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The relation between a solvophobic interaction (SI) and a solute-solute radial distribution function is
discussed. The SI is defined as the difference between the indirect part of the solute-solute potential of the mean

force in a solvent and that in a “homomorphic” solvent.

It was calculated using the RHNC-like integral

equation of RISM-1 for a dilute solution of hard spheres in a solvent composed of polar hard dumb-bells.. The
existence of a SI was comfirmed in a simple system. The SI in this system proved to have originated from
the effect of a dipole-dipole interaction between solvent molecules making the excluded volume of the
solute molecules small. It was found that the strength of a SI decreases with increasing temperature. It was
also shown that Ben-Naim’s measure [J. Chem. Phys., 54, 1387 (1971)] gives an incorrect conclusion with
respect to the temperature dependence of the SI of this system because itincludes an excess factor irrelevant toa SI.

Hydrophobic interactions have been investigated
by many authors,~® but from a microscopic point of
view, their essential character is still not clear.
Recently, molecular dynamical calculations were
performed®:? and semiphenomenological theories
were proposed on the basis of an integral equation
for liquids.8-® However, no clear conclusions have
been reached. Statistical mechanical studies from
first principles are required in order to clarify the
microscopic properties of the hydrophobic inter-
actions, and then, an investigation on solvophobic
interactions (SI) is expected to be fruitful as the first
step for a thorough understanding of hydrophobic
interactions.

There are two problems regarding a study of the
SI. The first is how the SI is defined on the basis of
statistical mechanics. Ben-Naim!® related the SI to
the potential of the mean force between two solute
molecules. However, the potential of the mean force
includes a contribution which has no direct connec-
tion with the SI, and in the definition of the SI it
must be subtracted from the potential of the mean
force. The second is to calculate the SI defined by
statistical mechanics from first principles. To
understand the fundamental aspects of the SI, we
investigated the SI of a dilute solution of hard
spheres in a polar solvent composed of dipolar hard
dumb-bells using the RHNC-like integral equation
of RISM-1.11.12

The Solvophobic Interaction and the Potential of the
Mean Force

In this section, we consider the SI induced in a
solution including nonpolar molecules in a solvent.
For simplicity, consider the solute molecules to be
spherical, and the interaction potential between two
solute molecules Uaa(r) to have no angular depen-
dence. Hereafter, subscripts A and S denote the
solute and the solvent species, respectively.

The potential of mean force between two solute
molecules Waa(r) is defined by

Waa(r) = —kgTIng, (1), (1

where kg is the Boltzmann constant, T the absolute
temperature and g(r) the radial distribution func-
tion between two solute molecules. The physical
meaning of Waa(r) is “the free energy change which
is caused when two solute molecules move each other
from an infinite separation to a distance r in a given
solvent.” The indirect part of Waa(r) is given by

waa(r) = Wia(r) — Uaa(r) = —kgTIny, (1), (2)

where y,,(7) is the indirect pair correlation function
between two solute molecules. waA(7) is the effective
potential between the two solute molecules induced
by all the other molecules, and it is identical with
Ben-Naim’s 64H1(r).10

Here, we consider that the solvent-solvent interac-
tion Uss(s, Js) can be divided into two parts,'¥

Uss(is, js) = UR(ts, js) + UR(ts, Js)- (3)

UQ(s, js) is the hard-core potential including the
dispersion force. U (is, js) is the interaction other
than UQ(is, js), including the contribution of the
dipole-dipole interaction, the hydrogen bond and
others. igand js denote the positions and orientations
of the i-th and the j-th solvent molecules, respective-
ly. Then, we define w{(r) as the indirect part of the
potential of the mean force between two solute
molecules in a homomorphic solvent in the same
state as the solution, where a ‘“homomorphic
solvent” denotes a solvent composed of molecules
whose intermolecular interaction is expressed as
UQis, js). Since wQ(r) is the effective potential
caused by the packing effect of molecules with a hard
core in nonpolar solvents, it has no direct relation to
the SI. It is equivalent to the indirect part of the
potential of the mean force in liquids composed of
nonpolar molecules. It must be subtracted from
waa(r). Here, we define dw4(r) as follows,

