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Based on MP2 level electronic structure calculations of the binding energy and lowest energy conformation
of water—acene complexes [Feller, D.; Jordan, K.D.Phys. Chem. 200Q 104 (44), 9971-9975], three
water—graphite model potentials are suggested and tested in grand canonical Monte Carlo simulations of the
behavior of water confined between two parallel graphite sheets. It is shown that the thermodynamics and
structure of the watergraphite interfacial region are extremely sensitive to the range and orientation dependence
of the model potential. This casts doubt on the results of previous molecular dynamics simulations using
orientation-independent potentials and standard atomistic force fields. All of the three suggested potentials
predict that the water monolayer compressed between two parallel graphite surfaces does not experience
capillary evaporation and offers only slight resistance to shear. This explains why water can serve as a lubricant
in the friction of graphitic carbons.

1. Introduction (3S) representation, depending on whether the hydrogen atoms
) . . are assumed to take part in the interaction. The atatom

The interaction of water with carbon molecules has attracted jhteractions are described by pairwise Lennard-Jone<2p
considerable attention in recent years. This is partly associatedpotemia|s_ The only exception is the molecular dynamics (MD)
with the practical interest in carbon nanotubes (CNT), which gimyjation of the scattering of water molecules from grapHite,
have much promise in biosensor technology and other applica-yhere an electrostatic interaction was added between the point
tions involving water.”* The water-CNT systems have also  qyadrupoles on the carbon atoms and the point charges on the
been the subject of a number of fundamental studies aimed atyater atoms. In a later studyhowever, the inclusion of the
exploring the structural and phase behavior of water at the glectrostatic term was found to be insignificant.
nanometer scate Another reason for the growing interest in The 1S-type watercarbon potentials were used in the
the water-carbon interaction has to do with the well-known  siecular dynamics (MD) simulations of both the wat@NT
effect of environmental humidity on the friction and wear of 5.4 water-graphite systems. Thus Walther efand Werder
graphitic carbon&® This effect is usually attributed to the et al1° employed the MD technique to simulate the properties
adsorption of water by the third-body layer of aggregated wear ot \yater outside and inside CNT, respectively. The same authors
debris. Itis believed that the adsorbed water acts as a lubricantgy gied the wetting behavior of water on graphite as a function
between the rubbing surfaces of the graphitic particles, thereby ¢ the carbor-oxygen potential well depthHummer et ak!
enhancing the lubricating properties of the third-body layer. gimyjated the dynamics of water inside CNT and observed
Experimental measurements of the amount of adsorbed water,n,syal pulselike transmission of water molecules through CNT.
show that water is effective in lubricating carbecarbon One more MD simulation of the wateC€NT system based on
contacts when the water coverage of wear debris is close 10 aine 15 watercarbon potential was reported by Koga et'al.,
monolayer This finding, however, is at variance with the hq found the formation of ordered ice nanotubes inside CNT.

common view that graphite is hydrophoBiicOnce it is The 3S watercarbon potential was employed in the MD
hydrophobic, one might expect that water would experience gjmylation of the waterCNT system by Noon et a3 where

capillary evaporation when confined between graphite surfaceshe ordering of water inside CNT into helical ice sheets was
separated by a distance of one or two molecular diameters. pseryed. Another application of this potential was reported by

Another point to be understood is whether the water monolayer \yerder et al8 who simulated the water contact angle on graphite
can act as a lubricant between the graphite surfaces. In othekq, three selected sets of the potential parameters.

W0rd§z is the cgupling between the water monolayer anq .the The parametrization of the available watearbon potentials
confining graphite surfaces small enough to ensure a negligible ,< peen recently reviewed by Werder et ahe weakness
shear stress? . o common to all parametrizations is, in our view, an overestimated
The understanding of the watecarbon interaction is of  transferability of the potentials between different systems. This
particular importance for computer simulation studies of the refers, for instance, to the molecular watearbon potential
water-carbon systems because the results of computer simula-ysed in refs 9, 10, and 14, where the-@ atom-atom
tions are in general strongly dependent on the model potentialsinteraction parameters were borrowed from the Bejateele
used. In computer simulations, the interaction energy betweenpotentiats derived from the adsorption of molecular oxygen on

water and carbon molecules is usually represented as the sunyraphite. In other words, it was implicitly assumed that the
of site—site interaction$=14 The interaction sites of the carbon oxygen atoms in water and in molecular oxygen are Sim“ar,

molecule are centered on the carbon atoms, whereas the watejyhich is certainly not so in view of a very specific behavior of
molecule is treated in either a single-site (1S) or a three-site yyater in the intermolecular interactions. The same criticism
applies to the watercarbon potentials constructed on the basis
* To whom correspondence should be addressed. of “universal” force fields such as CHARMM and AM-
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Figure 1. Equilibrium orientation of a water molecule near graphite
surface: (a) MP2 level ab initio calculatidh{b) 1S model potential;
(c) 3S model potential with parameters from CHARMM force fi&d.
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BER96}7 whose calibration included no system where the
specific water-carbon interactions could be probed.

