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Abstract: The hydration behavior of two planar nanoscopic hydrophobic solutes in liquid water at normal
temperature and pressure is investigated by calculating the potential of mean force between them at constant
pressure as a function of the solute—solvent interaction potential. The importance of the effect of weak
attractive interactions between the solute atoms and the solvent on the hydration behavior is clearly
demonstrated. We focus on the underlying mechanism behind the contrasting results obtained in various
recent experimental and computational studies on water near hydrophobic solutes. The length scale where
crossover from a solvent separated state to the contact pair state occurs is shown to depend on the solute
sizes as well as on details of the solute—solvent interaction. We find the mechanism for attractive mean
forces between the plates is very different depending on the nature of the solute—solvent interaction which
has implications for the mechanism of the hydrophobic effect for biomolecules.

. Introduction issue remaining for biomolecules is the mechanism of the
) . hydrophobic effect.

The role of the hydrophobic effect on the hydration and ~pacent theoretical works by Chandler and co-workers
stability of large macromolecular assemblies in aqueous solutionp,<ad on a mesoscopic square gradient theory for the liquid
has long been recognlzét_:i‘!_The hydrophobic effeét IS one vapor interface, have shown that there is a significant difference
of the most important driving forces for the formation of the i, the hydration of large hydrophobic solutes as compared to
folded, native structure of proteins, formation of micelles, bilayer ¢ of small hydrophobic solutes. They have predicted that there
membranes, and many other biological assemblies in aqueousg an appreciable amount of water depletion (drying) between
solution. However, a quantitative understanding of the role of 4,4 large model hydrophobic objects on the length scale of
this effect on the association/dissolution of various solutes in g,5und 50 A, which is in sharp contrast to the hydration of small
aqueous solution remains a problem due to the inherently nonpolar solutes where the solvent separated configuration is
multiscale nature of the relevant observatiérihe structure observed on the length scale of a few angstrdmsAlthough
and energetics of the water mol_ecules around small hydrophobicg sych water depletion has been observed in various early
solutes have been well studiéd! Hummer et ab have  computer simulation studies of water between both sniéoth
qlemqnstrated that the probability of spontangous cavity for.ma- and atomié’ periodically infinite hydrophobic surfaces, a drying
tion in bulk water can be used to predict the solvation transition between two nanoscopic ellipsoidal solutes with a
thermodynamics of small hard sphere solutes. Statistical ther'purely repulsive inverse 12th power potential and -al8
modynamic treatments using approximate correlation functions potential has however been observed by Berne and co-
and lattice based models predicted significant effect on the  \workersl8191t is not clear to what extent the effects of water
chemical potential of solvation due to relatively weak van der models used? and the geometry of the hydrophobic pocket
Waals attractions as a function of size of the solute affecting formed due to the ellipsoidal soludsnight affect the results.
the resulting surface area and volume contributions. The centralOther cavity geometries also complicate a straightforward
interpretatior?? On the other hand, Hummer et &l.based on

T On leave from RC & CD Division, Bhabha Atomic Research Centre, a combined study of simulations and perturbation theory, have
Mumbai 400 085, India.
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observed only a very weak dewetting near a large spherical hardscale but using infinite smooth walls by Forsman éfaéports
sphere solutewater interface. no cavitation, although they observed a depression of the density

However, some interesting observations made in recentin the interwall region. A similar observation was made some
computational studi@%24on the behavior of water inside an time ago by Luzar et & using a grand canonical Monte Carlo
atomistically modeled carbon nanotube (CNT) made up of a simulation of a simplified waterlike model between two smooth
curved hydrophobic graphite sheet have further renewed thehard infinite walls. Dynamics of evaporation of water confined
interests in the hydration of large hydrophobic objects. Even in hydrophobic pores have also been explored in a number of
though the pore is completely enclosed by hydrophobic carbon lattice gas simulation studiég,and in a recent atomistic
atoms and narrow enough to accommodate just a single strandsimulation study?? barrier height and rate of evaporation of
of water molecules, they have observed the water moleculesconfined water were calculated on the basis of a discrete lattice
inside the tube in the form of a one-dimensional hydrogen- representation of the cavity volume as the reaction coordinate.
bonded chain. A significant layering of water molecules adjacent  The need for further studies on the behavior of water near
to the outer periphery of the carbon nanotube has also beenhydrophobic material also stems from the recent experimental
observed. With a reduced attractive interaction; however, a sharpobservationg?3lwhich indicate that water may wet the graphite
two-state transition between filled and empty states of the surface and therefore may act as a lubricant between two layers
nanotube interior on the nanosecond time scale was ob-of graphite. This is a well-known phenomena for diatomic gases
served?®25 Given the conventional wisdom, it is surprising to and other intercalato2. While a number of surface force
see that a one-dimensional system of water molecules can exismeasurement experimefits®® were consistent with cavitation
in the hydrophobic pore, where there is a considerable loss of between nonpolar surfaces, others obseivétthe persistent
hydrogen bonding compared to bulk. The stability of the one- presence of water between two such surfaces. A number of
dimensional chain of water inside the CNT has been explained recent experimental investigatidfs*? indicating contrasting
in terms of binding energy distribution of water molecules. As results on the wetting/dewetting of large hydrophobic surfaces
argued, although there are on an average around four hydrogerby water and subsequent recent discusSiam this issue
bonds per water molecule in the bulk water as compared to demonstrate a growing interest on the subject. Some of the
two inside CNT, there are considerable fluctuations in the recent computational studiég445have been aimed at elucidat-
number of hydrogen bonds in bulk water, which means that a ing the microscopic mechanism behind the strong attractive
significant fraction of water in the bulk are incompletely interaction between two large plates observed in some surface
hydrogen bonded and thus have less binding energy. While force measurement§:3846 It is worth mentioning that the
inside the nanotube, water molecules are shielded from suchattractive force, as observed in the meso to macroscopic surface
fluctuations, and thus this class of molecules with low binding force experiments are fairly long ranged and may extend over
energy is not preseat.It was arguef that the binding energy  several thousands of angstroms in some experirffeiots few
for the bulk water has broader distribution that includes both hundred angstroms in some othét#.is very difficult currently
low energy and high energy states, whereas, in CNTSs, althoughto study such long ranged forces in a microscopic (molecular)
low energy states are less populated, a sharp and strongsimulation. Attempt¥-> have been made to simulate such
distribution around moderate energy compensates for the losssystems in the intermediate length scales extending over a few
of these low energy states and, thus, provides enough favorablgens of angstroms. Results from these simulations, however,
difference in the excess chemical potential that helps water to cannot be used to explain the very long ranged attractive
enter inside the CNT.

The results from this study are in sharp contrast from the ¢® Fgreman. J.; Jonsson, B.; Woodward, C.JEPhys. Chem1996 100
usual notion that water might be expelled from the narrow (27) Luzar, A.; Bratko, D.; Blum, LJ. Chem. Phys1987 86, 2955.

