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Abstract 

Size dependence of the solute chemical potential CL, is examined using the Omstein-Zemike equation for two models of 
the nonpolar solute-solvent interactions. Simple Lennard-Jones interactions are assumed in the first model while the 
Lennard-Jones potential is distributed over the solute volume in the second model similar to the Hamaker theory for the 
colloid dispersion forces. In both models, while pL, rises asymptotically as the third power of the solute size in agreement 
with asymptotic solution of the scaled particle theory, it increases faster at smaller sizes. Deviations from the cubic law are 
more pronounced at higher solvent densities and stronger molecular interactions. Within a relatively narrow size range 
typical for small organic molecules, pU can be approximated with a polynomial of the third or even the second power. 
However, the latter approximation is less accurate and cannot be employed for extrapolation to the larger size region. 
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1. Introduction 

Computer simulations of molecular systems pro- 
vide important insights into hydration of nonpolar 
solutes [ll but are time expensive. Therefore, contin- 
uum solvation models remain an important tool for 
applications [2]. Usually the nonpolar contributions 
to the solvation energy in these models are assumed 
to have a linear dependence on the solvent-accessible 
surface area @AS). Such an approach proceeds rather 
from observations (see [3] for a review) than from 
rigorous theoretical notions. Recently, the solute vol- 
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ume has been suggested as a leading parameter in 
nonpolar solvation [4]. Two arguments are usually 
provided to support SAS-based models. First, the 
volume work, which is proportional to the solute 
volume within the scaled particle theory (SPT) [5,6], 
is small at atmospheric pressure and therefore per- 
haps may be neglected [7]. Another argument points 
to strong correlations between the solute volumes 
and SAS that may indicate practical equivalence of 
both SAS and volume-based solvation models [8]. 
Indeed, the nonpolar solvation energies in the contin- 
uum models are usually fitted to the data for the 
linear alkanes whose either volume or SAS are pro- 
portional to the carbon number. Therefore these data 
cannot be employed for discerning the volume and 
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surface effects. Moreover, both SAS and volume fits 
based on alkane data provide practically the same 
nonpolar components of the hydration energies for a 
wide class of 140 small organic molecules that differ 
significantly in sizes and shapes [9]. Therefore, the 
continuum models may be insensitive to a form of 
the size dependence of the nonpolar solvation energy 
while being applied to small molecules. The problem 
remains how accurate these models are for larger 
solutes (e.g. peptides and proteins). In the absence of 
data on hydration energies of large solutes, the latter 
problem must be explored using theoretical methods. 

Recently, solvation of large Lennard-Jones (LJ) 
solutes was studied using the integral equations of 
the liquid theory [ 10,ll I. Interaction-site hypemetted 
chain equation (HNC) and SPCE model of water 
were used in [lo] while the Martynov-Sarkisov 
equation (MS) [12] and the LJ solvent were em- 
ployed in [ill. It should be noted that HNC is 
accurate for fluids with the long-range pair potentials 
but MS is preferable for the short-range pair poten- 
tials [13]. While entropic contributions are very im- 
portant for nonpolar hydration [14], the solute chemi- 
cal potential in the LJ solvent has basically an 
enthalpic nature [ 111. Despite drastic differences in 
solvent models, both studies [lO,l l] show a cubic- 
size asymptotic behavior of the solute chemical po- 
tential in agreement with the SPT asymptotic solu- 
tion. Therefore the specifics of water as a solvent 
may be unimportant for establishing the asymptotic 
size dependence of the solvation energy. Possible 
similarity of the solvation free energies in LJ fluids 
and water has also been noticed elsewhere [15]. 

This communication continues to probe size ef- 
fects in solvation using two LJ models. In the first 
model, the conventional LJ potential is employed to 
describe the solute-solvent interactions. In the sec- 
ond model, the solute-solvent pair potential is calcu- 
lated as an integral over the solute volume assuming 
that each element of this volume interacts with the 
solvent molecules via the LJ potential. The latter 
model is similar to the Hamaker theory of the colloid 
dispersion forces [ 161 and can be a better simple 
pattern to represent multi-atomic solutes such as 
globular proteins. Solvent-solvent interactions in 
both models are assumed to have the LJ form. 

