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Integral equation theories with bridge functions incorporated in the closure equations are employed
to analyze how the solvent-induced interaction between surfaces is influenced by solute addition to
the solvent. The solvent particles interact through a hard-core plus attractive potential. The surfaces
are solvophobic or solvophilic, and the solute has rather high solvophobicity or solvophilicity: A
total of four combinations of the surface and solute properties are considered. The solute addition
always leads to a downward shift, a shift in a more attractive direction, of the surface interaction
(except at very small surface separatijoribhe shift becomes more pronounced as the solute
solvophobicity or solvophilicity increases and the solute concentration becomes higher. Overall, the
solute effects are the smallest when the solute is neither solvophobic nor solvophilic. The physical
origins of the shift are discussed in detail by relating the interaction to the structure of the solvent—
solute mixture confined between two surfaces. 2@03 American Institute of Physics.

[DOI: 10.1063/1.1566935

I. INTRODUCTION model of spherical particles is employed for solvophobic or
solvophilic surfaces in solvent containing solvophobic or sol-
The interaction between surfac@s macroparticlesim-  vophilic solute. The singlet Ornstein—Zernik®@Z) approach
mersed in solvent is a central issue in colloidal science ang used to calculate the structure of the solvent—solute mix-
biophysics, and density functional and integral equatiorture near a single surface and the surface interaction induced.
theories are very useful for elucidating the solvent-mediated he reference interaction site mod&ISM) theonyf? is also
interaction at a microscopic level. In recent theoretical studutilized to analyze the structure of the mixture confined be-
ies, the simplest model based on the hard-core repulsion waween two surfaces as a function of the surface separation. A
frequently employed:*° Although the model is of funda- useful method of estimating the bridge functions to be incor-
mental importance irexclusiveinvestigation of the entropic porated in the closure equations is proposed for a system
excluded-volume effects, attractive parts of the potential€omprising particles with extremely high size asymmetry.
also play essential roles and can never be neglétt@étiThe  The affinity of the solute or the surface with the solvent, the
effects due to the solvent—solvent and surface—solvent psolute size, and the solute concentration are considered as
tentials have been analyzed, and a significant amount of irmajor parameters.
formation is already availabfe**~**However, the important
subject, understanding how the solute added to the solve||1|t
modifies the surface interaction, has not yet been considered
in detail. The most popular solvent is water, and it is veryA. Model potentials
interesting _tq ask how the_ipt_era_lct?on between surfaces with The present model system is chosen to roughly mimic
hydrophobicity or hydrophilicity is influenced by hydropho- v qroohobic or hydrophilic surfaces immersed in water con-
bic or hydrophilic solute added to water. There are a total 0fining hydrophobic or hydrophilic solute. It is assumed that
four combinations of the surface and solute properties inym )| spheres with diametel form the solvent. The solute

terms of the affinity with water. Effects of highly hydropho- i qjecules are modeled as medium-sized spheres with diam-
bic solutes on the interaction between hydrophobic surfaceg;q, dy, and three different values larger thah (dy

in water were analyzed by the autﬁﬁzo'usipg simple  Z»q_ " 4de, and @ls) are considered fody, . This is be-

model systems, but the other three combinations remain t@, ;se in biological systems the solute molecules are usually
be treated. In biological systems, for example, the interacqy, oy smaller than macromolecules but larger than water
tions between macromolecules and those between a macrpisiecules. The surface is treated as a sufficiently large

molecule and a membrane are induced not in pure water buhhare with small curvature that is present in the solvent—
in aqueous solution containing a variety of solute moleculesq) e mixture at infinite dilution. The diameter of the large
The present article contributes to theoretical eIucidationspheredL is set at 36ls. The subscripts, “S,” “M,” and “L

of the solute effects on the surface interaction. A simplerepresent ssmall,” “medium-sized,” and “large,” respec-
tively. The solvent—solventS—9, solute—solventM-S),
FAX: +81-774-38-3508. Electronic mail: kinoshit@iae.kyoto-u.ac.jp and solute—solutéM—M) potentials are expressed by
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ujj(ry=c for r<d, (1a surfaceglarge spheres®, (r) is discussed in terms of the
potential of mean force. The calculation process®com-

Ui (r)=—4e;j(d; /r)°® for r>d;, (1D prises three steps:

dij=(di+d)/2, i,j=S,M. (10 (.1) Calculate the S-S, M-S, and M-M correlation
functions.
The depth of the attractive potential ig:i#. Settinge;; at (2) Calculate the L—S and L—M correlation functions.

zero yields the hard-core potential. The distance betweelhe reduced density profiles of the solvent and solute par-
centers of the two particles considered is always denoted bycles near a single surface(the surface—solvent and
r. The surface—solverit —S) and surface—soluté.—M) po-  surface—solute pair distribution functiong,;(r) (i=S,M)
tentials are assumed to have the fotid are obtained in this step.
u ()= for r<dy, (24 (3) Determine the L—L correlation functions and obtain

L Liv the potential of mean forcé&he solvent-induced interactipn
U= — N (dy /r)expl — kyi(rid — 1)} for r>dy;, @, (r). The potential actinglirectly between the surfaces is

(2b) not considered.
) In the numerical solution of the basic equations, the grid

di=(d +d)/2, i=SM, (200 width &r and the number of grid points are set at 0.0dg

in which \; and ,; control the depth and the range of the @nd 16 384, respectively.

attractive tail, respectively. The hard-core potential is ob- [N the calculation summarized above, one cannot gain
tained by setting\,; at zero access to the structure of the solvent—solute mixtorgined
| .

