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Abstract: A molecular-level description of the behavior of water in hydrophobic spaces is presented in
terms of the coupled effects of solute size and atomic solute—solvent interactions. For model solutes with
surface areas near those of protein contacts, we identify three different regions of solute—water interaction
to be associated with three distinctly different structural characteristics of water in the intersolute region:
dry, oscillating, and wet. A first orderlike phase transition is confirmed from the wet to dry state bridged by
a narrow region with liquid—vapor oscillations in the intersolute region as the strength of the solute—water
attractive dispersion interaction decreases. We demonstrate that the recent idea that cavitation in the
intersolute region of nanoscopic solutes is preceded by the formation of a vapor layer around an individual
solute is not the general case. The appearance of density waves pulled up around and outside of a
nanoscopic plate occurs at lower interaction strengths than are required to obtain a wet state between
such plates. We further show that chemically reasonable estimates of the interaction strength lead to a
microscopically wet state and a hydrophobic interaction characterized by traps and barriers to association
and not by vacuum induced collapse.

Introduction reported with both finite solute and infinite plate models in wates

The mechanism of the hydrophobic effect is an issue of and other solvents®7-22 Of particular importance for the currenti4

fundamental chemical interest. The explanation of the hydro- study is the quantification of Igngth sgale dep_e ndent hydrophc@c
phobic effect between solutes or within a flexible solute is of effects with r_espec_t to varying the interactions of water wits
relevance to a variety of processes. In this paper we identify he solute. Widely different views have emerged from numerours
three different regions of solutavater interaction that are Previous studies and there is no consetsas yet. Some 4s

associated with three distinctly different structural characteristics cOnfusion exits over what one might term hydrophobic. Different
of water in a region between solutes. The three ranges of authors have dealt with different topologies and interactionssof
interaction characterize the fluctuations in water occupancy: dry, the soluté’ Categorizing the universality of dewetting in termsi
oscillating, and wet. It is the chemically relevant interaction Of solute size and interaction strength is thus of interest. 52
strengths inducing these different states that we wish to quantify

here. (7) Giovambattsta, N.; Rossky, P. J.; Debenedetti, PPi&s. Re. E: Stat.
. . Phys., Plasmas, Fluids, Relat. Interdiscip. T@006 73, 041404.
Although hydrophobicity has long been recognized as one (g) Truskett, T. M.: Debenedetti, P. G.; Torquato,J5.Chem. Phys2001,

of the main driving forces in the aggregation of biological 114 2401-2418.
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Am. Chem. SoQ005 127, 2808-2809.
(10) Singh, S.; Houston, J.; van Swol, F.; Brinker CNature2006 442, 526—
526

assemblies in water, the precise role of water in the process is

still debated-™* Recent work has sought to unify the phenom-
enon of macroscopic dewetting to microscopic hydrophobfcity.
Early work by Patey and co-workérshowed that for a Lennard-

Jones fluid near vapetliquid coexistence, cavitation can be
observed if the fluid is confined between two infinite, hard walls.

(11) Poynor, A.; Hong, L.; Robinson, I. K.; Granick, S.; Zhang, Z.; Fenter, P.
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The behavior of water in the confined hydrophobic environ- scaling on the solvent structure in the vicinity of a solute are
ments, as depicted in many recent theoretical and computationalcharacterized in terms of the solution fluctuations leading tou
studie&®1422 can be classified into three main categories. One drying or wetting. 112
depicts that a large hydrophobic solute surface produces a thin
vapor layer around it because of disruption of the local Models and Methods
hydrogen-bond (H-bond) network of liquid wafet:*>%When The rigid planar solutes used in this study are made up of carbaa
two such solutes come close enough to each other, fluctuationsatoms modeled as Lennard-Jones (LJ) particles with diarseter= 115
in the individual solute-vapor interfaces expel remaining water 3.4 A placed in a graphitic lattice with carbecarbon bond lengths 116
molecules from the intersolute region leading to a dewetting of 1.4 A. The carborrcarbon LJ energy parametesc is varied from 117
induced collapse of the solutes. 0.3598 kJ mot!, corresponding to the 3pcarbon atoms in the 118
biomolecular Amber force fiefd to essentially 0. The point at=0 119

