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Nonequilibrium molecular dynamics simulation of electro-osmotic flow
in a charged nanopore
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Nonequilibrium molecular dynamics simulations were performed for Poiseuille and electro-osmotic
flow in a charged cylindrical nanopore. The goal was to examine any deviations from continuum
flow behavior and to compare and contrast the Poiseuille and electro-osmotic flow situations. The
fluid was composed of cationic counterions and nonpolar monatomic solvent molecules. The
cylindrical surface of the pore wall was represented by a stochastic scattering boundary condition.
The lack of any surface roughness and the computational efficiency of the fluid model enabled the
velocity profile near the wall to be measured at very high spatial resolution. The simulation results
indicate that both Poiseuille and electro-osmotic flow conform to continuum transport theories
except in the first monolayer of fluid at the pore wall. The apparent viscosity in this region was
highly nonuniform and exhibited singularities. Despite this, the viscosity profiles obtained from
Poiseuille and electro-osmotic flow were in good mutual agreement at all locations. The singularities
were caused by a local maximum in the solvent and counterion velocity profiles occurring at the
edge of the first monolayer of liquid. This apparent channeling of fluid near the pore wall has been
observed in previous studies of Poiseuille flow. The exact cause is not clear, but it may be due to
cooperative transport of the fluid molecules facilitated by two-dimensional ordering at the wall.

© 2003 American Institute of Physic§DOI: 10.1063/1.1609194

I. INTRODUCTION Pintauro and co-workefsThese models combine Navier—
Electro-osmotic flow refers to motion of an electrolyte Stokes, Poisson—Boltzmann, and Nernst-Planck equations

solution along a charged surface in response to an electrfO" fluid flow, double layer structure, and counterion trans-
field. This phenomenon has been known since the early dayRP't respectively. A fundamental difficulty with continuum
of surface science. However, it has only recently become of10dels is that they can not represent the atomistic ordering
practical interest, due to its usefulness as a method of tran§f the fluid structure near the solid surface. In the case of
porting and also separating ionic solutions in microporoug’ressure-driven flow in pores, atomistic phenomena have a
materials and microfluidic devices. negligible effect on the overall flowrate. This is because in
The currently accepted continuum theory of electro-all but the smallest pores most of the driving force for flow is
osmotic flow was deve|oped over a Century ago by Smo|uapp|i6d to fluid which is sufficiently far from the wall that it
chowski and Helmholtz and is based on the concept of th®€haves as a viscous continuum. However, in the case of
diffuse electric double layérThe introduction of an insulat- €lectro-osmotic flow, the driving force for flow is strongest
ing solid surface into a polar liquid generally causes charg&ery close to the wall and this is also where atomistic effects
separation or the formation of an electric double layer. Anare important. For example, the way in which the charge in
immobile charge builds up in the solid at its surface, and arihe fluids partitions between the mobile and immobile layers
equal and opposite charge accumulates in a layer of fluigtrongly affects the overall flow rate. Because the effect of
adjacent to the surface. This charged fluid layer may betomistic ordering could potentially be large for electro-
structured, consisting of a thin immobile layer that is tightly osmotic flow in nanopores, rendering the continuum models
bound to the solid surface and a diffuse mobile layer. It is thanadequate, it is useful to test these models by direct com-
response of the charged mobile layer to the electric field thaparison with simulations that include atomistic detail.
causes electro-osmotic flow. The fluid velocity at the wall is ~ Methods for treating flow of simple fluids past un-
assumed to be zero, and rises monotonically to the maximumharged solid surfaces using nonequilibrium molecular dy-
value at the outer edge of the diffuse layer. Beyond this poinhamics(NEMD) are now well establishett® Most of these
the velocity profile is uniform. studies have considered either Couette or Poiseuille flow.
In the case of small pores where the diffuse layerthe general conclusion has been that departures from ideal
extends over the entire pore cross section, the maximumontinuum behavior occur only within several molecular di-
flow velocity is reduced due to double layer overlap. Con-gmeters from the solid surface. Beyond that, the observed
tinuum models for this effect were developed by Ricefjig flow closely matches that predicted by the Navier—
and Whitehead, Gross and Osterféand most recently by  giokes equation for Newtonian fluids.
More recently, there have been several equilibrium and
aElectronic mail: athomps@sandia.gov nonequilibrium studies of electro-osmotic fld.°Most of
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these studies used relatively detailed models of the pore walABLE I. Solvent and counterion force field parameters.
and fluid. The computational cost of these models tended t
limit the duration of the simulations. In the nonequilibrium
studies, the relatively short simulation times limited the spa-Solvent. 0.5961 3.2 0 18.0
tial resolution at which the velocity profiles near the wall ounterion 0.5961 A 23.0
could be measured. Freutidietermined velocity, diffusivity,
and viscosity profiles for the solvent. In that study, the sol-
vent velocity approached zero at the wall, while the diffusiv-
ity decreased to a low but nonzero value. The viscosity incounterion were chosen to approximately match the sizes of
creased to a large finite value in the 10 A closest to the wallthe water molecule and the sodium ion, following Goulding