In view of surprisingly little experimental data on the
interaction of water with carbon molecules, of great significance
are the relevant ab initio electronic structure calculations. Quite
recently, Feller and Jord&thave published MP2 level ab initio
results for the interaction of a water molecule with a series of
acenes up to §H.4. The estimated binding energy of the water
molecule to single-layer graphite proved to A& = —5.8 +
0.4 kcal/mol, which is substantially lower than the model
potential predictions ranging from1.7 to —4.3 kcal/molt920
Moreover, the ab initio estimate fa&E is about twice as low
as the threshold value dfE for a complete wetting of graphite
by water AE ~ —3 kcal/mol), as found in the MD simulations
of a water droplet on graphitdor a number of 1S-type and
three 3S-type (612) potentials. That is, according to the MD
simulation result$,the ab initio estimat&\E = —5.8 kcal/mol
is at variance with the experimental observation of nonvanishing
water contact angles on graphffe2* On the other hand, it is
important to note that the threshold AE = —3 kcal/mol was
derived in the MD simulatiorfausing a very restricted range of
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potentials of the 3S type result in preferable orientations which
differ from the symmetric one by a tilt of the HOH plane.

In our recent Monte Carlo simulati&hof the behavior of
water near model solid surfaces, we have found that the orienting
effect of the surface on the adjacent water molecules has a
profound influence on the structure and energetics of the water
solid interface. In view of this finding, the inability of the
available model potentials to describe the orientation dependence
of the water-carbon interaction makes questionable the intrigu-
ing results of the recent MD simulatidds!3 concerning the
structure and dynamics of the wateENT systems.

In the present work, we consider three trial watgraphite
potentials, one of the 1S type and the other two of the 3S type.
All three potentials well reproduce the MP2 calculation results
for AE and the equilibrium separation of water from the graphite
surface. In addition, the 3S-type potentials both recover the MP2
prediction for the equilibrium orientation of the water molecule
with respect to the surface normal. The three potentials are tested
in grand canonical Monte Carlo (GCMC) simulations of the
behavior of water confined between two parallel single-layer
graphite sheets. The simulation results are compared with the
little that is known experimentally about the thermodynamics
of the water-graphite interaction. The shear behavior of water
confined between the graphite surfaces is also explored to gain
a better understanding of the effect of water on the friction and
wear of graphitic carbons.

2. Method

2.1. Interaction Potentials.As repeatedly discussed in the
literature26.2” the treatment of the interaction of molecules in
terms of the interaction of their constituent atoms is quite a
rough approximation, which suffers from a few conceptual
drawbacks and which has received wide use mainly for the
reason of computational simplicity. The associated atatom
potentials do not have exact physical meaning and can be rather
regarded as certain “basis” functions in an analytical representa-

potential types, and so it cannot be generalized to potentials oftion of the true intermolecular potential. With this consideration

another form. It will be shown in the following that the

thermodynamics of the wategraphite interface are not uniquely

determined by the magnitude AE. Examples will be presented

of how different water-graphite potentials with exactly the same
AE may well result in quite different interfacial tensions and
wetting behavior.

Another disagreement of the ab initio MP2 calculation
resultd® with the predictions of the model potentials concerns

the preferred orientation of the water molecule near the graphite

surface. According to the lowest energy watacene conforma-
tion found in the ab initio calculatiori§,a water monomer forms
a kind of single hydrogen bond with graphite, with one OH

in mind, we treated the atoratom potential parameters in a
purely formal way, ignoring, for example, the intuitive view
that the O--C atom—-atom interaction should be stronger than
the H--C one and hence the-©C potential well depth should
be larger than that of the-HC potential. To keep the water
graphite interaction model computationally inexpensive, we
restricted ourselves to inverse power ateatom potentials

ol ] mzann

wheree andd are the depth and position of the potential well,
respectively. No explicit orientation-dependent terms were

€
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Prmn(r) =

bond pointed toward the graphite surface, as shown in Figure incorporated in the total wateigraphite potential. The orienta-

la. None of the watergraphite model potentials available in

tion dependence arose in 3S-type potentials just due to the

the literature can, however, reproduce such an orientation. Thus presence of three different force sites on the water molecule.

the 1S watergraphite potential depends only on the-@

All the atom—atom potentials were used in the energy-shifted

separation and it cannot distinguish between different water form:28
orientations at all, regardless of the potential parameters used.