but atomically narrow region containing as little as a single 2-D Is obtained from the WeeksChandler-Andersen (WCA) decomposi- 120
y 9 9 9 tion.?® Water is modeled by the standard SP&/&site potential. In 121

layer or even 6_1 l-él?lgr’gglgcul_ar chain of Water_W|th some se+u_te most of the cases, two solute plates are placed at the middle of a weter
solvent attractior*182#This leads to a barrier to the associa- oy at an intersolute separation of 6.8 A which is the solvent separatei

tion or dissociation of the solutes when planes are near contactminimum in the potential of mean foréThis minimum corresponds 124
Water is expelled from the hydrophobic intersolute region only to the solvent separated configuration, the stability of which determines
when it is sterically forbidden with a substantial free energetic the mechanism of hydrophobic association. For demonstration purposss,
barrier between the contact and solvent separated $tates. a single solute carbon atom is also considered. 127
Recently it has been demonstratethat for atomic models of Ewald molecular dynamics simulations in isotherriabbaric (NPT) 128
water, the transition from the solvent separated to the contactensemble were used to sample the water configurations. Solater 129
pair state of nanoscopic solutes with dispersion attraction is interactions,Usu(r), were represented by the LJ interaction betweano

113

A quite different perspective on hydrophobicity allows a wet

entropy driven. It is not substantially enthalpy driven as expected ¢arbon atoms and the oxygen atoms of water. 131
from the H-bond energy loss perspectifdhis is also evident o .

from the analogous nonagueous system considered by Patey and U, (r) = 4e; (ﬁ) — (ﬂ) ] 1)
co-workers® which demonstrated that even for a Lennard-Jones ! r

fluid, which has no H-bonding network, dewetting occurs when
confined between two infinite repulsive walls. Pressure can also
be a controlling factof.Thus a simple explanation in terms of
an uncompensated loss of hydrogen bonds of water near a solut
is not sufficient to describe such behavior.

Apart from these two extreme views, there is also an Results and Discussions 136
intermediate picture with the possibility of liquidrapor oscil-
lations'822.24in a confined hydrophobic environment. Water in
the intersolute region or inside a nanopore has been found to
go through alternating wet and dry phases in a range of solute
solvent attraction. The intermittent permeation of water in
biological pores is well-known experimentally as well.

The cross parameters for the carbaxygen interactions,co andoco, 132
are obtained fronaco = (ecceoo)? andoco = [occ + 0od)/2. Further 133
details of the simulation methods have been given elsewheki. 134
Qimulations were run for 1 ns or longer. 135

We use molecular dynamics simulations in the NPT ensembie
to avoid potential constant volume artifacts. With that wes
consider the hydration of nanoscopic, rigid, rectangular graphese
plates of several different sizes, namely, (a) solute-I, madep
of 28 carbon atoms (with edge to edge van der Waals (vd¥¥)

. . AR _ span or diameter of 10 A), (b) solute-Il, made up of 60 carbom
One of the objectives of the present investigation is to unify oioms (15 A diameter), (c) solute-IIl consisting of 180 carbans

the contrasting previous literature results by identifying tWo 41oms (24 A diameter), and (d) a single carbon atom. Givensa
governing parameters. Considering a single, ideal geometric .qnstant topology for the solute, variation of the sotuteater 145
arrangement of the solute atoms, here we show, via atomistiCinieraction will characterize the effect of attractive potentials
molecular dynamics simulation, how the apparently contrasting interactions on the wetting behavior of the nanoscopic hydias
views of hydrophobicity described above can be reconciled with phobic materials. 148
?aCh other by c_:onside_ring the response of water to variatio_ns Consider the behavior of water in the intersolute region of
mfscr)]Iutzjwater |nt§rarl10thns agd solutle §|zes.hWe trace the o;|g|hn the first three systems as shown in Figure 1. In order to follawo
of the disparate behaviors by analyzing t.e response o .t €the wetting-dewetting behavior in the intersolute region, we1
system to the solutewater attractive dispersion interaction in | <" "traditional order parameter (and its fluctuations):  the

the case of a range of nonpolar 39'“‘93 SIZES. ) average density calculated as the average number of intersalsgte
Arguments based on the energetic cost of breaking the H-bond,,,oar moleculesn(t)Jper areaA, of the solute platepﬁv = 154

