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We examine quantitatively the solute-size dependences of the effective interactions

between nonpolar solutes in water and in a simple liquid. The potential w(r) of mean

force and the osmotic second virial coefficients B are calculated with high accuracy

from molecular dynamics simulations. As the solute diameter increases from methane's

to C60's with the solute–solute and solute–solvent attractive interaction parameters

fixed to those for the methane–methane and methane–water interactions, the first

minimum of w(r) lowers from −1.1 to −4.7 in units of the thermal energy kT.

Correspondingly, the magnitude of B (<0) increases proportional to sa with some power

close to 6 or 7, which reinforces the solute-size dependence of B found earlier for

a smaller range of s [H. Naito, R. Okamoto, T. Sumi and K. Koga, J. Chem. Phys., 2022,

156, 221104]. We also demonstrate that the strength of the attractive interactions

between solute and solvent molecules can qualitatively change the characteristics of

the effective pair interaction between solute particles, both in water and in a simple

liquid. If the solute–solvent attractive force is set to be weaker (stronger) than

a threshold, the effective interaction becomes increasingly attractive (repulsive) with

increasing solute size.
1 Introduction

We report here the results of computer simulation studies on the effective pair
interactions between spherical solute particles with varying diameters in water
and in a simple liquid.

When a hydrophobic molecule is transferred into water from a gas phase or
from an oily phase, the change in enthalpy is negative but the change in solvation
entropy (the relevant part of the change in entropy) is also negative, and the
entropic contribution is greater than the enthalpic one, leading to the positive
solvation free energy (change) and the low solubility of the hydrophobe in water.
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This is the basic mechanism characteristic of the hydrophobic hydration.1–3 When
two such hydrophobic solute molecules are in contact with each other in water,
the solvation free energy for the pair is less than that for two molecules far apart,
resulting in water-mediated attraction between them, the hydrophobic
attraction.2,3

The solvent-mediated pair interaction between solute molecules in a solvent is
fully described by the potential w(r) of mean force, which is the sum of the direct
pair potential f(r) and the solvent-induced part w*(r). The strength of that
interaction may be measured by the rst minimum of w(r), or equivalently the
rst peak of the radial distribution function g(r) = e−w(r)/kT, and the osmotic
second virial coefficient B. The osmotic B, the second coefficient of the expansion
of the osmotic pressure in the solute density r at xed chemical potentials of
solvent species and xed temperature, is given by the correlation-function
integral:4

B ¼ �1

2
lim
r/0

ð�
gðrÞ � 1

�
ds ¼ �1

2
G; (1)

where ds is an innitesimal volume element and G is the solute–solute Kirkwood–
Buff (KB) integral5 at innite dilution. Experimental data for B are sparse
compared to solubility data, and so molecular simulation and theory of liquids
are indispensable tools for evaluating B.6–18

It has been recognized in physical chemistry and biochemistry that the size of
solute molecules (inert gases, hydrocarbons, amphiphiles, proteins, and so on)
matters to the hydration free energy and the hydrophobic interaction. The subject
has been extensively discussed in the literature.19–42 In a wider framework, the
solute-size effect on the effective pair potential w(r) in simple liquids has been an
important subject in the theory of liquids.43–49

The present paper aims at a quantitative understanding of how the strength of
effective pair interaction between solute molecules in water, changes with solute
size. Recently it was reported15 that the osmotic second virial coefficient B for
Lennard-Jones (LJ) particles in water varies with diameter s as ∼sa with a x 6 in
the range s # 2sm, where sm is the LJ diameter of methane. The change in B in
that range is already enormous because of the large power. Now we extend the
upper limit of s to 3sm x 1.12 nm, which then covers solutes ranging from
methane to C60, and examine whether or not the power-law dependence
continues to hold. The second issue addressed in the present paper is the effect of
the solute–solvent attractive interaction on the solute-size dependences of w(r)
and B. At ambient conditions the solvent-mediated interactions between hydro-
phobic molecules, between amphiphilic molecules, and between hydrophobic
groups in proteins in aqueous solution are less attractive than the direct inter-
actions due to the existence of the solute–solvent attractive interactions.7,10,14,50,51

