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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 water

The mechanism of the hydrophobic effect is an issue of and ot_her SOIVen&_’H.ZOf particular importance for the current .
fundamental chemical interest. The explanation of the hydro- study is the quantification of Igngth sgale depgndent hydrophqblc
phobic effect between solutes or within a flexible solute is of effects with r_espec_t to varying the interactions of water with
relevance to a variety of processes. In this paper we identify the solute. Widely different views have emerged from numerous

three different regions of solutevater interaction that are  Previous studies and there is no consetsas yet. Some

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 interactions of

interaction characterize the fluctuations in water occupancy: dry, the solute’ Categorizing the universality of dewetting in terms
oscillating, and wet. It is the chemically relevant interaction Of solute size and interaction strength is thus of interest.
strengths inducing these different states that we wish to quantify

here. (7) Giovambattsta, N.; Rossky, P. J.; Debenedetti, PPIys. 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, gy s2001
of the main driving forces in the aggregation of biological 114, 2401-2418.

. . . . . (9) Ashbaugh, H. S.; Pratt, L. R.; Paulaitis, M. E.; Clohecy, J.; Beck, T. L.
assemblies in water, the precise role of water in the process is ™ g hammEp 005 127, 2808-2809.

still debated.~* Recent work has sought to unify the phenom- (10) ssziggh, S.; Houston, J.; van Swol, F.; BrinkerLlaie 2006 442, 526~

enon of macroscopic dewetting to microscopic hydrophobfcity. (11) Poynor, A.: Hong, L.: Robinson, I. K.; Granick, S.; Zhang, Z.; Fenter, P.
. ) A. BilkGmiBamgii 2006 97, 266010.

Early worl§ by Patey and.colworkélshowed that fpr a Lennard (12) BroomemICen. 2007 126 044501,

Jones fluid near vapetliquid coexistence, cavitation can be (13) Ball, P.Nafure 2003 423 25-26.

; i 1 afii (14) Lee, C. Y.; McCammon, J. A.; Rossky, P. s1984 80,
ot_)serve(_j if t.he fqu |s_conf|n_ed t_)etween two |nf|n|tef hard walls. 44454455, Lee. S. H.: Rossky, P. O 00, 3334
Since this pioneering investigation, numerous studies have been 3345,

(15) Wallquist, A.; Berne, B. Jjaikiifanisia@i 995 99, 2893-2899.
(16) Chandler, DNature 2005 437, 640-647.
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(2) Tanford, CThe Hydrophobic Effect: Formation of Micelles and Biological Yasuoka, K.; Ebisuzaki, T.; Yoo, S.; Zeng, X. @. Chem. Phys2005
MembranesJohn Weiley: New York, 1973. 123 204707-1+204707-7.
(3) Pratt, L. R.; Chandler, D. (it <1977 67, 3683-3704. (18) Hummer, G.; Rasaiah, J. C.; Noworyta, JNBLure 2001, 414, 188-190.
(4) Pratt, L. R.; Pohorille, . 2002 102 2671-2692. Ashbaugh, (19) Sansom, M. S. P.; Biggin, P. Qlatiite 2001, 414, 156-159.
H. S.; Pratt, L. R 2006 78, 159-178. (20) Ashbaugh, H. S.; Paulaitis, M. immSimip ©001, 123 10721
(5) Lum, K.; Chandler, D.; Weeks, J. Silisniiasey 8999 103 4570 10728.
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7244, 7063-7068.
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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 to
studie&81422 can be classified into three main categories. One drying or wetting.
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 watet’-1>1%When The rigid planar solutes used in this study are made up of carbon
two such solutes come close enough to each other, fluctuationsatoms modeled as Lennard-Jones (LJ) particles with dianveter
in the individual solute-vapor interfaces expel remaining water 3.4 A placed in a graphitic lattice with carbesarbon bond lengths
molecules from the intersolute region leading to a dewetting of 1.4 A. The carborrcarbon LJ energy parametesc is varied from
induced collapse of the solutes. 0.3598 kJ mat!, corresponding to the 3pcarbon atoms in the
t biomolecular Amber force fiefd to essentially 0. The point at= 0