In order to overcome the limited spatial resolution of et al!® The masses were also taken to be those of water and
previous studies, | have conducted extensive NEMD simulathe sodium ion. The diameter for the solvent-ion cross-
tions of electro-osmotic flow using a very simple model for interaction was chosen as the arithmetic mean of the self-
the fluid and pore wall that still captures the essential physinteractions. The well depth was set kgT, wherekg is
ics. The model consists of counterions and monatomic nonBoltzmann’s constant antflis the temperature of the system,
polar solvent molecules confined within a smooth cylindrical300 K. Each counterion was assigned a chargg=of+ 1e (e
pore. Analogous NEMD simulations were also performed foris the electronic chargewhile the solvent particles were
the case of Poiseuille flow. This allowed the primitive fluid neutral. In order to approximately describe the polarity of
model to be validated by comparison with previous NEMDreal water, counterion—counterion electrostatic interactions
studies of Poiseuille flow and also enabled comparison of thevere calculated using a screened Coulomb interaction,
Poiseuille flow and electro-osmotic flow behaviors. o

Ue(Tij) =

47760€rrij ’

gpecies € (kcal/mol) aA) q(e) m (g/mol)

2
Il. METHOD

where ¢, is the dielectric permittivity of vacuum ane| is

Nonequilibrium molecular dynamics simulation was the relative permittivity of the fluid, which was set to 80. The

used to directly observe electro-osmotic flow in small poresnumerical values of the force field parameters are listed in
The accuracy of this type of model is limited only by the Taple I.
force fields used to describe interactions between solvent |n order to eliminate uncertainty about the location of
molecules, counterions, and the pore walls, and the simulahe fluid boundary and maximize spatial resolution of the
tion size and duration, which are determined by computefiuid velocity profile in the vicinity of the wall, the solid—
resources and the computational efficiency of the simulatiofluid interaction was represented by a stochastic scattering
code. This general approach has recently been employed Iyoundary condition. The pore wall was treated as an impen-
several other group€~'*Those studies all used detailed rep- etrable cylindrical wall of radiug. , aligned with thex axis.
resentations of the solvent and pore walls, and this limitedParticles crossing the cylindrical surface locateRagt R,
the spatial resolution at which the velocity profile near the— ¢ /2 underwent diffuse inelastic scattering. This corre-
wall could be measured. One reason for this was that thegponded to instantaneous adsorption and desorption of the
computational cost of the detailed models limited the duraparticles at a perfectly smooth wall locatedratR,. The
tion of the simulations. Since the velocity profiles are statispostcollisional velocity of the particle was generated from a
tical averages over the entire simulation, shorter simulationfaxwellian distribution, as derived by MacElroy and
result in higher statistical uncertainty which limits the Boyle!’
achievable spatial resolution. A second reason was that the

location of the solid surface could only be defined in an §1=(mv§/2kT+ 1)e‘m“3’2"T, (33
average sense. In other words, the fluid density did not be-

come zero at a precise point, but decayed gradually to zero in v =—voV&2, (3b)
an angstrom-thick region. While this effect is perfectly

physical, it limits the resolution of features in the density and ~ Va=voV1—£2C0S2més, (39
velocity profiles which depend on distance from the pore .

Wi P P P ve=voV1— & sin 2més, (3d)

In order to provide a clear picture of what is happeningwhere v, is the postcollisional particle speed and, v,
close to the walls, | chose the simplest possible physicahnd v, are the radial, axial, and circumferential postcolli-
model that still captures the essential physics. Both solvengjonal velocity components;, &,, and &; are three inde-
and counterion particles interacted with the Lennard-Jonegendent uniform random numbers ¢8,1). Equation (3a)
12-6 potential, was solved using Newton’s method.