network of water for cavitation lead to a propo$éttewetting [(t)ZA as a function of the dispersion interaction between tives
mechanism for hydrophobicity and induced association of ¢, te and the solvent. 156

b.|0n|1acro|nlolecules.. tSUfCh a mi::hamsm rellt;.-s ?r? dry|qgt§1t a 710 investigate the effect of the attractive strength of the solute
singie solute-vaporintertace as the precursorior tn€ cavitalion ;e action we have varied the carbecarbon LJ energy 158

n thet|_ntetrsolute Tg?"’”- In tlh?' pres_]?nt mvebstg\?tlon \(/jve _thereftore parametekcc from 0.3598 kJ moll, corresponding to the 3p 159
m_vels |galet poss; N corc;e_atl)org, : anty, N feen ?’r']”g fe; 6}[ to small values near 0. The extreme case of purely repulsige
single solute surtace and In between two surtaces. /e elleClS; o o ction we denote as= 0 is obtained through a Weeks 161
of the weak van der Waals attraction combined with finite size

(25) Cornell, W. D.; Cieplak, P.; Bayley, C. I.; Gould, I. R.; Merz, K. M. Jr.;

(23) Choudhury, N.; Pettitt, B. MJ. Phys. Chem2006 110, 8459-8463. Ferguson, D. M.; Spelimeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P.
(24) Waghe, A.; Rasaiah, J. C.; Noworyta, J. P.; Hummer).GChem. Phys. A. J. Am. Chem. S0d.995 117, 5179-5197.
2002 117, 10789-10795. (26) Chandler, D.; Weeks, J. D.; Andersen, HSEiencel983 220, 787—794.
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A oo oz oo (gJérgol) 0as s slits or pores has been r_eporﬁ?dl’ he critical temperature of_190
12p i i i i the vapor-liquid phase diagram was shown to decrease witdu
the increase in the attractive wallvater interaction. These192
seminal works did not deal with finite-sized spaces or porass
which are relevant to hydrophobic biomacromolecular assemhbg.
Using finite methane plates, however, Koishi efafound 195
cavitation at an intersolute distance of 11 A during a particulas
0g%s o 02 s o4 expansion process, but not in the corresponding contractign
®) 2o (KJ/mol) process. This hysteresis could be due to equilibration problerys
eo0 = 0.125 (s,,0.2851) kJimol since, as noted, in the expansion process there was a preexisting

2., WMM WM nanobubble and such a system may reside in a metastable state

{ « ! | for a relatively long time. The drying at arodr? A in that 201
- e 0150 (s,,0.3123) Kaimol study does not show hysteresis. Considering the size parameters

= | ‘ used in this study for methane and water LJ potential, it appeas

= 1°F“ ! % ‘ that the drying observed @ A is due tosteric constriction much 204

2% o5 5 s 50 as in our earlier study of graphene plates beneath &5ltfis 205

t(ns) important to note that the hydration study of a methane clustes

Figure 1. (A) Plot of the average number of water molecules per unitarea by Ashbaugh et &% shows a pronounced wetting at theo7
of the solute platgy, as a function okcc (bottom axis) oreco (top axis) nanoscopic solute surface. As we shall see below, the presest

for three different solute sizes. The solute-I with two 28-atom plates is shown tudy d trates th it f letely drv. int it
by a dashed line, the solute-Il (60-atom plates) system is shown by a solid sludy demonstrates the existence of completely dry, interm

line and the solute-Ill (180-atom plates) system is shown by a dotted line. tently wet-dry, and completely wet intersolute states for a rangm
(B) Plot of the instantaneous number of confined water molecn{gs of sizes of nanoscopic solutes simply by varying the setute11
between the two solute-II plates vs time in nanoseconds for two different ;
: water attraction. 212
attraction strengths of the solute atom. . . . .
Moving from € = 0, a purely repulsive interaction, to arz13
increase in solute attraction yields a number density whizta
increases sigmoidally to a value corresponding to a completaly

points investigated we use eq 1.
) A ) wet state and does not change much thereafter. The wet stete
In Figure 1A, we ploto,, as a function of the solutesolute was observed in many other recent studfe®2L3which 217

