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We employ constant pressure molecular dynamics simulations to investigate the effects of solute size and solute–water
dispersion interactions on the solvation behavior of nanoscopic hydrophobic model solutes in water at normal temperature
and pressure. The hydration behavior around a single planar atomic model solute as well as a pair of such solutes have been
considered. The hydration water structure of a model nanoscopic solute with standard Lennard-Jones interaction is shown to
be significantly different from that of their purely repulsive analogues. The density of water in the first solvation shell of a
Lennard-Jones solute is much higher than that of bulk water and it remains almost unchanged with the increase of the solute
dimensions from one to a few nanometers. On the other hand, for a purely repulsive analogue of the above model, solute
hydration behavior shows a marked solute size dependence. The contact density of water in this case decreases with the
increasing dimension of the solute. We also demonstrate the effect of solute–solvent attraction on the cavity formation in the
inter solute region between two solutes with an inter solute separation of 6.8 Å, corresponding to the first solvent separated
minimum in the free energy profile as obtained in our earlier work.
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1. Introduction

Hydrophobicity has long been recognized [1–6] as a

central phenomenon in the fields of solvation physics,

chemistry, biochemistry and biology. Understanding the

nature of the interface between a hydrophobic solute and

water holds the key to the understanding of a large variety

of phenomena as diverse as protein folding [7,8], self-

assembly [9,10] of amphiphiles, lipid aggregation, and the

self-assembly of hydrophobic nano materials [11,12] such

as carbon nano tubes. Water is a peculiar solvent [13] due

to its many anomalous properties, which are believed to be

the consequence of the hydrogen-bond network present in

water. Dissolution of any hydrophobic substance in water

is thought to cause [14] an energy loss due to the

disruption of this hydrogen bond network. It is well

understood [14–18] that water molecules reorganize

themselves around a small hydrophobic solute without

grossly disturbing the hydrogen bond network, as a small

solute can easily be accommodated in any of the natural

atomic sized cavities present in bulk water. However

dissolution and stability of a nanoscopic solute, which is

much larger than the size of a spontaneous and probable

cavity present in water, are not possible by this mechanism

and therefore understanding the solvation of large solute

in water has been the subject matter of many recent studies

[14,19–34] and much debate [35].

In theoretical and computational studies of hydrophobic

hydration, it is often useful to consider simplified models.

The simplest of such model for hydrophobic solute is a

hard body with purely repulsive interactions. This

simplified model has been used in many recent theoretical

[14,17,21] and computational [25,36] studies of hydro-

phobic hydration. It has been observed [23,25,26] in some

of these studies with nanoscopic purely repulsive model

solutes in water that all the water molecules have been

expelled from the inter solute region when two solutes are

brought closer than a certain critical distance, creating a

vapor phase or bubble in the inter solute region, thereby

causing a collapse of the two solutes. Incorporation of

very weak solute–solvent attractive interactions in an

idealized manner without taking into account the atomistic
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nature and surface morphology of such solutes causes

[22,26] the cavitation and dewetting effect to decrease

although not completely diminished.

However, using an atomistic model for methane cluster, it

has been shown [37] that wetting at a methane cluster–water

interface is favorable when a realistic Lennard-Jones (LJ)