0waa(r) = waa(r) — wil(r). (4)
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Odwa(7) 1s the effective potential between two solute
molecules. This is the quantity which expresses the

SI of a solution.
When the solute molecules are hard spheres,

wan(0)=—A4u,819 Here, du, is the chemical poten-
tial of solute molecules in a solution with respect to
an ideal gas. Thus, we have

0w (0) = Aus® — Apy, )

where 4u®Q is the chemical potential of the solute
molecules in a homomorphic solvent. Equation 5
shows that dw4(0) is the chemical potential change
with respect to a transfer of the solute molecules from
the solvent to the homomorphic solvent. Thus, Eq. 5
gives grounds for the fact that the chemical potential
change with respect to the transfer of solutes from
water to a hydrocarbon solvent is a good measure for
the strength of the hydrophobic interaction.

In the following sections, we calculate dwy,(7) of
the dilute solutions of hard spheres in a solvent
composed of polar hard dumb-bells.19

The Application to the Dilute Solutions of Hard
Spheres in Polar Solvents

The system considered is a dilute solution of
nonpolar molecules in a polar solvent. Solute
molecules are hard spheres with a diameter o4,.
Solvent molecules are two fused hard spheres with
the same diameter og, on whose center the charges
+qs and —gg are sited. The bond length of a solvent
molecule is I. An illustration of a molecule is shown
in Fig. 1.

The total potential energy of the solution is
assumed to be the sum of all pairs of intermolecular
potentials. The intermolecular potential between the
i-th molecule of type M and the j-th molecule of type
M’ is given by

Uynw' (ins Ju) = = ; Uon,n (IPEn =7 ])s (6)
O
Gss
1
Fig. 1. The shapes of the solute molecule and the sol-

vent molecule.
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where uavym/(|rriv]) is the interaction potential
between the a-th atom of the i-th molecule of type M
(A or S) and the y-th atom of the j-th molecule of type
M’. r3%is the position of the a-th atom of the i-th
molecule of type M. The atom-atom interactions are
given as

uasrs(') = uR(r) + 959, s/4mey, (7

Uosa(r) = ul(r), (8)

uaa(r) = ud(1), 9)
0, r<0Oyu’

ue(r) = (10)
0, r>oun

where we assume that o,s=(0xat0s5)/2. & 1is the
dielectric constant of the vacuum. In this system,
UQ(is, js) and UR(is, js) in the previous section are
given as

U (s, Js) = %3 ; uQ(|ris—ris|)
and

UR (s, Js) = Y TE 9asq,s/4me|Tis—Tis],

respectively.

Radial distribution functions and 6waa(r) were
obtained by solving the RHNC-like integral equation
of RISM-1,11.12 and the procedures of the calculation
are quite identical with those described in reference

12.
Results and Discussion

The present system is characterized by five
parameters, as follows: the reduced number densities
of solute molecules and solvent molecules pk=p,03 4
and p¥=psd3, the reduced dipole moment of solvent
molecules p¥=(u2/4neoksTd?)V2, the reduced bond
length of solvent molecules L*=[/0g, and the ratio of
Oap tO Oss 0%, =0an/0ss. Here, py and ps are the
number densities of solute molecules and solvent
molecules, respectively, us=gsl the magnitude of the
dipole moment of solvent molecules, and d the
diameter of a hard sphere whose volume is the same
as a solvent molecule. It is given by the following
equation

d® = o%(1+3L%/2— L*3)2).

Because of symmetry, we have four types of
atom-atom radial distribution functions, as follows;
8aa(7), gasH(1)=gs+a(1)=8as~(1)=8s-A(T)Z8As(T), Gs+s+(1)=
gs-s—(7) and gs+s—(1)=gs—s+(7).

The Structure of the Solution. The atom-atom
radial distribution functions of the solution are
shown in Figs. 2a—c. The broken curves indicate
atom-atom radial distribution functions of the
solution in a homomorphic solvent. Figure 2a shows
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that an orientational correlation between two solvent
molecules exists over a considerably long-range
region.!? As seen in Fig. 2b, gaa(7) is larger than that
in a homomorphic solvent at r<2ag, and in Fig. 2c
the contact value of g,g(r) is smaller than that in a
homomorphic solvent. This result shows that the
solvent molecules are atracted to each other by
dipole-dipole interactions. Thus, the probability
that solute molecules approach each other is
enlarged. This confirms the presence of a solvo-
phobic interaction in this system.