or equivalently, solutesolvent attractive interaction parameter snsidered an atomistic description of solute and solvent wits
€j. The LJ interaction parameters for water were unchanged regjistic model potentials. Simulations of a one-dimensiorzab
through out all the simulation runs. For the purely repulsive chain of water molecules inside a carbon nanof§@clusters 220
interaction, we have found dewetting in the intersolute region of a few water molecules inside a nonpolar ca¥ftg, monolayer 221
for each plate size considered. For all solute plates consideredof water between two planar solut8sand wetting of methane 222
here, we see that intersolute water density increases monotoniclusterd? fall into this category. Experimental evidence for thees
cally with solute-solvent interaction until it reaches the existence of water inside weakly polar cavities in proteiaas
completely wet state. For the larger solutes, we observe a distinctinterior$>-3%lso corroborate this picture. Studies on the bezs
sigmoidal behavior consistent with a first-order-like vapor  havior of water near hydrophobic graphitic materials from recené
liguid phase transition with the increase in attractive setute  experimental literaturé’#!indicate that water may atomically227
solvent interaction. The larger the plate, the steeper the sigmoidalwet a graphite surface, which is macroscopically water sheddizeg.

Chandler-Andersen (WCA) decompositio§. For all other

curve. We decompose this into three regions of setstdvent Interpretations of X-ray reflectivity diffet! 229
interaction with three different zones of adsorption behavior.  In the intermediate region betweegc = 0.1 and 0.2 kJ/ 230
The average density is nearly zero upédg: = 0.1 kJ/mol mol, the average water density changes sharply. Further anabais

indicating a dry state or vapor phase. We note this range of of the instantaneous number of water molecui$ in the 232
interaction parameter is smaller than found in typical empirical intersolute region as shown in Figure 1B fafc = 0.125 to 233
force fields for proteir-hydrocarbon side chains and lipigs. ~ 0-150 kJ/mol reveals that the intersolute region oscillatzs
Water behavior in this zone of solutsolvent interaction is ~ Petween a wet and a dry state. This behavior resembles thasef
reminiscent of that observed in many earlier studies where either™Many recent investigations such as the transitions for wateeda
a hard sphere model or a vdW model with a very small attraction & carbon nanotuB&2* with reduced solutewater interaction, 237
i ,15,2731 i

for the solute was consideré@.>2"*!As mentioned, Patey and  (35) grovchenko, I Geiger, A; Oleinikova, 4. Chem. Phys2004 120 1958-
co-workers first observédhat in between two, infinite, hard (33) lc9h72-dh N.; Petiitt, B. Mviol, Simul.2005 31, 457463

. . . oudhury, N.; Pettitt, B. MMol. Simul. , 457—463.
walls even a simple LJ fluid near bulk-phase coexistence can (34) Vaitheeswaran, S.; Yin, H.; Rasaiah, J. C.; HummeiP®c. Natl. Acad.
undergo a dewetting transition. Recently a simulation study on (35) %‘ LBJ-SB%SG% ,\}IQlGlrgggn}bgr?oi- M. Clore, . M.; Casper, D, L. D
the liquic—vapor phase coexistence of water in infinitely long Proc. Natl. Acad. Sci. U.S.A999 96, 103-108. T

(36) Ernst, J. A.; Clubb, R. T.; Zhou, H. X.; Gronenborn, A. M.; Clore, G. M.
Science U.S.A1995 267, 1813-1817.