(This is illustrated in Figure 1b by showing the water molecule
in some arbitrary orientation.) The 3S potential is orientation

r<r

(pm,n(l’) - (pmfn(r(‘)! c (2)

0, r=r,

o(r) ={

dependent, but the water orientations predicted with the available

parameter sets have little to do with that found in the ab initio
MP?2 calculatiort® For example, the model potential based on
the CHARMM force field® predicts a symmetric water orienta-

tion, with the water dipole moment directed perpendicularly to
the graphite surface (Figure 1c). A similar orientation is
predicted by the Marcoviet al* model potential that includes

the electrostatic chargegquadrupole terms. The other available

wherer. is the cutoff radius. The magnitude fwas taken to

be 7.2 A, which is equal to that used in calculating the Lennard-
Jones contribution to the watewater interaction energy. That

is, the range of the watemwall interaction included only two
hydration layers near the graphite surface. For comparison, a
cutoff of 10 A was also tested. The associated changes in the
lowest energy conformation of the complex proved to be
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TABLE 1: O---C and H---C Atom—Atom Potential Parameters Fitted To Reproduce Binding Energy and Lowest Energy
Conformation of Water/Single-Layer Graphite Complex

model doc, A €oc, keal/mol Moc Noc duc, A €nc, keal/mol Muc Nhc
1S 3.645 0.450 6 12
3Sa 3.85 0.184 6 12 2.143 1.105 8 12
3Sb 3.9 0.093 8 14 2.2 1.988 10 16

insignificant, whereas the observed increase\l could be  potential should predict a positive wategraphite interfacial
easily compensated for by the respective scaling of the potentialtensionys, with a magnitude on the order of several tens of
well depths. For a 1S-type {612) potential, for example, the  dynes per centimeter.

increase iM\E on going fromrc=7.2 A torc = 10 A could be Whereas the available estimates fbrand ys, point to a
recoyered by a~15% increase in the ©C well depth, while limited water affinity of the graphite surface, the observation
keepingr. at 7.2 A. of stable water films of monolayer thickness between graphite

The parametrization of the wategraphite potential was made  particle$ suggests that the water affinity of graphite is high
using a trial-and-error procedure, by testing various sets of enough to prevent the water films from capillary evaporation.
potential parameters in recovering the asymmetric conformation The existence of these mutually opposite conditions provides a
of the water-single-layer graphite complex, as depicted in good test for the watergraphite model potential.

Figure la. (Recovering\E = —5.8 kcal/mol involved no Because of the high computational cost of GCMC simula-

difficulties—this could be easily done by scaling the potential tions, our test was restricted to three model potentials, whose

well depthseoc andepc.) parameters are listed in Table 1. The parameters correspond to
The test of a trial potential involved minimization of the AE = —5.8 kcal/mol, but they can be easily modified to

interaction energy of the wategraphite complex as a function  reproduce any desiredE by appropriately scaling the well
of three translational and three rotational parameters describingdepths. The 1S potential in Table 1 is of the usual Lennard-
the position and orientation of the water molecule over the Jones form. Its well positiodoc was borrowed from Jaffe’s
graphite surface. A lowest energy conformation was regarded 1S potentiaP® which was quoted by Werder et %hs the one
as acceptable if the deviation of the-® bond direction from that reproduced the MP2 prediction fAE. The value quoted
the surface normal did not exceed®Ehd the separation of the  for eoc (0.31 kcal/mol§ is, however, noticeably less than our
water oxygen atom from the graphite surfalg, was between  result. One possible reason is that our calculations use the-atom
3.0 and 3.2 A. Inasmuch as the focus of our work was on the atom potentials in the energy-shifted form, as given by eq 3.
effect of the orientation dependence of the potential, no attemptBecause of the presence of a positive energy shift of
was made to reproduce the MP2 prediction for the lateral —g,_(ro), our model potential requires a largex to reproduce
position of the water molecule. Initially, we tried to describe the same\E. The necessary increaseedsc is obviously larger
the O--C and O--H atom—atom interactions using Lennard- the smaller the cutoff radius.. Another possible reason for
Jones (6-12) potentials. It turned out, however, that the required the difference ircoc between our model and Jaffé?’snodel is
asymmetric conformation of the wategraphite complex was  that the latter seems to refer to the graphite crystal and not a
better reproduced with shorter ranged potentials, particularly single layer as in our work. Inasmuch as the second and deeper
for the H--C interaction. graphite layers make a perceptible contribution to the water
As is typical of parameter fittings based on a limited database, graphite binding energy~0.6 kcal/mol for the Jaffe potential),
the solution of the parametrization problem was not unique: the sameAE can indeed be reproduced with a smadege.
There existed a number of parameter sets which reproduced the In addition to recovering the MP2 prediction fa&tE, the
MP2 results equally well. To make the choice of potential three-site models 3Sa and 3Sb in Table 1 both reproduce the
parameters more definite, we imposed additional requirementsasymmetric orientation of the water molecule, with one OH bond
upon the watergraphite potential, based on the GCMC pointed toward the graphite surface (Figure 1a). The orientation
simulations of water in contact with graphite. Unfortunately, behavior of the 3Sa model can be appreciated from Figure 2,
the experimental data on the thermodynamics of the water which shows the interaction energy of a water molecule with a
graphite interface are very limited and contradictory. Thus, the
reported values for the water contact angle on graphjtange
from 30 to 86°.21724 The large uncertainty seems to originate
from a high sensitivity off to the cleanness of the graphite
surface. In view of this uncertainty, the associated requirement
was taken to be rather soft; viz., we only assumed that the Water%J
wetting of graphite should be partial, that igs(— vs)/yn <
1, where the subscripts s, |, and v at the interfacial tensjons
refer, as usual, to the solid, liquid, and vapor phases, respec
tively. This inequality imposes a lower limit upon the water
graphite interfacial tensioryg > ysv — yw. Here again, whereas
the surface tension of water is known with certaingy, & 72
dyn/cm), the available literature values for the surface tension &
of graphiteys,, derived mostly from estimates for the interlayer
binding energy, differ by 2 orders of magnitude, ranging from
6 to 600 dyn/cm (see ref 29 for a brief review). The most recent 3 4 5 6
(and probably most reliable) estimate fay, is 11059 dyn/cm, r0...C),A
as obtained from the balance of the curvature energy and they e o Interaction energy of a water molecule with a single carbon
interlayer attraction for a simple elastic model of a collapsed atom, as a function of ©C separation for some selected water
carbon nanotub®. On the basis of the above-discussed experi- orientations. Labels L, B, and H refer to the lowest energy, “bifurcated”,
mental data, we can accept that a correct wageaphite and the highest energy conformers, respectively.

