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Abstract

We study the potential of mean force between two nonpolar solutes in the Mercedes Benz model of water. Using
NPT Monte Carlo simulations, we find that the solute size determines the relative preference of two solute molecules
to come into contadf'contact minimum) or to be separated by a single layer of wdtsolvent-separated minimumn’

Larger solutes more strongly prefer the contacting state, while smaller solutes have more tendency to become solvent-
separated, particularly in cold water. The thermal driving forces oscillate with solute separation. Contacts are stabilized
by entropy, whereas solvent-separated solute pairing is stabilized by enthalpy. The free energy of interaction for small
solutes is well-approximated by scaled-particle theory.

© 2002 Elsevier Science B.V. All rights reserved.
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_ binding. Examples include the binding of a ligand

1. Introduction to a protein or the process by which two parts of
o a protein chain come together as the protein folds.

An underpinning to many fundamental processes ag 4 simplest model for this process, there have
in biology and chemistry is the potential of mean poen several studies of the PMFs between two
force (PMF) between nonpolar molecules in water. small nonpolar solutes, as when argon associates

The PMF descrlbes the energetics involved when with argon or methane associates with methane in
two molecules in a mutual solvent approach each water [1-11

other and interact. It describes desolvation and . . . .
Some studies of hydrophobic association in

* This paper is dedicated to John Schellman, a dear friend Water involve integrals over the PMH42], such
ahnd a S_UDeLb Scienbtilst, \r/:lh% hdaS tiught U;, amongbmany otheras second virial coefficients and related character-
t INgs, ]USt ow subtle the ydrophobic e ect can be. H : : H _
*Corresponding author. Tel : 1-415-476-9964; fax.+ 1- izations, which are related to an integrated solute
415-502-4222. solute PMF [13-164, or approximation as two
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indicates that association is endothermic at room
temperaturg17,18,12, and probably has a nega-
tive heat capacity of interactioid7,17. Increasing  Ung= €us
the temperature enhances the strength of associa- (1 R ) (; R )
tion [12,16. *G(ry—lug) G\iru;—1)-Gjuy+1) (1)
Such integrated quantities give less microscopic where G(x) = exp(—x2/202) is a Gaussian func-
information than would be available if the full tion, the Opt|ma| hydrogen bond |ength l‘%:l’
PMF were known[5]. Our interest here is in the  the optimal hydrogen bond energy iss= —1,
more detailed structure of the full PMF, and how ry describes the distance between the two molec-
it depends on temperature and solute size. Thejar centers, and =0.085. There is no distinction
PMF between methane molecules in water has between hydrogen bond donors or acceptors_
been calculated for several systems in recent yearsHydrogen bonding is strongest when the arms of
[1-11]. Other thermodynamic properties have also two different water molecules are pointed directly
been computed, such as entrop[@s5] and heat  at each other. The widthg, of the Gaussian
CapaCitieS of intel’aCtiOfB—lq.An excellent sum- functions are chosen to be narrow enough to
mary is given in Ref[9]. disfavor, but not prevent, the formation of bifur-
Our present modeling was undertaken as an cated hydrogen bonds.
extension of such work, in two respects. First, in second, water molecules also interact through a
fully detailed models, it is often challenging to | ennard—Jone6LJ) potential:
obtain good convergence for the properties that
are most relevant to understanding the hydrophobic o2 (o)°
effect, such as heat capacities and entropies. Sec- La(ry) = ([ ] _(—] J
ond, there has not yet been a systematic study of
the effects of solute size and shape. Here we Where £, and o, are the LJ well-depth and
consider the PMF between two hydrophobic sol- radius. We user ;=0.7/,g and &,=0.1eyg.
utes using a statistical mechanical model of water ~Nonpolar solutes are modeled as LJ disks that
that is simple and it is two-dimensional, so we can have no hydrogen bonding arms. A nonpolar solute
overcome computational limitations to address IS represented by two parameters,; which

to the vector connecting the two water centers,

(2)
ij T

these issues. defines the radius of the solute, amg,; which
defines the solute’s intermolecular potential with