(27) Huang, X.; Margulis, C. J.; Berne, B.Broc. Natl. Acad. Sci. U.S.2003 (37) Otting, G.; Liepinsh, E.; Halle, B.; Frey, Wat. Struct. Biol.1997, 4,
100, 11953-11958. 396—-404.
(28) Huang, D. M.; Chandler, Ol. Phys. Chem. B002 106, 2047—-2053. (38) Garcia, A. E.; Hummer, Qroteins Struct. Funct. Gene200Q 38, 261—
(29) Huang, D. M.; Chandler, DProc. Natl. Acad. Sci. U.S.R00Q 97, 8324~ 272.
8327. (39) Zhou, R.; Huang, X.; Margulis, C. J.; Berne, BS&ience2004 305 1605—
(30) ten Wolde, P. R.; Chandler, Proc. Natl. Acad. Sci. U.S.2002 99, 16009.
6539-6543. (40) Schrader, M. EJ. Phys. Chem198Q 84, 2774-2779.
(31) Walqvist, A.; Gallicchio, E.; Levy, R. Ml. Phys. ChenR001, 105 6745~ (41) Luna, M.; Colchero, J.; Baro, A. M.. Phys. Chem. B999 103 9576~
6753. 9581.
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Table 1. Interaction Energies Balance (kJ/mol) for Different £, (kJimol)
Solute—Solvent Systems 2 5o.oo 0.26 0.36 0.44 0.51
. —T
solute type DNye 3 B €cc Ew’ i
solute-| 5.8 34.8 0.1 —54.2
0.2 —96.1
solute-II 15.2 91.2 0.1 —59.8
02 _1774 00 01 02 03
solute-Ill 48.5 291.0 0.1 ~171.6 s (Kiimol)
0.2 —540.1
a Average number of intersolute water in the fully wet st&t8olute- . * . —Tr—=
solvent potential energy/2. 0.0 01 . (("f"mol) 03 04
cC

; : ; ; ; ;. Figure 2. Plot of the relative fluctuation in the number of confined water
capillary evaporation alternating with condensation of water in molecules between the two solutgn)/n,, for the water-solute-I system

model poreg? and an |nte|im|ttent perme_atlon of cylindrical a5 a function of the attractive strength of the solute (bottom axis) or
nanopores by watéf:*3Partial occupancy is also common for  the solute-solvent &co) (top axis)

relatively nonpolar cavities on the interior of proteins.

It is interesting to observe (see Figure 1A) that the density for the dry statedcc = 0.1 kJ/mol) the gain in solutesolvent 2s4

curves for all three solutes pass near a common point C Whenmteractlon energy cannot compensate for the loss n H-baxsdl
energy, and thus water prefers to stay away from the intersobse

€ is varied. Near the origin, we observe that with increasing g _ S
size of the solute area, dewetting increases, that is, averagereglon into the bulk. However atc = 0.2 kJ/mol the gain in 287

density decreases as indicated by the downward arrow. This isa?gjéiasghl;m egi:jgi/hIjssvl:/];ﬁt(t:ilr?mistosgg??:?r?:;?a f:;;gse Io;ms
in accordance with earlier theoretical predictions on hard a9y 9 - 289

solutes>28 However, on the other side of the transition (right mggceulrg?;na;ﬁgﬁr:[]earts:)?it:vrirailgﬁ dbeer;ﬁltyacr)]r er:srgtrftr)lgf (\:\i/;:)r
side of the point C in Figure 1A), we do not observe any averaged quantity, may not beg oc,)d ordger arameter to folkma
microscopic dewetting with the increase in solute sizes. In fact, ged q Y, may g P

a closer look reveals that the average water density in this regionthe wetting/dewetting transition near a hydrophobic surfaees

increases slightly from the smallest solute to larger ones. This \I?:Tr?h rl1$ (ranxtf) erct(fatavtc; brenfslsomlatedCWllth TEUESI??;'a:(lﬂugtuzmm
apparent increase in the intersolute density with increasing solute. € number of water molecules. Lalculation of the Tiuctuatiass

k - - . - . . in the number of intersolute water molecules is necessar
sizes is due to a small increase in attractions in the mtersoluteva”date the observation of a phase transition especiall Wﬁgi
region which saturates with size for larger solutes. P P y

. . . finite-size scaling plays a role. 298
The transition from a dlry to.awet state in the case of medium Therefore, we have calculated the relative fluctuation in tbe®
and large solute plates is fairly sharp and occurs between the.

. instantaneous number of confined water molecn(®sas given 300
eccvalues 0.1 and 0.2 kJ/mol for the systems studied. However (B=as g

