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We perform molecular dynamics simulations of the hydrophobic collapse of two paraffin plates to examine
how the collapse is mediated by realistic paraffimater attractive van der Waals forces. We explore several
aspects of the drying transition between the plates, including the critical separation for drying and the critical
size of the vapor bubble required for the nucleation of the drying event. We also investigate the kinetics of
hydrophobic collapse and find that the hydrophobic collapse occurs in about 100 ps. We compare these
results with the simulations with the platevater van der Waals attractions turned off and with recent results

on the hydrophobic collapse of multidomain proteins. Last, we discuss the relationship among the dewetting
transition critical distance, van der Waals potential well depth, and water contact angle on solute surface
using a simple macroscopic theory.

1. Introduction dynamics simulations of the collapse of a two-domain protein,
) o ) the BphC enzyme, into a globular structure which examined

Understanding the hydrophobic interaction has long been pow water molecules mediate hydrophobic collapse of pro-
recognized as the key to understanding many important prob-eins3+ | iquid water persisted in the interdomain region with a
lems;such as protein folding,® self-assembly of amphiphilés,  gensity 16-15% lower than in the bulk, even at small domain
gnd capillary evaporatlc.)7rf.lo Many biomolecules are _charaCter' separations. Water depletion and hydrophobic collapse occurred
ized by surfaces containing extended nonpolar regions, and thegy 5 nanosecond time scale, fully 1 or 2 orders of magnitude
aggregation and subsequent removal of waters between thesg|gyer than that found by simulation in the collapse of idealized
hydrophobic surfaces is believed to be crucial. It is now widely paraffin-like plates. When the electrostatic protewater forces
known that small hydrophobic solutes hydrate differently than \ere turned off, a drying transition occurred in the interdomain
large ones. Small solutes such as methane can fit into the Waterregion and the collapse speeded up by more than an order of
hydrogen-bond network without destroying much of the hy- magnitude. When attractive van der Waals forces were turned
drogen bond$}-'2whereas larger hydrophobic solutes induce off a5 well, the dewetting in the interdomain region became
reorganization of water moleculéd:**More interestingly,  more profound and the collapse became even faster. These
there might exist a drying layer as large as several water fingings show that realistic solutevater forces play a signifi-
molecules around strongly hydrophobic surfaces, as first sug-cant role in hydrophobic collapse. Clearly electrostatic forces
gested by Stillingef and then studied by many other pepween protein and water might be expected to be important.

QVOUPS@Q.’%ZB In theoretical studies of these important phe- | s jnteresting that the van der Waals attractions play an
nomena itis often useful to invoke simple macroscopic theories jmportant role as well.

or simplified computational modefs:16-19.21.24.250ne particular

such model is that the solutevater interaction is purely

repulsive?® Water dramatically reorganizes between such
particles as they are brought together, so much so that for
interparticle distances smaller than a certain critical distance,
D, there can be a spontaneous drying transition that is a cavity-
induced liquid-gas-phase transitiéhlwhere the interparticle five parallel n-CrgHss hydrocarbon chains in the all-trans

region _becomes devoid of wat€r.When the sol_utewater conformation, oriented parallel to the water interface. In this
interaction also has weak van der Waals attractions, the same

henomena are observed, although tBeris expected to b connection we mention the simulations of Jensen & af.
pheno 5629"" are observed, aithoug 2ns expected 1o be depletion around paraffin with the molecules oriented perpen-
smallef>2°the water depletion around single particles is either

. - . icular to the interface. In the present st f realisti raffin
diminished or disappears completédylt is of interest to dicular to the interface € present study of realistic para

. . o ) . lates we address the following questions.
investigate how sensitive drying and depletion are to the strengthp 94

of the solute-water attractions, especially for realistic solate (fi) G|ven_ Fhe stronger wat(_-:-p_late attractions, 1s there a
water attractiond233 drying transition for these realistic paraffin plates?

