lsoft: AdireCt(T’VvlaNs) and ﬁres " kTAVFH |I"I(1— 7])' (30)
= AASVET V,Ng) — PparA V™ (definitions of each of the where AV, and AV express the excess volume and the
terms are given in Sec.)ll free volume in the FH model, ang is the packing fraction.

(i) The formalism of Neff and McQuarrie: Neff and The FH theory imposes several assumptions on (86),
McQuarrié® criticized Pierotti's way of simply ignoring whose validity will be examined later in this subsection: it
PrardAV™: they proposed instead to use the calculated valuassumes thak Ve =m,, equivalentIyAVfF’ﬁ,ezo andn=1.
of the hard-sphere pressure and proposed further to introdudehis equation then becomes, in the infinite dilution limit,

a term corresponding to oWrAS°Ve" The only difference is 1
that they have used thepartial derivative AASOVen b = kTma< 1— —
=9A(T,V,Ng,N,)/dN, instead of ourdifference AASCVent hard m
=A(T,V,Ns,Na+1)—=A(T,V,Ng,Ny). In the partial deriva- |t js this equation that has been used by many authdis®

tive approacif® the solvation shell has not been treated. Theto model solvation and transfer experiments.
VOlUme-prOportional term remained in the Neff and MCQuar' The Va||d|ty of Conduding the existence of a volume-
rie formalism only because the solvation shell of the softyroportional term from Eq(31) of the FH theory should be
term has not been treated in their formalism and thus th@uestioned. Our theory contains the- (1/m¢) term, which
compensation between the soft and hard terms had not be@ the same as FH in the case,=1 (if we can further
treated. If we consider a solvation shell as we have done igssume that the solvation shell formalism presented in Sec.
Sec. Il, the hard—soft compensation enables us to concludep can also be generalized to the chain molecular solutes,
that solvation frge energy dpes not contain any vquque have the terrm,[ 1— (1/my)] in % nard, and these terms
terms, as shown in Ed35), which was bgyond their scope. 16 in the curvature- and surface area-proportional terms, not

(ii) The formalism of Pierotti: Pierotti's SPTis based  j the volume-proportional terms. The lattice FH theory, on

H m
on an assumption thalnaAV" always compensates the yho oiher hand, is based on a prerequisite that all subunits are
corresponding soft part. The attractive interactions are taker the same size, which is equivalent to requiriRg/R
l S

into account by perturbation, but in a manner different from_ 1, and in this case there is no distinction betw&griR, ,

the formalism of Neff and McQuarrie: only direct solute— (R,/RJ)2, and R,/Ry)3. Thus it is insufficient to conclude
solvent interactio’A%9™¢ s taken into account. As shown in

Eq. (29), Pierotti’'s formalism can be derived from ours by

assumingu,.<=0, which is equivalent taA ASVe"(T,V,N,)
=ParA VT This means that upon the insertion of a solute,
the attractive part of the change of solvent—solvent interac- We then examine the validity of the assumptions made
tion always compensates the free volume expansion by hardo derive Eq.(31) from (30). In Fig. 2, the solvent chain
sphere pressure. The validity of this assumption will be disdength dependence @i,,.4 for monomer solutes is plotted.
cussed in a forthcoming pap&rput the success of Pierott's The packing fraction was kept constant 0.5 for the
formalism suggests thazlreszo is not a bad approximation. fused-hard-sphere mod_el. The monomer radius ratio
(i) The theory of Shart al: The hard-sphere theory = R./Rs has also vaneql in the case of the fuse_d-hard-sphe_re
of Sharpet al?® had presented no theoretical treatment of thgMedel. Very small chain-length dependence is observed in
soft term, but their scheme of solvation free energy is prin-a hardfor the fused-hard-sphere model; there is only a slight
cipally equivalent to Pierotti’'s. They have made an assumptendency ofﬁg"’“d decreasing with chain lengtm. This is
tion that the volume change upon solvation, namely the solintuitively plausible since when the packing fraction is con-

: (31)

S

that,ﬂhard in FH is a volume-proportional term.