potential is used to model individual methane molecule,

although dewetting is associated with its hard sphere

analogue. In this study no attempt was made to investigate

the role of solute–solvent attraction on the dewetting in the

inter solute region between two such solutes in terms of free

energy of hydration. In a very recent study [38], considering

flat plate-like nanoscopic solutes with atomistic detail, we

have calculated the free energy of hydration as a function of

the surface to surface distance and shown that mechanism

of the contact pair formation depends on the nature of

solute–solvent interaction. When the solute is modeled as a

graphite-like plate made up of sp2 carbon atoms with a

reasonable dispersion interaction parameter, a cumulative

effect of a large number of small attractive interactions

between the solute atoms and water stabilizes the solvent

separated state containing as little as one layer of water

molecules between the two large solutes without any

cavitation or drying. Although the dissolution process of

a large hydrophobic solute in water is unfavorable, in

general, due to the change in entropic–enthalpic compen-

sation, a delicate balance [38] between solute–solvent

and solute–solute attractive interaction and lost hydrogen

bond energy with a sharp and shifted distribution of the

binding energy of water [27] at higher energy apparently

determine the stability of such a contact pair state. This

behavior is consistent with what has been observed in case

of carbon nanotubes in water [27–29]. Using atomistic

model of a carbon nanotube, Hummer et al. have

demonstrated [27,28] that water not only hydrates the

outer surface of the nano tube but also enters a very narrow

pore inside the nanotube that can accommodate only a

single file of water molecules. Thus it seems loss of

hydrogen bonding does not prevent wetting of insoluble

systems alone.

The attractive forces among the water molecules are

unbalanced [37] in the region near a large repulsive solute

due to the net loss of the favorable interactions in this

region as compared to bulk. An effective repulsive

potential—the cavity expulsion potential (CEP) [24]

arises between the water and the solute surface due to this

net attraction of the water molecules in the bulk as

compared to the interfacial region. The CEP increases

with increasing sizes of the solute because of the increase

in unfavorable interactions with larger interfacial region.

However, if there is an attractive interaction between a

water molecule and the solute, the stabilizing effect of this

solute–solvent attraction may offset the CEP. As discussed

earlier [24,37], the attractive solute–solvent interaction

acts in the opposite direction of CEP when solute size is

varied. Therefore, an attractive solute–solvent interaction

is a critical determinant of the dewetting behavior of a

hydrophobic solute. In fact, the attractive solute–solvent

interactions have been shown [24,37] to offset the CEP. As

even the most hydrophobic regions in a protein have

significant polarity and dispersion interactions, it may be

misleading to extrapolate the cavitation and collapse seen

[22,23,25,26] in the idealized model solutes to hydro-

phobicity induced protein folding and aggregation. In fact,

in a recent computation study of protein folding [39], the

water expulsion mechanism has not been observed.

In the present study we extend our previous

investigation [38] to the hydration of a single nanoscopic

solute. A comparison of the effect of solute size on the

water structure around two model solutes with LJ and

repulsive interactions has been made. We also examine the

role of the van der Waals’ attraction on the inter solute

dewetting at a inter solute distance of 6.8 Å corresponding

to a solvent separated state with a monolayer of water

between two nanoscopic solutes as observed earlier [38].

2. Method

We shall first briefly recall the procedure used previously

[38]. MD simulations are used to investigate the hydration

structure around a single planar nanoscopic solute of

various sizes and attractive strengths. Each of the

hydrophobic solutes considered here was modeled as a

single graphite-like sheet or plate made up of carbon

atoms placed in the hexagonal lattice with carbon–carbon

bond lengths of 1.4 Å. As earlier, the water molecule in

this study also was represented by the standard SPC/E [40]

model. In the single solute case, three solute sizes have

been considered: (a) the smallest one is made up of 28

carbon atoms with a dimension of 7:4 �A £ 7:1 �A; (b) an

intermediate one is made up of 60 carbon atoms with the

dimension of 11:1 �A £ 12:1 �A and (c) the largest one

consists of 180 carbon atoms with the dimension of 21 �A £

20:7 �A: The numbers of water molecules in which three

solutes have been solvated are 997, 1787 and 1700 for

small, medium and large solutes, respectively. In each case

at least two kinds of solute–solvent interaction have been

considered, namely the usual LJ interaction with the

parameters taken from AMBER force field [41] for the sp2

carbon atom and the repulsive part of the same LJ

potential as obtained using WCA splitting scheme [42].

Other studies in selected cases used a variety of well depth

parameters. The plate in each case is placed in the middle

of the box parallel to the xy-plane of the box.