_22 .
Unless otherwise mentioned, the solvent particles inter®€tween two surfacesherefore, the RISM theoty** is

act through a hard-core plus attractive potential. When th&€mPloyed to complement the calculation. A pair of large
solute is polar, they arsolvophilicand the M—S and M—M  SPheres, the surface separation of which.ie=r—d,), is

potentials include sufficiently strong attractions. No attrac-éated as a supermolecule with two sites immersed in the

tions (or only weak attractionsare included in these poten- mixture at infinite diIl_Jtion._The bridge fun(_:tions ol_atained by
tials for a nonpolarsolvophobicsolute. The most important the procedure described in the next section are incorporated
parameter i s representing the polarity of the solute. With In the closure equations. L&,;(L;r) be the pair distribu-
a large value ok, for instance, the solute is solvophilic tion _functlon between one of the Iarge spheres and a solvent
and aseys becomes smaller the solvophilicity decreasesParticle or a solute particle. It is obvious that
When the surface isolvophilic it is charged and attraction Gi(e;r)=g(r), i=S,M. (3)
arises in the L—S potential. There is no attractive tail in the . . .
potential between solvophobicsurface and the solvent. In Information on the strycturg of the mixture confined between
the L—M potential, attraction is included only when both the WO surfaces is contained in
surface and t?ehsoluteI are szlvopr:ilic.h e bt < FLi(L;n)=G(L;r)—gi(r). 4
In most of the analyses the solute has rather high solvo- . )
phobicity or solvophilic?{[y. The total packing fractiongof the I urther, the author introduces(Gys(L;1) ~gus(r)) defined
solvent—solute systemps+ py (7= 7Tpidi3/6; p; Is the
number density is fixed at 0.383, andy, considered is in  A(G s(L;r)—g,s(r))
the range 0.00% 7,,=<0.120. This corresponds to 24000
=ps/py=140 in the case ofiy,=4dg: The solute concen-
tration considered is significantly low. &g (B8 has the —[*GLs(L;r)—g.s(r)” in pure solvent. (5)
usual meaningis set at 1.0, and ), is set equal teeys. ) ,
When the solute is highly solvophobic, the bulk mixture un-The Fourier transform oF ;(L;r) at zero wave number is
dergoes phase separation into two immiscible liquids in éjenoted byAi(L). This parameter represents th% strength of
certain composition range. In such cases the solute conceHj-e surface—solvent or surface—solute correlatfof.
tration 7, is set sufficiently smaller than the spinodal value
7y beyond which the bulk mixture cannot exist as a singl
phase even in a metastable staB{0)— +0 as yy— 7y
—0, where 00) denotes the denominator of the OZ equation It was shown that the functional form of the bridge func-
in the Fourier space at zero wave numbkr tion suited to hard spheres is applicable to any of dense fluids
whose short-range structures are determined mainly by the
repulsive part of the interaction potentfalln fact, the hard-
sphere bridge functions have been applied successfully to
polar fluids interacting through strongly attractive
The singlet OZ equation is coupled with the closurepotentialé*~2”as well as to nonpolar fluids. Among various
equation in which a bridge function is incorporated. Thefunctional forms, the semiempirical bridge function proposed
bridge function is estimated in accordance with the procefor hard-sphere fluids by Verfétis very simple and conve-
dure described in the next section. It should be noted that theient. It relates the bridge function(r) to the correlation
singlet OZ equation iexactand only the bridge function functiony(r)=h(r)—c(r) (h andc denote, respectively, the
includes an approximatiohThe interaction induced between total and direct correlation functionsimply by

=["Gs(L;r)—g.s(r)” in solvent—solute mixturg

€. Bridge functions

B. Integral equation theories
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b(r)=—0.5y(r)}?/{1+0.8y(r)}. (6) 3 ; . - ‘

Equation(6) was also extended to molecular hard-body flu-
ids and the results obtained were quite accutat& How-
ever, Eq.(6) has a singularity afy= —1/0.8 causing serious
errors for mixtures of Lennard—JonékJ) particles with
relatively high size asymmetry. To overcome this problem,
Duh and Hendersdn proposed an alternative method ex-
pressed as

bij(r)=—0.5{y;;(r)}?/{1+0.8y;;(r)} for v;(r)>0,

(D LL/(kBT)

(79) ©  Simulation

bij(r)=—0.5{y;;(r)}* for y;(r)<0. (7b)

: i " | L
Equation(7) and its first and second derivatives with respect ® 1 2 3
to v;; are continuous ay;;=0. (l'—dL)/ds

The mixtures treated in the present article, hOWeVerFIG. 1. Interaction between large hard spheres theoretically calculated using

have extremely high size asymmetry: The author has founghethod 3 @, /ds=10 and7s=0.314). The force obtained in the computer
that ;;(r) takes very large, negative values at significantlysimulation of Bibenet al. (Ref. 34 was smoothed and integrated by Roth

pathological(abnormally large b;;(r) at these separations "™
for the L—M and L—L pairg® Therefore, Eq(7b) is replaced
by another equation and the resultant method is expressed as

brio(r)=byi(r)(dio/din) (7s2/ nsp)?. 9)
— 2
bij(r)=—0.50y;j(r)}*{1+0.8y;(r)} for ¥;(r)>0, 8 The factor d,,/d,; comes from the Derjaguin
(83 approximatiort> and the factor g,/ 7s;)? is based on the
bij(r)=—0.5{7;(1)}*{1—0.8y;;(r)} for ;(r)<O0. fact that the leading bridge diagram depends on the squared

(8b) number density.The result from Eq(9) is fairly accurate as

. o o . long aszs; is not far fromzg;.
Equation(8) and its first and second derivatives with respect

to y;; are also continuous at; =0.
For highly asymmetrical hard-sphere mixtures, Attard!ll- SURFACE INTERACTION IN PURE SOLVENT

and Patey developed the so-calleHNC-Pade theory. In The small spheres are referred to as solvent particles.
this theory all the bridge diagrams with two and three fieldThe case where no solute is added to the solvent is labeled as
points are exactly calculated using Monte Carlo integrationsagse 0. Three subcases of casedses 0-1, 0-2, and 0)-3
techniques and those with more than three are included byre considered and the parameters for these subcases are set
the Padeapproximant. For the interaction induced betweengs summarized in Table I. The interaction between large hard
large hard spheres in small hard spherds/@s=10 and  gpheres in the solvent of small hard spheiease 0—1: no
ns=0.314) for which computer simulation d&tf is avail-  attractions are included in the potentiais induced by the
able, the following three methods are tested. In method lentropic excluded-volume effects alone and shown in Fig. 2.
Eqg. (8) is used for allb;;(r) includingby, (r). In method 2, \when the attractive potential is introduced between small
by (r) is obtained from the HNCP theory agi(r) for all  gpheres only(case 0-2 the large-sphere surface becomes
the other pairs are calculated using Ef). In method 3,  gsolvophobic and as observed in Fig. 2 the interactian