2. Methods water molecules. Solutes have the same LJ well-
depth as the MB waterss, ;=0.1¢.z. For large

2.1. The Mercedes Benz model solutes, the standard Lorentz—Berthelot geometric

combining rules[21] give unrealistically broad

We use the Mercedes BerWB) model of pOtentials. To avoid thiS, we I|m|t0'|__] in the
water [19], a simple 2D model with water-like Potential too ;mas and offsetr; by the difference,
properties, originally developed by Ben-Naj&0].

Each MB water molecule is a 2D disk having Ty
three hydrogen bonding arms, arranged as in ther;= 3
MB logo. There are two types of interactions
between any two water molecules. First, there is a
hydrogen bonding interaction that favors the co- whereo ;mqa=1.0.

linear alignment of one arm of one water molecule  We perform Monte Carlo simulations on MB
with one arm of another water. The hydrogen bond water at constant NPT, using periodic boundary
energy is a Gaussian function of the distance conditions and the minimum-image convention.
between the two water centers, and a GaussianDetails can be found elsewhef&9]. In a typical
function of the orientation of the hydrogen bonding simulation run, 120 MB water molecules were
arms,i andj, on two different waters with respect equilibrated with one or two hydrophobic solutes

OL3< 0 L3 max

ri— (0L~ 0 Limay O LP O Limax
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and statistics were gathered over®10 steps. Onesimulations were performed at constant NPT. For
step represents an attempted translation or rotation.the hard disk systemy,c was chosen to have the
Simulations were performed at a reduced pressuresame value as the LJ size parameter from MB
P*=0.19 (P*=kgT/I3s|ens]) and reduced tem-  water, o ;g waer 1he pressure was adjusted so
peratureT* =0.21 (T* =kgT/|&ys|), unless other-  the phase was at the same density as MB water at
wise noted. MB water has its density maximum at a given temperature. The hard disk phase is a fluid
T*=0.18, and it undergoes a freezing transition at and has no liquid—vapor phase transition.
approximatelyT™ =0.16 [22]. The range of tem-

peratures we explore, as being representative of2.2. Potentials of mean force

liquid water, is 0.1& 7* <0.28. We use a cutoff
energy of 0.33, for the purposes of counting
numbers of water—water hydrogen bonds. Density
plots were generated from statistics on particle
center positions, binned over a square grid, step
size 0.1.

The limitations of the MB model are clear: it is
2D, hydrogen bond donors are not distinguished
from acceptors, there is no atomic detail or polar-
izability, and electrostatics is not included. Never-
theless, this model has the virtues thét) it is
based on a structure-based partition functic),
because it is 2D, we have less configurational
space to sample, which permits good convergence
for the subtle properties of interest here, &l
we believe it captures the essential physics of
nonpolar solvation in water, namely LJ attractions
and repulsions, and an orientation-dependence tha
stem_s from hydrogen bonding. .Th.e MB m0d_6| has >3 SPT estimation of potentials of mean force
previously been shown to qualitatively predict the
volume anomalies for pure water—a density min-  In addition, we use predictions from 2D scaled-
imum, a negative thermal expansion coefficient, particle theory (SPT) [25-29 to predict PMF.
and a minimum in the isothermal compressibility. SPT can be used to predict the thermodynamics
It also predicts the trends for the temperature of hard cavity creation in a hard disk fluid, given
dependence of the free energy, entropy, enthalpy,the density and sizes of the particles. The main
heat capacity, and volume change of hydrophobic result of SPT is a polynomial expression for the
solute transfef19,23. free energy of cavity formatiomGayi, IN terms

Cavities are areas in solution that have no of the cavity radius,
particle centers within them, AGay= —KTIN(1 — pA3)