To be specic, take the case of methane in water, as an example: the osmotic B for
methane and the gas virial coefficient Bgas are both negative at ambient temper-
atures, but more importantly B > Bgas, i.e., methane particles are less attractive in
water than in vacuum. The difference between B and Bgas becomes greater at lower
temperatures.7,10 On the other hand, hard-sphere solutes are more attractive in
water than in vacuum as B < 0 and Bgas > 0.9 Thus, the attractive forces between
solute and solvent molecules is a key factor that could change the characteristics
of the effective interaction between solute molecules.
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 249, 440–452 | 441
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In the present study we calculate w(r) and B for solute species with different
diameters and different strengths of the solute–solvent attraction in order to gain
a quantitative understanding of the effect of the solute–solvent attraction on the
solute-size dependence of w(r) and B. The next important question to be
addressed is what kinds of features in the solute-size dependence of the hydro-
phobic interaction are universal for liquid mixtures in general and what is unique
for water. As a rst step, we evaluate the solute size dependences of w(r) and B for
LJ mixtures and compare the results with those for water.
2 Computational details

We examine the model systems for aqueous solutions of hydrophobic solutes
and, for comparison, those for simple liquid mixtures. Molecular dynamics (MD)
simulations are performed for aqueous and non-aqueous solutions to obtain the
effective pair potential between solute molecules.

The systems for aqueous solutions consist of water molecules interacting with
each other via the TIP4P/2005 potential52 and spherical solute particles interact-
ing with each other via the LJ potential:

fðrÞ ¼ 43

��s
r

�12

�
�s
r

�6
�
: (2)

Note that 3 is xed when evaluating the effective solute–solute interactions as
a function of the solute diameter s. The solute–water pair interactions are
modeled by the LJ potential fLJ

uv(r) or the repulsive Weeks–Anderson–Chandler
(WCA) potential,

fWCA
uv ðrÞ ¼

(
fLJ
uvðrÞ þ 3uv

�
r\21=6suv

	
0 ðotherwiseÞ : (3)

The reference hydrophobic solute is taken to be methane modeled by the
TraPPE-UA force eld,53 whose LJ parameters are sm = 0.373 nm and 3m =

1.23 kJ mol−1. The solute particles with different diameters are those with s* = s/
sm = 1, 1.5, 2, 2.5, and 3, and 3 = 3m. Recently the s dependences of the solute–
solute radial distribution function g(r) and the osmotic second virial coefficient B
have been reported for the LJ solutes with s* # 2.15 For the solute–water LJ pair
interactions, the size parameter suv is set to suv = (s + sw)/2 with sw of the TIP4P/
2005 water. The energy parameter 3*uv ¼ 3uv=30 is xed to either 1, 2, or 3, where
30 = 0.977 kJ mol−1, the value given by

ffiffiffiffiffiffiffiffiffiffi
3m3w

p
with 3w of the TIP4P/2005 model

water.
The number Nv of water molecules and the number N of solute particles

depend on the model system, as listed in Table 1. For the systems with N= 20, 40,
and 80, standard MD simulations were performed to obtain g(r); for those with
N = 2, the umbrella sampling method54,55 was applied.

We performed isobaric–isothermal MD simulations for the model aqueous
solutions under three-dimensional periodic boundary conditions using GRO-
MACS 2018.56 The pressure is set to 1 bar using the Parrinello–Rahman method
and the temperature is maintained at 300 K by the Nosé–Hoover method. For the
systems with N = 20 and above, the duration time t of the production run is 100
442 | Faraday Discuss., 2024, 249, 440–452 This journal is © The Royal Society of Chemistry 2024
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Table 1 Model systems: solvent and solute species, solute diameter s*, the solute–
solvent LJ energy parameter 3*uv (for WCA solutes this is the parameter in eqn (3)), and
numbers Nv and N of solvent and solute molecules, respectively. The solute–solute
potential is of the LJ form for all systems.