by (r) is taken to be the average of the two L-L bridge shifts in a significantly more attractive direction. It is much
functions from methods 1 and 2 aixj(r) for all the other  |ess oscillatory and attractive at all separations. The interac-
pairs are calculated using E¢g). While results from the tjon between hydrophobic surfacesacroparticlesin water-
three methods are quantitatively similar, the result fromjike fluids with more realistic models exhibits similar
method 3 is the most accurate. It is compared with the comeharacteristic>®With further introduction of the surface—
puter simulation data in Fig. 1, indicating an excellent agreesg|yent attraction(case 0—3 the surface becomes solvo-

ment. Method 3 is employed throughout the present studyphilic and®,, shifts in a considerably more repulsive direc-
Sincepy /psis extremely small andy, /dg is not very large,

the system in which large spheres are immersed is treated as
a single-component system of small spheres wif§  TABLE I. Parameters set in the three subcases of case 0: cases 0-1, 0-2, and
=0.383 when the HNCP theory is used. 0-3(in case 0, no solute is added to the solyelt case 0-3x, s=5.0. The
The calculation using the HNCP theory is the most time-common parameters to all of these subcasesygre 0.0 and»ns=0.383.
cqnsuming part of the proposed method. Howgyer, if a Case Beoos BAis
bridge functionb ;(r) calculated under one conditioml,( 5 o0 o0
=d; and »s= 7g,;) is available, the functiob, ,(r) under o:; 10 0.0
another conditiond, =d,, and 5= 7s,) can be estimated 0-3 10 05
from
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20 . T . T " TABLE Il. Parameters set in the four subcases of case 1: cases 1-1, 1-2, 1-3,
and 1-4(in case 1, both the surface and the solute are solvophobie
common parameters to all of these subcasesgfe 7,,=0.383, 4Besg
=1.0, eym=éwms, As=0.0, and\ ;= 0.0.

Case dy /ds ™ 4Beys
= 1-1 2.0 0.010 0.0
= 1-2 2.0 0.050 0.0
3 1-3 4.0 0.001 0.0
S 1-4 6.0 0.001 0.2
-/ — Case 0-1 1
/ ——— Case 0-2
-405 7 Case 0-3 1 ~1, however, the small spheres are densely packed within
the confined domain The repulsive component generally
0 ' i ' 5 ' 3 dominates and the induced force is more repulsive as com-
(r—d L)/ds pared to the force in case 0-2. The upward shiftdof,
mentioned in the last paragraph can thus be explained.
T T T T
(b) IV. SURFACE INTERACTION IN SOLVENT-SOLUTE
MIXTURE
-] — Case 0-1
——— Case 0-2 A. Solvophobic surface and solvophobic solute
L . T Case 0-3 | (Case 1)

The case where both the surface and the solute are sol-
4} e . - vophobic is labeled as case 1. Four subcases of casasis
T 1-1, 1-2, 1-3, and 1¥are considered and the values given to
i the parameters for these subcases are collected in Table II.
Effects of adding a solute with considerably high solvopho-
bicity (the medium-sized spheres are referred to as solute
particle3 on the interaction between solvophobic surfaces
are illustrated in Fig. 3. In the present modelgdgsincreases
3 ' 4 ' 5 ' 6 with g fixed at zero, the solvation free energy and solvo-
(r-d)/ds phobicity of the solute become progressively higher. When
the eys value is changed to a nonzero, small one with fixing
FIG. 2. Interaction between surfac@iarge sphergsimmersed in pure sol- dy, the solute becomes less solvophobic. The presence of
\'I/'ZETeOfI ?giu:%hei;ﬁéﬁ(g;g;ggﬁ i(g)_ ;n:n%éégdd/ ds=6(b)-See  golyte particles wittdy =2ds in a low concentratioricase
1-1) causes only a slight shift of the surface interaction
in a more attractive direction. Increasing the concentration
(case 1-21,,=0.050), however, leads to a more pronounced
’éhift (in a more attractive direction except at very small sepa-
water-like fluids has similar characteristics. rationg and a longer interaction range. In cases of the highly
The induced forcer,, (r)=—dd,, (r)/dr arises from solvophobic solutes with the larger sizesses 1-3 and 1}4

thermal pressure due to the small spheres acting on the Iargg‘-e concentration r_nus_t be setata mu_ch lower value to_av0|d
sphere surfaces®~1%38When the attractions are incorporated the phase separation in the b_u[tkle spinodal concentration

in the potentials between small spheres as in case 0-2, a nd@f the bulk phase separation in case 1-3s~0.017). As a
factor comes into play in addition to the entropic excluded-/€Sult: only a minor shift ofb,, is observed. However, as
volume effects: Since the surface is solvophobic, at suffiin® suiface separatioh =r—d,_ approaches a threshold
ciently small surface separations, the density of smalf@U€L™~dw, @y shows a sudden drop observed in Fig.
spheres within the domain confined between two surface3(l)- AS discussed in Sec. VIIB,* is the spinodal separa-
(particularly near the surfaceis driven to be lower than the tON for a surface-induced phase transitiort ¥ *and

density near a single surface. The thermal pressure contritfdculated foil. <L* should be discardesee Sec. VIIB for

uting to the net force as a repulsive component becomed'0r® details

lower than the pressure contributing as the attractive compo-
nent. Consequently, the induced force generally becom
more attractive than in case 0-1 agq, exhibits the down-

ward shift mentioned in the last paragraph. When the surface In the case labeled as case 2 the surface is solvophilic
is made solvophilic as in case 0-3, the small-sphere densityhile the solute is solvophobic. Three subcases of case 2
near the surfaces within the confined domain is driven to bécases 2-1, 2-2, and 2-3re considered and the parameters

higher than near a single surface. This holds true except dbr these subcases are set as summarized in Table Ill. As
the small surface separations—d,)/ds<2 [at (r—d_)/ds  observed in Fig. 4, although the surface interactions in cases