Test-particle insertion methddVidom insertion
method and related fluctuation formulas were
used to calculate the thermodynamics of associa-
tion [24,9. Association is measured as the change
in relative to the change in thermodynamics for
the infinite dilution case, and as such they are
reported asAA quantities. To check convergence,
several PMFs were also calculated by umbrella
sampling[21]. Both methods yielded very similar
results. We show here only the test-particle results.
Errors shown in the figures represent one standard
deviation of the block averages. Test-patrticle inser-
tions were attempted into incremental shells, width
of 0.04,s, around the central solute. We simulate
in a bath of 120 MB water molecules, typically
for 10° steps, X107 of which were equilibration.
tEach step was an attempted particle move.

g 2mwpR.R A
FTy<Ohe +kT( ;Tf Z 2J+kT l_p Z s (5
UHardCavit)(rij)= 4 pA1 ( p 1)
0 wherek is Boltzmann'’s constanf] is the absolute
rij > OnHc

temperaturep is the density of the fluidr, and
where ¢ is the sum of radii of two interacting R, are the radii of particles of type @the solvent
objects. We also compare the behavior of MB and 2(the solute, andA,; and A, are the particle
water to a hard disk fluid where solvent particles areas, respectively. This utilizes an approximate
used this same hard potentid&q. (4)). Hard disk equation of state for a 2D fluid of hard disks
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where the 2D hard disk pressu,,p, is [29]

p

(1= pAr)? (6)

SPT was first applied to water in 1963 by
Pierotti. There are two alternative choices for the
pressure that multiplies the volume term in SPT.
For the calculation of cavity formation free ener-
gies, Pierotti used the ambient press(i8®,31.
Stillinger also used the ambient pressure in mod-
eling cavities in water, since it gives the correct
limit for large cavities[32]. Later work used either
ambient pressur€33—34 or ignored the pressure
term entirely[37—44. In contrast, here we use the
hard disk fluid pressure and surface tension

HHD=kT
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approxmate_d qu .the equation Of_ state m_E(Ts) Fig. 1. Solute—solute potential of mean for@®@MF) in MB
and (6). While it is true that cavity work in MB water atT = 0.21 for solutes, radius Q. %, showing free ener-
water becomes dominated by ambient pressure forgy for the contact minimum(CM), the desolvation peak
large cavity sizes, we have found that there is a (DSP, and the solvent-separated ~minimur{SSM)
changeover in the physics: a single SPT-like pol- configurations.

ynomial expression does not describe both small

cavity formation and large cavity formation free Msolute-solud &) =AG cavief€) = AG cavid €

energies. Instead, small cavity formation in MB
water is more accurately predicted by the hard
disk SPT[41].

A PMF reflects how the presence of one solute
affects the transfer of another solute into solution.
In order to calculate a transfer into an inhomoge-
neous solutior{close to another soluteve assume

that SPT can be applied as an integration over a

solute’s area 4,), and circumferencdC,). Our
2D local packing fraction around a solute in MB
water is ¢(£), where € is the distance from the
solute. $(£) is calculated from a convolution of
the solvent excluded volume with the simulation
solute—water pair distribution functiop(£). The
free energy of cavity formation at a given distance
from a solute is

AGCavity(g) _

T —In(1-4)

b(0)
+f [(le)(l —¢<e>)]dC2

d(8)
*f [(wRi)(l —¢<e>)2JdA2 @

and the SPT-estimated PMF is calculated from

=® ) +Usolute- solute(g) (8)

A rigorous treatment ofi.souie_soiidvould utilize
AGyansrer instead of AG c,viy Here we utilize a
common  approximation: AGyanster™ AG caviyt
Usoue—water [31]. However, this approach requires
knOWIedge Ostolute—Water(g) and U solute—wa&%=
). For simplicity, we assume thal/.qute_water
(&) = Usote—warké = ). Thus, our approximate
IJ‘solute—solutedependS Only oG cavity

