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SUMMARY.

Continuum models often fail to correctly describe fluids irtrm and nano devices. For simple
fluids departures from the standard behavior could be asttib inappropriateness of the contin-
uum assumption and to violations of the no-slip conditionfdct liquids behave as continua, with
the exception of extreme confinement on length scales of feleenlar diameters, where a new
regime — single file motion — sets in [1]. Instead, slippagthatwall is frequently observed, the
flow field considerably differing from classical predictinin the present paper the intrinsic slip
is addressed via Molecular Dynamics simulations of a Cetfsitv of liquid water on a hydropho-
bic surface formed by a Lennard-Jones solid coated with B/Aslembled Monolayer (SAM) of
octadecyltrichlorosilane (OTS), a widely used technolfayywall functionalization. The model re-
produces several features of the OTS-SAM coating, e.gacbangle of water and the tilting of OTS
molecules with respect to the surface normal. The systeibixklippage and the orientation of the
OTS molecules is found to induce a preferential slip dimctOverall, the inferred slippage cannot
explain the larger slip length measured in experimentsjigiog indirect evidence of apparent slip,
presumably due to gas trapping at the surface.

1 Introduction

Several recent experimental studies [13, 16, 11, 2, 4] diwfy proved that the no-slip boundary
condition is inappropriate to describe the fluid/solid ifaee for several microfluidic systems. A
more general description is given by the Navier boundargitamm

u, =L - [Vu+ (V)] I-n®n), (1)

whereu,, is the velocity at the walln the wall normal and., a parameter called slip length. The
usual case of no slip condition is recovered fqr = 0, while L, — oo corresponds to free slip
interfaces. The basic conceptual experiment concernmglth length consists of a micro channel
with an enforced pressure difference between entrancedtrstetions. By comparing the measured
flow rate through the microchannel with the expression gtediby the Stokes equations with the
Navier boundary condition, an effective slip length canrferired. The values aof ; found in the
literature [13], ranging from zero to few microns, show ttr@sg dependence on different features
of the solid-liquid interfaces — such as chemical compasijtroughness and dissolved gases.

Two different mechanisms have been propose to explainagi@pi) The first mechanism ad-
dresses the intermolecular interaction between liquidwaaitlatoms, which drastically affects the
structure of the first layers of liquid molecules close toititerfaces. Strong attractive interactions
(hydrophilic surface) induce an ordered layering of liqatdms leading to a sort of freezing of the
first layer. In this case the observed slip length is slightigative. On the other hand a weak inter-
action (hydrophobic surface) allows the slippage of liquidlecules on the solid leading to positive



L. This scenario is often referred to as intrinsic slip [10].Tihe second mechanisms involves a
gaseous phase trapped at the wall, in the form of either aagas br gas nanobubbles. In this case
the observed slip of the liquid is ascribed to a sort of frge lsbundary condition at the liquid-gas
interface. We will refer to this scenario as apparent slig].[JFor both mechanisms the chemical
composition of the surface plays a crucial role. Actuallyifdrinsic slip chemical interactions di-
rectly influence the slippage while, for apparent slip, thernical composition enters though the
wettability of the surface and, hence, though the capglufithe wall to trap the gaseous phase.

A common procedure to alter the solid surface propertiesidrol slippage is coating the wall
with a Self Assembled Monolayer (SAM). SAMs are layers of &iphilic molecules in which one
end (interior end) of the molecule shows affinity for the d@ubstrate and the other end (exposed
end) can be functionalized to obtain desired propertigs, Bydrophobicity. Several authors [2,
4, 16, 3] analyzed the effect of SAM formed by Octadecyltiokilane (OTS) on the slippage of
liquid water reporting slip length ranging betwe2imm and1um. The issue is still debated since
available experimental procedures do not clearly diserat@ between intrinsic and apparent slip
mechanisms.