. . . . Lum, K.; Luzar, A.Phys. Re. E 1997 56, R6283. Luzar, A.; Leung, K.
hydrophobic por& and also seems to contradict the simulation J. Chem. Phy=200Q 113 5836. Leung. K. Luzar, AJ. Chem. Phy200q
results of Berne and co-warket$;® which dealt with water (29 1Lt%n598,4l<5..; Luzar, A.; Bratko, DPhys. Re. Lett. 2003 90, 065502.
simulations between two hydrophobic ellipsoids. They found a (30) Schrader, M. EJ. Phys. Chem198Q 84, 2774.

1
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plates becomes slightly less than two molecular diameters. Those * 104s.

i (33) Yaminsky, V. V.; Yushchenko, V. S.; Amelina, E. A.; Shchukin,JJ.
authors dlql not observe any monolgyer state between the two Colloid Interface Sci1983 96, 301,
hydrophobic surfaces. The potential of mean force (PMF) (34) Yushchenko, V. S.; Yaminsky, V. V..; Shchukin, E..D Colloid Interface
between the two ellipsoids with repulsive interaction has been ( Sci. 1983 96, 307.

T - : 35) Yaminsky, V. V.; Amelina, E. A.; Shchukin, E. @olloids Surf.1983 6,
shown to be strikingly different at a smaller separation from ) 68|. )

° 36) Claesson, P. M.; Christenson, H. 8ciencel988 239, 390.
the same between two small hydrophoblc solutes such a'5(37) Christenson, H. K. IrModern Approaches to wettability: Theory and

methane in water. In a region where the interplate distance is Applications Schrader, M. E., Loeb, G., Eds.; Plenum: New York, 1992.

. .. (38) Parker, J. L.; Claesson, P. M.; Attard, PPhys. Chem1994 98, 8464.
less than 9.5 A, although one or two water layers can easily fit (39) Steitz, R.; Gutberlet, T.; Hauss, T.; Klosgen, B.; Krastev, R.; Schemmel,

between the two ellipsoidal solutes, all the waters are expelled 20 ? Simo$s§n_, JA. C; Fi'\r/}dgn_cegg,tG-l tﬁrngmluirﬁOMKlgpzilog. oK
completely giving rise to a sharp decrease in the PMF. This “° K Bjornholm. T Phys. Re, Lett 2003 90, 086101, o Aen

investigation was restricted to separations between the two(41) Schwendel, D.; Hayashi, T.; Dahint, R.; Pertsin, A.; Grunze, M.; Steitz,
. . . R.; Schreiber, FLangmuir2003 19, 2284.
ellipsoid in the range 5 to 15 A. Another study at this length (42) Yaminsky, V. Ohnishi, SLangmuir2003 19, 1970.

(43) Ball, P.Nature2003 423 25.

(22) Walqvist, A.; Gallicchio, E.; Levy, R. Ml. Phys. ChenR001, 105 6745~ (44) Bratko, D.; Curtis, R. A.; Blanch, H. W.; Prausnitz, J. 8.Chem. Phys.
6753. 2001, 115 3873.
(23) Hummer, G.; Rasaiah, J. C.; Noworyta, JNRture 2001, 414, 188. (45) Hayashi, T.; Pertsin, A. J.; Grunze, Nl. Chem. Phys2002 117, 6171.
(24) Sansom, M. S. P.; Biggin, P. Glature2001, 414, 156. (46) Pashley, R. M.; McGuiggan, P. M.; Ninham, B. W.; Evans, DS€&ience
(25) Waghe A.; Rasaiah, J. C.; Noworyta, J. P.; HummerJ.GChem. Phys. 1985 229, 1088.
2002 117, 10789. (47) Wood, J.; Sharma, Riangmuir 1995 11, 4797.
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solvation force extending over thousands of angstroms, asfrom some othef§-20-50 that point to dewetting or cavitation
indicated in the experiments. In most of these computational between two large solutes is not clear so far.
studies, the plates are modeled as idealized smooth structureless we have chosen a computationally intensive but reliable

walls with either hard sphere or an integrated van der Waals' method for understanding the solvation thermodynamics of
type walt-water interactions and thus lack details relevant for nanoscopic, planar, apolar solutes in water by calculating the
a study of the cumulative effect of attractive solus®lvent  potential of mean force (PMF) between the solute molecules.
interactions on the potential of mean force between the plates. Although there are some recent investigations on water behavior
Some recent studi#s > have also focused on the interaction in and around large hydrophobic objects, to the best of our
of water with the carbon atoms of carbon nanotubes or graphite knowledge, very few simulatiof%!°-0so far have reported the
sheets. Molecular dynamics simulations of water droplets on potential of mean force between two large or nanoscopic
graphite sheetd have been performed to study the effect of hydrophobic solutes. However, these simulation studies have
the potential parameters on the contact angle of the droplet. Annot systematically addressed issues regarding the choice of the
empirical linear relationship between contact angle and water solute size and the nature of the sotuselvent interaction on
monomer binding energy has been established, and new potentiaihe dewetting induced aggregation of hydrophobic solutes.

parameters for the carbemvater interaction have been sug- In the present study we have therefore made an effort to

gested. A very recent investigation of Berne and co-wofRers 4 qqress issues related to attraction and size of the solute through
on the dewetting induced collapse of two ellipsoidal hydrophobic 4 humber of all atom, constant pressure, molecular dynamics

particles interacting with the GayBerne potential and a similar  gjmyjations of two nanoscopic graphitelike plates in water. We

result for nanotubes in waf@rhas further focused interest on have calculated the potential of mean force between two plates
the issue of hydrophobic hydration of large solutes. Berne and ¢, g ifferent kinds of solutesolvent interactions. We

co-workers® have found dewetting between tWOA repulsive jnclude an analysis of the density distributions and orientational
eII|_p50|daI _solutes at_acntlcal dlstgnce of around 1_4 .Hoyvever, and hydrogen bond profiles to obtain the differences in
using a different slightly attractive solutevater interaction o hanisms in the two cases. In addition, simulation runs have

Sotentigl, they havz found the E\ritic;l dibstance. at erl‘iCh been performed with varying degrees of sofselvent attrac-
ewetting occurs to decrease+d0 A. This observation calls  yj5s g jnvestigate the stability of the first solvent separated

into %uesticon tlhe role the att:jactive interalgtiolns ben/\lgeeg the largegiate which is not found in many recent simulations with either
number of solute atoms and water could play on the dewetling ., o1y repulsive or planar averaged weakly attractive selute
phenomena. Given the magnitude of attractions for systems with g, et interactions. The stability of the monolayer between two
heteroatoms, the range of the relevant phenomena is critical solutes for attractive solutesolvent interaction rests on a fine

its role in protein folding and association. Although effects of balance between hydrogen bonding energy and selgient
attractive solutesolvent interactions on the hydration water attractive interaction

structure around spherical solutes have been stdeifédpnclu-

sions from such studies still show contradictions. In one such || pethod

study, using planar averaged attractive sohgelvent attrac-

tions, Huang et al> have shown that effect of attraction is too In the present work, we have studied the behavior of systems where
small to alter the conclusions of their earlier findings on Wateris around and often between two, large, flat hydrophobic solutes.
dewetting induced hydrophobic association and entropies of 1" water molecule was represented by the standard SPagel,
protein unfolding, which is based on hard sphere solvafion, and each of the hydrophobic solutes considered here was modeled as
On the other hand, in another stddyof methane cluster a graphitelike sheet or plate placed in a flat, hexagonal lattice with