CD LL/ (kBT)

tion: It is repulsive except at very small separations. Again
the interaction between weakly charged surfaces in th

. Solvophilic surface and solvophobic solute
case 2)
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G T 1 T ¥
=20 =
[22] [aa]
e —— Case 0-2 3
S = ——— Case 1-1 e :
- * Case 1-2 =20
40 +  Case 1-3 ) —_— gase (2)-113
. - ——— Case 2—
Gase 174 : . Case 22 1
N + Case 2-3
A1 2 = 3
(r-dp)/ds
(b)
8 — Case 0-3
~——Case 2-1 |
L gase %—% i
« QCase 2-
- | S
5 <
\\: r o * \:'l :‘ )
. ;4«4-/:/""‘”’“ IS B e —
© ; —— Case 0-2 ok 3 |
- ’ - gase }-; . S
X - Case 1- i
B . + Case 1-3 - H -
-120~ - Case 1-4 \
——— -4 4 5 6
(r-d)/dg (r-dp/dg

FIG. 3. Interaction between solvophobic surfaces immersed in solventFIG. 4. Interaction between solvophilic surfaces immersed in solvent—solute
solute mixture: G<(r —d,)/ds=<3 (a) and 3<(r —d,)/ds=<7 (b). The solute ~ Mixture: 0<(r—d,)/ds=<3 (& and 3<(r —d,)/ds=<6 (b). The solute has
has considerably high solvophobicity. See Table I for the definition of case§onsiderably high solvophobicity. See Table 11l for the definition of cases
1-1, 1-2, 1-3, and 1-4. In case 0-2, no solute is added to the solvent. 21, 2-2, and 2-3. In case 0-3, no solute is added to the solvent.

C. Solvophobic surface and solvophilic solute

0-2 and 0-3 are quite different, effects due to the solute ad(case 3)

dition for these cases are qualitatively similar with respectto | et us turn our attention to a solute with considerably
the shift of the surface interactior, . When the solute  high solvophilicity. In the case labeled as case 3 the surface
particles withdy = 2ds are added to the solvenb,, exhib- s solvophobic but the solute is solvophilic. Five subcases of
its a downward shift that is minor under the lower concen-cgse 3(cases 3-1, 3-2, 3-3, 3-4, and Bdre considered and
tration of the solutgcase 2-1 but considerably large under the values given to the parameters for these subcases are
the higher concentratiofcase 2-2 In case 2-3 where the collected in Table IV. Effects of the solute addition are illus-
highly solvophobic solute is presenB; shows a sudden trated in Fig. 5. In the present model, dg increases with
drop asL—L*~dy [Fig. 4b)].

TABLE IV. Parameters set in the five subcases of case 3: cases 3-1, 3-2, 3-3,
3-4, and 3-5(in case 3, the surface is solvophobic and the solute is solvo-
TABLE Ill. Parameters set in the three subcases of case 2: cases 2-1, 2fhilic). The common parameters to all of these subcases»areny
and 2-3(in case 2, the surface is solvophilic and the solute is solvophobic =0.383, 48e5s=1.0, ey =¢ems, A s=0.0, and\,=0.0.
The common parameters to all of these subcasesareny,=0.383,

4Bess=1.0,eym=¢ms, Ms=0.5, k s=5.0, and\ y=0.0. Case dw/ds Y 4Bems
Case 4 2 31 2.0 0.050 1.0
M v Bews 3-2 40 0.001 1.0

21 2.0 0.010 0.0 33 40 0.050 1.0

22 2.0 0.050 0.0 3-4 6.0 0.050 1.0

2-3 4.0 0.001 0.0 3-5 6.0 0.001 0.7
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0 TABLE V. Parameters set in the five subcases of case 4: cases 4-1, 4-2, 4-3,
4-4, and 4-5in case 4, both the surface and the solute are solvophillie
common parameters to all of these subcasesgre y=0.383, 4Begg
=1.0,epym=¢mss Ms=0.5, k s=5.0,\ y=0.5, andk y=5.0.
Case dy/dg iy 4Beys
F; -20 41 2.0 0.050 1.0
= 4-2 4.0 0.001 1.0
3 43 4.0 0.050 1.0
e 4-4 4.0 0.120 1.0
4-5 6.0 0.050 1.0
-40
always leads to a downward shift. The shift becomes more
0 pronounced as the solute solvophilicity increagesse 4-1
<case 4-Xcase 4-5% or the solute concentration becomes
higher(case 4-2.case 4-3case 4-4 By comparing the re-
sults in cases 0-2 and 3-3 with those in cases 0-3 and 4-3, for
example, one sees that the overall shift is larger in cases of
solvophilic surfaces. All the interaction curves shown in
Figs. 5 and 6 converge toward roughly the same value as the
¢ surface separation approaches zsee the first paragraph of
E o // i the next section
m - as® 0e®
= -7 :‘..u““ ey -
e T . . 20—
. —— Case 0-2 (a)
...... ’ ——— Case 3-2 | i
4k e Case 3-1 N
—-—- Case 3-3
~ o
. ase I~
3 4 5 6 @ or
(r-d)/ds =
FIG. 5. Interaction between solvophobic surfaces immersed in solvent— S [‘. ———~ Case 4-2
solute mixture: G (r —d,)/ds<3 (a) and 3<(r —d,)/ds=<6 (b). The solute r ,1“‘.‘ ...... Case 4-1
has considerably high solvophilicity. See Table IV fqr the definition of cases _20 I —-—- Case 4-3 |
3-1, 3-2, 3-3, 3-4, and 3-5. In case 0-2, no solute is added to the solvent. - Case 4-5
’ » Case 4-4
| ) | r
ews fixed at a sufficiently large valu@.g., 48 5= 1.0), the 0 1 2 3
solvation free energy becomes lower with the result of higher (r'dL)/dS
solvophilicity of the solute. Wherz s is set at a smaller . . » .
value with dy, unchanged, the solute becomes less solvo- 8 (b) — Case 0-3 |
philic. The addition always causes a downward shift of the T g::: 2:%
surface interaction. An increase in the solute solvophilicity or X —-—-Case 4-3
in the solute concentration leads to a more pronounced shift o gase 2—2 .
ase

and a longer interaction range. For example, cases 3-1, 3-3,
and 3-4 share the samg, value, but the shift is the smallest

in case 3-1 and the largest in case 3-4. The solute size is the
same in cases 3-2 and 3-3, but the shift is larger in the latter

case. L T~ i
D. Solvophilic surface and solvophilic solute (case 4) 0_“—

The case where both the surface and the solute are sol- . . R i ]
vophilic is labeled as case 4. Five subcases of cagades 3 4 5 6
4-1, 4-2, 4-3, 4-4, and 4)Fre considered and the parameters (r-dy)/ds

for these subcases are set as summarized in Table V. ";\LfSIG 6 | onb oofilic surt _ dinsol |