In this study we use non equilibrium molecular dynamics $ation (NEMD) to estimate the
intrinsic slip lengthL for water-OTS interface using a Couette flow geometry. Riefarily, the
wettability of the interface is characterized by measutireggcontact angle in equilibrium conditions.
In comparison with available experimental data, our resthongly suggest that intrinsic slip cannot
explain the large slip-length found in the experimentsilegissues for further explorations even in
cases where experiments did not provide direct evidenaappéd gas at the wall.

2 Simulation setup

2.1 Water drop on OTS-SAM surface

OTS-SAMs are known to assemble in hexagonal cells with acéj@iurface density of around
1/22 molecules forA2 [8]. To build a reasonable model of the system, a suitablstsate sharing
the same geometric characteristics is instrumental. Castgate solid wall is constituted by a face
centered cubic (fcc) crystal of Lennard-Jones atoms of massvhose 111 planes have the same
hexagonal structure of OTS-SAMs. The Lennard-Jones pdeagag, ande,, are chosen to achieve
an atom density on 111 plangs; = 1./22.}1*2 at a temperature 00K and a pressure diatm,
hence matching the SAM surface density. Clearly at the sitiod temperature3(0K) the virtual
solid must be far from the melting point. An iterative proueglbased on a set of thermostated and
barostated simulations\(PT) at 300K andlatm led to select the following parametersi,, =
70 amu, €, /k, = 1258 K, with k;, the Boltzmann constant, ard, = 4.5554. The corresponding
fcc coell dimension is; = 7.134 while the distance among contiguous atoms in 111 planés=s
5.04A.

The Octadecyltrichlorosilan@ Hs (C H3)175iCls (OTS) is formed by a linear alkyl of 17 carbon
atoms with a methyl group on one end andil3; group on the other one. During the formation
of the monolayer, the chloride atoms are substituted @With groups. In the final configuration, the
interior end =Si(OH )3 — of contiguous OTS molecules are covalently bound togetizesi-O-Si
bridges formed by expelling a water molecule. The bridgewige stability to the monolayer. We
assume that the detailed chemistry leading to the adhesitve anonolayer to the substrate (inner
side of SAM) is largely irrelevant to its interaction withethiquid water (outer side). Hence we
drastically simplify the model by substituting the intariend with a Lennard-Jones (LJ) atom of
the same type used for the wall. The behavior of these LJ atortiee simulation needs a brief
description.



Figure 1: Left panel. The OTS molecule (azure) is modelle@ 45 carbon atoms alkyl chain
completed with the exposed methyl group and the hybrid Lihgtgreen) forming the interior end.
LJ hybrid atoms are arranged as a 111 plane of the face cdntakdc structure. In orange, the
111 plane of the solid crystal, parallel ¢2xzy. In the initial configuration, the OTS molecules are
normal to wall plane. Image created with VMD [6]. Right pan&ketch of OTS orientation and
nomenclature. The tilting angteis the angle between z-axis and the molecule axg., oriented
from the interior end of the OTS (hybrid LJ atom) to the Carladom of the exposed end. The
azimuthg is the angle between theaxis and the projection of the molecule Omy plane.

Overall we use the charmm27 force field [12]. In this contexd kinds of interactions occur
among different atoms, non-bonded and bonded, respect®ehded interactions take place among
atoms of the same molecule whenever their distance in th@dgijeal structure is less than four
covalent bonds. Non bonded interactions (Lennard-Jong@<amnloumbian forces) occur among
atoms with larger distances in the same molecule or amomgsat@longing to different molecules.
The LJ atom used as interior group of OTS molecules behavaswybrid way: as a carbon atom
of a methyl group of the alkyl chain as concerning bonded-auons and as a standard wall atom
as concerning non-bonded ones. Water is treated with thePTiRodel, as often in the charmm27
context. A cutoff radius of 24 was used for Van Der Vaals interactions.