Solvent
Solute–solvent
potential function s* 3*uv Nv N

Water LJ 1 1 4000 40
LJ 1 2, 3 4000 20
LJ 1.5 1 4000 20
LJ 2 1 8000 2
LJ 2 2, 3 8000 40
LJ 2.5, 3 1 8000 2
LJ 3 2, 3 16 000 80
WCA 1 1 4000 2
WCA 2, 3 1 8000 2

LJ LJ 1 0.5, 1, 2 5000 20
LJ 2 0.5, 1, 2 10 000 20
LJ 3 0.5, 1, 2 20 000 40
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ns, except for the system with the solute particles of diameter s* = 1.5, in which
case t = 200 ns. In the umbrella sampling method, t for each simulation with
a given constraint for the distance between two solute particles is 20 ns except for
the system with the WCA solute particles of s* = 1, in which case t = 10 ns. The
time step interval of each simulation is 1 fs. The congurations of solute mole-
cules were recorded every 0.05 ps to compute g(r).

In the umbrella sampling simulations, the harmonic potential with the spring
constant of 1000 kJ mol−1 nm−2 was applied to constrain the distance between
the two solute particles. The constraint distance ranges from 0.6 to 2.9 nm for
s* = 2 and from 0.7 to 2.8 nm for s* = 2.5, and from 0.8 to 3.1 nm for s* = 3, in
0.1 nm increments. For the WCA solutes, i.e., those which interact with solvent
molecules via the WCA pair potential fWCA

uv (r), the constraint distance ranges from
0.2 to 2.5 nm for s* = 1 and from 0.6 to 2.9 nm for s* = 2, and from 0.8 to 3.1 nm
for s* = 3. The potentials w(r) of mean force were obtained from the weighted
histogram analysis method.57,58

All the LJ pair potentials in each model aqueous solution were truncated at
a cutoff distance rcut, its value depending on the solute size s*: rcut = 1.3 nm for
s* = 1 and 1.5, rcut = 2 nm for s* = 2 and 2.5, and rcut = 2.4 nm for s* = 3. The
Coulomb potentials were treated using the particle mesh Ewald method with the
cutoff distances in the real space being the same as rcut of the LJ potentials.

In order to calculate g(r), or equivalently w(r), for hydrophobic solutes at
innite dilution from MD simulations for the model solutions at nite concen-
tration, we employed the following technique when necessary. When performing
MD simulations for the systems containing solute particles (N = 40 or 20, Nv =

4000) with s* = 1 or 1.5 and 3*uv ¼ 1, the LJ potential for the solute–solute inter-
actions was replaced by a repulsive potential frep(r), and then the resulting radial
distribution function grep(r) was converted to g(r) by the identity g(r) = limr/0g-
rep(r) exp[−fatt(r)/kT] with fatt(r) = fLJ(r) − frep(r). Here we assume that grep(r)
obtained from the simulation is very close to that at innite dilution because the
solute particles have no tendency of aggregation due to the potential frep(r). For
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 249, 440–452 | 443
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the solute with s* = 1, frep(r) is the repulsive WCA potential, the solute–solute
analog of eqn (3), while for the solute with s* = 1.5, frep(r) is 43(s/r)12.