. H H H . 6. Interaction between solvophilic surfaces immersed in solvent—solute
shown in Fig. 6, the sollute' effectg on the surfacg mteractloﬂﬂxture: 0=(r—d,)/de=3 (a) and 3=(r d.)/d.=6 (b). The solute has
D Obser_Ved are qua_htatlvely similar to those in Cases Okonsiderably high solvophilicity. See Table V for the definition of cases 4-1,
solvophobic surfaces in the sense that the solute additiom2, 4-3, 4-4, and 4-5. In case 0-3, no solute is added to the solvent.
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TABLE VI. Parameters set in the two subcases of case 5: cases 5-1 and 5-2
(in case 5, all the small, medium-sized, and large spheres are hard ones with
no attractions included in the potential3he common parameters to all of
these subcases args+ 7y =0.383, e5s=0.0, e5y=0.0, eyy=0.0, A g

=0.0, and\ ,=0.0.

Case dy/dg ™
5-1 4.0 0.001
5-2 4.0 0.050

E. Additional remarks

As mentioned in Sec. Il A, the total packing fraction of
the solvent—solute mixtureps+ 7y, is fixed at 0.383. In a
strict sense, it should be slightly smaller for a solvophobic
solute and slightly larger for a solvophilic one. However, the
author has verified that the fixing of the total packing frac-FIG. 7. Solute—solute pair distribution function in the bulk solvent—solute
tion has only minor effects on the calculation result. Let usmixture. The solute is solvophobic in case 1-3 and solvophilic in cases 3-3
take cases 3-3 and 43, for nstance, in whighis Set al %1454 eese L e el one e i spires e b nes
0.333. The surface interactions are calculated by increasing — g, ,y/d<=0 in cases 5-1 and 1-3 are, respectively, 15.4 and 68.8.

75 by 5% (7sis changed to 0.35@vith the other parameters

kept constant §,,= 0.050). For case 3-3 the interactidn

becomes more attractive for £d,)/ds<1.3 by less than functions is determined from the entropic excluded-volume
10%. For larger separations it shifts in a more repulsive dieffects. Effects due to the attractive parts of the potentials are
rection, but the change for ¢ d,)/ds=3.0[see Fig. Bb)]is  substantially large as evidenced by the results in the other
less than 3%. In case 4-®,, exhibits a downward shift for cases. In is observed that solvophobic solute partigase
(r—d,)/ds<0.35 by less than 13%. For larger separations itl-3) form clusters while solvophilic ondgases 3-3 and 3}4
shifts in a more repulsive direction, but the maximum changeare strongly solvated. The solvation is stronger for the solute
for (r—d_)/ds=3.0[see Fig. €)] is only about 8%. Thus, with higher solvophilicity.

the increase inyg leads to no significant alteration of the

calculation result, excepting the downward shift occurringy]. STRUCTURE OF SOLVENT-SOLUTE MIXTURE

even near the zero surface separation. AT A SINGLE SURFACE

It is worthwhile to consider the case where all the small, . . )

. . . Figure 8 shows the reduced density profiles of solute
medium-sized, and large spheres are hard ones with no at- . . .
tractions included in the potentials, which is labeled as Casgartmles near a single surfaggy (the surface—solute pair

5. Two subcases of casg&ases 5-1 and 5)are considered .|str|.but|on fuqctlonss In case 54 the structure of the pro-
.f|Ie(§1|s determined by the entropic excluded-volume effects.

and the parameters for these subcases are set as SUMMANETthe other cases the attractive parts of the potentials pla
in Table VI. It has been found that the solute effects due to P b biay

; ._crucial roles in the profile formation. The solute is solvopho-
the entropic excluded volumes are much smaller. For in- P P

stance, addition of medium-sized hard spheres to small har%IC in cases 1-3 and 2.'3 and SOlvqph'“C In cases 3-3, 4-3,
spheres under the conditiat,=4d ~0.050 and and 3-4. The surface is solvophobic in cases 1-3, 3-3, and
+p —0.383 causes no Si nificantsc’:hgl\r/; e in th’e inte7r]aS\ctio 3-4, and solvophilic surfaces are treated in cases 2-3 and 4-3.
T g g The qualitative characteristics of the profile are mainly de-
between large hard spheré&sase 5-2 at the larger separa-

tions (r —d,)/ds=3. The downward shift ofp, discussed termined from thg solvent-solyte affinity. Near a surface the
solvophobic particles are enriched and the enrichment near

above is caused by the attractive parts of the potential . . o
[With a much higher size asymmetry of the solvent—solutjhe solvophobic surface is larger than near the solvophilic

mixture (dy,=10dg), however, the entropic effects are sub- O"°" The enrichment becomes more pronounced as the solute

stantially large even under a considerably low concentratio@?elvogreozlg't?/etg];rﬁszfz strfaigre tgﬁ ds'gi\éoggll:(e:tigirti?rensére
of the medium-sized spher&sin fact, a sudden drop in the y P ' P

. . . ronounced for the solute with higher solvophilicity. The
interaction between large hard spheres was reported in Ref, o :
- . contact values larger than unity in cases 3-3 and 4-3 are just
10. Revisiting that behavior has revealed that the sudden . :
o . remnants of the entropic effects. The depletion near the sol-
drop represents the metastability limit for a surface—lnduceq/o hilic surface is significantlv more pronounced than near
phase transition discussed in Sec. VII B, though it was inter- b 9 y P