That attractive interactions can have a profound effect on (b) If there !S a dryin_g transition, v_vhat Is t_he critical size .Of
these phenomena is clearly illustrated by recent molecularthe vapor.cavnylnthe mterplate.reglon required for nucleatlon
of dewetting when the separation between the plates is ap-
proximately the critical separation?
* To whom correspondence should be addressed. . . .
* Columbia University. (c) For the realistic case of paraffin plates will we observe
8|BM Thomas J. Watson Research Center. the same kinetic mechanism for collapse that we observed for
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To better understand the role of attractive van der Waals
forces in hydrophobic collapse we extend our previous work
on simple plates to two paraffin plates interacting with realistic
van der Waals forces rather than the very weak forces in our
previous publications. To make contact with the previous #ork
we fit the Gay-Berne potential to explicit plates consisting of
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Figure 1. (a) Schematic diagram for the two paraffin plate system.
Each plate consists of five-CygH3s molecules. The coordinate system
is shown in the insert. (b) Schematic diagram for the two ellipsoids
system in which parametelBs or, ando; are defined. (c) The OPLSUA/
SPC paraffir-water potential (black) and the fitted Gaerne
potential (red) are compared in this graph. The OPLSUA/SPC pataffin

water potential curves correspond to moving a water molecule along

theT axis in thexzplane with an anglé away from one paraffin plate.
The Gay-Berne potential curves, on the other hand, are plotted from
eq 1 for each angl#. The anglesf are plotted every 4 from

0° to 9C°.

the idealized case where the plateater interaction was purely

repulsive. That is, do we see the region between the approachin

plates suddenly dry after which the plates quickly collapse?
(d) How do the kinetics of hydrophobic collapse depend on

whether plate-plate attractions are present or absent? Will the

collapse be significantly faster with platplate attractions on?

(e) When can we expect to see dewetting? For example, if
for a paraffin plate we see it, should we also see it for an equal-
sized graphite plate. Interestingly, macroscopic theory predicts

that we should not.

2. System and Methods

The paraffin plate in this study is fit from five-CigHsg

molecules which are aligned in parallel in one plane (the crystal

structure ofn-CygHss taken from Cambridge Crystallographic
Databas®), as shown in Figure 1a. Two such identical paraffin-
like plates are then solvated in SPC wafeThe Gay-Berne
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to the water-paraffin potential with angle = 0° (see Figure
la). The waterplate Gay-Berne interaction is taken to be

U

pw

4e[(od/(r — o(1:6) + 06) > = (ad/(r — 0(1:6) + 69) (1)

whereo(y;0) = on(1 — x cog 0) Y2 andy = (012 — odDloP.
%, 0, andop are the axial ratio and lengths of the oblate ellipsoid
along the major and minor axes, respectively (see Figure 1b);
0 is the angle between the major axis of the ellipsoid and the
unit vector pointing from the center of the ellipsoid to water’s
oxygen atom, as shown in Figure 1a. In the wajgate Gay-
Berne potential, the dependencesaih y and angled has been
fitted to a functiore = (0.9161— 0.5957/(H- e 0-99820(:)~9.8703))
with parametersr, oy, andop equal to 14.1, 3.2, and 4.6 A,
respectively. Both the best-fitted watgplate Gay-Berne
potential and the original OPLSUA/SPC watgraraffin po-
tential versus different anglésare displayed in Figure 1c. The
fitted potential curves reproduce the original force field
potentials reasonably well.

The Gay-Berne potential (see eq 1) is also used to fit the
interaction between the two paraffin platesando in eq 1 are
redefined” to be

—1/2

€=¢l — Xz(ul'uz)z] 2
and
B 1 [[P(uy + Ul | [P+(uy — w)P?])
7" 00(1 2 1+ x(uruy) " 1- X(Ul'uz)1) ®)

whereu; andu; are, respectively, the unit vectors along the
major axis of ellipsoid 1 and ellipsoid 2.is the unit vector
pointed from the center of ellipsoid 1 to the center of ellipsoid
2.y has the same definition as in eq 1. The fitted valuesof
on, 0o, andeg are 5.3 A, 4.2 A, 4.6 A, and 73.9 kcal/mol,

despectively, when the two paraffin-like plates are parallel.

In the following simulations a position restraint potential is
also applied to force the plates to remain parallel toXkey
plane

Vir = (U2)k, (6% + %) (4)

wherei labels each of the two points on the major axis of each
ellipsoid. The major axis of the ellipsoids was chosen to be
along the laboratory axis, andk, is the force constant, 5000
kcal/mol A2. In addition to this plane restraint force there is
another restraint applied to prevent the plates from diffusing
too far apart in kinetics studies
_ [ (©®—Dy° for D> D,
V= ®)
0 for D = D,

potential is used for the interaction between the ellipsoidal plateswhere D is the distance between centers of the plakes=
and water (oxygen atom of water) and between the two 1 kcal/A8, andDy was chosen to be 20 A in this constraint.

plateg®37-3° with parameters determined by a similar procedure
described elsewheré:38:3°