We also studied models of nonpolar solutions (simple liquid mixtures) to
compare the solute-size dependences of w(r) and B with those in the aqueous
solutions. The systems consist of two components of LJ particles. All quantities
such as the distance, the solvent density, and temperature, are given in reduced
units of the LJ parameters sv and 3v of solvent particles. We consider solutes with
s*(=s/sv) = 1, 2, 3 and 3*(=3/3v) = 1. The solute–solvent LJ potential parameters
are set to s*uv ¼ ðs* þ 1Þ=2 and 3*uv ¼ 0:5; 1; 2. The solvent number density and
the temperature are set to r*vð¼ rvs

3
vÞ ¼ 0:8 and T*(=kT/3v) = 1.5. This density r*v ,

is close to 0.85, the density of the LJ liquid at the triple point, and the temperature
T* is higher than the critical point.59 At this state point, Kimura and Yoshimura
calculated g(r) for the solutes with s*= 0.5, 1, 1.5, 3*= 1, and 3*uv ¼ 1; 2 using the
integral equation theory.60

We performed isochoric–isothermal MD simulations of the LJ mixtures. The
numbers of solvent and solute particles are given in Table 1. The duration time t*
of the production run and the cutoff distance r*cut of the LJ potential depend on
the system: for the systems with s* = 1, t* = 84 659 and r*cut ¼ 3:077; for s* = 2
and 3, t* = 169 318 and r*cut ¼ 6:154. In the case of s* = 3, the solute–solute LJ
potential was replaced by the repulsive WCA potential and the resulting radial
distribution function was converted to g(r) as in the cases of the model aqueous
solutions.

When one calculates B from eqn (1) using numerical integration, one nds
large errors or even diverging behavior of the integral. This is because g(r) ob-
tained for a closed system does not converge to 1, because statistical errors in g(r)
at large distances are enhanced by the factor r2, and because there is the nite-size
effect in any simulation. To overcome this problem, we employed the method
described in our previous paper.7,15 First, we correct the limiting behavior of g(r)
so that the average of g(r) over a certain range at long distances becomes 1.
Second, we use the method proposed by Krüger et al.61,62 for evaluating the KB
integral at the thermodynamic limit from that of the nite systems:

GðLÞ ¼
ðL
0

½gðrÞ � 1�4pr2
�
1� 3

2

� r
L

�
þ 1

2

� r
L

�3
�
dr; (4)

G(L)L = GL + C. (5)

where L is the upper limit of the integral and C is a constant. From eqn (4) with
corrected g(r), one obtains G(L) as a function of L. One then plots G(L)L against L
and nds a certain range of L where the linear relation, eqn (5), holds. The linear
t to the data in that range of L gives the KB integral G.
3 Results and discussion

First, we examine how the hydrophobic interaction (the effective pair potential
between nonpolar solute particles in water) changes when the solute size
increases while nothing else changes. Fig. 1(a) displays the radial distribution
functions g(r) for pairs of LJ particles in water, each corresponding to the solute
with a different diameter s but the same energy parameters 3 = 3m and 3uv = 30. It
444 | Faraday Discuss., 2024, 249, 440–452 This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) The radial distribution functions g(r) for LJ particles of different sizes in water.
The LJ solute diameters are s*(=s/sm) = 1, 1.5, 2, 2.5, and 3, with sm = 0.373 nm; the LJ
energy parameters are fixed to 3 = 3m = 1.23 kJ mol−1. (b) The corresponding potentials
w(r) of mean force. (c) The log–log plots of the osmotic second virial coefficients B against
s*. The best fits of the 6th (dotted blue line) and 7th (solid blue line) power law and the
second virial coefficient Bgas for the LJ gas, which follows the cubic power law, are also
plotted. (d) The log–log plots of B vs. s* and B1 ¼ �2p

Ð r1
0 ½exp½�wðrÞ=kT � � 1�r2dr vs. s*

with r1 the distance of the first maximum of w(r).

Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 2
5 

Q
ad

o 
D

ir
ri

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
7/

07
/2

02
5 

11
:0

4:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
is clear that the rst peak develops rapidly with increasing particle diameter s.
The corresponding potentials w(r) of mean force are shown in Fig. 1(b). The
potential well depth becomes deeper as s increases: w(r)/kT at the rst minimum
is−1.10, −1.66,− 2.50, −3.56, and −4.69 at s*= 1, 1.5, 2, 2.5, and 3, respectively.