We also investigate the effect of attractive solute–solvent

interactions in the inter solute region at a fixed inter solute

distance of 6.8 Å corresponding to the first solvent separated

minimum of the free energy profile between two of the

60 carbon atom sheets studied earlier [38]. In this case,

the two sheets of 11:1 �A £ 12:1 �A dimension were placed

symmetrically around the center of a cubic box containing

1800 water molecules, with the plates being parallel to each

other as well as to the xy-plane with a fixed inter solute

distances r0 ¼ 6 : 8 �A: Four different interaction parameters

have been used for the solute potential in this case, namely
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(1) a carbon–carbon LJ well depth eCC ¼ 0:086 kcal mol21

(or 0.3598 kJ mol21), corresponding to the sp 2 carbon

atoms in the AMBER force field [41], the same used

by Hummer et al. [27] which we call system

A (2) eCC ¼ 0:052 kcal mol21 (or 0.2177 kJ mol21), (system

B) (3) eCC ¼ 0:023 kcal mol21 (or 0.0967 kJ mol21),

(system C) (4) repulsive part of potential (1) split according

to WCA scheme (system D). The usual Lorentz-Berthelot

mixing rules were employed to calculate the interaction

parameters for solute–water interactions. The solutes were

kept fixed during the simulation.

Simulations in the isothermal isobaric (NPT) ensemble

were carried out using the molecular dynamics (MD)

extended system approach of Nose’ and Anderson [43–45].

Periodic boundary conditions were applied and all

electrostatic interactions were calculated using the Ewald

method [46]. The bonds and angles between oxygen and

hydrogen atoms of the water molecules were constrained by

use of the RATTLE algorithm [46,47] and the solutes were

kept rigid. All the systems were simulated at a target pressure

of 1 atom and a target temperature of 298 K. The equations of

motion were integrated using velocity Verlet algorithm

[46,48] with a 2 fs time step. Each of these systems

was equilibrated for 100 ps and structural properties were

calculated from the coordinates saved for next 400 ps for

one solute cases and 900 ps for two solute cases.

3. Results and discussions

For reference, the potentials of mean forces (PMFs), w(r)s,

as a function of the separation between the two nanoscopic

(60 atoms) parallel plates as calculated in our earlier study

[38] with and without attractive solute–solvent interaction

are shown in figure 1 as solid and dashed lines,

respectively. In the inset (a) we show PMF as well as

two components of it namely, solute–solute interaction

potential and solvent induced part of the PMF for

solute with attractive solute–solvent interaction and in

inset (b) we show the same for the solute with purely

repulsive interaction. The difference in the implied

mechanism for the hydrophobic effect is profound.

For the attractive plates we find a small solvent

stabilization near contact (see the solvent induced PMF

as shown by dashed line in the inset (a)) with the overall

PMF (solid line) dominated by the solute–solute attractive

potential (open circle with line). For the repulsive solute–

solvent system we find a large, purely solvent induced

stabilization near contact. For attractive solute–solvent

interaction, another interesting feature in the PMF is the

existence of the minimum around the inter solute distance

of 6.8 Å, which is shown [38] to correspond to the solute–

solvent configuration with a single layer of water molecule

trapped between two solutes. This solvent separated state

is nonexistent in the purely repulsive solute case even

doubling the space between.

Expulsion of water structured by weak attractive forces

leads to significant barriers in the approach of two solutes

toward each other reminiscent of surface force experi-

ments [49]. Studies on the effect of attractive solute–

solvent interactions on this monolayer water state are

reported in Section 3.2. We now consider the effect of

solute sizes and solute–solvent attraction on the solvation

structure of a single solute in water.

3.1 Hydration structure around single solute

We present here results of our MD simulation on the

hydration structure around a single flat planar solute of

various sizes with two types of solute–solvent interaction,

namely a LJ interaction with parameters chosen from a

force field that is commonly used in bio molecular

simulations and a purely repulsive counter part of the same

potential obtained using WCA approximation [42].