3. Results

3.1. Potential of mean force between two small
solutes

We first focus on small solutes. In this case, the
two solute molecules have the same LJ parameters
as water, and are constructed to model a small
atomic solute such as arggm9]. Consistent with
a large body of previous work, we find that the
PMF for two small hydrophobes in MB water has
multiple minima as a function of solute separation
(Fig. 1. One stable state is a ‘contact minimum’
(CM) of the free energy at the solute separation
at which the two solutes are in contdet 0.7/,5).
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Fig. 2. The free energy of both the CM and the DSP decreases Fig. 3. Apart from the CM, favorable solute—solute configu-

with increasing temperature, while the free energy of the SSM rations are enthalpically favorable, while unfavorable config-

increases. Solute—solute PMF are shown as a function of solu- urations are entropically favorable. Enthalpy of hydrophobic

tion temperature, fof™* =0.18 (dotted light grey ling, T* = interaction shown in dark grey with error bars, entropy

0.21 (dashed dark grey lineand7* =0.24 (solid black line. (—TAAS) shown in light grey. The solute—solute PMF is
shown for reference.

Another stable state is a ‘solvent-separated mini- Fig. 2 shows the effect of temperature. In cold
mum’ (SSM) at the solute separation that allows water(7* =0.18), small solutes have more tenden-
a layer of water between the two solutes. Between cy to be solvent-separated. Increasing the temper-
these two minima is a free energy maximum, ature shifts this preference, the contact state
which we call the desolvation pealdSP) (Fig. becomes more favorable and the solvent-separated
1) [9]. That is, at the DSP the system is unstable, state becomes less favorable. At high temperatures
so the solutes will either move to the CM or SSM (T* =0.24), corresponding to hot liquid water, the
states. One question of interest, first raised by Pratt contact state is much more populated than the
and Chandlef42], has been: what are the relative solvent-separated state.

populations of the CM and SSM states? This

balance at a given temperature is known to be 3.2. The thermal components of hydrophobic

model-dependeni7,6], but our results are consis- Inferactions
tent those of other models,9] and experiments The PMF is a free energy as a function of solute
[16]. separation. What are its entropic and enthalpic

Table 1
Statistics of selected solute configurations compared with the infinitely dilute ca@e=a2.21

Configuration Distance A(HB) AAH(r) —TAAS(r) AACL(r) AAG(r)
CM 0.76 -0.19 0.46 —0.55 -12 —0.093
DSP 1.16 -0.2 0.54 —0.48 -3 0.066
SSM 1.60 0.06 —-0.24 0.18 4 —0.057

Shown are the change in average number of hydrogen bonds made per water molecule in the first shell around the solutes
(A¢HB)) compared with the enthalp§AAH(r), in units of &,p), entropy(—TAAS(r) (e4g)), heat capacitf AAC,(r) (epg/k)),
and free energy of interactiocMAG(r) (g4g)). Changes in hydrogen bonding correlate strongly with heat capacities, and also with
enthalpies and entropies, but not free energies of association.
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Fig. 4. (top) Density of solvent molecule centers around several configurations of solutes ovigs a5,z simulation window

with solutes at fixed positions, includingrom left to right) the CM, DSP, and SSM configurations. Black indicates zero density

and white indicates high density regions. CM density is diffuse and radially symmetric, indicating less structure. SSM is highly
articulated showing water's preference for particular structuvesldle) A difference density map showing how the presence of a
second solute perturbs water density versus infinite dilution. Yellow and red indicate density depletion, and blue and white indicate
density enrichment and black indicates no change in derigitytom) Idealized ‘snapshots’ of the first shell of water inferred from
simulation data for several configurations of solutes. Green lines suggest formed hydrogen bonds. The CM configuration causes
solvent hydrogen bonds to break, while a small enrichment in solvent hydrogen bonding is observed for the SSM state.