. : . the solvophobic one.
preted in a different way in Ref. 1D. Here, let us consider a solute particle at contact with the

surface. The number of solvent particles surrounding the sol-
ute particle is about one-half of that around a solute particle
in the bulk. It is reasonable that solvophobic solute particles

Figure 7 shows the solute—solute pair distribution func-are excluded from the bulk and come in contact with the
tions in the bulk mixture. In case 5-1 the structure of thesurface by preference, leading to the formation of the en-

V. STRUCTURE OF BULK SOLVENT-SOLUTE
MIXTURE



8976 J. Chem. Phys., Vol. 118, No. 19, 15 May 2003 Masahiro Kinoshita

T " T i solvent density near the surface is higher, giving rise to even
(@ more pronounced depletion of solute particles. Some addi-
tional calculations have been performed for case 4-3 using

8 — Case 5-1 higher surface-solute affinityup to B\ =4.0) with the
o g::: ;:g ] other parameters unchange@\( s is fixed at 0.5. Neverthe-
= R X Case 3-3 less, both of the solute depletion near the surface and the
=2 i —-—- Case 4-3 | downward shift ofd®  persist. In conclusion, the structure
o : - Case 3-4 formation of the solute particles near the surface is more
4‘{ pronounced in the combination where both the surface and
t

the solute are solvophobiS&ec. IV A) or where both of them
are solvophilic(Sec. IV D than in the other two combina-
tions (Sec. IVB and Sec. IVLC

VII. STRUCTURE OF SOLVENT-SOLUTE MIXTURE
CONFINED BETWEEN TWO SURFACES

A. Effects due to surface separation

Near a single surface solvophobic solute particles are
enriched with the result that solvent particles are more de-
pleted than in the case of pure solvent. This is particularly
true near a solvophobic surface. In contrast, solvophilic sol-
ute particles prefer to stay away from the surface to be

= strongly solvated in the bulk, which holds even better near a
o solvophilic surface than near a solvophobic one. As two like
— Case 5-1 surfaces approach each other, the behavior of the solvent and
Case 1-3 solute particles mentioned above becomes more conspicuous
- e - g::: g:g ] within the domain confined between two surfaces, particu-
—-—- Case 4-3 J larly near the surfaces. Here, the discussion is limited to the
. Case 3—4 surface separations £ d,)/ds=2 (see Sec. ). The infor-
(:3 ‘ ) : é : 5 mation on the solvent—solute structure within the confined
(r_dLM)/dS domain is contained in G s—0;s5,” “ Gyy—9um," and

A(G s—0,5) defined in Sec. IIB. These functions in cases
FIG. 8. Reduced density profile of solute particlearface—solute pair dis- 1-3 and 4-3 are shown in Figs. 9 and 10, respectively.
tribution function near a single surface:<(r—dyy)/ds<3 (a) and 3 The concentration of the solvophobic solute within the

<(r—dyy)/ds<6 (b). The solute is solvophobic in cases 1-3 and 2-3 and : ; ; ; _
solvophilic in cases 3-3, 4-3, and 3-4. The surface is solvophobic in caseconflned domain becomes progresswely hlgher as the solvo

ST .
1-3, 3-3, and 3-4, and solvophilic surfaces are treated in cases 2-3 and 4-@.h0b_|c surfaces appr_oa_ch each Otfl_gg. 9(b)J- The solvent
In case 5-1, all the small, medium-sized, and large spheres are hard oné€nsity decreases within the domain confined between two

with no attractions included in the potentials. The valuesggf at (r unfavorablesurfaces, and further, significantly many solvent
—dw)/ds=0 in cases 5-1, 1-3, and 2-3 are, respectively, 60.3, 1420, a”‘faarticles are excluded from the domain by thefavorable
1040. solute particles entering it. The latter dominates because
“Gis—9g.s"in Fig. 9(a) is almost equal t&\ (G, s—g,s) in
Fig. 9c). The solvent density within the domain reduces
riched layer. The entropic excluded-volume effects alsowith decreasingL, and the reduction is more pronounced
cause enrichmenfcase 5-1, but these solvophobic effects than in the pure-solvent cag€&ig. 9c)]. Since pgA(G,s
are much larger. When the surface is made solvophilic, an-g,s)| is much larger thapy (G y—d.m). the depletion of
additional factor arises: The solvent density near the solvosolvent particles arising from the solute addition predomi-
philic surface is higher than near the solvophobic one. Witmates over the enrichment of solute particles. This is also true
this factor the enrichment of solvophobic solute particles isn cases where the surface is solvophilic and the solute is
somewhat reduced, but it is still considerably more pro-solvophobic.
nounced than in case 5-1. When the surface solvophilicity is ~ As two solvophilic surfaces approach each other, the sol-
enhanced in cases 0-3 and 2-3 by increaglhgs to 1.0 with  vent within the confined domain becomes denser and more
the other parameters unchanged, the surface interactions shifacked Fig. 10@)]. The concentration of the solvophilic sol-
in considerably more repulsive directions. Furthermore, efute particles wishing to stay away from the surfaces, on the
fects of the solvophobic solute on the surface interaclipn ~ other hand, decreases to a significant exfeig. 10b)]. As
become relatively smaller due to reduction of the solute enshown in Fig. 10c), however, the increase in the solvent
richment near the surface. density near the surfaces within the confined domain with
Solvophilic solute particles, in contrast, wish to be decreasingd. is smallerthan in the pure-solvent casexcept
strongly solvated in the bulk, and they are depleted near at smallL (L/ds<6) where there are essentially no solute
solvophobic surface. In cases of a solvophilic surface, thearticles left within the domair[If the solvent particles be-
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FIG. 10. Structure of solvent—solute mixture confined between two surfaces
FIG. 9. Structure of solvent—solute mixture confined between two surfacess a function of the surface separation in case 4&:s-9,s" (a), “Gym
as a function of the surface separation in case 1&:s-9,5" (@, “Guu —gwm” (b), and A(G. s—0g,5) (©). In case 4-3, both the surface and the
—gwv” (b), andA(G s—g,s) (). In case 1-3, both the surface and the solute are solvophilic.
solute are solvophobic. The values &y, —g, " at (r—dyy)/ds=0 for
L/ds=10, 8, 7, 6, and 5 are, respectively, 7.18, 13.8, 26.0, 42.6, and 80.7.