The OPLSUA force field is first adopted for theCigHzs
molecules® The CH; and CH groups are modeled as uncharged
Lennard-Jones(LJ) particles. For the GHjroup ocnschs =
3.905 A andecpschz = 0.175 kcal/mol. For the CiHgroup
OcHzcH2 = 3.905 A aanCHZCsz 0.118 kcal/mot® The mass
of each plate is chosen to be the mass of fiv€gHzs
molecules. The GayBerne water-plate interaction is then fit

The simulations were performed at constant temperature
(298.15K) and pressure (1 atm) with Nedeoover chain
(NHC) thermostats and an Anderserdoover-type barost&t*?
using the program SIME The RATTLE* algorithm was used
to constrain the internal geometry of the water molecules, and
the particle-particle particle-mesh Ewald methd&*was used
to treat long-range electrostatic interactions. A box with 2048
water molecules was first equilibrated for 150ps, then the
ellipsoids were introduced, and the overlapping water molecules
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were removed. A series of simulations were performed to study &a.
both the thermodynamic and kinetic behaviors of the paraffin
plate water system.

One caveat that should be noted is that NPT MD introduces
fictitious dynamics both from the temperature and pressure
control. New fictitious degrees of freedom are introduced with
corresponding kinetic energies, fictitious masses, and fictitious
frequencies. These influence the time scales and can affect the
rate processes observed. We are presently studying these issue
Preliminary work comparing NPT and NVE ensembles suggests
that kinetic time scales in the NPT dynamics can be different
than in a suitably equivalent NVE ensemble, but the kinetic
mechanisms might be very similar. For drying dynamics we
are comparing the NPT ensemble to an NVE ensemble in which
the plates are dispersed in a sheet of water surrounded by vapo
on either side. Thermodynamic and structural equilibrium b.
properties are expected to be the same for the two ensembles

3. Results and Discussion

Itis known from previous simulations as well as macroscopic
theory thatD, the critical separation for drying between the
plates, will decrease as the strength of the van der Waals
attractive interaction is increasélFor example, for parallel
cylindrical plates it has been shofirthat when the contact
angle, 0., for water in contact with the plate is obtude, [
cos6. (with similar results for parallel oblate ellipsoidal plates
(Gay—Berne plates)). Since the contact angle decreases as the
strength of the attraction between water and the plate increases
D. should also decrease. For sufficiently strong attractions we
thus expect. to eventually become acute, at which point no
drying transition will occur. In fact, for obtuse contact angles
close to 90 drying may be possible in principle but not in
practice because the predicteggets so small that steric effects
will not allow a layer of water to fit between the plates. Drying
is thus very sensitive to the strength of the attractive forces.
For example, at room temperature the contact angle of water
on graphite is known to be acute so that, if macroscopic theory
is valid down to such small separations, drying should not occur.
What is the situation for paraffin, the quintessential waxy
hydrophobic substance? In a previous pé&peve studied
fictitious Gay—Berne plates in water, but we chose arbitrary
parameters for the force field which in retrospect correspond
to a much weaker watetplate attraction than for paraffin. Our
previous work correlated very well with the predictions of
macroscopic theory both f@. and for the free energy barriers t=0ps
to nucleation of a vapor bubble in the drying phenomenon. Here
we focus on simulating something akin to real paraffin, although Figure 2. (&) Snapshots corresponding to the time evolution of the
the Gay-Berne model, fit as we describe above, may still be a system with an interplate distance bf= 7 A. The two-dimensional

L . o o . . projections of the two-plate system in SPC water are used. Red dots
significant oversimplification. In addition, the foregoing discus- correspond to the positions of water oxygen atoms. Water molecules

sion is predicated on the validity of macroscopic theory, a theory ohscuring the solute (i.e., those water molecules in which the absolute
that may well breakdown at some point for the small systems value of theY coordinate, which in this case is perpendicular to the
described in this paper, despite the fact that our foregoing resultsprojection plane, is greater than 4 A) have been removed. The system
on idealized plates seem to correlate with macroscopic theory. Starts from both dry and wet initial configurations. (b) Same projections

t=100ps t=200ps

Two 200 ps simulations with different initial conditions were as part a with an interplate distanbe= 9 A. (c) Same as part a with
launched for each given interplate distarizdrom 6.5 to 15
A, one simulation with water initially filling the interplate region
(“wet” initial condition) and the other with water initially
removed from this region (“dry” initial condition). Results for
interplate distance® = 7, 9, and 11 A are displayed in Figure
2a, b, and c, respectively. In the simulationf= 7 A with
wet initial conditions (see the first row of Figure 2a), large
fluctuations were observed in the region between the plates. At
about 100 ps a large cavity forms in this region. The system
then dries, and it remains dry for the rest of the simulation.