components? This was first studied by Smith and state is entropy-driven. When solutes approach the
Haymet, in a different mode[2]. Fig. 3 shows  SSM, it is enthalpically favorable because this
these components in the MB model, as a function state is compatible with adjacent water ca(féig.
of solute separation. We observe an interesting 4), resulting in more hydrogen bonding, but lower
enthalpy—entropy compensation and oscillation. entropy. The DSP state also breaks hydrogen bonds
The CM is entropic, consistent with results of and is opposed by the enthalpy and favored by the
Smith and Haymet. The SSM is enthalpic, and entropy. Fig. 4 shows the solvent density surround-
solutes separated by one and a half water layersing the two solutes at different separations. Artic-
are stabilized by entropy. ulated solvent density in the SSM case also
This oscillation correlates with hydrogen bond- indicates hydrogen bond-induced structuring.
ing. Table 1 shows the average count of hydrogen An important fingerprint of the hydrophobic
bonds in the three states CM, DSP, and SSM, effect is the heat capacity. When a nonpolar solute
compared with the enthalpy and entropy compo- is inserted into water, there is a large positive heat
nents and the heat capacity. When solutes approactcapacity changeAC,. Therefore, according to the
the CM, hydrogen bonds are broken, increasing traditional view, it follows that when two nonpolar
the enthalpy but lowering the entropy, hence this solutes come into contact, the heat capacity change
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Fig. 5. Heat capacity of hydrophobic interactions as a function

of intermolecular separation shown with error bars. The sol- 3
ute—solute PMF is shown for reference. The contact configu-
rations have a negative heat capacity, consistent with several
experimental studies.

2_
should be negative. Only recently has it been £
possible to study, by computer simulation, the heat §

capacity of the PMF of two nonpolar solutes. So n
far, the results have been contentious. Shimizu and
Chan have found a striking result, namely a small
positive heat capacity of association for two meth-

anes in TIP4P wate9,10. Moreover, they found 05 7 5 3 7 5
that the DSP has a largevsitive heat capacity, Molecular Separation (Ig)
and anunfavorable entropy. In contrast, Rick8] 1
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0 1 2 3 . 4 5 Fig. 7. SPT estimation of solute—solute PMF in MB water.
Molecular Separation (lg) (top) Solute—water pair distribution function at infinite dilution
in MB water at7* =0.21, used to calculate the distribution of
Fig. 6. Area(equivalent to volume in 3D of hydrophobic packing fraction in spacémiddle) Packing fraction as a func-

interactions as a function of intermolecular separation shown tion of distance from a single solute, used as input in SPT
with error bars. The solute—solute PMF is shown for reference. calculations. (bottom) Predicted (solid line) and measured
A large DSP barrier is observed. (dotted line PMF for two solutes in MB water af* =0.21.



302 N.T. Southall, K.A. Dill / Biophysical Chemistry 101—102 (2002) 295-307

reported a negativaAC, of association, but one
that was a puzzling order of magnitude larger than
a single methane hydration. The NVT simulations

gos} of Ludemann et al[3] give a negativeAAC,,.

E Our results forAAC,(r) for the PMF are shown
5ol in Fig. 5. We find AAC,(rcu) <O for the CM,

g consistent with classical expectations, AXC, is

o relatively large and positive for larger solute sep-
& -0.5}

arations. We find thahAC,~0 at DSP. In short,
our negative heat capacities and large positive
, , , ‘ enthalpies for the CM configuration are consistent
0 ! olecuiar Separanon (o) 4 5 with experimental data for hydrophobic association

P He in aqueous solutiof17,43. What is unexpected,
Fig. 8. A hard disk-hard disk PMF from a fiuid of hard disks, NOWEVET, IS the large positive heat capacity for the
radius 0.7, at the density of MB water fof* =0.21 (dotted separated solutes.

line) is compared with an iterative SPT predicti¢solid line). Another puzzle has been the pressure depend-
Discrepancies highlight the approximate nature of the SPT ence of the PMF. One computer simulation study
estimate. showed that applying pressure, at low pressures,

drives solutes into contact because of a positive
volume of dissociation, while high pressures had
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Fig. 9. SPT estimate method predicts accurate temperature dependence of solute—solute PMF in MB water. Shown are results ir
MB water (a) 7*=0.18, (b) T*=0.21, (c) T*=0.24, (d) T*=0.26 for the simulation PMF resultdotted line3 and the SPT
estimate(solid lines.
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little effect [4]. In contrast, the information theory

model predicts a negative volume of dissociation
[44], so applied pressure would drive solutes into
contact. More recent simulations support the infor-
mation theory model prediction, but showed that

the solvent-separated state was also sensitive to

pressure[11]. Other simulations found that the
solvent-separated state is the most sensitive to
pressurg8].