The variation of w(r)/kT at the rst minimum with increasing solute size is
essentially due to changes in the solvent-induced part of the effective interaction
since the solute–solute LJ parameter 3 is xed. In general, solvent-induced
attraction at the solute–solute contact distance is largely due to the excluded
volume effect. Each particle has an excluded volume from which solvent mole-
cules or co-solvent molecules are excluded. When the two particles are held xed
at some short distance, the two excluded-volume spheres overlap, and the larger
the overlapping volume (e.g., the shorter the inter-particle distance) the greater
the congurational entropy of solvent (or co-solvent) molecules and thus the
lower the solvation free energy of the pair of particles.63,64 When the Asakura–
Oosawa (AO) theory65 is applied to a hard-sphere uid consisting of solvent and
solute particles, the effective pair potential at contact distance s, which is the
minimum in the AO potential wAO(r), decreases linearly with s, the diameter of
the solute particles:
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 249, 440–452 | 445
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wAOðsÞ
hkT

¼ �3

2
s� 1; (6)

where s is now in units of diameter of the solvent particles and h is the packing
fraction of the solvent. Thus the effective potential at the rst minimum for the
hydrophobic particles in water (Fig. 1(b)) and the AO potential at contact distance
(eqn (6)) have the same trend in terms of solute-size dependence. However, the
magnitude of the solvent-induced interaction is much stronger in the hydro-
phobic interactions than in the AO potential and the solute-size dependence of
w(r) at the rst minimum is stronger than the linear dependence.

Apart from the size dependence of the rst minimum of w(r), Fig. 1(b) also
indicates that both the rst maximum and the second minimum of w(r) move up
with increasing s, and the second minimum disappears at s*= 2. This trend may
well be characteristic of the hydrophobic interaction. Earlier studies showed that
the force curve between hydrophobic planar sheets in water becomes increasingly
repulsive as the two sheets approach each other and squeeze bilayer water.66,67 It is
possible that the force curve between hydrophobic particles with s* = 3 already
bears a strong resemblance to that between hydrophobic surfaces. However, the
correspondence is a matter of conjecture and further analysis is needed.

Fig. 1(c) is the log–log plot of the osmotic second virial coefficients B against
s*. The values of B are negative for all solutes with different s, i.e., their effective
interactions in water are attractive. The magnitude of B becomes larger with
increasing s. The dotted and solid lines indicate linear ts to the data with slopes
of 6 and 7, respectively. The log–log plot of B vs. s* seems to follow a linear
relationship, i.e.,

B f s*a. (7)

The best estimate of a is close to 7 and in between 6 and 7 for the range of s*# 3.
In ref. 15, it was conjectured that Bf s*6 for a smaller range of s* (s*# 2) and it
was remarked that the 6th power law accords with the thermodynamic
identity:68,69

B ¼ B00 � v*2

2kTc
; (8)

where B′′ is an analog of B, the coefficient of r2 in the r expansion of the osmotic
pressure at xed density of the solvent (not at xed chemical potential of the
solvent); v* is the solvation molecular volume of the solute at innite dilution and
c is the isothermal compressibility of pure solvent. The second term in eqn (8) is
proportional to s*6. However, we note that eqn (8) provides the lower bound of the
size dependence of B, because the size dependence of B′′ could be stronger than
the second term, and thus the present result is not inconsistent with the ther-
modynamic identity. Note that the second virial coefficient Bgas for the LJ gas (i.e.,
without any solvent) is strictly proportional to s3 at xed 3 as shown in Fig. 1(c). It
is the solvent-induced attraction that causes the much greater solute-size
dependence of B (eqn (7)) compared with that of Bgas.

The potential of mean force w(r) between two solute particles or the corre-
sponding pair correlation function g(r) − 1 is not a simple function of r and
exhibits damped oscillatory decay, in contrast to the pair potential f(r) in eqn (2)
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or e−f(r)/kT − 1, which decays monotonically. Thus it is worth examining which
range of r contributes primarily to the s dependence of B. Let B1 be the contri-
bution to B from w(r) in the short range r < r1, where r1 is the distance of the rst

maximum of w(r): B1 ¼ �1
2

ð
r\r1

½gðrÞ � 1�ds. Comparing the log–log plot of B1

with that of B (Fig. 1(d)), we nd that the dominant contribution to the solute-size
dependence of B comes from the short range of r.