an interplate distanc® = 11 A

When dry initial conditions are deployed instead, the system
remains dry for the entire 200-ps simulation (see the second
row of Figure 2a). Thus, the dry state is found to be the
thermodynamically more stable state i< 7 A. In the current
systemD = 6.4 A is the smallest interplate distance for which
one layer of water molecules can fit sterically between the two
plates. When the interplate distaribe> 11 A, the “wet” state
becomes the thermodynamically more stable state, as shown in
Figure 2c. In this case, when the system starts from the “dry”
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Figure 3. (a) (far left) Initial water configuration in the region between
the two plates. Water molecules in the cylindrical region with radius

r = 11 A between the two plates are projected onXeplane. Each

ball corresponds to the position of a water oxygen atom. This initial
configuration was prepared with a cylindrically shaped vapor cavity
with radiusr = 3 A. The other three figures display the time evolution

of the simulation system. Projections were constructed in the same way

as in Figure 2. (b) Same as part a with cavity radius 4 A. Figure 4. (a) Snapshots corresponding to the time evolution of the
system which has no direct interaction between the two plates. In the

initial condition, water quickly refills the interplate gap in about first row projections were constructed in the same way as in Figure 2.
100 ps. When the system starts from the “wet” initial condition, Plates were constrained so they could only move along teection.
it remains wet for the entire 200-ps simulation. For cases with 'n€ initial interplate distance & = 9 A. The second row shows the
D ranging from 7 to 11 A, hysteresis is observed in the 200-ps shapshots of the water configuration in the region between the two
) ) . X e z plates. (b) Interplate distand2 (the distance between the centers of
run, that is, simulations starting from “wet” initial conditions  the two ellipsoids in A) as a function of simulation time.
remain wet and simulations starting from “dry” initial conditions
remain dry (see Figure 2b). Large fluctuations are also observedmeans that the “wet” and “dry” states are separated by a free
in all of these simulations. We conclude that the critical distance energy barrier. The system can stay in either of the two states
for paraffin plates, of the size studied and under the thermo- for a long time until activated. To determine which state is the
dynamic conditions simulated, lies somewhere in the range thermodynamically more stable state for a given separation near
7A <D, =< 11 A D = D, a long MD simulation would be required to generate
The simple macroscopic thedPypredicts, and simulations  enough statistics to determine the probabilities of the “wet” and
confirm, that there are free energy barriers for the transitions “dry” states.
wet — dry and dry— wet. These barriers can become quite Despite the attractive wateplate van der Waals interactions
large atD ~ D.. Thus, it is not unexpected to observe hysteresis in paraffin, we observe a drying transition, as expected from
in the paraffin plates. When 7 & D < 11 A, fluctuations are macroscopic theory with the experimental contact angle for
observed for plates started from the “wet” initial condition and paraffin. The question now is will we observe the same two-
small vapor cavities arise and regress in the interplate regionstep mechanism for hydrophobic collapse that we previously
but the system still remains partially wet. In order for the system observed for the idealized hydrophobic plates with purely
to pass over the free energy barrier to become “dry”, vapor repulsive plate-water interactions? That is, does the interplate
cavities of a critical size must grow to nucleate the dewetting region suddenly dry before the plates collapse? To answer this
of the interplate region. A series of 100-ps simulations were question we generated eight molecular dynamics trajectories
performed to study the critical size of the vapor cavity at each starting at an initial interplate distancelbf= 9 A and
differentD. Initial configurations were prepared with different each of length 100 ps. The initial configurations for these eight
sized cylindrically shaped vapor cavities between the two platestrajectories were taken at intervals tof= 20 ps after the first
(radiir = 3, 4, ..., 11 A) and with an interplate separation fixed 40 ps from the previous 200 ps trajectory for plate separation
atD = 7.5 A. In the simulation withr = 3 A, as shown in fixed atD = 9 A (as shown in the first row of Figure 2b). In
Figure 3a, it takes about 10 ps for the water to fill up the cavity these simulations the direct platplate interaction is turned off.
and the system stays wet for the rest of the simulation. When Plates were only allowed to move along theaxis and also
the initial cavity sizer is increased to 4 A, the cavity grows precluded from drifting apart to distance larger than 20 A
and the interplate region dries in about 100 ps, as shown in (approximately one-half of the box length). In six of the eight
Figure 3b. When the cavity sizeis greater than 4 A, the  100-ps trajectories the plates just diffuse around the initial
interplate region dries. These results indicate that for an separation, sometimes even diffusing apart. Since plates do not
interplate distanc® = 7.5 A, the critical vapor cavity radius  directly interact with each other in these simulations, the motion
for the nucleation of a vapor bubble and thus for the wedry of the plates is only driven by their hydrophobic response to
transition is between 3 @ A for plates of radius 14.1 A. the solvent. Presumably the plates would collapse if the
The critical cavity size. is also computed for other interplate  trajectories were continued beyond 100-ps simulations for some
distances. WhebB = 8.5 and 10.0 Ar. is found to be between  of these trajectories. In the remaining two trajectories the two
4 and 5 A and between 6 and 7 A, respectively. WBen 11 paraffin plates do indeed collapse. Each of these later two
A, rc does not exist because even if a vapor cavity as large astrajectories were then extended for an additional 200 ps to
the entire interplate region is initiated, the system still returns generate more data. Snapshots as time progresses are shown in
to the “wet” state. The existence of a critical vapor cavity radius Figure 4a, where it can be seen that initially there is more than
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] Figure 6. Critical distance versus the radiusy of the ellipsoid plates