X o . 301
for the smaller plate this transition is not sharp, and the density

grows more gradually. A balance between the loss in energy az(n)/n _ (m(t)ZD— m(t)ﬁ)/m(t)D )
due to H-bond breaking and the gain in energy due to selute a
solvent attractive interaction dictates whether the intersolute gpq plotted the result in Figure 2 as a function of the attractise
region between the two solutes will be wet or not. strength parameter for system Il with the absolute fluctuaticss
In Table 1 we have tabulated solutsolvent interaction  2(n) in the inset. It is important to note that relative fluctuatiors4
energies for all the three solute sizes with tee values of 02(n)/nay (as well aso?(n)) in the low ecc region (up to 0.1 305
0.1 and 0.2 kJ/mol between which the transition occurs. We kJ/mol) as well as in the higher range are quite low, whereasia
have also tabulated the loss in H-bond energies and the averaggéne intermediate region ofcc = 0.1-0.2 kJ/mol, they are 307
number of water molecules accommodated in the wet state for strongly peaked, indicating that water occupancy fluctuationsis
the three solute sizes. We approximate the lost H-bond energya good measure of this phase transition. 309
by considering a loss of around 0.6 H-bonds per water molecule  The instantaneous behavior of water occupancy in the
near the soluté and a H-bond energy of 10 kJ/mol per hydrogen confined region also gives information about density fluctuatioss
bond. We estimate the total energy loss due to H-bond breakingthat change with respect to solute size. To normalize, we plat
by considering the number of water molecules accommodatedthe instantaneous number of water molecules per unit surface
in the case of the completely wet state for that particular solute area, pa(t)( = n(t)/A) for values of solute attraction on eachi4
size, that iSESS = Nyet x 0.6 x 10 kd/mol, wheré\ye is the side of the transition, that is, atc = 0.1 kJ/mol in Figure 3A 315
average number of water molecules accommodated in theagnd at a stronger attraction efc = 0.2 kJ/mol in Figure 3B 316
intersolute region in the completely wet state for a particular for all of the three solute sizes. In the case of the smallest sohite
plate size. We compare with half the solatolvent interaction (see top panel of Figure 3A), we see the intermittent emptyisig
energy to approximately compensate for only two of the four and filling of the intersolute region, whereas drying occurs fere
solute surfaces being of interest. In case of a small solute, eventhe other two larger solute sizes (see middle and bottom panets),
for ecc = 0.1 kJ/mol the gain in solutesolvent energy is more  where almost all the water molecules are pushed out within the
than the loss in H-bond energy, and that is why this state is not first 100 ps and the intersolute region never fills up again eze
completely dewetted. In the case of the other two larger solutes, the nanosecond time scale. In the stronger attraction case (Figege
3B), we observe that for each of the three solutes, tia

(42) fﬂi@sgaz'\_"f'cmonna' S.; Hansen J.ffhys. Re. Lett. 2002 89, 175502- instantaneous area densitigg(t) are fluctuating around thesss
(43) Maibaum, L.; Chandler, Dl. Phys. Chem. R003 107, 1189-1193. average densityy’ corresponding to a wet state. Fluctuatiorse
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oxygen in and around two type Il solute plates with an intersolute distance
of 10 A as a function of the distance perpendicular to the solute plates; a

t(ns) t{ns) purely repulsive WCA potential (solid) and with attraction parameger
Figure 3. Plot of the instantaneous variation in water dengiiit) in the = 0.1 kJ/mol (dotted). (B) The radial distribution functig(r) of a single
intersolute region for three solute sizes with solute attraction strengths (A) carbon atom in water, WCA (solid) and with attraction parameger=
ecc = 0.1 kd/mol and (Bfcc = 0.2 kd/mol. 0.3598 kJ/mol (dotted). (C) Same as in Figure 4A but for a single solute

plate in water and the dotted line corresponds to a stronger solute attractive
in pa(t) decrease with increasing solute sizes leading to slightly interaction taken to be the same as that in Figure 4B.

increasing average densities with increased solute size. Thuszq, the WCA repulsive solute, the density profile outside the
the effect of increasing solute sizes on intersolute dewetting plate is more like that of a liquievapor interface with a slow 363
acts in thg opposite direction in the region of more attraction to 5+ featureless growth over a large interfacial region. Yet, s
preferentially wet the pl.anes. . . the other case, with a finite solutevater interaction so smallsss