We find that the solute chemical potential in both 
models increases even faster with the solute size than 

a cubic polynomial, approaching the cubic law only 
asymptotically. Within a finite size range, the solute 
chemical potential can be approximated by a polyno- 
mial of the third and even the second power that may 
explain an efficiency of the SAS-based solvation 
models applied to small molecules. However, the 
latter models are less accurate and cannot be em- 
ployed for extrapolation to the larger solute size 
region. 

2. Theory 

The excess Gibbs chemical potential of a molecule 
is given by the general expression [ 17-191 

pJkT= - C+i[kP(r) -w,a(r) 
P 

-O%pW(w,pW +K&))]df: 

(1) 

where summation is performed over all molecular 
species that constitute a mixture, np is the concentra- 
tion of species p, 

g ap = 1 + 4, = ev( - &dkT + wap) (2) 

is the pair correlation function, c$~~ is the pair 
potential. For the functional B&, an estimate [18] 

Bhs = B&3 > (3) 

can be employed. B,, is the bridge functional deter- 
mined by the direct correlation function, c,a, 

C ap = h ap -WagfBap. (4) 

The relation between the pair and direct correlation 
functions is imposed by the Omstein-Zemike equa- 
tion [ 19,201 

h&,2) =c,a(l,2) + Cn,lc,,(l,3)hp,(2,3)d3. 
Y 

(5) 

Within HNC, B& = Baa = 0, and Eq. (1) coincides 
with the expression derived by Singer and Chandler 
[21] and employed in [ 10,221. We use MS [12] 

B,, = -0.5w,2, (6) 

which is more accurate for fluids with the short-range 
pair potentials [ 131. Further the indici u and v stand 
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for a solute and solvent respectively. For highly 
diluted solutions (n, -=K n,,), 

I.L,/kT 

= -&l[huv - u’,” - 0.5h,,(w,, + w:,/6)]dr’ 

(7) 

and MS for mixtures [23] has the form 

W”” =n,~c,,(1,3)h,,(2,3)d3-0.5~,2, 

wVV=n,~c,,(l,3)h,,(2,3)d3-0.5~;“. (8) 

First, the conventional LJ model is considered. In 
this model, the pair potential equals 

&up = 4%/r [ (Q3/4’* - (a,p/‘)6] (9) 

with the mixing rules: asp = 0.5( ab, + a,), ??uP = 
(e,Q . ‘I’* The potential (9) treats a solute as a 
single atom. For a simple model of a large multi- 
atomic solute, the Hamaker theory of the colloid 
dispersion forces [ 161 can be employed. In this model, 
a solute is treated as an impenetrable sphere of the 
radius a,. Each solute volume element interacts with 
a solvent molecule via the LJ potential, i.e., with the 
same coordinate function as in Eq. (9). Then an 
effective solute-solvent pair potential results from 
integration over the solute volume 

- B/( r* - CT”‘)~, r > a, (10) 

where the constants A and B determine the strength 
of the ‘soft’ repulsive and attractive solute-solvent 
interactions respectively, and 0(r5) is a polynomial 
of the fifth power. Within the solute, ‘hard’ repul- 
sion is assumed 

&, ==m, r<ff,,. (11) 

It should be noted that the Hamaker theory describes 
interactions between two macroscopic particles, and 
the ‘soft’ repulsion is neglected in this theory. In the 
statistical approach, inclusion of the ‘soft’ repulsion 
is necessary to balance an extremely high (and non- 
physical) attraction at small distances between the 
solute and solvent molecules. Since the qualitative 
behaviour of the ‘soft’ repulsion is determined by the 
coordinate term of the highest order, the polynomial 
O(r’) is neglected further. Yet for simplicity, the 
constants A and B are scaled so that thee potential 

(10) is similar to the LJ potential (9) at large dis- 
tances r X- a,. Then 

4”” = 4E”” [ z“/( ? - lq9 - l/( Z2 - K*)3] 1 

z>R (12) 
where 2 = r/u,, R = au/a,. We use the term ‘dis- 
tributed’ LJ (DLJ) for both the potential (11 l-(12) 
and the model that employs this potential to describe 
the solute-solvent interactions. The solvent-solvent 
interactions retain the LJ form (9) within the DLJ 
model. One may expect that the conventional LJ 
model underestimates while the DLJ model overesti- 
mates the solute-solvent interactions. 