Ivation. it h that | th lust ith realisti carbon-carbon bond lengths of 1.4 A. The main solutes for our study
Solvation, it was shown that large methane clusters with realistic |, /o g9 carbon atoms each with dimensions-af. A x 12 A. Some

dispersion Interaction have a higher contact water density asiniteq studies with systems with 28 and 180 atoms in each plate were
compared to bulk, while the hard sphere analogue of the sameysg performed. The two sheets were placed symmetrically around the
size cluster shows a density depression. However, no detailedcenter of a cubic box containing water molecules (1800 for the 60 atom
study about the effect of attractions on the spontaneous cavitysolutes), with the plates being parallel to each other as well as to the
formation between two such hydrophobic clusters that forms xy-plane with a fixed intersolute distance The overlapping water
the basis of dewetting induced collapse or aggregation of molecules from the immediate vicinity of the two plates were removed
hydrophobic solutes was considered. In fact, the consequencedollowed by a steepest decent minimization. The carbon atoms of the

on the mechanism of the hydrophobic effect in terms of free solute were modelgd as_unch_arged partifles int;racting with Leanard

energy change have not been fully examined. Jones (LJ) potentlal_wnh diametercc = 3.4 A and ngl depth

Despite the | b fi . ecc = 0.086 kcal mol™ (or 0.3598 kJ mol'), corresponding to the
espite the large number of investigations, a consensus andsp2 carbon atoms in the AMBER 96 force fie¥ithe same used by

unified view of hydrophobic hydration of large solutes has not j;\mer et af® Hereafter this model solute is referred to as the type
emerged? and many mechanistic issues still remain unresolved. | solyte. To examine the effects of soltteolvent attraction on the

In fact, the reason behind the differences in the results from result, we also considered a purely repulsive interaction potential for
some simulation studié®?+484%hat report wetting with those  the carbon atoms of the graphite plates with water. In this case, the
solute was geometrically the same as type | solute but the solute

(48) Walther, J. H.; Jaffe, R.; Halicioglu, T.; Koumoutsakos]PPhys. Chem. water interaction potential was represented by the repulsive part of the
B 2001, 105 9980.
(49) Werder, T.; Walther, J. H.; Jaffe, R. L.; Halicoioglu, T.; Koumoutsakos,

P.J. Phys. Chem. BR003 107, 1345. (52) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, J.. Phys. Chem. B987,
(50) Walther, J. H.; Jaffe, R. L.; Kotsalis, E. M.; Werder, T.; Halicioglu, T.; 91, 6269.

Koumoutsakos, PCarbon2004 42, 1185-1194. (53) Cornell, D. W.; Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.;
(51) Ashbaugh, H. S.; Paulaitis M. H. Am. Chem. So001, 123 10721} Merz, K. M.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J.

10728. W.; Kollman, P. A.J. Am. Chem. So0d.995 117, 5179.
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LJ potential according to the Week€handler-Anderson (WCA)* w(r) can be constructed from these individual points by connecting
decomposition scheme; i.e. them sequentially. The(r) thus obtained contains an undetermined
additive constant, because only the relative free energies between
u(r) = 46[(9)12 _ (Qﬂ +eforr<r, windows are obtained in this approach. To evaluate this constant, we
r assumed that the(r) is zero at the largest separation considered. One
=0, forr=r,_ 1) can expressv(r) in terms of AG(r) ag?

wherer, = 2V is the distance at which the LJ potential has a 2

minimum. The symbols ande in the above equation refer to the usual Wi(r(Z))] = ZAGJ 4)
size and energy parametersc andecc of the solute atoms in the case =
of solute-solute interaction andoc andeoc in the case of solute
water interaction. This model of solute with the repulsive interaction
potential will be referred to as a type Il solute below. In both of the
cases usual LorentzBerthelot mixing rulesdoc = (occ + 0o0)/2 and

€oc = (ecceoo)¥?, With ooo andeoo being the LJ parameters for oxygen W(r) = w (r) + U__(r) (5)
atoms of SPC/E water] were employed to calculate the interaction sol 99

parameters for solutewater LJ interactions. The solutes were kept fixed Because of the nature of the Lennatbnes modelJ,_qr) is expected

?t a s_pecmc intersolute separatlo_@ Slmulat_lons in the isothermal . to be small for all but close configurations. The statistical error of the
isobaric (NPT) ensemble were carried out using the molecular dynamics

(MD) extended system approach of Nose and Ande?scn Periodic :&\éguf?(I)rﬁ(fhg“ﬁgcﬁyasgr;g:igeztrl(r)réitgsr: )é é?i?] esdtfgsdard deviation

boundary conditions were applied, and electrostatic interactions were

calculated using the Ewald meth&dThe bonds and angles between o

oxygen and hydrogen atoms of the water molecules were constrained CIZ(AG-) — 1 (AG,, — AG»)Z (6)

by use of the RATTLE algorithrf€5 and the solutes were rigid. All Congn, — l); b '

the systems were simulated at a target pressure of 1 atm and a target

temperature of 298 K. The equations of motion were integrated using yheren, is the total number of blocksAGy, is the block averaged

a velocity Verlet algorithr?f*with a 2 fstime step. quantity for the block and staté. The mean is calculated as an average
The potential of mean force between the two solutes as a function gyer g1 ¢ points; i.e., 1V\|2i2§10(AGi). The errora(w(r)) on the PMF

of the intersolute separatian was constructed from the free energy  cyrve is calculated by propagation of errors of the connecting

differences obtained from a stratified set of simulations with various gints18.1962

ro values spanning the entire range of interest. In a particular simulation Thus, in the present study we have calculated PMFs for two kinds

with a fixedro, the free energy difference between taestate and & of systems, one involving solute carbon atoms with standard Lennard

slightly perturbed state, say(= ro =+ dro), can be calculated using  jones interactions corresponding to thecgsbon atom of the AMBER

The difference between the fuli(r) and the solutesolute potential,
Ug-4(r), is the solvent induced contribution to the potential of mean
force or cavity potential of mean forcei(r).

thermodynamic perturbation theory originally due to Zwarf2ighe 96 force field353 (type 1) and another involving solute carbon atoms
change in Gibbs free energy between the two systesnand ry with a purely repulsive interaction (type I1). In the case of type | solute
contair_ﬂngN particles, at a specified temperatif@nd pressure, is PMFs, we have performed 52 separate simulation runs corresponding
then given by to 5210 (or 4;) values withrg™n = 3.0 A andrg™ = 13.2 A. Each of
_ _ UG- UGk T these reference states was equilibrated fqr at Ie_ast 100 ps, a_n_d averages
AG = G(ry) — G(rp) = —kgT Inle g (2 for the PMF were taken over 100 ps of simulation after equilibration.