0.5

kcal/m

PR

H,0...C)

-0.5
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single carbon atomy(H,O---C), as a function of the &-C 7.2 A. The electrostatic interactions were smoothly damped in
separation for some selected water orientations. The preferencehe range between 7 and 7.5 A using a switching function
of the linear O-H---C conformer is clearly seen. It is worth  suggested by Lee and Ross®yThe direct interaction between
noting that the potential well depth ®H,0---C) in the linear the confining graphite sheets was estimated using thel 2§
configuration (~0.7 kcal/mol) is perceptibly smaller thamc atom—atom G--C potential suggested by Crowedt¢ = 0.0556

(see Table 1). The reason is that the region of theGHpotential kcal/mol,dcc = 3.82 A) 23 This interaction was significant only
minimum is overlapped with the repulsive wing of the-@ at the shortest wall-to-wall separations, where it added about 2
potential, and it is this overlap that makes the lineari@—0O kbar to compressional stress.

configuration most favorable: Any deviation from linearity 2.2. Simulation Procedure.The simulated system repre-
increases the overlap and makes thel€—O interaction more sented a slab of water confined between two parallel single-
repulsive. layer graphite sheets and allowed to exchange molecules with
The orientation dependence\dfH,0:--C) for the 3Sb model a fictitious bulk water reservoir. The chemical equilibrium
is qualitatively similar but much stronger. This can be appreci- between the confined and bulk water was maintained using the
ated in terms of reduction in the well depth\éfH,0O---C) on GCMC technique. The excess (nonideal) part of the chemical
going from the lowest energy conformer L to the “bifurcated” potential was taken to be6.1 kcal/mol, which best reproduced
conformer B and then to the highest energy conformer H (see the properties of bulk water under ambient conditions for the
Figure 2 for notations). For model 3Sa, the respective well water model and summation scheme u&e@he simulation
depths are related as:eg:en = 1:0.6:0.3, whereas model 3Sb  procedure was basically the same as described in our previous
predictse; :eg:eq = 1:0.3:0.1. The reason for the use of awater  publications?>3435The confining graphite layers were treated
graphite potential with a stronger orientation dependence will as rigid, so the watergraphite interaction could be considered
be clear from the discussion of the simulation results in section as an external field. To improve the efficiency of insertions and
3. deletions, the excluded volume mapping meffodnd a
The equilibrium separation of the water oxygen atom from SwendserWang filte” based on evaluation of the van der
the graphite surface iso = 3.1 and 3.0 A for models 3Sa and Waals energy of the system were employed.
3Sh, respectively, which is somewhat shorter than the MP2  The simulation box was taken to be a rectangular prism with
result fio = 3.2 A) 28It should, however, be noted that the MP2  |ateral dimensions, andL, and heighh. The lower and upper
prediction forho is based on the geometry optimization for a graphite sheets were placedzat 0 andz = h parallel to the
fairly small acene molecule,igH12, comprising only four fused  x—y plane. In thex andy dimensions, the system was replicated
rings. Considering the observed increase in the magnitude ofperiodically. To conform to the periodic boundary conditions,
AE with increasing number of fused rings, a concomitant slight L, and L, were taken to be multiples of the graphite lattice
decrease it cannot be ruled out. periodsa = 3| andb = +/3I, wherel is the CC bond length in
Another difference between the MP2 and 3S model predic- graphite (1.426 A). The particular dimensions used wgre:
tions has to do with the lowest energy lateral position of the gq = 34.2 A andLy = 13b = 32.1 A. With this choice, each
water molecule over the graphite surface. Using the terminology graphite sheet contained 416 carbon atoms.
of hydrogen bonding, this difference can be referred to as the = A typical GCMC run comprised 3x 10° passes, each
difference in the arrangement of the “proton acceptor sites” on composed oN moves, where\ is the current number of water