3. Results and discussion 

Numerical solution to the Eqs. (8) was obtained 
using the method similar to that of [23] on the grid of 
1024 points with the mesh size of 0.05~7,. First, we 
consider the qualitative behaviour of the chemical 
potential of the LJ solute. The ratio x = p,/[ kT(l + 
R)3] is listed in Table 1 for several combinations of 
the dimensionless solvent density p = nu,’ and the 
LJ parameters. The values of R at which the func- 
tion x(R) becomes constant (i.e. obeys the cubic law 
imposed by SPT) rise with the solvent density. In- 
crease of the solute-solvent interaction strength also 
complicates behaviour of x(R). Within the parame- 
ter region where x(R) is an increasing function, pU 
rises faster than the third power of the solute size. 

Table I 
The ratio x = p, /[UC1 + RI’] for the LJ solute 

R 

2 4 8 16 20 2s 

p=O.2, ??,/kT=e,,/kT=O.Ol 
0.055 0.056 0.057 0.057 
p = 0.4, e, / kT = E,, / kT = 0.01 
0.125 0.131 0.134 0.136 
p=0.4,~,/kT=~“,/kT=O.l 
0.163 0.178 0.184 0.186 
p=0.8.~,/kT=e,,/kT=0.01 
0.329 0.361 0.377 0.384 
p=O.S,e,/kT=~,,/kT=0.4 
0.600 0.738 0.861 0.885 

0.057 0.057 

0.136 0.136 

0.186 0.1x7 

0.385 0.386 

0.889 0.894 
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Therefore, it is interesting to check how accurate can 
be the lower order approximations employed in the 
current continuum solvation models. 

To examine the size effects in nonpolar solvation, 
the solute chemical potentials for both LJ and DLJ 
models were calculated using Eq. (7) and then were 
fitted to the simple approximations 

p”/kT = a, + &( 1 + R)3 (13) 

where (1 + R)3 accounts for the excluded volume, 
and 

p,/kT = a, + /3,( 1 + R)’ (14) 

where (1 + R)’ accounts for SAS. In the continuum 
solvation models, SAS is determined by rolling the 
water molecule over the molecular surface of the 
solute. A water molecule is assumed to be a sphere 
of radius a, = 1.4 A that is consistent with its 
diameter of 2.77 w within SPT [6]. Typical radius of 
the united model of the methyl group a, = 2 A. 
Then the water, methane, and decane molecular vol- 
umes equal VW = 11.5 A3’, V,,, = 33.5 A3, and V, = 198 
A3’, respectively. Therefore, the solute/solvent size 
ratio R for those alkanes usually employed for fitting 
the nonpolar solvation energies in the continuum 
models is in a relatively narrow range from a,,,/~, 
= 1.4 to C&/V,> ‘j3 = 2.6. Solvation specifies of 
those solutes with the size less than 3 A (i.e. about 
2~2,) differs from that of larger solutes [24]. There- 

Table 2 
Chemical potential of a solute ( p,/kT) 

fore preferable lower limit of the solute sizes chosen 
for fitting should be equal R = 2. Dimensionless 
solvent density was assigned 0.8 (cf. with that of 
water p = 0.71 [6]). The LJ parameters Eap/kT equal 
0.27 and 0.35 for water-water and methane-water 
interactions, respectively [5]. Two parameter combi- 
nations were chosen to account for weak and strong 
interactions: E,/kT = c,/kT = 0.01 and E,/kT = 
E,/kT = 0.4. It should be noted that the combination 
of the weak solute and strong solvent interactions 
does not have specific features [ 11 I. 