Uij)lz (Uij)e A check for collisions with the wall was performed at
rij rij

, (1) every time step during the particle position update. If the
updated position lay outside the cylinder, the location of the
wherer;;, €;, and o;; are the separation, Lennard-Jonescollision event in space and time was estimated by assuming
well depth and Lennard-Jones diameter, respectively, for tha constant particle velocity during the precollisional portion
pair of atomsi andj. The diameters for the solvent and of the time step. The correct updated position of the particle

U(rij):46ij
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tance and the box length in tlxedirection. It should be noted
that the simulation parameters were optimized for the par-
ticular calculations presented in this paper, but they may be
unsuitable for other purposes. A considerably finer PPPM
mesh would be required to resolve the electric field due to a
multisite polar solvent. In addition, accurate measurement of
the electrostatic energy would require either larger values of
Ly andL, or else a suitable correction for the effect of peri-
odic images. The contribution of the wall charge to the elec-
trostatic energy would also need to be included. These cor-
rections make no contribution to the forces and so were not
required in this study.
FIG. 1. Schematic diagram of the simulation box. The system consisted of ~ The temperature of the system was controlled using a
positively charge_d cgunterions_ and neutral solvent particles confined by aNgse-Hoover thermostat applied only in tlyeand z direc-
impenetrable cylindrical negatively charged surface. tions, using a coupling frequency of 0.01 s Since the
position-dependent average axial velocity should not be in-

was obtained by advancing the particle from the collisioncluded in the definition _of temperature and this was not cal-
location through the postcollisional portion of the time stepculated until after the simulation was completed, we calcu-
with the postcollisional velocity. lated the temperature only in terms of tieand z velocity
This stochastic scattering boundary condition is similarcomponents. The combination of thermostatting and the sto-
to that used by Trozzi and Ciccdtiand has several advan- chastic boundary was sufficient to maintain isothermal con-
tages. It enables the exchange of thermal energy and mome@fions throughout the channel, except in those cases where
tum with the wall. It also provides a precise identification of the average axial velocity was comparable to or greater than
the location of the fluid boundaralthough this location is the thermal speed of the particles, as discussed below. The
different for the solvent and counterion spegi@pecifically, €duations of motion were integrated in time using the veloc-
the density of each species is a maximum=aR,,, and zero ity Verlet scheme, with a time step of 5 fs. All simulations
for r>R,,. The main disadvantage is that the wall interactionwere performed using the LAMMPRefs. 18—20 molecu-
is purely entropic, and so it is difficult to directly modify the lar dynamics code using two nodes of the Cplant Ross clus-
adsorption affinity of each species. ter (466 MHz Compaq alpha ev6 chips connected by
The simulations reported here consisted of 1375 solveriMyrinet).”* The computational speed was approximately 20
particles and 31 counterions in a cylindrical pore of radiustime steps/second.
R.=20A. The cylinder representing the pore wall was lo- The solvent and counterion particles were initially
cated at the center of a rectangular box, with its axis runninglaced in the simulation box in hexagonal sheets oriented
parallel to thex direction, as illustrated schematically in Fig. perpendicular to the cylindrical axis. The system was then
1. The x, y, and z dimensions wereL,=39.52 A, Ly equilibrated by running equilibrium molecular dynamics for
=80.0A, andL,=80.0A, respectivelyL, was chosen so 50000 time steps. Equilibrium properties of the system were
that the linear charge density carried by the counterions wagbtained by running equilibrium molecular dynamics for a
equal and opposite to a surface charge dergjtyof —0.1  subsequent one million time steps.
C/n?? on the cylindrical pore wall. Because the electric field  In order to observe fluid flow in the pore, an external
inside an infinitely long charged cylinder is zet, plays no  force F, parallel to the cylinder axis was applied to some or
role in the simulation, other than to indicate the number ofall of the particles in the system. For Poiseuille flow, the
counterions in the simulation. The number of solvent atomgorce was applied to all the particles in the system. For
was chosen so that the total mass density of the fluid was 1 @lectro-osmotic flow, the force was applied only to the coun-
glent. terions. In both cases, the nonequilibrium molecular dynam-
Electrostatic interactions were calculated using PPPMcs (NEMD) simulation was run for 10000 time steps to
Ewald summation, with a Gaussian decay constanGof allow the flow in the cylinder to reach steady state. Follow-
=0.288 A", The real-space contribution to the Ewald sum,ing this, the NEMD simulation was run for six million time
as well as all Lennard-Jones interactions, were truncated ateps. The particle positions, velocities, and forces were
10.0 A. The Lennard-Jones interaction was shifted to removeaved after every one hundred time steps.
the small jump in energy at the truncation point. The recip- In the electro-osmotic flow simulations, the use of an
rocal space contribution to the electrostatic energy was cabpplied field to drive the flow is consistent with the true
culated using a 815X 15 mesh. The dimensions, andL,  physical situation. In response to a voltage differential im-
were chosen to be sufficiently large so that the effect oposed on the ends of a long capillary, the mobile charge in
electrostatic interactions between periodic images of théhe capillary will quickly arrange itself to create a constant
counterions was negligible. This was determined by comparelectric field between the two ends. This field then results in
ing counterion density profiles obtained with successivelya spatially invariant axial force on all the charged particles in
larger values of | andL, . This test was also used to choose the system. In the Poiseuille flow simulations, consistency