In figure 2, we show the results for the density profile

around the solute with LJ interactions for three different

sizes of the solute. The density profile in all the cases in

this study have been computed from the simulation

trajectory by considering a rectangular slab around the

solute with the x- and y-dimensions of the slab taken as

same as those of the solute plate and the z-dimension is

the same as the simulation box length in the z-direction.

The nature of the density profiles in all the three cases is

quite similar to each other with a large first peak showing a

much higher density in the first solvation shell compared

to the same in the bulk. The second peak in the density

profile that arises due to the solvent structure in the second

solvation shell for each of the three solutes is also very

prominent. Thus in all the three solute sizes considered

here we find profound wetting. Moreover, the heights of

the first peaks in the density profiles around all the three

solutes are almost the same. In fact, a closer look reveals

that it slightly increases with increasing sizes of the solute.

Figure 1. The potential of mean forces w(r)s for two nanoscopic carbon
plates with two kinds of model potentials. The solid line is for a usual
slightly attractive Lennard-Jones model of the solute atoms and the
dashed line is for a purely repulsive model. In the insets (a) and (b) we
show the solute-solute potential contribution (open circles with line) and
solvent contribution (dashed line) to the potential of mean force (solid
line) for attractive and repulsive solutes, respectively.
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The negligible effect of the solute size on the hydration

water structure can be attributed to a collective or

cumulative effect of a large number of small attractions

between water molecule and the individual carbon atoms

of the solute.

In figure 3, we show the density profiles for the three

solutes with same sizes and geometry as above, but solute

potentials are represented in all the three cases by a purely

repulsive interaction as obtained from the WCA

decomposition of the above mentioned LJ interaction.

The nature of density profiles in this case is distinctly

different from the same of their LJ counter parts. There is

no strong layering around the solute as compared to their

LJ analogue, which is highly hydrated as indicated by the

profound peaks and troughs in the density profile

(compare figures 1 and 2). In case of a repulsive solute

no significant second peak in the density profile has been

observed for any of the solutes [19]. Most importantly, we

observe a strong solute size dependence of the water

accumulation around the purely repulsive solutes in sharp

contrast to their LJ analogues. The peak heights in the

density profiles decreases with increasing sizes of the

solutes. The largest solute plate considered here is around

20 �A £ 20 �A and the first peak in the density profile in this

case does not cross the bulk value until well past contact.

In the inset of figure 3, we show the density profiles around

the largest solute considered in this study with and without

attractive solute–solvent interactions. It clearly shows that

the whole shape and nature of the density profiles in this

two cases are quite different.

As already discussed the attractive forces among the

fluid molecules near a large repulsive solute surface

are unbalanced [37], which in effect causes an

effective repulsion (CEP [24]) to arise between the fluid

and solute surface. Due to the CEP, fluid density near a

large completely repulsive solute is suppressed as

compared to that of a purely repulsive solvent

(with the same excluded volume) around the same solute.

It is expected that with increase in the solute size the CEP

will increase as more imbalance in attractive forces of

water is developed near larger solute surface. Thus, we

observe decreasing density peaks with increasing solute

sizes for purely repulsive models.

However, when an attractive dispersion interaction is

introduced into the solute–water interaction potential, the

cumulative attractive interaction between the solute and

the solvent compensates for this cavity expulsion potential

and therefore we observe a significant hydration of the

nanoscopic solutes. The amount of attraction generated

from the interactions of all the solute atoms with water,

even for the smallest solute considered in this study, is

sufficient to offset the CEP and a higher density of water in

the first solvation shell as compared to the same of the bulk

results. With the increase in solute size as the CEP and the

solute–solvent attraction act in the opposite direction, the

two opposing effects nullify each other in case of medium

and large solutes considered here. To be more explicit, the

CEP tries to depress the solvent density around larger

solutes where as the attractive solute–solvent interaction

enhances it making the density of water in the first

solvation shell for all the three different sized attractive

solutes nearly the same.