L

curs only at (—d,g)/ds~0 and 1. This means that the in-

crease in the solvent density becomes smaller only near the
come less packed within the confined domain due to theurfaced. This can be interpreted as follows. A highly solvo-
solute effectsA (G, s—0,s) becomes negative at the separa-philic solute particle is strongly solvated. Since the solvation
tions near —d, g)/ds~n (n=0,1,...) and positive at the is quite stable, it persists while the solute particle moves
other separations. In Fig. (@), negativeA(G,s—g,s) oc- away from the surfaces of the confined domain. The solvent
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-1.55 y T - . " T " concentration in the bulk is very lowAfter the transition the
r (a) 1 domain confined between two surfaces is filled with the sec-

v | ond phase of the solute. Sintg* ~dy, in case 1-3, it is

I ] suggested that dt~d,, the domain is always filled with a
-1.6 ¢ - monolayer of solute particles. As the solute concentration or

- . Case 1-3 1 the solute solvophobicity increasek* becomes larger.

I When 7y, is increased to 0.004his is still much lower than
the bulk spinodal value-0.017 in case 1-3 with the other
parameters unchanged, for instanc&~3dy, . A further in-
crease inpy causes progressively larget. HereL* is the
metastability limit, and the transition followed by appearance
of the second phase occurslat:L " >L* where the force
becomes discontinuous with an abrupt drbp. can be far
4 6 larger thandg, leading to a long-range attractive interaction

L/dS between solvophobic surfaces.
Recently, the interpretation of the author for the surface-
10 - . ; . - . ' induced phase transition was proved to be valid by Greberg
R (b) and Patey/ using a grand canonical Monte Cafl6CMC)
i Case 1-3 ] computer simulation for a similar model system. They
showed thal.* can be very large, leading to a long-range
attractive interaction between like surfaces. It was also
s shown that even a trace amount of solute can cause dramatic
effects. Their results are in qualitatively good accord with the
theoretical predictions of the author in earlier wotks?
s The thermodynamic theory by Evans and Marini Bettolo
] Marconf® and the experimental evidence reported by Chris-
tensonet al>*~*!also support these results.
a- a - It was shown in earlier workR$=2! that ®,, exhibits a
sudden drop toward a negative, divergently large value as
 — L—L*. As describeq in Sec. Il Bp,. inthe present study is
L/d calculated by treating a single surface immersed in the
s solvent—solute mixture. In such calculations the structure
FIG. 11. Relation betweef; (i =S,M) and the surface separatibiin case ~ and properties of the mixture confined between two surfaces
1-3:i=S(a) andi=M (b). In case 1-3, both the surface and the solute arecannot be captured. In case 1-3, for exampfe;-dy, is to
solvophobic. be interpreted as the spinodal separation leading to the diver-
gent behavior ofb |, , and the curve foL<L* should be

il vati h | . h ithin th discarded. Since the transition phenomenon is not the main
particles solvating the solute particlee., those within the g 004 in the present article, it is not pursued furtttae

first solvation shejlalso move away from the surfaces, lead- readers should refer to Refs. 17—21 and 37—41 for more
ing to the smaller increase in the solvent density near th‘aetails) '

surfaces than in the pure-solvent case.

v

$X 10

A
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4
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B. Surface-induced phase transition VIII. PHYSICAL INTERPRETATION OF SOLUTE

. . EFFECTS ON SURFACE INTERACTION
To explore the sudden drop of the surface interaction

&, observed in Figs. ®) and 4b), the relation between, The surface interaction is closely related to the structure
(i=S,M) andL is examined in case 1-3 and the result isof the solvent—solute mixture confined between two sur-
shown in Fig. 11. AsL—L*~dy, Ag and A, exhibit a faces. In cases of solvophobic surfaces immersed in pure
sharp decrease and a sharp increase, respectively: The behaglvent, an important factor comes into play in addition to
ior of Ag— —o andA,— + is observed. Similar behavior the entropic excluded-volume effects: The solvent is driven
was already found by the autHdr?! and interpreted as a to be more depleted within the confined doméarticularly
signal of wetting of the solute followed bydrying of the  near the surfacess two surfaces approach each other. This
solvent. The wetting-drying phenomenon is a surfacefactor is enhanced by the solute addition, though the mecha-
induced phase transition ahd" is the spinodal separation. nism of the enrichment for the solvophobic solute is different
For L<L* the solvent-solute mixture confined by the sur-from that for the solvophilic solute. For the former the deple-
faces cannot exist as a single phase even in a metastalilen is enhanced due to the enrichment of solute particles.
state. Before the transition the number density of solvenEor the latter, on the other hand, solute particles move away
particles within the domain is much higher than that of solutefrom the surfaces of the confined domain together with the
particles, though the latter is orders of magnitude higher thasolvent particles solvating them, leading to the enhancement
the bulk number densityit should be noted that the solute of the depletion.
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As two solvophilic surfaces approach each other in pure 0 " T : ; ——
solvent, the solvent is driven to be more enriched within the | @ /,.::;—;:;"f: ;;;
confined domairiparticularly near the surfaced his enrich- /-——,{/" -
ment is reduced by the solute addition. When the solvopho- i £ -~ ]
bic solute is added, solute particles are enriched within the W,
domain, excluding solvent particles from the domain and ,7;"/../-"

When the solvophilic solute is added, on the other hand, L E T qBewtl. 29

: ) ) . E -20F K —— Case 0-2 b
causing the reduction of the enrichment of solvent particles. = ot
\_' —

- R 4 8“8—1' 00
solute particles move away from the surfaces of the confined S

4
Y /S 4 SMS=0' 75

/s — 4
domain together with the solvent particles solvating them, K3 o 2 eus=0. 50
_':' . SMS_O' 25

leading to the reduction of the enrichment of solvent par-
ticles. As the solvophilicity of the surface increases, the
solviphobic-solute effects become smaller while the
solvophilic-solute effects larger.