2. Assumptions in the Flory —Huggins theory
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ing the contributions of the coupling of translational degrees
Ao ) ] of freedom to excluded volume, or rotational or internal de-

r=1.5 ] grees of freedong“entropy of coupling”). However, what
they have actually calculated was thdnole entropic term
T upon insertion of a solutésee Ref. 22 and the discussion in
r=1.2 ] Sec. llID) which includes the entropy of coupling. Since
FHS agrees well with the Monte Carlo simulation for hard-
sphere chain fluid®} our,ﬂhard already contains the coupling
effect for the flexible polymers giving a better description of
the excluded volume effects than FH. Since g4 does

FH (r=1) ] not contain any volume-proportional term, it is unlikely that

e . . the entropy of coupling for the flexible polymers introduces

T 2 ' 3 ' 4 5 the volume-proportional term. The case of rigid polymers
solvent chain length will be discussed in the forthcoming paper.

w

N
m
&

free energy (kcal/mol)

r=0.7

ry
T

FIG. 2. :&hard from fused hard-sphere theory vs solvent chain length for
monomer solutes with various monomer solutes at several monomer diam- . .
eter ratios =R, /R when7=0.5. See the text for an explanation of the D- Definition of solvation free energy

opposite tendency for the fused hard-sphere and Flory—Huggins theories. Here we will brieﬂy comment on the definition of solva-

tion free energy. Our theory does not support the “correc-

stant, the connectivity of the solvents contributes to cavityion” Of the solvation free energy or the procedures based on
opening. But the FH theory predicts the opposite. The wron H theory to obtain solute/solvent contact interactions for
chain-length dependency originates in the assumptions mad® following two reasons: first, the necessity of the “correc-
to derive Eq.(31) from Eq.(30). If AV increases with the tion” is based on the preposition that therea volume-
solvent chain length, FH is then expected to have the sam@Pendent term in the solvation free energy and that to ob-
tendency as that of the fused hard spheres tain “transfer free energy that depends only on solute/

. ~ . . ... solvent contact area,” the volume-proportional term should

Figure 3 plotsup,q Upon insertion of methane in liquid .
be subtracted® However, the hard-sphere-chain-based

alkanes from hexane to hexadecane, the case where the

dius of the solute and momomer of the solvents are the Sam[ﬁeory presented in this paper did not lead to the existence of

L A . . the volume-proportional ternexcept the small PV term
as required in the derivation of FH, the experimental paCkmgSecond theR‘C(E)rrection” would Ioge solute-induced change
fractions of each solverif Although the FH theonfEq. ’

(31)] contains unnatural assumptions, as pointed out abovin solvents from the obtained solvation free energy. The en-

. : . ?r‘opic term due to solute-induced change in the solvent’s
It p~red|cts the same tendency of the chaln—length—dependen%%nﬁguration should be included in the contact free enférgy
of wnarq@s the fused hard-sphere theory.

but is lost in the “corrected” free energy.

3. Entropy of coupling and volume proportionality

Chan and Dift? have discussed that the contact free en-V- CONCLUSION

ergy can be extracted from solvation free energy by subtract- 1 clarify whether a solute’s volume-proportional term

exists in the solvation free energy, we have presented a
3 ] i . i fused-hard-sphere-based perturbation theory of solvation. It
is based on an accurate model of chain molecular fluids in
. * the continuum spac¥, and it clarifies the compensation of
.« * fused hard-sphere contributions from the hard sphere and attractive interac-
24 1 tions, which have not been clarified in previous scaled-
particle theories. Flory—Huggins theory had predicted the ex-
istence of the volume-proportional term from which the
“correction” of the solvation free energyi.e., to subtract
1 ; volume-proportional terms frodG* in Eq. (1)] has been
proposed? This has caused a serious controversy for a de-
cade, but our theory has shown that the solvation free energy
is dependent on surface area and curvature, and that no
S 5 10 12 12 16 volume-proportional terms contribute to solvation free en-
solvent chain length ergy (except for an ambient pressure PV term that is negli-
gible for liquidg. This disproves the proposition of subtract-
FIG. 3. Solvent(=liquid alkang chain length dependence of the,qcal-  ing the volume-proportional terms. We think that this model
culated from fused hard-sphere and Flory—Huggffts) theories. In spite of 5 safy| in modeling solvation and transfer processes, and a
the unrealistic assumptions of the Flory—Huggins theory, it predicts at leas, . . L. .
the same tendency on the chain-length dependence as the fused hard-sphﬁgghcommg papel is devoted to the application of this
theory. theory to the modeling of transfer experiments.