In the case of type Il solutes, 64 separate simulation runs with different
wherekg is the Boltzmann’s constant aitidenotes the potential energy ). yalues withr™" = 3.0 A andrg™* = 15.6 A were used to construct
of the system. The brackets indicate an ensemble average of theihe pMF. Each of these reference states was equilibrated for 50 ps
enclosed quantity, and the subscript O denotes that the average is takefyjowed by an averaging over another 50 ps. In some of the states
in the reference, state. The value ofiro was chosen in such away  pear first solvent separated configuration, longer runs were required
that twice its value gave the difference in the interplate separations fq, equilibration.
between two consecutive, values thus employing double wide To study the spatial and orientational structure of the water molecules
sampling. Thus, for each reference statg, fve have two free energy iy and around the two solutes, we have calculated the density profiles
differences, one involvinglr larger and anothedro smaller than the  anq two distributions related to the angles formed by dipole moment
reference statey. If we use a discrete variablg to represent all the a4 OH bond vectors of the water molecules with a specific direction.

ro's considered here such that the lowest valueliofs zero corre- To quantify the loss of hydrogen bonds due to geometric confinement,
sponding to the smallest value kf(sayrq™) and the largest value of  \ye have calculated hydrogen bond (H-bond) density profiles. A standard
4i is 1 corresponding to the largest value ref(say ro™®), various geometric criterig#$4where two water molecules are considered to be

interplate separations used in the simulations can be expressed as  H.ponded only if the inter-oxygen distance is less than 3.5 A and
min max min simultaneously the hydrogeroxygen (H-bonded) distance is less than
() =ro " t4(rg —rg ) ©) 2.45 A and the H-O-+-O angle is less than 3Qvas used. The number

) ) ) ) ) ) density profile, hydrogen bond density profile, and two angular
ForN separate simulations with varioéisvalues, using the perturbation gistributions were calculated by considering those water molecules

technique, we haveNfree energy differenceAG; and the total PMF  yhich are inside the rectangular slab with dimensions the same as those
of the two plates. For all these calculations additional 300 ps simulations

(54) Chandler, D.; Weeks, J. D.; Andersen, H.SCiencel983 220, 787.

(55) Nose, SMol. Phys.2002 100, 191. were carried out after the runs for PMF averaging. The spatial and
Eg% Qndersgn,K}Tl._CJMCkﬂ?wm.l ngslgl%% ;25 02 fggs orientational distribution functions in both of the cases were calculated
ose, S.; Klein, M. ol. yS. A . H :

(58) Allen. M. P.. Tildesley, D. JComputer Simulation of Liquidxford from the coordinates saved at every 0.1 ps over the entire 400 ps.
University, New York, 1987.

(59) Andersen, H. CJ. Comput. Phys1983 52, 24. (62) Linse, P.J. Am. Chem. S0d.993 115, 8793.

(60) Swope, W. C.; Andersen, H. C.; Berens, P. H.; Wilson, KJRChem. (63) Jedlovszky, P.; Brodholt, J. P.; Bruni, F.; Ricci, M. A.; Soper, A. K. Vallauri,
Phys.1982 76, 637. R. J. Chem. Phys1998 108 8528.

(61) Zwanzig, R. W.J. Chem. Physl954 22, 1420. (64) Chandra, APhys. Re. Lett. 200Q 85, 768.
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Figure 1. Solute-solute potential contributiok/g—g(r) (dotted line) and
solvent contributionwse(r) (dashed line) to the potential of mean force
(solid line) for (a) type | solutewater system and (b) for type Il solute
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Figure 2. Type | solute-solvent distributions. (Left) Plot of a configuration

for the system with type | solutes with the interplate separations (top)
ro= 13 A, (middle)ro = 9.8 A, and (bottomy, = 6.8 A. Red circles are

the positions of the water oxygen atoms, and blue circles are the carbon
atoms on the solute plates for a slab through the sample. (Right) Plot of
the normalized single particle densi{z)/po as a function og, the distance
perpendicular to the plates, corresponding to the systems on the left. In all

water system. The inset in each figure shows the same over the entire rangehe density plots two arrows on tixeaxis have been drawn to indicate the

of ro.

I1l. Results and Discussions

A. Potentials of Mean Force and Spatial Distribution of
Water. The potential of mean forcey(r), as a function of the
separation between the two large (60 atoms) parallel plates of
type | is shown in Figure la, and type I, in b along with the
solvent induced contributiomwse(r) and the solutesolute
potentialUyq. The difference in mechanism is striking. For the
attractive plates (type I) we find a small solvent stabilization
near contact with the overall PMF dominated by the setute
solute attractive potential. For the repulsive sotgelvent
system (type II) we find a large, purely solvent induced
stabilization near contact.

I. Type | System. For the type | system well outside of
contact, Figure 1a shows a shallow minimum in the PMF at a
separation of around 13 A. To visualize the solvent structure
near the solute plates, we have shown on the left of Figure 2
the coordinates (single configuration) and on the right the
number density profile corresponding to this minimum in the
PMF. Three distinct layers of water oxygen in the coordinates
and the three well-defined peaks in the density profile corre-

sponding to these water layers indicate around three intervening

water layers at this separation.

The strong density peaks just outside the two plates (facing
the bulk) also indicate strong layering of water molecules
adjacent to the outside surface of the hydrophobic plates. As
the distance between the two solutes is reduced, a repulsiv
free energy change is observed, and at a valug ef 9.8 A,
one layer of water is effectively expelled from the region
between the two plates leading to another local minimum in
PMF. The plot of coordinates and density profile (see middle
panels of Figure 2) corresponding to this minimum show a
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position ¢-coordinate) of the two plates.

solute-solvent configuration with two intervening water layers.
A further reduction in the interplate separation leads to the
expulsion of one more layer of water between the two plates at
ro = 6.8 A, leading to a situation where only a monolayer of
water molecules exists in between. This is also supported by
the appearance of a sharp peak in the density profile at the
middle of the two plates and a single layer of water seen in the
coordinates (see the bottom panels of Figure 2, respectively).
This feature persisted after continuing the simulation for over
5 ns at this separation.

To visualize the instantaneous change in the number of water
molecules (t)) in the confined region between the two plates,
we have calculated(t) over the period of 5 ns ap = 6.8 A as
shown in Figure 3. The plot is reminiscent of dynamic number
fluctuations in a grand canonical systéiiLhere is no signifi-
cant change or drift in the number of water molecuié$ over
the entire period of time for, = 6.8 A which is an indication
of equilibrium in a grand canonical, dynamic syst&m.