with different water contact angle. The curves are predicted from
) macroscopic theory.

are executing forced diffusion under an attractive force (de-

scribed by the Smolochwski equatfdn Thereafter a two-

K 20 2 & 8 100 dimensional bubble forms and grows with no observable
ime (e regression. The remainder of the collapse looks very similar to

Figure 5. (A) Snapshots corresponding to the time evolution of the ; ;
system which has direct interaction between the two plates. In the first Fhe case when there is no attractive force between the plates,

row projections were constructed in the same way as in Figure 2. Plates-&~ & avity grows and reaches critical size, the region dries,
were constrained so they could only move alongzteection. Initial and the plates fully collapse. In all of the eight trajectories this
interplate distance wad = 9 A. The second row shows the snapshots Whole process takes about-5000 ps, again between two to

of the water configuration between the two plates. (B) Interplate distance three times faster than in the case of the noninteracting plates.
D (the distance between the centers of the two ellipsoids in A) as a The attractive interaction between the plates speeds up the

function of time. diffusion of the plates to the critical separation and results in

a monolayer of water between the two plates. As time progressedhydrophobic collapse for all eight trajectories, while in the
bubbles arise but then regress until a large enough bubble formscorresponding simulations for plates without ptapéate inter-
at approximately = 220 ps, and then the full drying transition ~ actions, only two out of eight were observed to collapse in the
takes place between the two plates. Thereafter the two platesgiven simulation time. Clearly, if the attractive platplate
collapse quickly and come into contact. Figure 4b shows the forces are strong enough, vapor cavities might be forced to form
time evolution of the p|atep|ate separation Corresponding to rather than arising from SpontaneOUS thermal fluctuations.
the snapshots in Figure 4a. During the period when the bubbles It is interesting to note that both the critical distance and the
arise and regress the separation between the two plates diffusegollapse time of the paraffin-like plates are similar to the two-
aroundD = 7.2 A, but because of the stronger paraffinater domain protein BphC when the proteiwater electrostatic
attractions the behavior is somewhat slower compared to theinteraction is turned off} even though the protein system is
idealized plates. In the case of the idealized plates the critical much more complex. In the two-domain protein case with the
separation is larger and it is easier to observe the two-speed-proteinr—water electrostatic interactions turned off (Turnoffl
like collapse than when attractions are present. Furthermore,option in ref 34) the critical distance is found to be between 7
the simple macroscopic theory might be more applicable for and 9 A and the two-domain collapse time is approximately
the idealized plates than for the realistic paraffin plates becausel50 ps.
more water molecules fill the interparticle gap in the former From the foregoing simulations a simple picture emerges.
than in the later (where only a monolayer of water is involved). Drying-induced collapse occurs between waxy plates such as
In the foregoing simulations the plates interact with water paraffin. Will it be seen in graphite under similar conditions in
but not with each other. How do direct interactions between which liquid water coexists with its vapor? It is interesting to
the plates alter the time course of the collapse? To answer thisnote that in recent computational studies by Hummer and co-
we repeat the foregoing simulations by including the Gay workers of water inside a carbon nanotube and by Pettitt and
Berne plate-plate interactions where the parameters were co-workerd®4° of water between two graphite-like plates
determined as outlined in section 2. Starting from the same eightdewetting was not observed. In these studies the sofdivent
initial configurations as described above (i.e., without direct attraction is approximately 2 times stronger than in our paraffin-
plate—plate interactions), we find that in all eight trajectories like plates and approximately 4 times stronger than in our
the two plates collapse in less than 100 ps. The result for a previous work on idealized hydrophobic plafsvith the same
typical trajectory is shown in Figure 5. Comparing the snapshots fitting procedure as described in section 2, the well depth in
here with those of Figure 4 we see that when the plates attractthe Gay-Berne potential will be-1.83,—0.91, and-0.42 kcal/
each other directly the collapse speeds up. Initially the plates mol for graphite plates, paraffin plates, and previous idealized
are separated by more than one monolayer of water. In plates, respectively). As mentioned earlier, a simple macroscopic
approximately 30 ps they become separated by essentially onlythermodynamic model based on Young's equation allows one
one monolayer of water. This process is much faster, by almostto approximately predict the critical distance for dry#¥grhis
a factor of 3, than in the earlier case where the plates do notcritical distance depends on the size of the ellipsoidal plates
interact with each other. This is probably because the two platesand the contact angle between the plate and water. Figure 6
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gives plots of the critical distand®. versus the radius of the ~ TABLE 1. Existence of the Dewetting Phenomenon for the
plate for different contact angles predicted by macroscopic Graphite-like Systems with Various Solute-Solvent
theory. For a given plate siz&s, D. decreases as the contact Interactions