Next, we examine the effect of the solute–solvent attractive interaction on the
effective pair potential w(r) between solute particles in water. For solutes with
a given s*, three different solute–solvent LJ potentials are considered:
3*uvð¼ 3uv=30Þ ¼ 1; 2; and 3. In addition, the repulsive WCA potential is also
assumed for the solute–solvent interaction. For each case of s* = 1, 2 and 3, as
shown in Fig. 2(a)–(c), respectively, the potential curve of w(r) over a short range,
including its rst minimum and the rst maximum, shis upwards as the solute–
solvent attraction is strengthened by increasing 3*uv from 1 to 3. When the solute–
solvent interaction is purely repulsive, i.e., when it is the repulsive WCA potential,
the potential of mean force in the same range is well below that for the reference
LJ potential ð3*uv ¼ 1Þ. The results described above are in accord with the obser-
vations that the solvent-induced part of w(r) is weakened by the solute–solvent
attractive interactions12,29,31,35–37,70–74 and that in some cases the hydrophobic
Fig. 2 Effects of the solute–solvent attractive interaction onw(r) for LJ solutes in water at
1 bar and 300 K. The solute diameter is fixed at (a) s* = 1, (b) s* = 2, and (c) s* = 3. Dashed
“WCA” curves mark the repulsive WCA potential, and solid, dotted and long dashed curves
are the w(r) for solutes interacting with water via the LJ potential with 3*uv ¼ 1; 2; and 3,
respectively. (d) The first minimum w(rc) of w(r) as a function of s* for the four different
solute–solvent pair potentials.
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interactions between nonpolar molecules in water are not as attractive as those in
other environments.50,51,74

Comparing Fig. 2(a), (b) and (c), it is clear that the effect of the solute–
solvent attractive interaction is greater for larger solute particles. To quantify
this tendency, we focus on the rst minimum in w(r), i.e., w(rc) with rc being the
distance of the rst minimum, which depends on s and 3uv. Note that rc is close
to s, the solute–solute contact distance, but is slightly smaller. The plots of
w(rc)/kT as a function of s* are shown in Fig. 2(d). Our reference set of solutes is
the one with 3*uv ¼ 1, i.e., 3uv = 0.977 kJ mol−1, which corresponds to the
dispersion force between methane and water molecules. When the solute–
solvent attractive interaction is completely turned off (the repulsive WCA
potential), w(rc) for a given s* becomes more negative than that for the refer-
ence set and the rate of change of w(rc) with s* is much greater than that for the
reference set. On the other hand, when 3uv is three times greater than that for
the methane–water dispersion force, w(rc) is positive for any s* and increases
with increasing s*. Thus, depending on the strength of solute–solvent attrac-
tion being smaller or greater than a certain threshold, the effective pair
interaction becomes increasingly attractive or increasingly repulsive with the
solute size, respectively. The threshold seems to be around 3*uv ¼ 2 because
then w(rc)/kT is close to 0 for any s* # 3.