It is important to note that, in the earlier stdélyf PMF
between two purely repulsive ellipsoidal solute molecules, no
monolayer of water was observed between them. They found a
complete expulsion of two water layers as the separation
between the two solutes is reduced below 9.5 A, leading to a
drying transition or cavitation. In more recent ellipsoidal solute
studies including an attractive potentfatavitation between the
two ellipses at a separation that could easily fit, a single layer
of water was found, leading to a dynamic collapse of the
distance between the two solutes. In our present study with the
solutes modeled as planar sheets 8fcgbon atoms represented
by a standard force field, we do not observe any such drying or

(65) Ji, J.; @gn, T.; Pettitt, B. M.J. Chem. Phys1992 96, 1333-1342.
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Figure 3. Plot of the number of confined water moleculg$) between 3
the two plates vs time in nanoseconds for the system corresponding to the
bottom part of Figure 2. L

cavitation. There is a substantial free energy minimum with large
barriers due to solvent induced destabilization on both sides.
This result for our type | model is consistent with the recent
simulation study of Hummer et &t.on the water behavior in a
CNT. Using the same AMBER 96 force field for the carbon 1
atoms of the nanotube, they have observed a chain of water
molecules inside the nanotube. The radial density plot in their
study [see Figure 2b of ref 23] also shows a sharp peak at the ) I
middle of the nanotube with enhancement of the water density

in the immediate vicinity of the outside wall. -15-10 5 0 5 10 15

o
To check the effect of the strength of attractive interactions z(A)
Or.] wetting, We. have also simulated .three additional systems Figure 4. (a) Plot of the coordinates similar to those of Figure 2 but with
W'th the same size and geometry but different energy parametersiyierpiate separation of 6.0 A. The region between the two plates is
Viz., ecc = 0.2177, 0.1512, 0.125 kJ/mol for the nonbonded completely empty. (b) Plot of the normalized single particle densty/ oo
carbon-carbon LJ interactions. During 500 ps runs of all these as a function o corresponding to the system in Figure 4a.
cases we observe no dewetting. It is important to mention at

this point that the energy parameters for van der Waals (LJ) whether the solutesolvent configuration corresponding to the
interaction for the hydrophobic groups relevant to a biomacro- parrier observed in the solvent induced PMFrat= 6.2 is
molecule such as methyl, ethyl, benzyl, etc., as used in most of metastable, we also started a simulation at thifom a dry

the modern force fields, lie within this regime. Thus, the present initial state where the interplate region is initially empty. A
results should have more relevance to the aggregation 1.2 ns simulation shows that the empty cavity is filled by around
dissociation phenomena of biomacromolecules as compared to14 water molecules within 120 ps, and there after the av-

the same obtained from a purely repulsive or planar-averagederage number of water molecules remains same. At around
weakly attractive model system that does not take into accountr, = 3.5 A (see inset of Figure 1a) we observe a contact

the atomistic nature of the solutes with dispersion interactions. minimum dominated by the direct potential.

Between a separation of 6:8.2 A, we observe a significant Thus, the PMF between two large hydrophobic solutes with
barrier in the PMF for our type | system; beneath that distance weak attractive forces for the solvent is not dissimilar to that
the water model is sterically no longer allowed which leads to between two small nonpolar solutes involving usual contact pair
a monotonic decrease in the cavity-PMF from that point on. and solvent separated state& Beyond the first solvent
The presence of a soft cuspv(r) in Figure 1a is coincident  separated state a§ = 6.8, we observed locally stable solvent
with the steric drying. The plots of the coordinates and the separated configurations roughly corresponding to integral
density of the system afy = 6.2 indicate a layer of water numbers of layers of water molecules between the two large
molecules at the confined region, while fgr= 6.0 A as shown solutes. The layering of the water molecules around the plates
in Figure 4 no water molecules are found in this region. A provides a means for accommodating such large hydrophobic
2.5 ns simulation run aty = 6.2 A reveals that the number of  objects in water. The estimated mean €#é¥52in the PMF
water molecules confined between the two plates fluctuates per point is around 0.22 kJ/mol, and the propagated error on
around 14 for most of the simulation time. Although once in the free energy or PMF curve is estimated at worst as
that period a large fluctuation made the confined region empty 2.5 kJ/mol out of a few hundred kJ/mol.
for around 30 ps, water molecules again entered the region and The other properties of the system such as average volume
within 100 ps the number of water molecules reached around and potential energy of watewater and watersolute interac-

14 where it remained with smaller fluctuations. To investigate tions as listed in Table 1 undergo only small changes from
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Table 1. Properties of the Type | Systems at Various Intersolute 5
Separations at 300 K and 1 atm 4 R
nA) vol? (nmd) Usw? (10% kd/mol)? Unw® (kdimol) Ueont® (kJ/mol) 3
13.0 56.2 —514.64 —45.48 —136.3 m
12.6 56.2 —510.21 —45.50 -132.7 2
12.2 56.2 —507.62 —45.48 —131.7 1
11.8 56.2 —505.21 —45.47 —130.9
11.4 56.2 ~501.98 —45.52 ~1255 0 Ll
11.0 56.2 —503.37 —45.49 —129.2 4
10.6 56.2 —505.87 —45.50 —-132.9 0
10.2 56.1 —518.60 —45.53 —141.3 CI 3
9.8 56.2 —520.64 —45.52 —146.0 2
9.4 56.2 —515.94 —45.49 —142.2
9.0 56.2 —496.60 —45.46 —124.8 1
8.6 56.3 —475.68 —45.48 —107.6 0 \ 1 Lw s
8.2 56.2 —481.63 —45.48 —110.5 R
7.8 56.2 —491.58 —45.48 —121.7 4
7.4 56.2 —507.43 —45.46 —133.3 % 3
7.0 56.1 —527.17 —45.48 —148.9 c
6.8 56.3 —524.35 —45.47 —147.9 2
6.6 56.1 —524.28 —45.47 —147.6 1
6.2 56.3 —486.91 —45.43 —117.0
6.0 56.7 —352.27 —45.48 0 I | VS | S ¥ -
5.8 56.7 —340.18 —45.50 -
15-10 -5 0_ 5 10 15
aVolume of the simulation boX Usw is the solute-water potential Z (A)
energy.c Uww is the waterwater potential energy. Ucon is the potential )
energy of the solute with water molecules in the confined region. Figure 5. Number of hydrogen bondswg) per water molecules as a

function ofzfor the type | solute-water system with interplate separations

13.2 to 6.2 A. Below this point all the water molecules are of @68 A (b) 98 A and () 13 A