Fig. 6 shows our results for the aréthe 2D
analogue of volume in a three-dimensional system
of hydrophobic association for two small hydro-
phobes. We find that the DSP, the unstable desol-

303

Free Energy (eqg/kT)

1 2 3
Molecular Separation (lyg)

vated state, has a large area. It does not fill spaceFig. 10. Solute size dependence of PMF in MB water. Four

efficiently. We also find that the SSM is better-

packed than the CM, because of its smaller area.
That is, the SSM involves two solutes each sur-
rounded by a water cage, so a water ‘fence’

separates the two solutes. This state is well-packed.

These results are consistent withl] but not with
[4]. The barrier between the two states may explain
the kinetic frustration seen in experimental systems

as the pressure increases. Increasing pressure sIow&

protein folding kinetics[45,44, in a way that
mimics its effect on hydrophobic interactions
[44,8,11.

3.3. The free energies are described by the hard
disk model

We have noted that the entropy, enthalpy, and
heat capacity of association correlate with first-
shell-water hydrogen bonding. However, because
of enthalpy—entropy compensation, the free ener-
gy: (1) is much smaller than the entropy or
enthalpy component<?) is sensitive to parame-
ters of the mode[7,6], and(3) in our simulations,
does not correlate with first-shell hydrogen
bonding.

It raises the question of whether the PMF of
MB water might be captured by simpler models.
The oscillation in the PMF between solutes in a
fluid generally reflects the particulate nature of the
solvent [42,47,48. The most favorable potentials

experiments are shown with error bars, PMF§*a& 0.21 for
pairs of 0.7,g, 1.0g, 1.9, and 2.0, solutes. Large solutes
have very deep and favorable CM, consistent with the idea that
burial of hydrophobic surface is favorable for large solutes.

CM or SSM (Fig. 8), so these preferred states do
not arise because of special features of water.
We apply SPT as follows. From our Monte
arlo simulations, we obtain a solute—water pair
distribution function, as shown in Fig. 7a. From
that, we obtain the solvent packing fractidi{(r)

as a function of distance from the solute(Fig.
7b). This guantity is then put into the SPT machin-
ery to calculate the free energy of cavity formation
for a new cavity at a given distance from the
solute, AG .. (r) (Fig. 70. To get the PMF, we
calculate the free energy of cavity formation at a
given distance from the solute using SPT and
subtract from it the free energy of forming a cavity
in bulk water. The contribution of the solute—water
interaction energy is ignored. It is assumed that
this energy largely cancels with the solute—water
interaction energy in the bulk case.

The accuracy of using an integrated form of
SPT can be assessed by calculating the pdf of hard
disks. This can be determined with the SPT method
by an approximate iterative approach where each
cycle’s input solute—solvent pdf uses the output
solute—solute PMF from the previous cycle, which

between two hydrophobes occur at the distancesworks because there is no distinction between

where the solvent number density is largé€sig.
7a). This is due to excluded volume. Even in
simple hard disk fluids, solutes prefer to be at the

solutes and solvent and SPT provides a very
accurate estimate of hard disk transfer. As an initial
guess for the packing fraction, we start with a flat
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Fig. 11. (rop) Density of solvent molecule centers around several configurations of l&ig8f,s) solutes over a BgX5ls
simulation window with solutes at fixed positions, including the CM, DSP, and SSM configurations. Black indicates zero density
and white indicates high density regiorisiiddie) A difference density map showing how the presence of a second solute perturbs
water density versus infinite dilution. Yellow and red indicate density depletion, blue and white indicate density enrichment, and
black indicates no change in densitportom) Idealized ‘snapshots’ of the first shell of water inferred from simulation data for
several configurations of solutes. Green lines suggest formed hydrogen bonds. The transition from SSM to CM clearly results in
fewer total number of shell waters for the solutes shown. For all of these configurations first shell waters have more broken hydrogen
bonds than bulk waters.