angle gets smaller. The larger the contact angle, the greater will equivalent well depth of
be the critical distance. On the other hand, the larger the €cc €co  waterplate interaction _
case no. (kcal/mol) (kcal/mol) (kcal/mol) dewetting

attractive interaction between the plates and water, the smaller.

will be the contact angle. From this plot it can be seen that for 1 0.0860  0.1156 —1.83 no
small, yet obtuse, contact angles, that is, for large values of the % 8'8221 8-8328 :i-i’g Rg
LJ parametel;t,_the critical d|stanc§ can _be _too small to allow 4 0.0299 0.0682 ~1.09 no
for any dewetting. Clearly, dewetting will disappear when the g 0.0269 0.0647 ~1.02 a
critical distance is too small to even allow one layer of water 6 0.0240 0.0611 —-0.97 yes
to fit into the interplate region at the critical separation. ; 88?%8 8-82;2 —g-gé yes
Interestingly, Lundgrefi et al. i - - - yes
aly, greti et al. recently studied the water contact 9 0.0054 0.0290 —oas Yes

angle versus the Lennardones potential well depthbetween
the solute and solvent. They also calculated the contact angle °In this case water dewets and then refills the interplate region during
for the graphite surfaceé). = 83°, which agrees well with the ~ 500 Ps simulations.

el':gpenmental value .Oﬂch: 86", ag_ acuthe ant_act a_ﬂgle. For  solute-solvent attractions we also perform a series of simula-
this case macroscopic theory predicts that drying will not ocCur iqns with previously studied all-atom graphite systé#igin