expelled from the confined region and moved to the bulk, and
at constant pressure, the system responds to this by slightly
increasing the overall volume of the box. The increase in average
volume of around 0.4 nfin going from anro = 6.2 A to
ro = 6.0 A state is consistent with the volume of around 14
water molecules (which were confined ¢ = 6.2 A and
released to the bulk at = 6.0 A) corresponding to the bulk
density of water. Thus, the total volume accessible to the water
molecules remains unchanged. The sctwtater interaction
energy also decreases markedly at this point as one of the face
of each plate is no longer exposed to the water molecules at
ro = 6.0 A and thereby decreases the total number of water
solute interactions. The decrease in the wasalute interaction
energy is consistent with the interaction enertlf) of the
two plates with~14 water molecules in the confined region at
ro = 6.2. The undulating values of thé.or as listed in Table
1 are also in accord with the undulating structure of the PMF.
The hydrogen bond density profile st = 6.8 is shown in
Figure 5a. For the case where there is but a single layer of water
the number of hydrogen bonds per water moleouleis around
2.9 in the confined region as compared~@.5 in the bulk
region far away from the plates. While one might have expected
less, this is reasonable in light of two hydrogen bonds being
seen in the one-dimensional case of nanotdb&sAlthough
the energy cost due to the reduction in the number of hydrogen
bonds does not favor the formation of a monolayer, the stability
of the water monolayer in the present case can easily be
explained from the gain in favorable energy due to setute
solvent interactions. The average loss of 0.5 to 0.6 hydrogen
bonds amounts to an energy cost-66 kJ/mol (considering

plates. The stability of the confined water in lower dimensions
is also due to a sharp distribution of the water molecule around
intermediate binding energies as compared to a much flatter
distribution covering both high and low binding energy states
for bulk water, as noted by Hummer et?&lA mean field theory
has recently been develofétb study phase transitions in water
films confined between two infinite walls. That theory predicted
that replacement of the hydrogen bonding interactions with
attractive solute-water interactions could lead to the thermo-
fﬂynamic stability of the water film that would otherwise have
evaporated between two purely repulsive walls.

In Figures 5b and c, we plot the hydrogen bond density
profiles for ro = 9.8 A andr, = 13 A corresponding,
respectively, to two and three intervening water layers. Although
the overall shape of the profile is the same in all the three cases,
the number of hydrogen bonds in the confined region increases
with increasing values afy. The value ofnyg in the confined
region for the interplate separatiop = 13 A reaches almost
‘the bulk value of 3.5.

2. Type Il System To investigate the role of the nature of
the solute-solvent interaction on the PMF as well as on
cavitation or drying phenomena, we have considered hydro-
phobic plates, which are geometrically the same as the type |
solute but made up of carbon atoms modeled with a purely
repulsive interaction instead of weakly attractive LJ interaction
considered in the case of type | solute. As already mentioned,
the WCA decomposition scheme is used to split the LJ potential
of type | solute into attractive and repulsive parts, and only the
repulsive part is used for the type Il model. The change in Gibbs’

the H-bond energy to be-10 kJ/mof®s) which is more than free energyw(r) as a function of the distance between the two

compensated by the gain in the van der Waals interaction energy’igrelly ;epw;a’?hhydrﬁp?eoblf l::h'sltestorf1 ttiy|c|)e I rﬁr?l?otYWLJ in I?gure
(—10.02 kJ/mol) of water with the carbon atoms of the two along € solutesolute potential co UtioRgy(r)

and the solvent contributioms(r) to the PMF. As in the

(66) Roberts, J. A.; Zhang, X.; Zheng, ¥. Chem. Phys1994 100, 1503.
(67) Silverstein, K. A. T.; Haymet, A. D. J.; Dill, K. AJ. Phys. Chem. B003 (68) Truskett, T. M.; Debenedetti, P. G.; Torquato,JSChem. Phys2001,
107, 11742. 114, 2401.
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1 Figure 7. Plot of the number of confined water moleculg$) between

the two plates vs time in picoseconds at the interplate separation of 10 A
5 10 15 for the systems with (a) type | solutes and (b) type Il solutes in water.

z(A) between the two plates, although there is sufficient space
Figure 6. Type |l solute-solvent distributions. (Left) Plot of a configuration between the two plates to fit about a couple of layers of
for the system with type Il solutes with the interplate separations (top) Water. Once the cavity is formed between the two plates (at
ro=15.4 A, (middle)ro = 13.4 A, and (bottom)yo = 10 A. Legend is  ro < 10 A), for a fixed solute size, the area of the ligtigapor
same as in that in Figure 2. (Right) Plots of the normalized single particle jhtarface of the cavity is directly proportional to the interplate
density p(2)/po Vs z corresponding to the systems on the left. . . . .

separatiorrg by model construction. In this regime, however,

previous case, at large separations there are shallow Iocal'fqu Cot:“aﬁt ar?a between t:le Elatesl and watelr remains constant.
minima in the PMF corresponding to integral numbers of ush Oth sur acehar?a and the vo L;]me are |neaqunctlons of
intervening water layers. Both the coordinates and density I’o;— ec an?.e in tI € r,ehe e;]ne;gylnt |s.reg:jmr(]e is thus expected
profile corresponding to the minimum at aroung= 15.4 A tZAecrfeallqse_lnee;ry Wt')t the ecreaserdrand l_en%e the area
reveal (see top panels of Figure 6) roughly three intervening (AA) Of the interface between vacuum and liquid water, and

water layers, while those corresponding to the minimum at thus one has the relation
ro = 134 A show (see middle panels of Figure 6) two AG =y, AA )
intervening water layers. However, the peaks between the plates
as well as adjacent to the outer surface of the plates are not asvherey,,, the liquid—vapor surface tension, is the constant of
sharp and strong as those in the case of type | solute with LJ proportionality. In fact, examination of the free energy change
interaction. This is reminiscent of previous observatitféwWe computed from the present simulation shows a linear decrease
do not consider this effect at this distance to be microscopic with decreasingo below 10 A, and the constant attractive
dewetting but to be related to the coordination of a loose force in this regime amounts to around 20.08 kJ/mol/A giving
tetrahedral network with a distinct, characteristic orientational rise to a liquid-vapor surface tension of 0.43 kJ/mol/A (or
probability as is often seen around hydrophobic atoms in contrast71.7 mJ/m). The good agreement of this estimatgg with
with those which have more attraction for the solvént. the v, = 73.6 mJ/mM reported* recently for the watervapor
As noted above, the PMF in this case is significantly different interface of the SPC/E water model indicates that the expulsion
from that of type | solutes below the intersolute separation of of water from the confined region between the two purely
around 10 A. A monotonic linear decrease in the free energy repulsive plates of type Il below the interplate separation of
change belowr, ~ 12 A is observed in the present case. 10 A creates a vacuous bubble, and the free energy cost of
Comparison of the solvent contribution to the PMF in the present maintaining the interface strongly resembles that of the free
type Il case with that of type | solute near the contact minimum planar watetvapor interface.
reveals that the mechanisms of stabilization of the contact In Figure 7, we have shown the number of water molecules
configuration is strikingly different between these two types of n(t) between the two plates as a function of timerfge= 10 A
solutes as already mentioned. The major stabilizing contribution starting from the point at which the attractive potential was
to the free energy at contact comes from the setstdute removed. For comparison, in the same figure we have also
interactions in the type | case, while indirect solvent induced shownn(t) at samero but with the full LJ interaction (type |
interaction is the dominating contribution in the repulsive solute solute). We started the type Il simulation with a configuration
case. from the type | simulation where there were aroune- 36 water
The examination of the coordinates and the density profile molecules between the two plates. As it is seen in Figure 7,
atro = 10 A as shown in the two plots at the bottom of Figure within ~50 ps, almost all the water molecules are expelled from
6 reveals that there are no water molecules between the twothe confined region in the case of type Il solute (Figure 7b),

plates. In the present case we do not observe any layers of watewhile, in the case of type | solute, there are around-25
molecules present throughout the entire time period of 500 ps