the graphite surface. According to the MP2 calculafibthe  molecules. The first 0.5 10° passes were discarded to allow
water molecule forms a nearly linear hydrogen bond with a for equilibration of the system. For the largest systems studied
carbon atom; i.e., the lattice of proton acceptor sites coincides (N ~ 700), a total of 2x 10° configurations were attempted.
with the lattice of carbon atoms in the graphite sheet. By * The effect of the graphite walls on the structure and energetics
contrast, the 3S model potentials predict that the hydrogen bondyf the adjacent water was analyzed in terms ofzpeofiles of
is formed between the water molecule and the center of & six-yarious quantities and functions, including the average water
membered ring. (This is not unexpected as far as theCH  gensity, pair distribution functions in planes parallel to the wall,
interaction is described by isotropic potentials, which tend to y_y gensity maps, orientational distributions of the water OH
maximize the number of carbon atoms around the hydrogenpongs and dipole moments, average interaction energies of a
atom.) The respective lattice of proton acceptor sites is Crys- yater molecule with surrounding water molecules and the walls,
tallographically identical to the lattice of next nearest carbon anq others. To this end, the simulation box was divided into
atoms, with a surface density twice as low as that of all carbon gjices 0.1-0.2 A thick, lying parallel to the walls. During the
atoms. We are not inclined to give much importance to this Gcmc run, thez-dependent quantities were averaged within

difference insofar as two nearest carbon ato_ms in the graphiteg5ch individual slice and then referred to thepordinate of its
sheet are too close together to be occupied by two water sgnpter.

molecules at a time. The separation between the next nearest
atoms is 2.47 A, so they can accommodate two water molecules
with only small displacements (0-D.2 A) from their lowest
energy positions. In this respect, the MPand model predic- pressure tensdPys (o, B = X, y, 2.3 The normal component
tions for the lattice of proton acceptor sites are equivalent. It \, -« caiculated from the equation

should also be noted that for the 3S model potentials the energy
difference between the MP2 and model sites is as small as 0.4

In addition to the ensemble averaged potential enéligjy
and number of molecule8N[] we evaluated the-averaged
normal and tangential components of the Irvitigrkwood

1 1
kcal/mol, i.e., less thakT. That is, in a computer simulation at =P = _@ — — 2 '
room temperature the two different proton acceptor sites are Pv=Pa Ah o Z ’2 JZ, o %%t all )T+
practically indistinguishable for the water molecule.
In the computer simulations of the behavior of water confined z 229" (/M T z (h—2z)(h— za)go’ad(rad)/rad]ﬂ
between graphite sheets, the watgraphite potentials with asrc aere
parameters from Table 1 were combined with the well-known )

TIP4P model for watet! As already mentioned above, the
Lennard-Jones part of the watewater potential was cut off at  In this equation A = LyLy is the cross-sectional area of the
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simulation cell in thex—y plane; indices andj run over the
water moleculesa andb run over the force sites in molecules

i andj, andc andc' run over the carbon atoms in the lower and
upper graphite sheets, respectivelyy = z, — 2, rap = |ra —

v, zj = z — z, where the coordinates and z refer to the
centers of mass of moleculeandj; ¢a, and g, are the site-

site interaction potentials. If the wategraphite potential is
treated as an external field due to a rigid graphite lattice, the
equation for the tangential pressifecan be shown to contain
only terms due to the watemwater interactions:

1_ _
F)T = _(Pxx + I:>yy) =

T__

Ah EIZEJ (lexab + yuyab)(p ab(r b)/rabD (4)

]¢I a

The knowledge oPr along with the bulk pressui, allows
evaluation of the tension of the confined water film:

y(h) = (P, — Pph (®)

which is related to the watemgraphite interfacial tensiony
through the limiting expression:

y(h)—2y at h— o (6)