A quite different perspective on hydrophobicity allows a we
d Persp yarop Y is obtained from the WeeksChandler-Andersen (WCA) decomposi-

but atomically narrow region contgining as littl? as asingle 2-D tion.2® Water is modeled by the standard SP&/&site potential. In
layer or even 6_‘ 1-b molecu!ar chain of Water_W|th some se+u_te most of the cases, two solute plates are placed at the middle of a water
solvent attraction!1820-4This leads to a barrier to the associa- oy at an intersolute separation of 6.8 A which is the solvent separated
tion or dissociation of the solutes when planes are near contact.minimum in the potential of mean foréThis minimum corresponds
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 purposes,
barrier between the contact and solvent separated 3tates. a single solute carbon atom is also considered.

Recently it has been demonstratethat for atomic models of Ewald molecular dynamics simulations in isotherrriabbaric (NPT)
water, the transition from the solvent separated to the contactensemble were used to sample the water configurations. Seliatier

pair state of nanoscopic solutes with dispersion attraction is interactions,Us(r), were represented by the LJ interaction between
entropy driven. It is not substantially enthalpy driven as expected ¢aPon atoms and the oxygen atoms of water.

from the H-bond energy loss perspectidhis is also evident " .

from the analogous nonagueous system considered by Patey and U, (r) = 4e; (ﬁ) _ (ﬁ) ] (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
intermediate picture with the possibility of liquicdvapor 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 selute
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,
are obtained fronaco = (ecceoo)¥? andoco = [occ + 0od)/2. Further
details of the simulation methods have been given elsewhekt.
Qimulations were run for 1 ns or longer.

We use molecular dynamics simulations in the NPT ensemble
to avoid potential constant volume artifacts. With that we
consider the hydration of nanoscopic, rigid, rectangular graphene
plates of several different sizes, namely, (a) solute-I, made up
of 28 carbon atoms (with edge to edge van der Waals (vdW)
o ) AR _span or diameter of 10 A), (b) solute-ll, made up of 60 carbon

One of the objectives of the present investigation is to unify a1oms (15 A diameter), (c) solute-lil consisting of 180 carbon
the contrasting previous literature results by identifying two 4ioms (24 A diameter), and (d) a single carbon atom. Given a
governing parameters. Considering a single, ideal_ geome_tri.c constant topology for the solute, variation of the soluteter
arrangement of the splute a}toms, here we show, via atom'§t'cinteraction will characterize the effect of attractive potential
molecular dynamics simulation, how the apparently contrasting jnieractions on the wetting behavior of the nanoscopic hydro-
views of hydrophobicity described above can be reconciled with phobic materials.

gach other by (_:onside_ring the response of water to variat?o!’]s Consider the behavior of water in the intersolute region of
in solutejwater mteracthns and solute sizes. We trace the origin the first three systems as shown in Figure 1. In order to follow
of the disparate behaviors by a_nalygmg the response Of. thethe wetting-dewetting behavior in the intersolute region, we

system to the solutewater attractive dispersion interaction in use a traditional order parameter (and its fluctuations): the

the case of a range of nonpolar sglutes SIZES. ) average density calculated as the average number of intersolute
Arguments based on the energetic cost of breaking the H-bond,,,aar moleculesh(t)Uper areaA, of the solute platep?, =
1 av

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

bllon:acrolrrlolecules.. tsquh a mi::hamsm rellc;:s (t)k? drylrltgt.at a 710 investigate the effect of the attractive strength of the solute
singie solute-vaporntertace as the precursor for i€ cavitalion ;0 action we have varied the carbecarbon LJ energy

in the intersolute region. In the present investigation we therefore parametekcc from 0.3598 kJ mol%, corresponding to the 3p

|r_1ve|st|ga:et poss]:ble cor(;e_lattl)ortl, i anty, betvx;een drTyrllng zt a; to small values near 0. The extreme case of purely repulsive
single solute surtace ana in between two suriaces. ne elleCtSiq 4 ction we denote as= 0 is obtained through a Weeks