(69) Makarov, V. A.; Andrews, B. A.; Pettitt, B. MBiophys. J1998 74, 413. (Figure 7a). The response of the system to this dewetting or
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cavity forming phenomena is manifested by the increase in Y] P PR T T Y P S R
average volume of the simulation cell frovh= 57.3 nn? at 10 05 00 05 10 -0 05 ng p 05 10
ro=13.4 AtoV =7585nntatro = 10 A and also by the cos @

decrease of solutesolvent potential energy from 27.27 kJ/mol Figure 9. Orientational distributiof?(cos6) vs cosf. Red curves represent
the angular distributions of the dipole vectors of the water molecules, while

atro= _13'4 A1018.77 ki/mol ap =10 A due to unavailability the green curves represent the distributions of the OH bond vectors. In both
of the inner surfaces of the plates to the water molecules. Theof the cases anglé is defined as that between the vector (either dipole or
increase in volume can easily be accounted for by calculating OH bond) and the normal drawn from the nearest solute plate into the water.
the volume required to accommodate around 30 water mo|ecu|eSLayers 1-5 represent five different layers of water moving away from the

. . . outside surfaces of the solutes (discussed in the text).

in the bulk corresponding to the density of 0.99 g/cc.

The hydrogen bond density profile for the systems with | juer 1 is considered to be the layers of water molecules nearest
_ro = 15_'4 andro = 13.4 correspondln_g to_ three and two to the outside surfaces of the plates, and it essentially contains
intervening water layers are shown in Figure 8a and b, q \yater molecules which reside in the repulsive region of the
respectively. In both of the cases the number of hydrogen bondsy|te—\vater potential corresponding to the low-density edges
nug per water molecule in the middle of the confined region is  pafore the first density maximum of the density profile. Layer
almost the same as the bulk value, although there is a significant, incorporates the molecules in the first major density maximum,
depletion innyg around hydrophobic plates compared to Figure e jayer 3 incorporates the trough between first and second
5. However, when the distance petween the plates are reduce%lensity peaks and layer 4 is the region where we have second
from 15.4 to 13.4 A (compare Figure 8a and b), the range of gensity maximum. The region beyond the second density
this depleted region increases and thus destabilizes the system, . imum where the density distribution reaches almost the bulk
and the potential for maintaining layers on further reduction in value is considered as layer 5. The distributions for the water
the interplate separation. If we assume that the reduction in the ,,qacules inside the two plates have not been calculated here.
nug in going from bulk water to the monolayer state is the same 1,4 results foiP,(cos ) for the five layers of the water in
as in the earlier case (type | solute case), the lost energy due tosystem | withro = 6.8 A are shown as red lines with symbols

this reduction imyg is not compensated by the soletsolvent ) rjgure 9. Near the hydrophobic surface (layers 1 and 2) we
interaction as this interaction is repulsive or, at best, zero in ,ue' peak in the distribution aroufic= 90° suggesting that
this casg. ) ) ) dipoles prefer to avoid the surface normal direction. This result
B. Orientational Structure of Water. The orientational s consistent with the earlier studies of water between two
structure of the water molecules can be considered by calculatlnginﬁnite hydrophobic wallg817.70|n layer 5, we observe a flat
two orientational probability distributions$?,(cos 6) and distribution of almost constant value of 0.5, characteristic of a

Por(cos6) of the water with the plate. IF,(cos?) the angle  homogeneous fluid. In layers 3 and 4 dipoles are distributed in
0 is that between the dipole moment vectoof water and the  5imost opposite fashion, although the distribution for layer 4 is
outward normal from the nearest plate pointing into the water. fiaiter, indicating that this region too is close to homogeneous.
In the case ofPon(cos 6) the angle is that between the OH In the same figure we show thy(cos6) distributions for

bond vector and the outward normal from the nearest wall e gifferent layers of the same system with= 6.8 A as

pointing into the water. To observe how model water molecules gpqn by the green lines and symbols. The distribution in layer
orient themselves adjacent to the plate as well as away from it,
we have divided the slab of water into five different layers. (70) Shelley, J. C.; Patey, G. Wiol. Phys.1996 88, 385.
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L B - 0 . C. Size Effects.To investigate the effect of size of the planar

0 PR M " X i i
1.0 05 00 05 10 . L. . e
-1.0-05 c%g 90'5 1.0 cos @ solute on the dewetting transition, we have simulated additional
) ) larger type | systems and smaller type Il systems. For the type
Fi 10. S F 9 but for type Il solutes. .
oure ame as Figute = bt for type 11 solies | system we held the geometry mt= 6.8 A with two larger

1 indicates that a large fraction of water molecules orient Plates of size-20 A x 20 A in water (180 carbon atoms each).
themselves with one OH bond pointing directly toward the The plotof the density profile for this system is shown in Figure
hydrophobic surface as seen in the earliest simulations of 11- A sharp peak between the two plates in the density profile

Rossky!é There is also another peak around 9the distribu- indicates that there is no dewetting with this larger solute. The
tion at layer 3 is almost opposite to that of layer 1. Although S&me peak height outside the walls in this case as those obtained

layers 1 and 3 correspond to the low-density regions due to thefrom the smaller 11.'&( 12 A solute (see Figure 2c) indicates
repulsive plate-water and waterwater potential, respectively, that there is essentially no observable density depression with

the orientations of water molecules near hydrophobic plates this larger solute. Thus, the somewhat smaller 60 atom plates
(layer 1) seem to be different from the orientations near another S€M 1o capture the same effects.
water layer (layer 3) due to the possibility of interlayer hydrogen ~ To check the size response to dewetting, we have performed
bonding in the latter case. The orientations in layer 2 corre- an additional type Il simulation of 1 ns fop = 10 A with
sponding to the first density peak show a strong distribution much smaller plates, each with the dimensions of around 7 A
aroundd slightly less than 90 The distribution in layer 4, which ~ x 7 A having only 28 carbon atoms with repulsive interactions.
encompasses the second density peak, has a peak at arotind 180rhe result for the density distribution is shown in Figure 12a.
while layer 5 shows that water molecules in this region are as For comparison, in the same figure we have also included the
random as in the bulk. density profile for the larger solute (type Il) at the sarpe~or