Thus, the solute addition causes either enhancement of
the depletion or reduction of the enrichment of solvent par-
ticles within the domain confined between two surfa@es-
ticularly near the surfacgsAs a result, the thermal pressure
due to the solvent particles, which contributes to the mean
force as a repulsive component, becomes lower than in the
pure-solvent case. In the presence of solvophobic solute, the
enrichment of solute particles within the confined domain
generates thermal pressure due to the solute particles, giving
rise to an additional contribution to the repulsive component.
As described above, however, the depletion of solvent par-
ticles caused by the solute addition predominates over the
enrichment of solute particlei.e., pgA(G s—9.s)| is
much larger thanpy(G y—9.m)], and the repulsive-
component decrease arising from the lower thermal pressure
due to the solvent particles dominates. Thus, the solute addi-
tion leads to a relatively more attractive net force. In cases of
solvophilic solute, the solute concentration is much higher
than in cases of solvophobic solute, but the solute particleBIG. 12._Interaction between solvophobic surfaces immersed in solvent—
are depleted near the surfaces. Hence, the contribution froﬁ?'“te mixture: 8(r—d,)/ds<3 (3 and 3<(r—d,)/ds=<6 (b). Effects

. . ue to the solvent—solute affinigy,s. In case 0-2, no solute is added to the
the thermal pressure due to the solute pamCIeS remains rath&flvent. The common parameters to all the plots except in case 0-2 are
small. In conclusion, when the solute is added to the solventy,,=0.05, dy=4ds, 7s+ 7y="0.383, 48ess=1.0, ey =ems, ALs=0.0,
the net force becomes relatively more attractive and the inand\ y=0.0 (the surface is always solvophohic
teraction(potential of mean forgeexhibits a downward shift.

It is interesting that the surface interactidn, always shifts

in a more attractive direction once a solute with sufficiently The solute with 8&,,5=0.25 is solvophobic an®,, in its
high solvophobicity or solvophilicity is added to the solvent. presence is characterized by the sudden drdp-adly, dis-
(At very small surface separations a minor upward shift ofcussed above.

&, is observed in some casp3he solute effects become

larger as the solute solvophobmty or sol\{ophlhcny |ncreases1x_ CONCLUSION

and the solute concentration becomes higher.

The solute effects are in all likelihood the smallest when  Solute effects on the solvent-induced interaction be-
the solute isneither solvophobic nor solvophilicfo check  tween surfaces have been analyzed using integral equation
this conjecture, additional calculations are performed fortheories with bridge functions incorporated in the closure
some different values of s with the other parameters kept equations. A simple model of spherical particles is chosen to
constant: 7y=0.05, dy=4ds, #stny=0.383, 4B8egs roughly mimic hydrophobic or hydrophilic surfaces im-
=1.0, eym=¢ms, M .s=0.0, and\ =0.0 (the surface is mersed in water containing hydrophobic or hydrophilic sol-
always solvophobic The results are shown in Fig. 12. Over- ute. The singlet OZ approach is adopted to calculate the
all, the solute effects are the smallest foB&},s=0.50 structure of the solvent—solute mixture near a single surface
among the five values tested. The interaction in the case afnd the surface interaction induced. The RISM th&oiy
4Beys=0.50 is more attractive than in case 0—2 at somealso utilized to analyze the structure of the mixture confined
separations and more repulsive at other separations but thetween two surfaces as a function of the surface separation.
differences are rather small. The solute witB&4,s higher  The semiempirical method of estimating the bridge func-
than 0.50 causes a downward shiftdf, and the shift be- tions, which was pioneered by Verd&and further developed
comes larger with an increase in the solute solvophilicityby Duh and Hendersofi, has been extended to a system

D, /(ksT)




8980 J. Chem. Phys., Vol. 118, No. 19, 15 May 2003 Masahiro Kinoshita

comprising particles with extremely high size asymmetryby the solute addition. One often takes the view that the
(large spheres immersed in a mixture of small and mediummacromolecules generatxcluded volumes for the solute
sized sphergs molecules adde@nd attractive forces are entropically in-

In cases of solvophobic surfaces immersed in pure solduced between macromolecules equivalently, the forces
vent, an important factor arises in addition to the entropicbetween macromolecules become more attractf& How-
excluded-volume effects: As two surfaces approach eachver, the physical origins of the induced forces are not that
other, the solvent is driven to be more depleted within thesimple as shown in the present study. The effective forces are
domain confined between surfagg@articularly near the sur- determined by complicated interplay of the water—water,
faces. In contrast, within the domain confined between twowater—solute, solute—solute, water—macromolecule, and
solvophilic surfaces in pure solvent, the solvent is driven tosolute—macromolecule interaction potentials, and the attrac-
be more enrichedparticularly near the surfacgsand the tive parts of the potentials play crucial roles.
enrichment becomes larger with a decrease in the surface In the protein folding, the attractive interaction between
separation. Solute addition to the solvent causes either etwydrophobic portions of a protein molecule is of vital impor-
hancement of the depletiofin cases of solvophobic sur- tance. The interaction is referred to as the hydrophobic inter-
face$ or reduction of the enrichmefiin cases of solvophilic ~action. When the hydrophobic interaction is attributable to
surface$ of solvent particles within the confined domain. the reorganization of water structure near the hydrophobic
This is true for both solvophobic and solvophilic solutes. Theportion, however, it is moderately strong and short range,
mechanism of the enhancement or the reduction for a solvdeaching only several water diameté?s®In the presence of
phobic solute is different from that for a solvophilic solute. solute molecules with significantly high hydrophobicity or
Solvophobic solute particles are enriched within the confinedydrophilicity (these are usually larger than water mol-
domain, excluding the solvent particles from the domain€cules, the attractive interaction is strengthened and made
Solvophilic particles, on the other hand, move away from thdonger range. If the surface-induced phase transition occurs,
surfaces of the domain together with the solvent particleowerful attractions arise. Note that protein folding is pro-
solvating them. These enhance the depletion or reduce tHgoted not in pure water but in agueous solution containing a
enrichment. Overall, the solute effects are more pronounce¥@riety of solute molecules with hydrophobicity and hydro-
in the combination where both the surface and the solute arhilicity. The author believes that these effects play essential
solvophobic or where both of them are solvophilic than infoles in accelerating the protein folding.
the other two combinations.
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