In the analysis of the shear behavior of the system, we
followed the “quasistatic” approadf;*? assuming the shear
rate to be much lower than the rate of the molecular relaxation
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Occurrence

Occurrence

6, degree

processes in the system, as it actually occurs in nanotribologicalFigure 3. Orientational distribution of water molecules in the first

studies using surface-force apparatus and atomic-force micro-

scopes. With this assumption, the shear can be regarded as

hydration layer near graphite surface for (a) 1S model potential and
&) 3Sa model potential. The numbers at the curves indicate the

succession of equilibrium states, each associated with a par-separation of water molecules from the graphite substrate in angstroms.

ticular lateral alignment of the confining walls. That is, unlike
MD simulations of the rheological properties of confined liquid
films,*3-45 quasistatic Monte Carlo simulations contain no shear
rate. A critical comparison of the quasistatic and dynamic
approaches can be found in a review article by Bordarier et
a|.39

In the present simulations, we consider shear straiagplied
along they axis, so that the positions of the carbon atoms in
the upper and lower walls are related by the equations

Xo = X (7)
Yo =Y. T ab 8)
z,=1z+th 9

The shear stress$,, conjugate too. was calculated in the
“force” form through the ensemble averaged force acting on
the upper wall

[H:yD: Z Z yac’(p’ac(rad)/rad (10)
I aelc
T,= F,IA (11)

wherelFF,Lis they component of the ensemble averaged force
acting on the upper wall.

To improve statistical accuracy, the force on the lower wall
[Fylbwer = —[Fyldpperwas also evaluated, arfgy was calculated
as the average:

Ty = (FyHpper—

3. Results and Discussion

[H:y@)wer)/ZA (12)

We started our GCMC simulations with a comparison of
models 1S and 3Sa in describing the properties of the water

graphite interface. The initial objective was to see the manifesta-
tions of the orienting effect of the watewall interaction
potential in the structure, thermodynamics, and shear behavior
of the system. To analyze the influence of a single graphite
wall on the structure and energetics of the adjacent water layers,
we first simulated the behavior of the system at a wall-to-wall
separatiorh = 40 A, which is large enough to neglect the joint
effect of the opposite walls.

Although the 1S model potential contains no explicit orienta-
tion-dependent terms, the 1S model wall does have a perceptible
orienting effect on the neighboring water molecules. This can
be seen from Figure 3a, which shows the distribution of angles
6 formed by the OH bond vector and th@xis. The data refer
to three slices in the separation range from 2.9 to 3.3 A, i.e.,
within the first hydration layer. In the preferred orientation, the
water molecule has one OH bond pointed outward the graphite
surface ¢ = 0). The preference for this orientation can be
attributed to the trend of the water molecules to maximize the
number of hydrogen bonds with their neighbors, which is
achieved by minimizing the number of OH bonds oriented
toward the graphite surface. A similar orientational distribution
of water was found near nonorienting structurelessnd
atomisti@ walls. Quite the reverse situation is observed with
the 3Sa model wall, which favors hydrogen bonding orientations
with one OH bond pointed toward the wall € 18C°, see Figure
3b). We may thus conclude that the assumed orientational
dependence of the 3Sa model potential is strong enough to
induce the respective orientational order in water adjacent to
the model wall.

As seen from Figure 4, the 1S and 3Sa models generate
markedly different water density profiles in the interfacial region
despite the same binding enery§. The orienting wall results
in much lower density maxima, indicative of a less hydrophilic
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Figure 4. Water density profiles near graphite surface, as simulated using 1S, 3Sa, and 3Sb model potentials for-tigeaphter interaction.