We now compare this with the angular distributions for smaller solutes we observe a significant number of water
type Il solutes using the same criteria as above. The plots for molecules between the two plates as indicated by the peak in
P.(cos ) andPou(cos ) atro = 10 A are shown by the red  the middle of the density profile, whereas no significant density
and green lines and symbols, respectively, in Figure 10. peak was observed in the case of larger solutes at the same
Qualitatively bothP,(cos®) andPoy(cos6) for each individual distance as shown by the black line. The instantaneous change
layer are similar to the corresponding distribution for the type in the number of water molecules inside the two smaller plates
I solute (shown in Figure 9). Similar observation has been made has also been shown in Figure 12b for 1 ns. It is interesting to
earlief? for the orientation of the water molecule around a observe that although most of the time there are arountiob
neopentane molecule. Quantitatively, we observe a somewhatwater molecules in the confined region, water gets expelled from
less intense distribution in the present case as compared to théhe region and again reenters the region with the passage of
earlier case indicating that water molecules are not quite astime. Thus, there is a strong size dependence on dewetting for
structured orientationally in the case of repulsive solutes. This repulsive (nonphysical) solutes as predicte#
is evident if we compare layers 3 and 4 in the two cases for The emptying and filling of a hydrophobic pore has been
both of the orientational distributions. For type Il solutes these observed 2572 earlier in case of carbon nanotube. For the
distributions have almost reached the homogeneous limit. Thus,repulsive small plates the fluctuation in the number of water
orientation of the water molecules near the nanoscopic solutemolecules in the confined region becomes large. This size of
surface does not change much with the change in the water the solute thus may be near the critical size above which
solute interaction from weakly attractive to purely repulsive. It

(72) Kalra, A.; Garde, S.; Hummer, ®roc. Natl. Acad. Sci. U.S.2003 100,
(71) Huang, X.; Margulis, C. J.; Berne, B.Jl.Phys. Chem. B003 107, 11742. 10175.
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1.5 the onset of steric hindrance which prevents water molecules
from staying between two solutes near standard temperatures
2 1.0 and pressures. Even if the sizes of the solute plates are roughly
< 20 A on a side, no cavitation is observed for this interaction
3 potential. Interestingly, if we consider the soldtgater interac-
05 tion to be a purely repulsive one (type Il solute), we observe a
profound dewetting below an intersolute separation-@d A,
0.0 although water layers between the two solute plates at this

separation could be easily accommodated from the excluded
volume consideration. By changing the solute size to a smaller
one in this case, we do not observe any dewetting or cavitation
as is the case for type | solutes. This shows that the gross
hydration behavior of the small solutes does not depend much
on the nature of weak solutesolvent attractive interactions.

For larger solutes, however, hydration behavior more strongly
depends on the nature of the soldgmlvent interaction. In the
case of solutes with a slight attractive interaction, water
molecules strongly hydrate the solutes and also enter a narrow

00 02 04 06 08 1.0 confined region of width 6.8 A between the two solutes
Time (ns) irrespective of the lateral extent of the planar solutes studied
Figure 12. (a) Plot of the normalized single particle densiiz)/oo vs z here. On the other hand, when a purely repulsive interaction
for a system with smaller7 A x 7 A) (red) and larger£11 A x 12 A) energy is considered between the solute atoms and the water,

gﬁ')aﬂk) Sifzeﬁ of thebtypef” P'?tesdat an i”teflp'at?ﬂ( Sfl;afation 0; 10 A and pydration behavior clearly depends on the solute size. The
p ot of the number of confined water molecul®$) between the two : . . . .
plates vs time in nanoseconds for the system corresponding to red curve inpresent investigation shows that the tendency.toward cavitation
Figure 12a. between the plates depends on the attractive nature of the
) ) . ) solute-water interaction (as well as size) and thus explains many
dewetting will be observed for soft repulsive potentials for planar of the differences in previous literature results regarding wetting
solutes with atomic features in SPC/E watter. or dewetting. We make no claim here about the nature of the
We conclude that cavitation or the drying transition depends actual graphitic carbonwater potential. Indeed there could be
not only on the size of the solute but also strongly on the nature significant polarizability effects beyond mean field for an
of the interaction of the solute with water. When solute size is amphoteric substance like graphene sheets.
small, irrespective of the nature (whether attractive or repulsive)  geyeral important questions were recently raised in the
of the interaction between solute atom and solvent, water |iterature® about the effect of attractive solutevater interac-
molecules are able to rearrange themselves to restore, at leasions on observed dewetting. As speculated there we find the
in part, the hydrogen bond network without creating any dry |arge number of small watersolute attractive interactions can
cavity. For a large size hydrophobic solute, however, a fine compensate for the loss of hydrogen bonds due to confinement
balance among solutesolvent and solvertsolvent interactions  of water between the two plates. A detailed quantitative
and hydrogen bonding energies is required to determine whethernderstanding of solutevater attractions is thus required to
cavitation or strict microscopic dewetting will occur. predict dewetting induced aggregation of complex biomolecules.
IV. Conclusions A recent work by Berne and coworké?_so!emonstrated that
) ) . simulations of proteins show a sensitivity to the attractive
The mechanism of the hydrophobic effect thus changes with interactions with water, and they confirmed that without van
respect to solute size and the nature of the interactions in ager waals and electrostatic interactions the core dewetting and
regular and explainable fashion. The potentials of mean force ¢q)japse are on a substantially different time scale. As even the
between two nanoscopically large planar solute plates made Upygst hydrophobic regions in proteins have weak polarity and
of model, hydrophobic carbon atoms placed in a hexagonal gjgnificant dispersion interactions, our present investigation
graphitelike lattice with two different types of interaction  ghos the importance of taking into consideration such interac-

potentials are quite revealing. tions in dealing with hydrophobicity induced aggregation and
Comparison of the solvent contribution to the PMFs near the folding of proteins. The type | parameters we have used are of
contact minimum reveals that the mechanisms of stabilization o orger of magnitude found in a variety of common force

of the contact configuration are strikingly different between the o145 we also investigated solutsolvent attractions consider-
two types of solutes. The major stabilizing contribution to the gy smaller than those routinely used to investigate the physical
free energy at contact comes from the sotgelute interactions properties of carbon and found even quite weak Lenndahes

in the type | case, while indirect solvent induced interaction is 4ttractions significantly change the hydration behavior from

the dominating contribution in the repulsive solute case. The dewetting to wetting. This level of detailed understanding of
attractive type | plates show a significant solvent induced barrier (he influence of individually small (less than KT) direct

to dissociation, whereas the repulsive plates show hardly anyjnsaractions on the collective, indirect, solvent mediated forces

barriers. , , may be expected to be important in the development of better
In the case of solute atoms interacting through usual LJ q.ce fields.

interaction (type 1), we do not observe any cavitation or
dewetting until the distance between the two plates is less than(73) zhou, R.; Huang, X.; Margulis, C. J.; Berne, BStience2004 305, 1605.
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