The physically natural dispersion interaction is a

natural determinant in the wetting/dewetting behavior

of a nanoscopic hydrophobic solute. The LJ interaction

depth in the present study is taken from one of the popular

force fields and comparison of this value with

the same from other force fields as shown in row one of

table 1 shows that they are not very different from each

other. The precise value of this problematic parameter,

from the stand point of quantum chemistry, is not known;

the dispersion for a real graphene–water system is not

easily quantified either.

Figure 2. Plot of the normalized single particle density rðzÞ=r0 of water
oxygen as a function of z, the distance perpendicular to the solute plate
with LJ interaction for three different sizes; half of the box is shown.
The smallest one with 7 �A £ 7 �A dimension is shown by open circle with
line, medium one with 11 �A £ 12 �A dimension is shown by solid line and
the largest one with 20 �A £ 20 �A dimension is shown by dashed line.

Figure 3. Same as figure 2 but the potential of the solute atoms modeled
as purely repulsive part of the LJ interaction as obtained from WCA
approximation. The legends are the same as in figure 2. In the inset the
density Profile of water around the largest solute with a purely repulsive
interaction (dashed line) is compared with the same with LJ interaction
(solid line).
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3.2 Hydration structure of two-solutes system

We have discussed above how the hydration behavior of a

hydrophobic nanoscopic solute with a realistic dispersion

interactions with the solvent may be different from that of

a geometrically identical solute with a purely repulsive

solute–solvent interaction. In this section we investigate

the role of solute–solvent attraction on the wetting/dewet-

ting behavior of the inter solute region between two

nanoscopic solute plates of 11 �A £ 12 �A dimension.

As discussed in the beginning of this section, in our

earlier work we found a monolayer of water between the

two solute plates with the well depth of the solute–solvent

LJ interaction at 0.086 kcal mol21. As the same carbon

parameters from other force fields are not very different

(see Table 1), we can expect this feature to be relatively

insensitive to our choice of the force field. The question of

obtaining an accurate interaction potential of water with

graphene is technically much more challenging and we do

not address that here. However this free energy minimum

and the corresponding monolayer state is not seen when

a purely repulsive solute is considered. Here we report

how the inter solute wetting/dewetting behavior depends

on the mean field solute–solvent attraction using simple

classical potentials.

In figure 4, we have shown the density profiles for the

four cases corresponding to system A, B, C and D as

defined above. There are two aspects to be noticed here:

the water structure in the inter solute region and that in the

vicinity of the outer side of each plate. For systems A and

B where the LJ interaction parameter e for individual

solute atoms are 0.086 kcal mol21 and 0.052 kcal mol21,

the inter solute region contains a monolayer as indicated

by the appearance of a sharp peak in the water density in

the middle of the two solute plates. When the LJ

interaction parameter e is reduced to 0.023 kcal mol21 we

observe an expelling of the majority of the water

molecules from the inter solute region consistent with

the presence of a very small peak in this region. If we look

at the density peak just outside of the two plates, in all the

above three cases (systems A–C) we observe a much

higher water density as compared to bulk, indicating

wetting of the outer surfaces. Thus a substantial density

depression in the inter solute region for system C is the

combined effect of the two large plates and the interaction

parameters chosen.

Thus the wetting/dewetting behavior in the inter solute

region is quite different from that for an individual solute

or on the exterior of a solute system. Finally, for purely

repulsive interactions (system D), which we obtained from

a WCA decomposition of the full LJ potential in system A,

we observe almost a complete dewetting. In this case,

there is no density peak in the middle and more

importantly the water structure on the outside of the

solute surface is also significantly diminished indicating

Figure 4. Plot of the normalized single particle density rðzÞ=r0 of water oxygen around two plates of dimension 11 �A £ 12 �A as a function of z, the
distance perpendicular to the solute plates with a fixed inter solute distance of 6.8 Å for four different potential parameters: (a) System A, (b) System B,
(c) System C and (d) System D (see text for definition).