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. Vi@ ?006 110, 8459-8463. Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P.
(24) Waghe, A.; Rasaiah, J. C.; Noworyta, J. P.; Humme jsiniaitaiiiy S - A. im0 d.995 117, 5179-5197.
2002 117, 10789-10795. (26) Chandler, D.; Weeks, J. D.; Andersen, HJQiangel 983 220, 787—794.
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eog (KJ/MOI)

(A) 0.0 0.26 0.36 0.44 o.51|
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slits or pores has been reporf&dlhe critical temperature of
the vapor-liquid phase diagram was shown to decrease with
the increase in the attractive wallvater interaction. These
seminal works did not deal with finite-sized spaces or pores,
which are relevant to hydrophobic biomacromolecular assembly.
Using finite methane plates, however, Koishi etfafound
cavitation at an intersolute distance of 11 A during a particular
N o1 02 03 54 expansion process, but not in the corresponding contraction
®) £ (kJ/mol) process. This hysteresis could be due to equilibration problems
since, as noted, in the expansion process there was a preexisting
nanobubble and such a system may reside in a metastable state
for a relatively long time. The drying at arodr? A in that
study does not show hysteresis. Considering the size parameters
used in this study for methane and water LJ potential, it appears
that the drying observed @ A is due tosteric constriction much
as in our earlier study of graphene plates beneath &5ltis

'\MMMWW

£6¢ = 0.150 (¢,,=0.3123) kJ/mol

0.0 0.5 1.0 1.5 2.0

("CC

1(ns) important to note that the hydration study of a methane cluster
Figure 1. (A) Plot of the average number of water molecules per unit area by Ashbaugh et 29 shows a pronounced wetting at the
of the solute platgs, as a function ofcc (bottom axis) oreco (top axis) nanoscopic solute surface. As we shall see below, the present

for three different solute sizes. The solute-| with two 28-atom plates is shown tudv 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 study demonstrates the existence or completely dry, intermit-

line and the solute-I1l (180-atom plates) system is shown by a dotted line. tently wet-dry, and completely wet intersolute states for a range

(B) Plot of the instantaneous number of confined water moleco(§s of sizes of nanoscopic solutes simply by varying the setute
between the two solute-Il plates vs time in nanoseconds for two different water attraction

attraction strengths of the solute atom. . . . .
Moving from e = 0, a purely repulsive interaction, to an

increase in solute attraction yields a number density which
increases sigmoidally to a value corresponding to a completely

points investigated we use eq 1.
) A ) wet state and does not change much thereafter. The wet state
In Figure 1A, we ploto}, as a function of the solutesolute was observed in many other recent studf8;2133which

or equivalently, solutesolvent attractive interaction parameter .qnsidered an atomistic description of solute and solvent with
€j. The LJ interaction parameters for water were unchanged regjistic model potentials. Simulations of a one-dimensional
through out all the simulation runs. For the purely repulsive chain of water molecules inside a carbon nanoti@clusters
interaction, we have found dewetting in the intersolute region of 5 few water molecules inside a nonpolar caityg, monolayer

for each plate size considered. For all solute plates consideredof water between two planar solut8sand wetting of methane
here, we see that intersolute water density increases monotoniclusterd? fall into this category. Experimental evidence for the
cally with solute-solvent interaction until it reaches the existence of water inside weakly polar cavities in protein
completely wet state. For the larger solutes, we observe a distinctinterior$>-3%lso corroborate this picture. Studies on the be-
sigmoidal behavior consistent with a first-order-like vapor  havior of water near hydrophobic graphitic materials from recent
liquid phase transition with the increase in attractive setute experimental literatur&4!indicate that water may atomically
solvent interaction. The larger the plate, the steeper the sigmoidalwet a graphite surface, which is macroscopically water shedding.