O— T P is a noticeable loss in both the watevall and water-water
e/(,/;S«E WATER-WATER | contributions to the average interaction energy, as compared to
o @ the nonorienting wall with the sam&E.
;:}X,z’ 1 With both the 1S and 3Sa models, the confined water film
3l s 1 did not experience capillary evaporation down to thicknesses
\k/ o corresponding to one water monolayer. The behavior of water
R o ] at small wall-to-wall separatioris was typical of molecularly
N 1 thin liquid films. Due to the tendency of confined water
molecules to arrange themselves in layers parallel to the walls,
. . the normal pressuréy was an oscillating function df, with a
% WATER-GRAPHITE period close to the molecular diameter of water. The dependence
6r R ] of Py onhin the range 6. h < 11 A is depicted in Figure
o----0 1S 6 for model 3Sa. The regions of positive and negaByeefer
A8t oy o——-o0 3Sa ] to compressed and stretched water films, respectively. In the
\n\g\ context of the effect of water on the frictional properties of
\&u,gt 00880 graphite, our interest is in the shortest separatitins 6.7 A)
20 86 O8] corresponding to a compressed water monolayer.
) The shear behavior of the compressed monolayer film can
'm ' be appreciated from Figure 7, which shows the shear stgss
1 as a function of registryx for three different separatiorts
Considering that the functioM,(a) is antisymmetric with
. L 08880 e Bgg ] respect too = 0, we show only a symmetrically independent
o000 S part of T,(a) in the interval 0< a. < 0.5. In can be seen that
22F " 1 the simulation predicts the existence of some tangential coupling
R between the water monolayer and the confining graphite sheets.
24t , 5T . . . The coupling is, however, weak, so the observed magnitudes
3 4 5 6 7 of the yield stressT;, = maxX T(a)} are substantially less
than the respective normal pressures. Estimates of the static
) . ; . friction coefficient as the ratid%/PN range from 0.01 to 0.02,
Figure 5. Average interaction energy of a water molecule with its \\ih js more than an order of magnitude lower than the friction
surroundings and individual contributions to this energy for 1S and e L
3Sa models. coefficient of graphite in a vacuum (0:9.8). For model 1S,
the simulation results foPy and T,y at monolayer thicknesses
surface. The lower hydrophilicity of the 3Sa wall can also be were not too different from those for model 3Sa (see Figure 7
inferred from Figure 5, which presents the average interaction for Py), so the friction coefficient was of the same order of
energy of a water molecule with its surroundings as a function magnitude. Considering that the loss of lubrication properties
of the separation from the wall. Both the total interaction energy by molecularly thin films is frequently associated with solidi-
and its constituents due to the watevater and waterwall fication of confined liquid!® we note that the water monolayer
interactions are shown. One can see that the residence of a wategonfined between graphite surfaces remained liquidlike at all
molecule near the 3Sa wall is energetically less favorable, relevanth, as judged from the form of the pair distribution
compared to the 1S wall. The reason is that the trend of the functions.
3Sa wall to form hydrogen bonds with the neighboring water  Although both the 1S and 3Sa models successfully predict
molecules interferes with the trend of the water molecules to that a stable water monolayer can exist between graphite surfaces
form hydrogen bonds with themselves. As a consequence, thereand can well serve as a lubricant in the friction process, both
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Figure 6. Normal pressure as a function of wall-to-wall separation, as calculated using 1S, 3Sa, and 3Sb model potentials-fgraphtier
interaction.
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Figure 7. Shear stress ig-direction as a function of registry for a water monolayer confined between parallel graphite sheets. The numbers above
the curves refer to the wall-to-wall separation in angstroms.

models failed to meet the adopted requirement for the sign andadjacent water can be judged from the density profile in Figure
magnitude of the watergraphite interfacial tensiomgs. The 4. Compared to the 3Sa model, the 3Sb model wall generates
estimate ofyg asy(h)/2 ath = 40 A proved to be as low as  substantially lower density maxima, which can be expected for
—217 dyn/cm for model 1S anet107 dyn/cm for model 3Sa;  a more hydrophobic wall. The orientational distribution of water
i.e., both model surfaces were too hydrophilic. In an attempt to molecules next to the 3Sb wall was similar to that for the 3Sa
meet all the requirements for the watgraphite model wall (see Figure 3b), except that the occurrence of molecules
potential, including the ability to reproduce the MP2 prediction with their OH bonds oriented toward the wall (i.e., witltlose

for AE, we tested shorter ranged ateiatom potential functions,  to 18CF) was more than 2 times higher.

particularly for the H--C interaction. With increasing exponents .

m andn, the orientational dependence of the model potential 4- Conclusions

became stronger, and the contribution of the second hydration The simulation results described in the previous section
layer to the total waterwall interaction energy decreased. This demonstrate convincingly that the thermodynamics and structure
allowed us to reduces while keepingAE equal to its MP2  of the water-graphite interfacial region are extremely sensitive
estimate. For model 3Sbh, whose parameters are listed in Tableto the range and orientation dependence of the wapephite

1, the watergraphite interfacial tensiops was found to be interaction. The shorter the range and the stronger the orientation
32 dyn/cm. At wall-to-wall separationis corresponding to a  dependence, the more hydrophobic is the model graphite surface.
compressed monolayer filnfn (< 6.9 A, see the respectivRy The water-graphite binding energyAE, which characterizes

in Figure 6), no cavitation of confined water was observed. The the interaction strength ofsinglewater molecule with graphite,
ratio T§/PN did not exceed 0.07 at all separations tried. The is not, in any approximation, to be regarded as a measure for
effect of the 3Sb model wall on the density distribution of the water affinity of graphite. For a fixedE, the water
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graphite interfacial tensiops; may vary over a very wide range (14) Markovig N.; Andersson, P. U.; N&gard, M. B.; Petterson, J. B.
and may even change the sign, depending on the analytical formC: €hem. Phys1999 247, 413-430. Tomsic, A.; MarkovieN.; Petterson,
assumed for the model potential. Equally significant is the eff tJ' B. C.Phys. Chem. Chem. P2001 3, 3667 3671,
u potential. Equaly significantis the elect 5y pojan, M. J.; Steele, W. Aangmuir 1987, 3 (6), 1123-1127.