< >
L

X
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0.25 : I : T r I r 0.004 TABLE Ill. Average solvent and counterion axial velocities from electro-
osmotic flow simulations.
0.2 i -0.003 Fy E, Us u; I D;
—_ ) —_ (10**N/mol) (10°Vim)  (m/9  (m/9 W) (107°m?/s)
o 0.15F o
<< ! J0.002 °<, 1.0 1.036 1.2) 274 -0.153) 3.96)
e 0.1+ = 5.0 5.182 6.2) 14.54) -0.1655) 4.21)
10.0 10.36 12.0) 29.44) —0.1653) 4.326)
0.05 —0.001 20.0 20.73 24@) 59.54) —-0.1661) 4.393)
: 50.0 51.82 61.@) 158.94) —0.1681) 4.851)
i 100.0 103.6 128(@) 365.57) —0.173%3) 5.931)
00 26)

FIG. 2. Plot of solvent densitysolid line, left axi$ and counterion density Maximized. This explains why the distance between the first
(dashed line, right axjsas a function of distance from the center of the pore. and second counterion Iayers is greater than that between the
second and third layers.

with the physical situation is not self-evident. Poiseuille flowB. Average transport properties
occurs when a hydrostatic pressure differential is imposed on
the ends of a long capillary. This then results in a spatially .. o )
. . . . . . lations, it is important to use an appropriate value for the
invariant axial pressure gradient. However, in the simula-

tions, the pressure gradient which corresponds to the applie?jpp“ed field strength. In both cases simulations were per-

force on each particle is not constant. This point has beenormed for a range of values. The results of these simulations

di . . . are shown in numeric form in Tables Il and Ill. The primary
iscussed in some detail by Toéd al. | follow their expe- . S .
dient in assuming that the Poiseuille flow simulations doreS.UIt from each S|mulat|on'|s the average aX|§1I solvent ve-
: 9 . - .- locity ug and the average axial counterion veloaity These
indeed correctly represent the physical situation of Poiseuille S . : :
flow. were obtqlned l_ay averaging over all times and all _partl_cles of
that species. Figure 3 shows andu; versus applied field
strength, on a log—log scale. We can see that in all cases the
IIl. RESULTS velocity increases roughly linearly with the applied field
strength. The statistical uncertainty is independent of the ap-
plied field strength, as it is controlled by the thermal speed of
Figure 2 shows the solvent and counterion density as aach species. Hence, the relative statistical uncertainty of the
function of radial position in the pore, obtained from the measured average velocities decreases linearly with the ap-
equilibrium simulation. Both the solvent and counterionsplied field strength.
have a layer of maximum density at the point of contact with  For Poiseuille flow, the solvent and counterion velocities
the wall, R, (R=18.4A andR,=19.03A, respectively  are identical within statistical uncertainty. The relationship of
with weak layering occurring in the second and subsequentelocity to applied field strength can be examined more
layers. These profiles can be understood in terms of liquidiuantitatively by comparing with the well-known Hagen-—
theory and electrostatiéé.The solvent concentrates at the Poiseuille formula for laminar flow in an cylindrical
wall because this provides the most efficient packing, whictcapillary?®
increases the overall translational entropy of the fluid. The
subsequent weaker layers of solvent are spaced about one

In performing nonequilibrium molecular dynamics simu-

A. Equilibrium properties

solvent diameter apart. Most of the counterions concentrate 1000 ..' o ; ]
at the wall to minimize the electrostatic repulsion between o
counterions. Thermal excitation and solvation effects ensure [ o I
that some of the counterions still reside away from the wall. 100F ® 4
. . e E [ ] 3
These counterions tend to concentrate in a peak located w2 : a 3
about one solvent—ion diameter inside the nearest solvent & - o 1
layer, where the favorable contacts with solvent particles are “_‘5 10 3 o - 3
~ E
x
o » o 1k | -
TABLE Il. Average solvent and counterion axial velocities from Poiseuille 3 E
flow simulations. - i
Fu Ug u; “w 0. sl —anl ol sl
(10*» N/mol (m/s) (mls) (mPa 3 0.01 0.1 1; 10 100
0.01 0.61) 0.54) 0.4898) F % [10 N/mol]
0.10 6.12) 5.54) 0.452)
1.00 62.82) 57.44) 0.4431) FIG. 3. Plot of solventopen and counterior(filled) average velocities vs
10.00 966.04) 886.020) 0.28811) applied field strength for Poiseuill&circle) and electro-osmoti¢squarg

flow. Except where shown, error bars are smaller than symbols.
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FIG. 4. Plot of viscosity as a function of applied field for Poiseuille flow. F!G: 5. Plotof¢ potential as a function of applied field for electro-osmotic
flow.