Chandler-Andersen (WCA) decompositid. For all other

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

indicating a dry state or vapor phase. We note this range of Of the instantaneous number of water molecuds in the
interaction parameter is smaller than found in typical empirical intersolute region as shown in Figure 1B fafc = 0.125 to
force fields for protein-hydrocarbon side chains and lipits. ~ 0-150 kJ/mol reveals that the intersolute region oscillates
Water behavior in this zone of solutsolvent interaction is between a wet and a dry state. This behavior resembles that of
reminiscent of that observed in many earlier studies where either™Many recent investigations such as the transitions for water in
a hard sphere model or a vdW model with a very small attraction @ Carbon nanotub&>* with reduced solutewater interaction,
for the solute was consider@8:152731As mentioned, Patey and (32) Brovchenko, I: Geiger, A; Oleinikova, {2004 120 1958
co-workers first observédhat in between two, infinite, hard 1972. )

(33) Choudhury, N.; Pettitt, B. 1.2005 31, 457—-463.

walls even a simple LJ fluid near bulk-phase coexistence can (34) vaijtheeswaran, S.: Yin, H_%_ C.; Humme ambintbmns’.

i iti i i 2004 101, 17002-17005.
unde.rg(.) a dewetting tranS|t|qn. Recently a Slmu!at!orl study on (35) %ﬁl\ r_M._ Gronenborn, A. M.; Clore, G. M.; Casper, D. L. D.
the liquid—vapor phase coexistence of water in infinitely long .A.999 96, 103-108.
(36) Ernst, J. A,; Clubb, R. T.; Zhou, H. X.; Gronenborn, A. M.; Clore, G. M.
DfifiGaekini /1995 267, 1813-1817.
(27) Huang, X.; Margulis, C. J.; Berne, _./RDOS (37) Otting, G.; Liepinsh, E.; Halle, B.; Frey, \iniiitssaisiie! 1997 4,
100, 11953-11958. 396-404.

(28) Huang, D. M.; Chandler, 2002 106, 2047-2053, (38) Garcia, A. E.; Hummer, NN <000 38, 261
(29) Huang, D. M.; Chandler, .R00Q 97, 8324~ 272.
8327. (39) Zhou, R.; Huang, X.; Margulis, C. J.; Berne BS8igaee?004 305 1605
(30) ten Wolde, P. R.; Chandler, (GG 00> oo 16009.
6539-6543. (40) Schrader, M. Epuiniiifanimia@im198Q0 84, 2774-2779.
(31) Walqvist, A.; Gallicchio, E.; Levy, R. Ml. Phys. Chen2001, 105 6745~ (41) Luna, M.; Colchero, J.; Baro, A. Miilisnsiissees B 999 103 9576—
6753. 9581.
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Table 1. Interaction Energies Balance (kJ/mol) for Different £ (KJ/mol)
Solute—Solvent Systems 250.00 0.26 0.36 044 051
. —
solute type Dyl B Er €cc Ew? I 2
20
solute-I 5.8 34.8 0.1 —54.2 L E®
0.2 -96.1 . o
solute-I| 15.2 91.2 0.1 —59.8 0 ——
02 _1774 00 01 02 03
solute-lll 485 291.0 0.1 —-171.6 oo (kiimol)
0.2 —540.1
S —_)

a Average number of intersolute water in the fully wet st&t8olute-

solvent potential energy/2. 0.0 0.1 0.2 03 04

£ (kd/mol)

; : ; : ; ;. 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 soluté¥n)/n,, for the water-solute-1l system

model pores? and an inter_mittent perme_ation of cylindrical  as a function of the attractive strength of the solute) (bottom axis) or
nanopores by waté:*3Partial occupancy is also common for  the solute-solvent éco) (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

interaction energy cannot compensate for the loss in H-bond

curves for all three solutes pass near a common point C Whenener and thus water prefers to stay away from the intersolute
€ is varied. Near the origin, we observe that with increasing 19y, P Y y S
region into the bulk. However atc = 0.2 kJ/mol the gain in

size of the solute area, dewetting increases, that is, aVeragesolute—solvent energy is sufficient to compensate for the lost
density decreases as indicated by the downward arrow. This is 9y P