The effect of solute size on the wetting/dewetting at small 5 the intersolute region is dewetted, the density of waes

can be rationalized in terms of an effective repulsive potential g isige the plate displays the strong oscillations characteristic
the cavity expulsion potential (CEP) that arises between water ¢ liquids near walls and does not appear similar to thes
and the repulsive solute owing to the unbalanced attractive forcesg,ctureless liquitvapor interface. In this case, although naso
in water near a purely repulsive solute as compared to the*hulk. vapor layer has been formed around the individual solute 3as
The CEP increases with the increase of the solute size, becaus@uggested by the fully wet outside surface of the solute:
of more and more unfavorable interaction with a larger yeyetting in the intersolute region is observed. This demans
interfacial regior® However, when an attractive interaction gy ates that drying in the intersolute region does not necessarily
betvyge_n the solute and the water molecule is present, theproceed via the initial formation of a thin vapor layer aroundsa4
stabilizing effgct Qﬁsets the C;E?lﬁ.ln the present case, when single nanoscopic solute and is in fact a cooperative phenomema
solute attraction is smalle¢c is up to 0.1 kJ/mol), with an in some cases. 376

Ecrﬁase 'I” solutle size, an increase in CEP is not counterlt:))alanced The coupled effect of solute size and weak attractive selute77
y the solute-solvent attractive interaction. Hence we observe g ent interactions on the structure or spatial arrangementf

increasing (_jewetting wi_th an increase in solute size. For the water around a single hydrophobic solute can also be seenzin
case of a higher attractive strength of the SO',Ute,at%B (: Figure 4. The solutewater radial distribution function for asso
0.2 kd/mol and beyond) the soluteolvent attractive interaction single solute carbon atom in water is shown in Figure 4B withi

offsets the CEP. = , , two different interaction parameters for the solute atega;= 382

As discussed earlier, it has been propdstidt first a thin - 3598 | 3/mol corresponding to the AMBER force field of sps3
vapor layer is formed around a large hydrophobic solute in water .,y and a purely repulsive interaction as obtained by W&#
and whgn two such S,OIU'Fe,S come cloger Fo gach other, Correl"J‘tecﬁecomposition of the same LJ potential. It is important to notiggs
flugtuat|ons from the.lndlwdual solyfdqu|d mterfgces CauSes  that the water correlation hardly changes on going from repulsise
an intersolute dewetting and explains hydrophobic collapse. Oneq, tractive solute solvent interactions for this atomic solutess?
might thus expect a liquidvapor-like density profile outside 5 the present result (Figure 4B) as well as reported resests
of each solute plate whenever the intersolute region between,, gyl alkane hydratidhdemonstrate the validity of the vdWsso
them IS Qewgtted. To test this hypothesis we plot water ‘?'ens'ty picture for water around a small nonpolar solute: harstdgo
profiles in Flgyre 4A for the. Iargest. solute plates conS|de.red varying, purely repulsive interaction determines the overall shape
here fpr two qllfferent solute |nteract|9ns': the purely repulsive 4 magnitude of the density distribution (water structurede
WCA interaction as shown by the solid line and a very weakly qjoy1y varying attractions being a small perturbation to thes

attractive interaction witltcc = 0.1 kd/mol as shown by the  qera)l structure. In this picture we expect that slowly varyirsga
dotted line. In both cases the intersolute region is nearly dry.

(45) Gallicchio, E.; Kubo, M. M.; Levy, R. MJ. Phys. ChenR00Q 104 6271~
(44) Hummer, G.; Garde, $hys. Re. Lett. 1998 80, 4193-4196. 6285.
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ARTICLES Choudhury and Pettitt
395 attractive interactions have only a minor effé¢ on water formation of a vapor layer around an individual solute, is nouas
396 structure around a small nonpolar solute. If this assumption wasmechanistic description of the hydrophobic effect. We furtherr
397 true for water around larger solutes as well, one should not showed that chemically reasonable estimates of the interactien
398 expect that the behavior of water in and around larger nonpolar syrength for carbons such as those used in hydrocarbon intesez-
399 solutes with 'purely repulsivg interagtion would be different from < in biomolecular systems lead to a microscopically wet state
400 the same with realistic LJ interaction. However water correla-