The Solvophobic Interaction. The potential of
the mean force between two solute molecules and the
solvophobic interaction éw,4(7) are shown in Fig. 3.
0 1 | 1 1 1 These are calculated from the solute-solute radial

1.0 2.0 3.0 4.0 Lo . .
r /G, distribution functions shown in Fig. 2b. w4(r) and
SSs

w®(r) have maxima at r=1.60,, and have an

oscilltory structure around the asymptotic value zero.

9ss(r)

Fig. 2a. The solvent-solvent radial distribution func-

tions for the solution at p%*=0.001, p*=0.8, u*= O0wpa(r) has a maximum at 7=2.10,,, but the
3.0, L*=0.6 and o%,=1.0. a; ggis+(r), b; gs+s-(r), maximum is very small. The value of Swa(r) is
- &3 (r)- negative at r<r,,, and nearly equal to zero at r<r,,,,

where r.,,, denotes the position of the first maximum

3.0 of Swya(r). This shows that the dipole-dipole
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Fig. 2b. The solute-solute radial distribution functions Fig. 3. The potential of mean force between two solute
for the same solution as Fig. 2a. s gaalr), ~——-; molecules for the same solut(:'on as Fig. 2. —;
2. Owaa(r), =5 waa(r), -5 wQ(r).
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Fig. 2c. The solute-solvent radial distribution functions Fig. 4. The solvophobic interactions at p¥=0.8, u¥=
for the same solution as Fig. 2a. ——; g,g(r), ———-; 3.0, L*=0.6 and o}, =10. —; p¥=0.001, ----;

£3(7). p*=0.01, -——; p*=0.04.
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interaction between solvent molecules induces an
apparent and effective attraction between the two
solute molecules, that is, a solvophobic interaction.
It is also shown that the SI is short ranged. 6w a(7)
has a small minimum at r=~1.20,,. The minimum is
probably an artifact due to the approximation of the
RHNC:-like integral equation. OSwaa(r) decreases
with decreasing r near the contact distance.

The concentration dependence of dwsa(r) is shown
in Fig. 4. Swau(r) for p%=0.01 is practically the same
as that for p%¥=0.001 and no appreciable difference
between Owa(r) for p%=0.001 and that for more
dilute solutions was found. This shows that pwa(7)
at p%¥=0.001 can be safely regarded as that for a
solution at infinite dilution. Figure 5 shows that
the strength of the SI increases with increasing u¥
and the position of the maximum is unchanged. It
is found from Fig. 6 that the bond length of solvent
molecules has little effect on the SI when the di-
pole moment of solvent molecules is held constant.

Figures 7 and 8 show the effect of the size of solute
molecules on the SI. Shapes of g,s(r) at 0%50.8 and
1.6 are very similar (Fig. 7). This indicates that a

T T T T T
0.2 -
~
< 0
=
<
< -02 —
3
w
-0.4 -
1 1 1 | 1
1.0 1.5 2.0 2.5
r/ G
Fig. 5. The solvophobic interactions at 0%¥=0.001,

0%=0.8, L*=0.6, and ¢}, =1.0.
2.0, ¢; u%t=3.0.

a; u§=1.0, b; u¥=

e
I
1

auiA(r)/k,r

-0.2
1 ] ) | 1
1.0 1.5 2.0 2.5
r/dSS
Fig. 6. The solvophobic interactions at p%=0.001,
0%¥=0.8, u¥=3.0,and ¢}, =1.0. —; L*=0.4, -———;