in accordance with earlier theoretical predictions on hard H-g(?‘ndr:nergry, ant(}:’il t:"tﬁ Wf/tt'rng |sdsenenit|n Tﬁsfngafe?'w ter
solutes>?8 However, on the other side of the transition (right € may argue that the average densily or numboer of walte

side of he pont C in Figure 14), we do no abserve any TSCES 1 16 ersoie regon bong n erser (ime)
microscopic dewetting with the increase in solute sizes. In fact, gedq Y, may 9 P

a closer look reveals that the average water density in this regionthe. wgttmg/dewettlng transmpn near a hydrophqblc surfage,
increases slightly from the smallest solute to larger ones. This Wh'Ch Is expected to be associated with a ;ubstanhal fluctua_non
apparent increase in the intersolute density with increasing solute!" the number of W_ater molecules. Calculation Of. the fluctuation
sizes is due to a small increase in attractions in the intersolute'" t.he number of mtgrsolute water mOIeC.u.leS IS necessary to
region which saturates with size for larger solutes. validate the observation of a phase transition especially when

The transition from a dry to a wet state in the case of medium finite-size scaling plays a role. . L
and large solute plates is fairly sharp and occurs between the. Therefore, we have calcula_ted the relative fluctuatlo_n in the
eccvalues 0.1 and 0.2 kJ/mol for the systems studied. However Instantaneous number of confined water moleca(gsas given
for the smaller plate this transition is not sharp, and the density
grows more gradually. A balance between the loss in energy oz(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 5ng plotted the result in Figure 2 as a function of the attractive
region between the two solutes will be wet or not. strength parameter for system Il with the absolute fluctuations
In Table 1 we have tabulated solutsolvent interaction  42(n) in the inset. It is important to note that relative fluctuations
energies for all the three solute sizes with teg values of 02(n)/ng, (as well aso?(n)) in the low ecc region (up to 0.1
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, whereas in
have also tabulated the loss in H-bond energies and the averaggne intermediate region ofcc = 0.1-0.2 kJ/mol, they are
number of water molecules accommodated in the wet state forstrong|y peaked, indicating that water occupancy fluctuation is
the three solute sizes. We approximate the lost H-bond energya good measure of this phase transition.
by considering a loss of around 0.6 H-bonds per water molecule  The instantaneous behavior of water occupancy in the
near the solut and a H-bond energy of 10 kJ/mol per hydrogen confined region also gives information about density fluctuations
bond. We estimate the total energy loss due to H-bond breakingthat change with respect to solute size. To normalize, we plot
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 each
size, that iSESS = Nyet x 0.6 x 10 kd/mol, wheréNye is the side of the transition, that is, agc = 0.1 kJ/mol in Figure 3A
average number of water molecules accommodated in theagnd at a stronger attraction efc = 0.2 kJ/mol in Figure 3B
intersolute region in the completely wet state for a particular for all of the three solute sizes. In the case of the smallest solute
plate size. We compare with half the solat®lvent interaction (see top panel of Figure 3A), we see the intermittent emptying
energy to approximately compensate for only two of the four and filling of the intersolute region, whereas drying occurs for
solute surfaces being of interest. In case of a small solute, eventhe other two larger solute sizes (see middle and bottom panels),
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 on
completely dewetted. In the case of the other two larger solutes, the nanosecond time scale. In the stronger attraction case (Figure
3B), we observe that for each of the three solutes, the