for any sizg graphite plates. Two graphite monolayer plates mustgpc \ater using different watecarbon interactions. Each
be approximately at least 6..2 A apar.t.to accommodate one Iayergraphite plate has 170 carbon atoms with @ bond lengths
of water..Thus, no dewetting transition should be observable ¢ 1 4 A, and the size of the plate € 14 A) is similar to the
for graphite plates. On the other hand, the contact angle will be 4 afin plate described in Figure 1a. The interplate distance is
about 113 for our paraffin-like plates from Lundgren’s data  fiveq to be 6.8 A, but the strength of the watglate interaction
(Figure 8 in ref 50), which gives a critical distance of about 5ries. A series of 500-ps simulations starting from “wet” initial
~7 _A, in_excellent qualitative agreement with our above cqngitions is performed for different watecarbon interactions.
findings. The contact angle will further increase to about®148 Tne results are displayed in Table 1. No drying was observed
for the previous idealized full-potential hydrophobic plates, and \ith the normal graphite potentfdl(case 1 in Table lscc =
the predicted critical distance 613 A also agrees very well o 086 kcal/mol andco = 0.1156 kcal/mol), which is consistent
with our previous findings from computer simulatighFor with the above contact angle analysis and previous simulatfons.
purely repulsive hydropho.bllc pla.tes the coptact angle will then Tpe equivalent GayBerne potential well depth of the water
approach 180 and the critical distance will be even greater graphite plate interaction is estimated to be abelit83 kcal/
for the same plate size. Thus, in conclusion, the nonexistencemgl. The reason we use the GeBerne well depth for
of drying in carbon nanotubes or graphite-like plates is probably comparison is because we cannot simply compare the van der
because they attract water much more strongly than the paraffinyaalse.c alone due to the different compactness of C atoms
plates, with a resulting wategraphite contact angle near90 iy graphite or paraffin moleculesC atoms in graphite are more
and a very small critical distance (if one exists) that cannot compact than those in the paraffins. However, when the water
accommodate even one layer of water molecules. Needless tQ:arhon interactiorco is decreased to 0.0611 kcal/mekg =
say, the macroscopic theory is likely to break down for the 0.024 kcal/mol), dewetting is observed in a 500-ps simulation
prediction of small critical distances because so few water (case 6 in Table 1). When the waterarbon interaction is even
molecules are involved. weaker, the system will always dry. Interestingly, the Gay
Finally, we simulate all-atom paraffin molecule plates Berne potential well depth of the paraffin plate is abe@t91
containing five GgHzg molecules as shown in Figure 1a. Here kcal/mol, which is equivalent to case 7 in Table 1. Dewetting
the molecules in the plates are taken to be parallel to the-plate is expected and also observed in this case, a result consistent
water interface instead of perpendicular to the interface as in awith the conclusion drawn from the paraffin plate simulations.
recent publicatioR® At each interplate distand® (defined as It is interesting to note that whetxo = 0.0647 kcal/mol the
the closest distance between the nucleus of C atoms in the twosystem first dries and then wets (water refills the interplate
paraffin molecule plates) two 500-ps simulations are performed region) during the 500-ps simulations. A much longer simulation
with “wet” and “dry” initial conditions, respectively. The critical ~ also shows the system fluctuates between the “dry” and “wet”
distance range for this molecule plate system is found to be states, indicating tha? = 6.8 A is roughly the critical distance
between 6.9 and 7.5 A. Whéh < 6.9 A, a complete dewetting ~ for the graphite system withcc = 0.027 kcal/mol (case 5 in
is observedD = 6.4 A is the smallest distance for water to fit Table 1).
between the two molecule plates sterically. This observation is
consistent with the results of the fited GaBerne plates 4. Conclusion

described above. The critical distance range for this system, pMolecular dynamics simulations of two Gaperne paraffin
6.9A =D = 7.5A, is somewhat smaller than that in the fitted pjates in water are consistent with there being a critical distance
Gay-Berne plates system, 7 & D =< 11 A. This difference D such that when the plates are brought together closer than
in D range may be due to the rough surface of the all-atom p_ spontaneous drying takes place. This conclusion is based
paraffin plates made by five 1gHss molecules. The troughs  on the following observations. For plate separatibns 7 A
between paraffin molecules in each plate form more attractive (with plates fixed in space), the system starting from both “dry”
regions for water molecules to occupy, which might effectively and “wet” initial conditions ends up in the “dry” state. On the
reduce the upper bound of the critical distance. These troughsother hand, whe® > 11 A, the final state is always observed
can act as “traps” for water molecules for > 7.5 A, as g be the “wet” state, regardless of the initial condition. For
observed in the trajectory movies. separations close to the critical (7A D < 11 A), hysteresis

To investigate the sensitivity of dewetting to the strength of is observed, i.e., starting from “wet” initial condition the system
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remains wet, and starting from “dry” initial condition the system (6) Hummer, G.; Garde, S.; Garcia, A. E.; Pratt, L. Ghem. Phys.

. _p 4 : . ; 200Q 258, 349-370.
remains dry. This is consistent with macroscopic thédwyhich (7) Luzar, A; Leung, KJ. Chem. Phys200Q 11X14), 5836-5844.

predicts that the free energy barrier between the “wet” and “dry” gy | oyng, K': Luzar, AJ. Chem. Phys200q 11314). 5845-5852.
states will be large when plate separation is close to the critical ~ (9) Leung, K.; Luzar, A.; Bratko, DPhys. Re. Lett. 2003 90(1—4),
distanceD.. Simulations show that when the system is prepared 655?5- Lum KL A Phvs. Re. E 1997 566). 62836286

with a large enough cavity inside the interplate region it can gllg P:wéali',’c.l;ﬂ;ar\b, . )ése.rnee,'B.J].Ch'emG.(P)ﬁySL979 L 2082
more easily cross the free energy barrier and dry. For example,,qqg.
the critical cavity sizes corresponding to interplate distances (12) Pangali, C.; Rao, M.; Berne, B.J.Chem. Physl979 71, 2975.
D =7.5, 8.5, and 10 A are found from simulation to be between 10&12)74},/\5/?2?\3?' A.; Gallicchio, E.; Levy, R. MJ. Phys. Chem. B00J,
3 and 4 A, between 4 and 5 A, and between 6 and 7 A, “Tp U7 I e b | Rads, Protein Chem2002 62, 263-
respectively. Simulations on all-atom paraffin plates display the 319,
same features as seen in the G8grne plates. (15) Stillinger, F. H.J. Solution Chem1973 2, 141.