Figure 1 shows a sketch of the molecular arrangement uséldefanitial configuration of crystal
and OTS. The azure chains represent the OTSs, whose inggribmade of the hybrid atom is
displayed in green. The orange beads represent the 111qfltimestandard LJ atoms of the crystal.
The hybrid LJ atoms forming the interior end of the OTS molesware arranged as if they were
a further atomic layer at the surface of the crystal. The &dughlights a single OTS molecule in
a bunch of neighbors in its initial configuration normal te thl1 plane of the crystal taken as the
Ozy coordinate plane. The overall system consists of four 1ytdraformed by 625 LJ atoms each,
on top of which we arrange the OTS monolayer consisting ofréatecules. The atoms belonging
to the lower 111 plane of the solid are keep fixed during the Mbutation. A pre-equilibrated
TIP3P water drop was added to the system using the VMD sopaatkage [6]. Periodic boundary
conditions are applied in all directions, beihg = 1264, L, = 109.114 and L, = 1284 the box
dimensions. For comparison, a setup of a LJ wall with no ORB84Svas prepared using the same



Figure 2: Snapshot of a simulation: a water drop (red) liea @T'S-SAM (azure) coating the 111
surface of a Lennard-Jones solid (green). The snapshotikess after the equilibration condition is
reached. A contact angle larger thare is apparent. The system is formed by 625 OTS molecules,
2500 Lennard-Jones atoms and 4802 water molecules. Théswadrallel toOxy plane, the box
dimensions aré, = 1264, L, = 109.114 andL,, = 128 4. Image created with VMD [6]

procedure (Fig. 3).

2.2 Couette flow on the OTS-SAM surface

The three ingredients (LJ solid, OTS-SAM and water) of theildzrium simulation of a water
drop on a coated LJ wall are also used for simulating the Gedletv between two parallel walls.
The equilibration procedure to be described below is peréat using a Langevin piston [15] to
control density, implying that the volume available to lidjuwater changes along the equilibration
process. Each wall is formed by five 111 planes of LJ s8lid,atoms each. The lower wall is coated
with a SAM formed by324 OTS molecules (Fig. 4). The initial configuration is creaaeding water
molecules (VMD solvate package [6]) between the two solilsv@ he initial distance between the
lower plane of the coated wall and the upper plane of nonecbasll is157.894. As in the case

Figure 3: Snapshots of water (red) spreading on 111 Lendamds solid surface (green). Left,

t = 0. Centert = 0.6 ns. Right,t = 2.4 ns. The system is formed 3125 Lennard-Jones atoms and
4802 water molecules. As in Fig 2, the wall is parallel to ¢hey plane and the box dimensions are
L, = 1264, L, = 109.114 and L, = 1284. Image created with VMD [6]



| simulation| forcing (pV) | Plate vel(4/ps) | slip length(4) |

A 0 0 not defined
B 100.24 § 0.0195 4.5
C —100.24 y -0.0201 8.5
D 100.24 % 0.0225 6.3
E —100.24 % -0.0194 5.8

Table 1: List of the simulations. The total force appliedhe tpper plate made @620 Lennard-
Jones atoms is provided under the heading “forcing”. Thedds equally distributed on each atom
of the plate and the corresponding average stress exertae pjate on the fluid i$.4067 * 106 Pa.
CaseA is the equilibrium simulation used to estimate the densitfile reported in right panel of
Fig. 5.

of the drop, the OTS molecules were initially placed norneathte surface. A triperiodic NPT
simulation with a Langevin piston (piston periad0ps, piston decays0ps [15]) was performed
in order to reach the target thermodynamic state. The lrita dimensions ard., = 90.72A4,
L, = 78.57A4 andL, = 162A. In the initial configuration, the top wall (non-coated) bétbasic
computational domain and the bottom wall (coated) of itsquic image above form a unique brick
of ten 111 planes of LJ atoms. During the NPT simulation L, and L, were allowed to vary
independently, in response to the corresponding normapooent of the pressure tensor. The left
panel of Fig. 5 shows the time evolution of the three box disi@ms normalized by the initial value.
After a sharp change in the first few time steps (the detaibésdmall to be appreciated in the
drawing) smooth convergence to the equilibrium value iseoled. WhileL, and L, essentially
keep their initial values[., decreases significantly. The five percent deviatiod inis partially
explained by the tilting of the OTS molecules and partiaiptiee amount of bulk water inserted in
the initial state, smaller than required to exactly fill tvaitable volume.