(42) Allen, R, Melchionna, S.; Hansen J. iliumieiegif. 2002 89, 175502- instantaneous area densitigg(t) are fluctuating around the
(43) Maibaum, L.; Chandler, Djilissmiliasmm 2003 107, 1189-1193. average densityy’ corresponding to a wet state. Fluctuations
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(A) £.,=0.10  kJ/mol (-B) sCC=0.20 kJ/mol 2 )
(sco=0.255 kJ/mol) (£5,=0.361 kJ/mol) < F '.-". 5'-.'
0.16 N1 i1 i
Q K: :r
0.12 " 4
0 M (] " L " 1 "
0.08 -20 - 0,
2
0.04 (B)
0.00 51}
0.12 [
0 1
0.08 0 2 4 o 6
r(A)
0.04 |
Medium sp© i
0.00 1 1 1 1 & 2 ..“‘
i\ d :. .\ -
+ H
0 " L 1
0.08 0 2 4. 6 8
004 b z(A)
Large Figure 4. (A) The normalized single particle densip(2)/po of water
0.00 0.00 T e i i i i
0.0 02 04 06 08 1.0 00 02 04 06 08 10 oxygen in and arom_Jnd two type 11l solute plates_wnh an intersolute dlstant?e
t(ns) t (ns) of 10Aasa function of the (jlstancg perpendmular to _the solute plates; a
purely repulsive WCA potential (solid) and with attraction parameger
Figure 3. Plot of the instantaneous variation in water dengjiit) 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 (B¥cc = 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. Thusq, 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
acts in thg opposite direction in the region of more attraction to 54 featureless growth over a large interfacial region. Yet, in
preferentially wet the pllanes. . . the other case, with a finite solutevater interaction so small
The effect of solute size on the wetting/dewetting at small 5 the intersolute region is dewetted, the density of water
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 the
and the repulsive solute owing to the unbalanced attractive forcesg;, ,tureless liquietvapor interface. In this case, although no
in water near a purely repulsive solute as compared to the*hulk. vapor layer has been formed around the individual solute as
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 ye\etiing in the intersolute region is observed. This demon-
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 around a
stabilizing effgct Qﬁsets the C;Efiﬁ.ln the present case, when single nanoscopic solute and is in fact a cooperative phenomena
solute attraction is smalle¢c is up to 0.1 kJ/mol), with an in some cases.
increase in solute size, an increase in CEP is not counterbalanced 1,4 coupled effect of solute size and weak attractive selute
by the solute-solvent attractive interaction. Hence we observe g ent interactions on the structure or spatial arrangement of
increasing dewetting with an increase in solute size. For the \, .o around a single hydrophobic solute can also be seen in

case of a higher attractive strength of the sol_ute_ataja (: Figure 4. The solutewater radial distribution function for a
0.2 kJ/mol and beyond) the soldtsolvent attractive interaction single solute carbon atom in water is shown in Figure 4B with
offsets the CEP. two different interaction parameters for the solute atega;=

As discussed earlier, it has been propdsbat first a thin () 3598 | 3/mol corresponding to the AMBER force field of sp
vapor layer is formed around a large hydrophobic solute in water ., hon and a purely repulsive interaction as obtained by WCA
and Wh?n two such s_quFe_s come clos_er Fo gach other, Correl"J‘te%lecomposition of the same LJ potential. It is important to notice
flugtuatlons from thellndlwdual solyfdqu|d mterfgces CaUSes  that the water correlation hardly changes on going from repulsive
an intersolute dewetting and explains hydrophobic collapse. One, aeractive solute solvent interactions for this atomic solute.
might thus expect a liquidvapor-like density profile outside 5 the present result (Figure 4B) as well as reported results
of each solute plate whenever the intersolute region between,, gmaj alkane hydratidhdemonstrate the validity of the vdw
them IS (_jeWt_etted. To test this hypothesis we plot water ‘?'ens'ty picture for water around a small nonpolar solute: harshly
profiles in Flgyre 4A for the. Iargest. solute plates conS|dered varying, purely repulsive interaction determines the overall shape
here fpr two Q|fferent solute |nteract|(.)ns.: the purely repulsive 4 magnitude of the density distribution (water structure),
WCA interaction as shown by the solid line and a very weakly g1y varying attractions being a small perturbation to the

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

(45) Gallicchio, E.; Kubo, M. M.; Levy, R. VinikiSmisa@?000Q 104 6271
(44) Hummer, G.; Garde, {Siitasinaaingii 1998 80, 4193-4196. 6285.
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attractive interactions have only a minor effé¢f on water formation of a vapor layer around an individual solute, is not a
structure around a small nonpolar solute. If this assumption wasmechanistic description of the hydrophobic effect. We further
true for water around larger solutes as well, one should not showed that chemically reasonable estimates of the interaction
expect that the behavior of water in and around larger nonpolar srength for carbons such as those used in hydrocarbon interac-
sr:)Iutes with .p#relylrepulfj]v.e mtera(':tlon;vould be different frolm tions in biomolecular systems lead to a microscopically wet state
t. e same with realistic LJ interaction. owever y\_/ater CoIela” and a hydrophobic interaction characterized by significant
tions at large length scales, as shown below, significantly depend, . . .