Table 1. Non-bonded parameters for atoms in various group that
constitute the hydrophobic side chains of amino acids in a protein.

e (kcalmol21)

Atom, Group AMBER* CHARMM† OPLS-AA‡

C, sp2 (aromatic) 0.0860 0.0700 0.0700
C, R-CH3 (sp3) 0.1094 0.0800 0.0660
C, R2-CH2 (sp3) 0.1094 0.0550 0.0660
C, R3-CH (sp3) 0.1094 0.0200 0.0660

* Taken from Cornell, W.D. et al. (1995) J. Am. Chem. Soc. 117, 5179. † Taken from
MacKerell Jr., A.D. et al. (1998) J. Phys. Chem. B 102, 3586. ‡ Taken from
Jorgensen, W.L. et al. (1996) J. Am. Chem. Soc. 118, 11225.
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that water molecules are not attracted to the surface

but still retain a subtle layering as noted previously

by Rossky et al. [19] and evidenced in the angular

distributions.

The density profile presented is a time averaged quantity

and thus does not give us the instantaneous view of the

water occupancy in the inter solute region, which might be

important if fluctuations are large. We have calculated the

instantaneous number of water molecules n(t) in the inter

solute region as a function of time t for a period of 1 ns of

simulation time for each of the four systems considered

here. These are shown in figure 5. We observe that for

system A and B we have around 12–17 water molecules

through out the entire simulation period of 1 ns. For system

C although simulation was started with around 16 inter

solute water molecules, within 60 ps almost 10–12 water

molecules were expelled leaving behind 0 to 4 water

molecules for the rest of the simulation time. For the

repulsive solute case (system D) the inter solute region

dewets within 10–20 ps and we find almost no water (0 or 1

water molecule) for the entire simulation time. If we look at

the energy parameters es for various atoms in various

hydrophobic side chains of a protein as listed in Table 1, it is

found that es for most of the groups such as CH2, CH3,

aromatic carbon etc. lie in the range of 0.05 kcal mol21 that

corresponds to the energy parameter of the solute atoms in

system B and above.

4. Conclusions

Various aspects of the hydration structure of water around

a single hydrophobic solute as well as in between two

solutes have been considered here. The effects of solute

size and solute–solvent attraction on the hydration

behavior of hydrophobic solutes have been investigated.

In case of purely repulsive model solutes, the density of

water in the first solvation shell depends strongly on the

size of the solute. For the smallest sized solute considered

here, we found the water density in the first solvation shell

is above that in bulk water. However, a pronounced size

effect, which shows increasing density depression with

increasing size, has been observed in the purely repulsive

case. For commonly used LJ interactions for the carbon

atoms of the solute, however, we found a considerably

larger water density in the first solvation shell of the solute

that does not change with the change in the sizes of the

solute plates. The gain in energy from the cumulative

attractive interactions between the solute atoms and

the solvent, given a layered distribution (See figure 1),

compensates for the loss due to breaking of the hydrogen

bonds in water.

Also the role of solute–solvent interaction on the inter

solute solvation, which is very important for the inter

solute dewetting and hydrophobic association, has been

clearly demonstrated. For moderate solute–solvent

attraction of the range of 0.05 kcal mol21 and above, in

which range well depths of most of the hydrophobic

groups from various modern force fields lie, no dewetting

is observed. It is interesting to observe that even when the

inter solute region shows the beginnings of a drying

transition at a sufficiently small solute well depth of

0.023 kcal mol21, the outer surfaces of the solute still

remain substantially hydrated. This shows the concerted

effect of two solutes with insufficient attractions force the

water to leave the inter solute region. Dewetting behavior

Figure 5. Plot of the number of confined water molecules n(t) between the two plates vs time in nano seconds for the total simulation time of 1 ns
corresponding to the four cases of figure 4. i.e. for: (a) System A, (b) System B, (c) System C and (d) System D.
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of the inter solute region thus may not always be

predictable in a simple straightforward fashion from the

hydration behavior of a single solute.
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