After equilibration the two walls originally forming a unig brick, are separated adding a void
of suitable thickness. Purpose of the added void regiomlating the base computational cell from
the interactions with its periodic images in the wall-notueisection. The thickness of the void was
found to be irrelevant as soon as it exceeds the cutoff raxfivan Der Vaals interactions. In our
simulations the thickness i$4, 1.25 times the cutoff radius. To keep a fixed distance between the
walls, atoms belonging to the lower plane of the coated walfiaed, while those of the upper plane
of the uncoated wall are restrained vertically by a harmgoientialU, = 1/2k(z; — zi)? with
k = 10.Kcal/(mol ?1) and z;o the position at the end of equilibration phase. This conétan
was used as initial condition for several equilibrium and equilibrium simulations. The Couette
simulation is realized by setting the uncoated wall intoiomoby a constant force along the Oxy
plane acting on each LJ atom. The moving wall drags alongitjugd until a steady shear flow
develops. The energy injected by the external forcing isongd by a Langevin thermostat (time
constantps) acting on the LJ atoms of the coated wall. All the simulasitiave been performed
with the NAMD software [15].

3 Results

3.1 Contact angle

As described in section 2.1 the initial configuration is fedrby an OTS layer in which every
molecule is normal to the wall. A TIP3P water drop of radius 354, centerec20A above the
plane of Carbon atoms belonging to the exposed end of OTSculeke was placed on the coated



Figure 4: Snapshot of the Couette flow geometry with the ORStSo0ating after equilibration.
Water (red) is confined between the two plane walls (greermiéd by five 111 planes of 324 LJ
atoms each, the lower wall being coated with 324 OTS moleqgeure). A total amount &5134
atoms is used, with box dimensionsasf 34 x 79.24 x 153.94. In the Couette flow simulations,
after introducing a suitable void to isolate the basic cotatonal cell from its neighbors in the wall
normal direction, a constant force is applied to the uppateptio drive the wall. The lower wall is
kept at rest. Left panel, Ozy view. Right panel, Ozx view.
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Figure 5: Left panel. Time evolution of the box dimensionsmalized by their initial values. After
a sharp change in the first few time steps (though hardly seteiplot, the curves actually start at
1.d0), relatively smooth convergence to the equilibrium valseschieved L, and L, substantially
keep their initial values.L, instead decreases significantly. Right panel. Density Iprafithe
nanochannel normalized with the bulk valug,;.. The nominal positions of the wall surfaces are
shown by the two vertical lines. They are defined as averagfgeaf-coordinates of Carbon atoms
belonging to OTS exposed ends as concerning the coatedandllhs average of the z-coordinate of
the Lennard-Jones solid 111 plane atoms closest to the foatidye opposite uncoated surface. The
OTS nominal interface is at = 0. Apparently, the water molecules distribution is differahthe
two walls, showing a larger peak at the Lennard-Jones, lijidneall.



wall. A 1200ps NVT simulation (Langevin thermostat time constapt) was performed to relax
the system to equilibrium. During the equilibration the QM8lecules spontaneously tilted (Fig. 2).
Two parameters are introduced to characterize the OTB8gijltiamely the tilting angle: and the
azimuthal angles measured from the positive-axis. The right panel of Fig. 1 shows the axis of
the OTS moleculeyrpors = rr; — rois, Wherery ; is the position of the hybrid LJ atom of the
interior end and-¢15 that of the Carbon atom of the exposed end. Denoting the egtby along
the molecule axis byors, the average tilting angle is defined @8 = (cos™! (2 - fors)) where

z is the unit vector along the z-axis and the average implietheyangular brackets is performed on
all the OTS molecules over several equilibrium configuraiorhe azimuth is the anglebetween
the unit vectok along ther-axis and the direction of the molecule projection on thd plaine0xy,

i.e. B = cos™![X: (Pors — Fors - 2) /|fFors — Pors - 2|]. The tilting angle is a rather robust
feature. For the simulation addressed here we observe walf Buctuations (standard deviation
A, = 2.2°) around the mean valugy) = 32.5° in agreement with literature results [7]. As we
will see, this typical value is reproduced also in the Causitmulations to be discussed in the
next session. Concerning the azimuth, its average valuather sensitive to the specific initial
conditions, as expected on the basis of symmetry considesatNonetheless, for a specific case
also this observable is found to present very small fluabmati(standard deviatioAs = 3.6°),
implying an ordered structure of the monolayer.