and a hydrophobic interaction characterized by significast

401 tions at large Igng_th scale_s » as shown below, significantly dependbarriers to association and not by vacuum induced collapse. i
402 on the attractive interaction strength of the solute. L :
403 To get insight into the effect of solute dispersion interactions fact that thg solutesolvent attractive mteracuop strengtmg
404 on the water structure around a larger solute, we have calculatectOrrelates with a good order parameter for the drying transition
405 the singlet density distribution of water perpendicular to a 9ives a mechanism to relate many previous results. Indeedyzy
406 nanoscopic plate with and without dispersion interaction and modifying the attractiveness of the constituent solute atoms ane
407 compared them in Figure 4C. We used the same attractioncan expect to regulate the influx of water in nanopores assd
408 parameter as that of the solute atoms described in Figure 4B.nanoslits accordingly. This property could be used to construst
409 The density profile in Figure 4C clearly shows that the structure environments such as channels and nanosensors where gated
410 of water near the solute surface is significantly perturbed by water pores may be useful. The identification of the sotuteso
411 the attractive dispersion interaction of the solute. Thus although \y5ter attraction as a key determinant for the regulation ard
412 attractive dispersion interaction has a limited effect on the wat_er stability of water in the intersolute region for nanoscopic systems
413 _structure around a smalll nonpolgr sp!ute, when the solutg Slzesuggests amenable experimental studies. Thus the observatiens
414 is larger and polyatomic, the individually small attractive ¢ h d b d | ials with
415 solute-solvent dispersion interaction per atom may have a romt e presen_t.stu y can be useﬂto tallor new materials wit
416 significant effect on the solvent structure around the more desired wettability and permeability as well as understang
417 substantial solute. For the nanoscopic solutes considered herenvironments near protein surfaces. 466
418 we obgerve that addition of the vyeak attractive dispersion  Athough the common idea in liquid structure theory that4a7
419 interaction, of the order of a fraction déT, to the usual g1y varying attractive dispersion interaction has only a miness
420 repulsive core interaction of the solute atoms not only eliminates effec®46 on the solvent structure around a solute is true fam
421 the vapor interface for realistic estimates of its $izleyt affects . .
. . . . . . small solutes, it does not always hold in case of larger soluies
422 a dramatic change in density correlations preceding wetting. ) . .
193 The appearance of density waves, pulled-up outside a nano_and agueous solgtlons. The.behawor.ofwater nearas_ubstanuahly
424 scopic plate, occur at lower interaction strengths than are !2r9€ hydrophobic surface is determined by the detailed nature
425 required to obtain a wet state between such plates. While density2nd arrangement or topology of the solute atoms dictatedaby
426 waves are necessary for the wetting transition observed in theboth interactions and geomety#>3Hydrophobicity is a term 474
427 intersolute region of nanoscopic solutes as a function of the commonly used for describing the inter- and intramolecules
428 solute water attractive interaction, their presence is not sufficient. association propensity of alkane, alkene, and aromatic side
429 Our results with attractive mean-field atomic models is related chains in proteins and other biomolecular solutes in aqueaus
430 to that found using polarizability? solution. We find that characterizing the nature of the hydrers
431 It is important to note here that the intersolute cavitation ppopic effect at larger length scales with only repulsives
432 observed in many theoretical and computational investiga- jyteractions, neglecting weak dispersion interactions of t
433 t!0n55,6,15,27—31 with a repulsive descrlptlon of the solute _mterac- constituent solute atoms with solvents, yields a picture whigh
434 tions cannot capture and thus elucidate the mechanism of the, . -
. - is incomplete for realistic systems near the nanometer length
435 strong long-range attractive forces between macroscopically ) s
436 large plates, as observed in some surface force measuréfehts, scale such as proteins and lipid bilayers. 483
437 that extend over several thousands of angstrom in some*ases
438 to a few hundred angstroms in some ottérBroblems about Acknowledgment. David Chandler is acknowledged forss
439 surface composition and prohibitive computational requirements spirited discussions. We gratefully acknowledge NIH (Grams
440 due to size make it infeasible at present to computationally GM37657), the R.A. Welch foundation (Grant E-1028), ands
441 explore at atomic resolution the length scales and materials TIMES, funded by NASA Cooperative Agreement No. NC-1s7
442 relevant to such experimental investigations. 02038 for partial financial support of this work. The computass
443 Concluding Remarks tions were performed in part using the MSCF in EMSL, &9
444 We have demonstrated that the recent idea that cavitation innatlonal scientific user facility sponsored by.the U.S. DOExo
. ) . OBER, and located at PNNL, the NSF teragrid, and TLCCu491
445 the intersolute region of nanoscopic solutes, preceded by the
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