3.1. W model 

First, the chemical potential was calculated using 
Eq. (7) for weak interactions within the range 2 < R 
G 4 and then fitted to Eq. (13) 

CL,,/@ 

= ( - 1.15 k 0.12) + (0.370 + 0.002)( 1 + R)3, 

E,/kT = q,/kT = 0.01,2 < R < 4. (15) 

The latter approximation is not only an accurate fit 
within the range of R considered but also allows for 
extrapolation into the region of high R < 20 with the 
error less than 5% (see Table 2). The fit to Eq. (14) 

p,,/kT= ( - 12.7 + 1.8) + (2.27 + 0.1 l)( 1 + R)‘, 

E,/kT = cJkT = 0.01,2 < R < 4 (16) 

R 2 3 4 5 6 8 10 12 16 20 

LJ model, ??,/kT = ??,,/kT= 0.01 
Eq. (7) 8.96 22.4 
Eq. (15) 8.83 22.5 
Eq. (16) 7.72 23.6 
LJ model, ??,/kT = ??“,/kT = 0.4 
Eq. (7) 16.2 46.1 
Eq. (17) 16.7 45.7 
Eq. (18) 14.3 48.0 
DLJ model, c,/kT = ??uv/kT = 0.01 
Eq. (7) 74.9 227 
Eq. (19) 67.4 234 
F-q. (20) 54.4 247 
DLJ model, <,/kT = e,,/kT = 0.4 
Eq. (7) 156 453 
Eq. (21) 142 466 
Eq. (22) 117 491 

45.2 19.5 128 275 507 840 1890 3570 
45.1 78.9 126 269 491 812 1820 3430 
44.0 69.0 98.5 171 262 371 643 988 

92.3 161 281 628 1160 1930 4350 8230 
93.5 165 264 566 1040 1720 3840 7250 
91.3 144 207 361 554 786 1370 2100 

514 982 1670 3890 7530 
508 918 1490 3230 5940 
495 791 1160 2030 3230 

1010 1870 3200 7420 14300 
998 1790 2900 6280 11600 
973 1560 2260 3970 6110 
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can provide the errors up to 10% within the range of 
R employed for fit. However the extrapolation errors 
quickly increase from 12% at R = 5 to 30% at 
R = 6. At strong molecular interactions, both Eq. 
(13) 

p,,/kT 

= ( - 4.43 + 1.26) t- (0.783 + 0.016)( 1 + R)3, 

??,/kT = cJkT = 0.4,2 < R < 4 (‘7) 
and Eq. (14) 

p,/kT=(-29.1 +2.5) +(4.82+0.14)(1 +R)‘, 

??,/kT = c,/kT = 0.4,2 < R < 4 (18) 
remain quite accurate within the range of R used for 
fitting. However, the volume fit (17) can provide 
extrapolation errors of more than 10% at R > 10. 
The SAS-based for (18) produces an error of 40% at 
R = 6 and therefore is not useful for extrapolation. 

3.2. lIw model 

Though the DLJ potential has a longer range than 
the LJ potential, the qualitative behaviour of p.,(R) 
is similar for both models. For weak interactions, Eq. 
(13) 

PU/kT 

= (-74.3 + 11.9) + (4.83 kO.ll)(l +R)3, 

e,/kT = c,/kT = 0.01, 2 < R < 4 (19) 
is quite accurate for interpolation though it can have 
extrapolation errors of more than 10%. Eq. (14) 

pJkT= (-287 + 52) + (33.8 k 2.4)( 1 +R)*, 

??,/kT = c,/kT = 0.01,2 < R < 4 (20) 
can be employed only for interpolation, with errors 
up to 20%. Similar conclusions can be drawn for the 
strong interactions where the chemical potential can 
be approximated as 

/+‘kT = ( - 118 -+ 16) + (9.13 f 0.14)( 1 + R)3, 

e,,‘kT = ??,/kT = 0.4,2 < R f 4 (21) 
or 

p.,/kT=(-521+89)+(64.0+4.1)(1+R)*, 

c,/kT = q,/kT = 0.4,2 < R < 4. (22) 

Though the quantitative conclusions for the LJ fluids 
cannot be automatically extended to hydration phe- 
nomena, they indicate advantages of the volume- 
based models over the SAS-based models. The ex- 
cluded volume fit (13) is obviously more accurate 
and hopefully can be employed for extrapolation, at 
least when the molecular interactions are weak. The 
SAS fit (14) can be useful for interpolation only 
taking into account that the errors of lo-20% for the 
nonpolar solvation energy of the small organic 
molecules usually do not exceed 0.5 kcal/mol which 
is within the accuracy limits of the current contin- 
uum models [2,9]. This means in particular that if the 
SAS-based solvation model is fitted to the data for 
the first ten alkanes, it may be safely applicable only 
for those solutes not larger than decane. 
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