pair distribution function. The converged result either adjacent to a solute or in bulk solvent, are
after many iterations is shown in Fig. 8. largely equivalent to those of opening a cavity in
The SPT approximate approach reproduces thesimpler fluids. But water structure impacts this in
full temperature dependence of the solute—solute several ways. First, MB waters have longer-ranged
PMF in MB water (Fig. 9. As water density in  correlations than hard disk fluids. So hydrophobic
the first shell decreases with increasing tempera- interactions in the MB model occur over longer
ture, it becomes easier to transfer another solute distances. Second, water structuring melts out with
into the first shell. As water density becomes increasing temperature, as the system temperature
increasingly homogenous in the outer shells with is raised, so hydrophobic interactions in the MB
increasing temperature, the DSP and SSM becomemodel approach those of hard disk PMFs. Third,
less pronounced. rising temperatures have different effects on the
So, what is the role of hydrogen bonding in MB CM and the SSM, reflecting the changes in water
water? The structure of water determines the pack- densities around solutes with increasing tempera-
ing fraction around a soluteh(r). The success of ture. As the density of water in contact with a
SPT indicates that cavity formation energy costs, solute decreases with increasing temperatures, the
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CM becomes more favorable. As the density of
second shell water flattens out, so does the SSM.
Hydrogen bonding and the structure of liquid water
play important roles in hydrophobic interactions,
particularly in the entropy, enthalpy, and heat
capacity of interaction, but they affect the free
energy of interaction only insofar a&é(r) is
affected.

3.4. Hydrophobic interactions depend on solute
size

Finally, we have also studied the effects of
solute size on the PMF. Fig. 10 shows that while
the SSM state is relatively populated for small
solutes, it becomes less important with increasing
solute size. Previous work showed that large, flat
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the solutes are highly separated in water. Our
results for the CM are compatible with this picture

for spherical solutes that are small, approximately
the diameter of water or smaller. And we find that

the free energies embodied in the PMF are well-
approximated by the hard disk model of fluids in

SPT.

However, this picture does not tell the whole
story about the process by which two nonpolar
solutes come into contact in watéfl) For small
solutes, there is also a relatively stable SSM, which
is enthalpy-driven and has darge positive heat
capacity of association. This state involvegking
hydrogen bonds in the solvation shell, at high
temperatures, rather than breaking thd®). The
balance between the SSM and CM shifts toward
the CM with increasing solute size.

surfaces cause hydrogen bonds to break between

interfacial waters. Here we show that the burial of
such hydrophobic surface leads to very favorable
free energies at contact for solutes. From the
density plots for several configurations of large
solutes (Fig. 11) we see that bringing the two

solutes into contact reduces the average number of

high energy waters at the surface of these mole-
cules. The large variability in PMF's between
small and large solutes was predicted to have
important implications for complex systems like
proteins, and their folding pathway49]. Here we

observe that these different length scales systems

do exhibit very different behavior.
4. Conclusion

By computer simulations, we study how two
nonpolar solutes interact with each other in the
MB model of water. According to the simple
classical picture, transferring a nonpolar solute into
water is characterized by: a large opposing entropy
in cold water, a large opposing enthalpy in hot
water, hence a large positive heat capacity of
transfer, and tighter packing because of the con-
striction of waters around the solute. Therefore,
when two solutes come together in water, it would
be expected to lead to a favorable entropy of
contact in cold water, a favorable enthalpy in hot
water, a negative heat capacity of association, and
less dense packing, relative to the state in which
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