After equilibration, the thermostat is switched off to run200ps long nanochannel (NVE)
simulation with the purpose of estimating the contact afighé the drop. An overall impression
on the drop geometry is gained by looking at figure 2, showiegrty the hydrophobicity of the
surface. However inferring a quantitative measure regus@me care. To measure the contact
angle the following procedure has been devised. i) Firshibrainal wall surface was defined as
the Oxy-plane characterized by the equation= (z¢15), where(C'18 denotes the Carbon atom
belonging to the OTS molecules exposed end. ii) Positionsadér molecules are tagged by the
respective Oxygen atoms, whose spatial distribution isneséd by binning on a cubic grid with
sizeA = 2.A. iii) Moving from the bulk of the drop towards the exterioretlwvater molecules
density drops abruptly across the interface. The surfatteeadrop is defined by the positions of the
grid cell centers where the Oxygen atoms density lies inaing&0.45 — 0.55ppu1%, With pp.ix the
bulk density. To avoid contamination from layering effedtsse to the wall, only grid points farther
than5A4 from the nominal wall surface are accounted for. iv) Aftetirfiy these surface points by a
sphere, the contact anglas defined as the angle between sphere and nominal wall plane.

The reported procedure provided the estimater 128°. The algorithm is rather stable with
respect to variations of the parameters. A more significifierdnce ¢ = 123°) in angle is obtained
instead by shifting the nominal wall surface towards theitidoy one Van der Waals radius, [5]. We
stress that the contact angle is independent from the spéadtfal conditions, as was checked by
repeating the simulation with different initial drop pasits. Irrespective of the specific definition,
the present result is slightly larger than found in experitegwhere the measured contact angle
ranges froml00° to 120° [16, 9, 3, 14]. Fig. 3 shows successive snapshots in abséiice TS
coating, providing evidence of the complete wettabilitytof uncoated surface.

3.2 Equilibrium properties of the coated nanochannel

Before discussing the effect of OTS-SAMs on slippage, wdyaeahe equilibrium properties
(no flow) of the nano-channel filled with water molecules, fegd. During the equilibration phase,
described in section 2.2, the SAM molecules are observegiaotaneously tilt. The average tilting
angle(«) is the same found in the drop simulation, confirming the rtess of this observable.



Concerning the azimuth, in principle any value is equally likely given the symmetrfythe con-
figuration. For the equilibrium configuration used as comrmitial condition for all the Couette
flow simulations to be described below the azimuth happeodsb{ = —90.1°, corresponding
to projections of the OTS molecules in the negafivdirection. The Oxygen equilibrium density
distribution as a function of wall normal coordinatevas obtained from &200ps NVE simulation.
The right panel of Fig. 5 reports the density profile estirddtg binning the channel into.7 A-thick
wall-parallel slabs, normalized with the bulk valpg,;.. The usual layering of liquids is compar-
atively much more apparent at the Lennard-Jones wall th#ireaDTS coated surface, in line with
the result of the drop simulation where the OTS-SAM showedttyhobic behavior in contrast to
the hydrophilic Lennard-Jones solid.