A ; barriers to association and not by vacuum induced collapse. The
on the attractive interaction strength of the solute. L .

fact that the solutesolvent attractive interaction strength

To get insight into the effect of solute dispersion interactions ) . -
on the water structure around a larger solute, we have calculatedOrrelates with a good order parameter for the drying transition

the singlet density distribution of water perpendicular to a 9ives a mechanism to relate many previous results. Indeed, by
nanoscopic plate with and without dispersion interaction and modifying the attractiveness of the constituent solute atoms one
compared them in Figure 4C. We used the same attractioncan expect to regulate the influx of water in nanopores and
parameter as that of the solute atoms described in Figure 4B.nanoslits accordingly. This property could be used to construct
The density profile in Figure 4C clearly shows that the structure environments such as channels and nanosensors where gated
of water near the solute surface is significantly perturbed by \ater pores may be useful. The identification of the sotute
the att_racti\_/e dispers_ion inte_raction of t_he_ solute. Thus although \yater attraction as a key determinant for the regulation and
attractive dispersion interaction has a limited effect on the wat_er stability of water in the intersolute region for nanoscopic systems
§tructure around a smalll nonpolgr sp!ute, when the solute_ Slzesuggests amenable experimental studies. Thus the observations
is larger and polyatomic, the individually small attractive . . .
from the present study can be used to tailor new materials with

solute-solvent dispersion interaction per atom may have a ) - -
significant effect on the solvent structure around the more desired wettability and permeability as well as understand

substantial solute. For the nanoscopic solutes considered here€nvironments near protein surfaces.
we observe that addition of the weak attractive dispersion  although the common idea in liquid structure theory that a
|nteri31(?t|on, of the order ‘f’fha frallctlon diT, to thle lf.su.al slowly varying attractive dispersion interaction has only a minor
repuisive core mteractlonq t. € S0 ute atomg not only eliminates effece®46 on the solvent structure around a solute is true for
the vapor interface for realistic estimates of its Szt affects . )

small solutes, it does not always hold in case of larger solutes

a dramatic change in density correlations preceding wetting. . . .
g Y P g g and aqueous solutions. The behavior of water near a substantially

The appearance of density waves, pulled-up outside a nano- ; ) . .
scopic plate, occur at lower interaction strengths than are large hydrophobic surface is determined by the detailed nature

required to obtain a wet state between such plates. While density@nd arrangement or topology of the solute atoms dictated by
waves are necessary for the wetting transition observed in theboth interactions and geomefty%>3Hydrophobicity is a term
intersolute region of nanoscopic solutes as a function of the commonly used for describing the inter- and intramolecular
solute water attractive interaction, their presence is not sufficient. association propensity of alkane, alkene, and aromatic side
Our results with attractive mean-field atomic models is related chains in proteins and other biomolecular solutes in aqueous
to that found using polarizability: . ~ solution. We find that characterizing the nature of the hydro-
It is important to note hgre that the |ntersqlute cavitation phobic effect at larger length scales with only repulsive
observed in many theoretical and computational investiga- jyteractions, neglecting weak dispersion interactions of the

i ,6,15,2731 \pji i inti i - . . . . .
tion® with a repulsive description of the solute interac constituent solute atoms with solvents, yields a picture which

tions cannot capture and thus elucidate the mechanism of the, . .-
. . is incomplete for realistic systems near the nanometer length
strong long-range attractive forces between macroscopically . o
scale such as proteins and lipid bilayers.

large plates, as observed in some surface force measuréféhts,

that extend over several thousands of angstrom in some*@ases
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