We have seen how the effective pair interactions in water vary with solute size.
Now we examine the solute-size dependence in a simple liquid using LJ mixtures.
Fig. 3 shows the solute-size dependences of g(r), w(r), and B for three xed values
of the solute–solvent LJ energy parameter: 3*uvð¼ 3uv=3vÞ ¼ 0:5; 1; and 2. For
3*uv ¼ 0:5, as s*(=s/sv) increases the rst peak of g(r) develops, the rst minimum
of w(r) decreases, and B decreases. These results are analogous to those for LJ
solutes with 3*uv ¼ 1 and the WCA solutes in water. We note that as s* increases
the rst maximum of w(r) in the LJ solvent does not develop and the second
minimum remains. This is a notable difference from what we observed for w(r) in
water. When 3*uv is xed to 1, the size dependences of g(r), w(r), and B all show the
opposite trends to those for 3*uv ¼ 0:5, respectively. And when 3*uv ¼ 2, solute
particles of size s*= 1 in the solvent are barely attractive to each other: w(r) at the
rst minimum is near zero and B is positive, and as s* increases, the effective
interaction becomes increasingly repulsive. The threshold for 3*uv at which the
solute-size dependence of w(r) changes its character is between 0.5 and 1.
Fig. 3 The effective pair interactions between LJ solutes in the LJ solvent. (a) g(r), (b)w(r)/
kT, and (c) B*(=B/sv

3) for solutes with s* = 1, 2, 3, 3* = 1, and 3*uv ¼ 0:5; 1; 2. The state
point of the LJ solvent is at r*v ¼ 0:8, T* = 1.5. Solid, dotted, and dashed curves are the
results for 3*uv ¼ 0:5; 1; 2, respectively.

448 | Faraday Discuss., 2024, 249, 440–452 This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fd00104k


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 2
5 

Q
ad

o 
D

ir
ri

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
7/

07
/2

02
5 

11
:0

4:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4 Conclusions

To understand the hydrophobic interactions between solutes with varying sizes
and varying solute–solvent interactions, we calculated and analyzed the effective
pair interactions between nonpolar solutes in water, and for comparison, those in
a simple liquid. The potentials w(r) of mean force and the osmotic second virial
coefficients B, were obtained with high accuracy based onMD simulations, so that
their solute-size dependences could be considered quantitatively.

For the hydrophobic particles in water – whose solute–solvent LJ energy
parameter 3uv is xed to be that of the methane–water pair – as the particle
diameter s increases, the effective pair potential w(rc) at contact distance
decreases rapidly compared to the AO potential (eqn (6)), and at the same time the
potential barrier following the rst minimum becomes higher (Fig. 1(b)).
Reecting on such changes in w(r), B becomes increasingly negative with
increasing solute diameter as described by eqn (7). The power-law behavior of B
vs. s has been reported earlier15 and here it is conrmed for a wider range of s,
from methane's to C60's.

The solute–solvent attractive interaction has a great inuence on w(r) (Fig. 2).
With the solute–water pair, interaction is purely repulsive as given by the repul-
sive WCA potential, where w(rc) decreases most rapidly with s. On the other hand,
if the solute–water attractive interaction is sufficiently strong (e.g., 3*uv ¼ 3), w(rc)
increases with s. The threshold value of 3*uv at which the solute-size dependence of
w(rc) changes qualitatively is found to be 3*uvx2. The effect of 3*uv on w(rc) for the
solutes in a LJ solvent is qualitatively the same as that in water. It is anticipated
that the solute size dependence of the osmotic B also changes qualitatively with
the strength of solute–solvent attractive interaction.

Qualitatively, the results summarized above could be understood as follows.
The main driving force for the effective pair interaction being increasingly
attractive with increasing s is the congurational entropy of solvent molecules
(the excluded volume effect). However, the solute–solvent attractive interaction
has an opposing effect since the potential energy due to the interactions of a pair
of solute particles with surrounding solvent molecules is lower when the two
particles are far from each other than when they are in contact. Therefore, when
the solute–solvent attractive interaction is sufficiently strong, the effective pair
interaction could be increasingly repulsive with increasing s.

The solute-size dependence of the effective interaction is an important subject
in the theory of liquids43–49 and is also relevant to stability and phase separation in
real systems such as colloidal solutions75 and aqueous solutions in biological
systems.76,77 To understand more rigorously how the potential w(r) of mean force
and the osmotic B change with the solute size and how the solute–solvent attractive
interaction alters the behaviors of w(r) and B, both simulation-based and theoret-
ical approaches which can examine a wider range of solute sizes are needed.
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