3.3 Slippage on OTS-SAM coating

The response of the system to different shear conditionsasyzed in order to characterize
the slip properties of the OTS-SAM coating. Unless extrgnteige shear rate are achieved, the
slip-length is expected to be independent of shear ratepf.éorce intensity. This properties has
been preliminarily checked, showing that doubling the éotisce same slip length is reproduced
within statistical accuracy. However, since our systenms@ms a specific equilibrium orientation
of the OTS molecules, it may suspected of anisotropy in theefslip functional relationship. To
check this feature the forcing has been applied in diffedéngictions as summarized in Table 2.2.
SimulationsB andC concern forcing along the positive and negaghdirection, respectively. Cases
D and E concern the orthogonal direction. The strongest diffeednaesponse is found between
casesB andC, when the forcing is aligned with the azimuth of the OTS moles. The time history
of the top wall center of mass velocily (projected along the forcing direction) is reported in the
left panels of Fig 6 for these two cases. Similar resultsgdat shown) are obtained for simulations
D andE.

The systems takes abdutns to reach the steady state after switching the forcing oncteas
tions in the instantaneous center of mass velocity of theaxakexpected and can be preliminarily es-
timated from energy equipartition. The thermal velocityeath wall particle isy = (k,0/m.,)"/?,
implying that the corresponding center of mass velocityhaf wall fluctuates with typical speed
V' =y /VN ~ 0.04?1/ps, whereN is the number of wall atoms, providing the order of magnitude
of the noise observed in the left panel of Fig. 6.

The linear profile of the Couette flow is reproduced by the medwcity, calculated in the steady
state, sufficiently far from the wall. As expected, it sligtdeviates very close to the wall (see right
panels of Fig 6). The slip length, is estimated as the distance between nominal wall positidn a
location where the velocity profile, fitted in the bulk reg(@@fol <z< 7021), extrapolates to zero.

For caseC' (motion along the molecules azimuth) (left panel of Fig & éstimated slip length
is L, = 8.5A. As anticipated, this value is partially affected by the pigd definition of nominal
wall surface. No universally accepted definition existg & for an alternative definition. In any
case, depending on the choice, the slip length may hardigase by more thah-- 4.

In caseB (forcing in the reverse direction) the slip Iength4l§;1. The relative difference with
the previous case is significant, indicating that the asymnuod the OTS-SAM affects the slippage.
The anisotropy is confirmed when forcing in the orthogonedations (case® andE, Table 2.2)
where a common intermediate value foy is consistently found.
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Figure 6: Upper Left. Center of mass velocity(y component, in?l/ps units) of the upper solid
plate for cas& of table 2.2. Upper Right. Mean velocity profilé(ps) for caseC. The dotted line
provides the fit in the bulk of the nanochannel. The vertiealred lines at = 04 andz = 914
denote the positions of the two walls. The fitted velocityfipeadiffers from zero at the nominal
interface and vanishes5 A inside the coated wall (dot-dashed line). Lower Left. Timeletion of
V for case B. Lower Right. Mean profile for simulation B.

4 Concluding remarks

Slippage of liquid water at an OTS-SAM coated wall was anadywith an all-atoms MD simu-
lation. The purpose was understanding which mechanismwgegtintrinsic and apparent slip, better
explains the published experimental results on the isspeci&l care was devoted in checking the
system response with respect to the main physical featdrastoal OTS coated interfaces. The
OTS molecules were modeled to a certain level of detail,arasly reproducing the equilibrium
tilting angle of abouB0o, known from experiments. The wettability properties of sheface were
extensively addressed, estimating the contact angle afrimi 25 + 20, where the uncertainty is
basically due the lack of a universally accepted definitiomaaminal wall surface. The contact angle
slightly exceeds the values measured in experiments, stu@i@ing somewhat the hydrophobicity
of the water/OTS-SAM interface. Overall these results ssgthe intrinsic slip as hardly responsi-
ble for the slippage of water at OTS-SAM surfaces, callirgdttention to gas trapping at the wall,
even in cases where no direct experimental evidence of thiegrhenon exists.

A peculiar and unexpected feature of our system is the giippaisotropy under different forcing
directions, induced by the coherent tilting of the OTS muoles. Despite anisotropic slippage has
been already reported in the context of patterned supempydbic surfaces, to the best of our
knowledge this is the first evidence of the effect at the md&edevel.
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