In the kinetics of collapse of the two paraffin-like plates the _ (16) Huang, D. M.; Chandler, DI. Phys. Chem. B002 106 2047~
plgpes fifst diffuse together to near the Iowgalr estimate of the (1%) Lum, K.; Chandler, D.; Weeks, J. D. Phys. Chem. B999 103
critical distanceD. =~ 7 A. Then a drying transition takes place, 4570-4577.
expelling the last layer of water, at which point the plates 835178) Huang, D. M.; Chandler, DRProc. Natl. Acad. Sc200Q 97, 8324
pompIeFer collapse. This happens with and without attractive (19) Wolde, P. R. T.. Sun. S. X.: Chandler, Phys. Re. E 2001 65,
interactions between the plates. When the plates attract eachy; 1,51
other the initial diffusion process is biased by the attractive force,  (20) wolde, P. R. T.; Chandler, [Proc. Natl. Acad. Sci2002 99,
so that the plates get close faster, but after that the kinetics of€‘>5?>29I6?343’>it L RA Re. Phvs. Chem2002 53 406436
collapse look very similar for the attracting plates as for the gzzg T;?ar’]quer’ \??%Xt:t;y’ DYS\'M. (e:rr?em.zphy’slggs 103 3686~
nonattracting plates. The overall collapse is a factor of between 3695
2 and 3 times faster for the interacting paraffin plates than for  (23) Bratko, D.; Curtis, R. A.; Blanch, H. W.; Prausnitz, J. MChem.
the noninteracting plates. Phys.2001, 115 3873-3877.

Another important finding, both from macroscopic theory and (22‘;3) Ashbaugh, H.; Paulaitis, M. Am. Chem. S0@001, 123 10721~
simulation, is that the drying phenomenon is critically sensitive (25)' Truskett, T. M.; DeBenedetti, P. G.; Torquato,JSChem. Phys.
to the strength of the platevater attraction oe. In our previous 2001, 114, 2401.

study?® as well as the present study we find that the critical 12((123)7 ;99_”5792&'\/'- O.; Mouritsen, O. G.; Peters, GJHChem. Phys2004
separation for drying dramatically decreases &sincreased. (27) Huang, D. M.: Chandler, TPhys. Re. E 200Q 61, 1501-1506.

For large enougfe the contact angle of water on the surface  (28) Huang, D. M.; Geissler, P.; Chandler, D.Phys. Chem. 2001
becomes acute. In this regime macroscopic theory predicts thatl05 6704-6709. _ _

the critical separation for drying is zero and no cavity-induced zoéégioguiggéé; 1’\1'3;)98“"5 C.J.; Berne, B.Rroc. Nat. Acad. Sci. U.S.A.
liquid—vapor phase trarjsmon should occur. This is predicted (30) Beard, D. R.: Atltard, P.; Patey, G. N. Chem. Phys1993 98,
to be the case for graphite plates, no matter how large they are.7236-7244.

When the attractive interaction between graphite and water is  (31) Patey, G. NBer. Bunsen-Ges. Phys. Cheh896 100, 885-888.

ine i _ (32) Hummer, G.; Garde, $hys. Re. Lett. 1998 80, 4193-4196.
scaled down, dewetting is observed, as expected from macro (33) Chau, P. LMol. Phys.2003 101 31213128,

scopic theory. We do observe drying in relatively small paraffin (34) Zhou, R.: Huang, X.. Margulius, C. J.; Berne, BSEience2004
plates because the paraffizvater attractive interaction is 305 1605-1609.
sufficiently weak that the contact angle is obtuse. In addition,  (35) Allen, F.Acta Crystallogr.2002 B58 380-388.

; ; (36) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.;
the time scale for drying slows down as the strength of selute Hermans, J. Itntermolecular ForcesPullman, B., Ed.;: Reidel: Dordrecht,

water attractions increase. Holland, 1981.
(37) Gay, J.; Berne, B. J. Chem. Phys1981, 74, 3316.
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