L 4
* *
* *

free energy (kcal/mol)

Flory-Huggins
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APPENDIX k=1

In this Appendix we extend the solvation shell formal- X [B* (L) (p ) — B* (L))
. . . 1
ism of the soft term presented in Sec. II B to chain molecular
solvent. We first briefly present the extension of the pertur- 1 2
bation scheme of Sec. 1IB 1 to the chain molecule. We then > > f dry p?
extend Eq.(15), which has served as the basis of solvation 277 =1
shell formalism, to intersubunit distribution functions of the
chain molecules. This is done by extending the discussion of
Matubayasiet al.*! which has been focused on monomer ' . .

and the first term is surface area and curvature proportional

solvents, to chain solvents. The discussion presented he\r/%en B* coverges tdB** in a short distance. To show that

serves as the foundation for extending the theory of Siz?he second term is equal Ry, AV, we need to generalize
dependence to chain solvents as is done in Sec. Il C. cq sor= 9 :

Eqg. (15 to the chain molecular solvent. The next section
1. Perturbation scheme for chain solvents does this.

X[B*(li,Kj)w_BO(li,Kj)]' (A4)

Consider a fluid ofNg solvent molecules which consists
of mg distinguishable subunits. The system is homogeneous
and isotropic. The solvent is confined in volureat tem- 2. Solvation shell formalism for chain solvents
peratureT. With V and T kept constant, we introduce a
spherical soluta into the solution, fixed at an arbitrary cho-
sen origin. Since the subunits are assumed to be distinguis

able, we must deal witffor two-body distribution functions f special interests(i) one-body, (i) intermolecular two-

?” the possible pairs of subunlts,_ €., mtramplecula_r ancgody, and(ii ) intramolecular two body correlation functions.
intermolecular pairs. The perturbation scheme is readily ex.—l_he Ursell correlation functions are given as

tended to this case, under the assumption that the reference
can be taken as a hard-sphere system, which as a result gives

Here we investigate the asymptotic behavior of the dis-
}]r_ibution functions far from the solute. We will omit the sign
s (=solven} from the indices below. Three distributions are

the following form for AASPVe(T V,N,): Fi(ri,)
NS mS
2
1 = In fD e AT T1 [1+a(r--)])
ft S I
AASOIVenET!VINs): EZ,] KZ]- drl drz Ui?’Kj(rl,rz) 5a(r1a) all i=1)=1 4 a(r=0)
X ~% (Lli,kj) rq,r _ 7 (1i,kj) rq,r ,
[p (ry,r2)—p (ry,r2)] Fi(F1a F2p)
(AL)
52
whereg*(%ivkj).(rl,rz) and p(li”‘”(rl,rz_) express the two- © sa(ry,) sa(r 5p)
body distribution function between thi¢h subunit of mol- \
ecule 1 and th¢th subunit of subunit inc, with and without _BU s s
the solute, respectively. XIn| | Dae Nsiﬂl 2\ [1+a(r;;)] , (A5)
We then give a chain solvent version of ar=0

AASVE(T v N,) expressed in terms of the binding energy

B. This time the concept of binding energy is extended aF; 1(F14.01)
follows: we consider a binding energy of subuniin the

“sea” of subunitj. Herej may be either on the moleculthe _ 8

same a$) or on the other molecule. We distinguish between - sa(ry,)oa(ry)
these two cases by using the paramaténtroduced above. “ J

The binding energies are defined as Ns s
e (L)) . XIn jDaue_BUNSH [1+a(r)]
* (k) sont i=1j=1
o p (ry,rousy i(re,ro) =0),
B*(ll,x])(rl): f dr, ~i(1i2) li,kj\"1072 (A2) a(r
p™(ry) whereUy,_is the sum of the solvent-solvent interaction. The
and correlation functions tend, in the presence of a solute, to
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Ng mg
Fi(ri,)= In jDalleiﬁ(UNJU””)H H [1+a(r”)]>
5a‘(rla) i=1 J:l a(r*O)

— & ~B(Uy +U )NS b

Fij(rig,rop)= ——————In{ | Dye Ny ™ uo H H [1+a(ri)] (AB)

da(ry,)éa(rop) i=1j=1 a(r=0)

_ 52 ( Ne s

Foii ra,r-)=—lnjDeﬁUN+Uw> 1+ar)) ;

{||J}( laslij 5a(r1a)5a(r1j) all |1_[111_[ [ ( ij ] a0,

whereU,, is the sum of the solute—solvent interaction. The relationship between the distribution function in the presence and
that in the absence of the solute is the main concern of this Appendix. We first show in detail how the solvent solvent
distribution functionin the solution_F,,j(rla ,I2p) can be related to the quantity the solvent F;(r4,,r,5) when bothr,, and

rop are sufficiently far from the solute. First we manipulgﬁ(rla ,I2p) as follows:

52

Fii(Fig,fp)=—————1n
1T 29) Sa(r 1) da(r 2p)

Ng mg
JDauef'B(UNSJrU“”)H H [1+a(rij)])

i=1j=1 a(r=0)
52 N

s Ms
:eiﬁ[u(rla)Jru(rzﬁ)]— In( f Da"eiﬁuNsH H [1+a(rij)])
da(ry,)éa(ryg) i=1j=1 a(n=f(r)

52
da(ri,)da(rog)

(E E E 2 fdrljldrizjz--~drinjna(r1jl)~-~a(rinjn)F(rljl,...,rinjn)) . (A7)

iz, i1 a(r)="(r)

=g Blu(rye)tulrg)]

Herezi’zlis'__yin is defined as follows: First let; indicesi, i, ...lei,,1 equal 1 and the nexX2,=v»,— v, indices equal 2
and so on{(}, expresses the number of indedég equal toe. The sum is taken over a set fif} under the condition that
01=Qy=-- ~QNS. If Q1=Q,---=Q,, the factor k! will automatically be multiplied.

Carrying out the above functional derivative leads to

Ei j(rla 1r2B) = eiﬁ[U(rla)JrU(rzﬁ)]F(rla !rzﬁ) + eiﬁ[U(rla)JrU(rzﬁ)]

oo ”

><nZl {I Iz I}J2 ]E dxlljl.-.dxlnlnf(xlljl)“.f(xlnjn)F(rla’rzﬁ’Xlljl""’xinjn)' (A8)
= ALV RRRRLI e K n

Whenr,, andr, are far from the solute, thesi AlU("1)*U(r26)1=1 holds. And the contribution from the integral part of
Eq. (A8) is confined in the region around the solute, whix) |s have a nonzero value. So, the two sets of pdints,r,s}
and {Xlil""’xinin} are far apart andl()y-, »,#1,2. It is in this condition that the finite volume correction formula of
Lebowitz and Percié can be usedit is clear from the derivation that it is not limited to the monomer solytidthe set
{I4,...,15} does not coincide with 1 and 2. At this tin'=3". Ei(rla,rz,g) then becomes

IV IFi(r14,72p)

F(rlaarZ,B)_)F(rlayrZﬁ)+kT op N

IF(x '1""’Xin'n)
S 3 g ) ) ——

n=1{ip,...n} J1 nln Y

oV ﬁ,LL JoF; (rla,rzﬁ)
P oV Vv ' (A9)

=F; (rlarrZB)
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where the last line comes from the cluster expansion form obther Ursell function, and simple tedious calculation leads to
the chemical potential. Manipulating partial derivatives ina relation the same as E@.5).

the last line leads to the conclusion .
3. The case of chain molecular solutes

Here we give, under the assumption that the solvation
‘7Fi(r1a'r2ﬁ). (a10)  shell formalism of the soft contribution o= i soft
N —Ps#AV holds even for the chain molecular solutes, the

noncompensating hard contribution for the hard term of
This is in the same form as in the case of monomer solventshain molecular solutes composednaf subunits. Repeating
Repeating the same procedure we obtain similar results fahe similar procedure as before, we obtain

Ei(rla T2p) = Fi(r1,rop) —AV

Mhard™ Ma,FHs~ PrsAV

R,\?(3 +2) mg—1 3
:kTma(_a) 3 n9(nt2) ms U

Rs/ {2 (1-n)2 Ms 2(1—n)(1-39)+i7°

Ra\ 37
+kTma(§)——len(1 n)— kT(ma—l)Ing

1
1+p+7° mg—1 1+ p+39°
- (1-7°% M (1-p9)(1-39+in?)
—kTy
1+2n=3n°+in°+ % 7*
(1+4n+4y

(1- 37+ i7%)?

R\ ms—1 (1= 7)?(3—8n°+3n°) Ra
X ma(ﬁs) 3(1+2m) (=7 = — FEEY ma(ﬁs)S(l—n)z
) 3(Ra,\?
2(1-m) +3 (1+77)(1 n+s\ g 72+ n)
+(1- 73 1-(my—1) SR : (A11)
2(1-7)°+3 )n(l 7+ (5) 7
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