L*=0.6, ;---- L*=0.8.
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change in the size of solute molecules has little effect
on the solvent structure around the solute molecules.
The magnitude of |dwaa(r)] at 7<<r,,, increases
remarkably with an enlargement of the size of the
solute molecules (Fig. 8), and the position of the
maximum coincides with each other when the curves
are plotted on the abscissa (r—0,4)/0ss. It is found
that the positions of the maximum of dw,,(r) of all
systems shown in Figs. 3—6 and 8 are approximately
expressed as 7,,,=0sa+1.10gs, which is nearly equal
to the diameter of the excluded volume of solute
molecules (o54t0ss). Thus, it is said that the SI is
negligible when excluded volumes of two solute
molecules do not overlap with each other and is
attractive when the excluded volumes do overlap.
Namely, the SI acts to make the total excluded
volume of solute molecules small when the excluded
volumes overlap. Then, taking account of the size
dependence of dw,,(r) at r<ry,, (Fig. 8) together, it is
concluded that the origin of the SI is the effect of the
attractive dipole-dipole interaction between solvent
molecules to make the excluded volume of solute

9uslr)

0 1.0 2.0
(r - dAS )/655

Fig. 7. The solute-solvent radial distribution functions

at p*¥=0.001, p*=0.8, y*¥=3.0, and L*=0.6. —;
U:A-:I.G, -3 0:A=0.8.
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Fig. 8. The solvophobic interactions at p%=0.001,
p%¥=0.8, y¥=3.0, and L*=0.6. —; o}, =1.6, ——-;
of=12, -+--; 0¥, =08
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TABLE 1. THE TEMPERATURE DEPENDENCE OF THE

SOLVOPHOBIC INTERACTION AT p%=0.001,
p%¥=0.8, L*=0.6, aND 0%,=1.0
1/ckgT® cwsa(Gaa) cwl(0an) 60waa(aa)

9.00 —0.168 —-0.119 —0.049

6.25 —0.216 —-0.172 —0.044

4.00 —0.307 —0.269 —0.038

2.25 —0.509 —0.478 —0.031

1.00 —1.097 —1.077 —0.020

0.25 —4.316 —4.308 —0.008

0 — — 0

a) c=4neyd®/us.

molecules small. In this respect, the SI of this system
is an energetic effect. A solvophobic solvation like
the ice-berg as stated by Némethy and Sheraga® does
not exist, or hardly contributes to the SI even if the
solvophobic solvation exists. If the solvophobic
solvation is the main source of the SI, the range of
the SI must be longer than (o,,120s) which is the
‘shortest distance when the solvation cells of two
solute molecules contact each other.

The temperature dependence of the SI is shown in
the Table 1. It is noted that was(04,4) 1s 1dentical
with 84S (o p)=Aup—24 uy, Ben-Naim’s measure of
the SI,419 where Aup and Aduy are the chemical
potentials of the dimer and the monomer of the
solute molecules in the solution, respectively.
|8wan(oaa)| decreases with increasing temperature,
which means that the strength of the SI of this system
decreases as the temperature increases. On the other
hand, |waa(0aa)| increases with increasing tempera-
ture. This is because In yQr)=—wQr)/ksT of
this system does not depend on the temperature.
|w@(oas)| becomes larger in propotion to the
temperature, and resultantly the increment of
|wQoaa)| exceeds the decrement of |6waa(0aa)l.
Thus, Ben-Naim’s measure, ws(044), glves an in-
correct conclusion with respect to the temperature
dependence of the SI of this system, because its
temperature dependence is dominated by that of
wQr) which is essentially irrelevant to the SI.

Concluding Remarks
It was shown that the SI can be expressed by

Swan(r)=wan(r)—wQ(r), and that Ben-Naim’s mea-
sure of the SI, which is identical with wy,(r), gives an
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incorrect temperature dependence because it includes
an excess term, like w ©y(r) which is irrelevant to the
SL

Owaa(r) of dilute solutions of hard spheres in a
polar hard dumb-bell solvent was calculated by
means of an RHNC-like integral equation of RISM-1
in order to clarify the microscopic properties of the
SI. It was shown from this calculation that (1) the
dipole-dipole interaction between solvent molecules
can cause the SI, (2) the SI in this system mainly
originates from the effect of a dipole-dipole interac-
tion between solvent molecules to make the excluded
volume of solute molecules small, and (3) a
solvophobic solvation like the ice-berg does not exist
or hardly contributes to the SI of this system.
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