of the form of the water graphite model potential on the water  (16) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.;
structure in the interfacial region. Thus, a change from 1S- to Swaminathan, S.; Karplus, M. Comput. Chem1983 4 (2), 187-217.
3S-type potentials may strongly affect the water density in the " (1J7) I(iornell, W-g.;MCieglakli P Baylljy, g IF Go#ld,cl. Ilz.; NlllerJZ. \l/<v
: : : ; ., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W_;
first hydration layer, whereas the preferreq orientation of water Kollman, P. A.J. Am. Chem. S0d995 117, 5179-5197.
molecules may even be reversed.l All this calls into question (1) Feller, D.; Jordan, K. DJ. Phys. Chem. 200Q 104 (44), 9971
the recent MD results that predict unusual dynamics and 9975,
structuring of water inside CN¥:13 (19) Vernov, A.; Steele, W. ALangmuir1992 8, 155.

Of the three watergraphite interaction models tested in this (32) fa'e’ ';I'-C ‘?er?bev '}. ABI; F;?y;i (jh‘;r;:l%“h%' 555.
work, only the 3Sh one complies with both the MP2 calculation 95§6_)95§fa' + Colchero, J.; Bardh. M. J. Phys. Chem. B999 103
res_u_lts and the e_xperime_nt-bgsed condition of a limited water  (22) Schrader, M. EJ. Phys. Chem198Q 84, 2774-2779.
affinity of graphite. Taking into account a great deal of (23) Morcos, I.J. Chem. Physl972 57 (4), 1801-1802.
arbitrariness involved in our parametrizations, it remains to be 33(24)3§0Wkes’ F. M.; Harkins, W. DOl. Am. Chem. S0d.94Q 62 (12),
seen how well the 3Sb model describes the true wagsaphite 77733717, _
potential. In this respect, it would be highly desirable to extend (13()25(32?1"’1_3/52553. T Pertsin, A. J.; Grunze, Bl.Chem. Phys2002 117
the electronic structure calculations to qt least two or three higher " (26) pertsin, A. J.; Kitaigorodsky, A. IThe Atom-Atom Potential
energy conformers of the wategraphite complex, such as Method Springer-Verlag: Berlin, 1987.
conformers B and H in Figure %. (27) Kaplan, I. GTheory of Molecular InteractionElsevier: Amster-

: : : : : : dam, 1986.

It is essential that the model potentials used in our simulations (28) Allen, M. P.: Tildesley, D. JComputer Simulation of Liquid
predict that the water monolay_er c_om_pr_essed between two cjarendon Press: Oxford, UK, 1987.
parallel graphite surfaces remains liquidlike and offers only  (29) Benedict, L. X.; Chopra, N. G.; Cohen, M. L.; Zettl, A.; Louie, S.
slight resistance to shear. Considering the substantial differencess.; Crespi, V. H.Chem. Phys. Lettl998 286 490-496.
in the range and orientational dependence between the three (30) Jaffe, R. L. Technical report, NASA Ames Reseach Center, 2001.

. . . - - (31) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
potentials, this result seems to be mainly associated with the eiy "\~ 3. Chem. Phys1983 79, 926.

geometry of the graphite Iattiqe, viz., with its inability to be a (32) Lee, S. H.; Rossky, P. J. Chem. Phys1994 100 (4), 3334
template for an ordered packing of water molecules. Another 3345.

important result of our simulations is the demonstration that a  (33) Crowell, A. D.J. Chem. Phys1958 29, 448.

stable water monolayer can well exist between graphite surfaces (34) Pertsin, A. J.; Grunze, M.angmuir200Q 16 (23), 8223-8241.

even if the watergraphite interaction is slightly hydrophobic 10&3)7)Pir2t§$4ﬁ'223§1ﬁayaSh" T Grunze, M. Phys. Chem. 2000

(ys1 > 0). When coupled together, these results provide a better  (36) ‘Stapleton, M. R.; Panagiotopoulos, &.Chem. Phys199Q 92,

insight into the effect of water on the friction properties of 1285.

graphite. (37) Swendsen, R. H.; Wang, J.#8hys. Re. Lett. 1987 58, 86.
(38) Irving, J. H.; Kirkwood, J. GJ. Chem. Physl195Q 18 (6), 817
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