2
U= — & V_P 4) could have several possible causes including lack of energy
s 8 u’ conservation in the time integration scheme and a nonuni-
where VP is the pressure gradient along the capillary, as_form te_mperature proflle. ) )
A similar analysis of the electro-osmotic NEMD simula-

sumed to be independent of position gnds the shear vis- b ; d . hat the electrical doubl
cosity of the fluid, also assumed to be independent of posit—Ions can be performed. Assuming that the electrical double

tion. In order to obtain the effective pressure gradient fOIJayer IS very smal! compared with the width of the channel,
each simulation, the applied field strength was divided by théhe, electro-osmotic flow at a charged gurface may be de-
average molar volume of 18 éfmol. Estimates of the fluid scribed by the Helmholtz—Smoluchowski equatfon,
viscosity were then obtained from E@t), and are shown in €06, {VE
Fig. 4. Us==— 5

It should be noted that Eq4) assumes no slip at the . o . ) .
fluid—wall boundary. In fact, the slip velocity at the wall was Where is the fluid viscosity, an E=F,/q is the electric
roughly 50% of the axial velocity at the center of the chan-field gradient parallel to the surfacgis the so-called “zeta-
nel, so that Eq(4) systematically underestimates the true Potential” which characterizes the sign and magnitude of the
viscosity of the fluid. This effect could be corrected for by Surface charge. _ o
subtracting the estimated slip velocity, which would resultin ~ Assuming a nominal value of 1 mPas for the fluid vis-
proportionately larger values for the viscosities in all casesCOSity, values for the apparedtpotential at each applied
In the following section the local shear stress and strain raté€!d strength were obtained from E€h). These are plotted
were used to calculate the local viscosity, which avoids thégainst the applied field strength in Fig. 5. Except for the
need to make assumptions about the boundary position arfighest field, the apparertpotential is independent of the
velocity. applied field strength, with an average value 60.167

At all but the highest applied field strength, the viscosity
is independent of pressure gradient, with an average value of T —
0.45+0.01 mPas, which is typical for a dense atomic liquid.
At the highest applied field strength, shear thinning is ob-
served. The average flow velocity in this case is 966 m/s, — }
whereas the thermal speed of the solvent is only 370 m/s. e~ [ - 1
The next highest shear rate resulted in an average flow ve- & 4 & A
locity of 62.8 m/s, which is well below the thermal speed, <
and the viscosity in this case appears to match that obtained 2 - .
at lower shear rates, within statistical uncertainty. Hence we ==,
find that NEMD simulations in which the average flow ve- Q 2
locity is 10%—-20% of the thermal speed provide the best
tradeoff between accuracy and precision. Higher shear rates
cause deviations from low-shear behavior, while using lower ol el —
rates greatly reduces the statistical efficiency. A tenfold re- 1 10
duction_in the _applie_d field strength requires a 100-f0|d_ in- F [1012 N/mol]
crease in the simulation length to achieve the same precision. x
The shear thinning that is observed when the streaming Veag_ 6. plot of ionic diffusion coefficient as a function of applied field for
locity is comparable to or greater than the thermal speediectro-osmotic flow.

61

e |
100
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FIG. 7. Plot of solventsolid) and counterioidashedvelocity as a function  FIG. 8. Plot of solventsolid) and counterioridashed velocity as a function
of distance from center of pore for Poiseuille flow at an applied field of distance from center of pore for electro-osmotic flow at an applied field
strength of 167 N/mol. strength of 5x 10'% N/mol.

. - . In order to sample the local fluid velocity, the cylindrical
+0.001 V. The{ potential for silica glass under typical con- \5jyme of radiusR, accessible to particles of each species
ditions is —0.1 V. The apparen{ potential at the highest 55 divided into 50 annular regions of equal volume. The
applied field strength was higher than the low field value.qyerage square distance from the center axis for these re-
This is consistent with the shear thinning that was observegiOns was then taken to be {1)(R2/50), (2—1

with Poiseuille flow. As for pressure driven flow, the transi- X (R2/50),...,(50- )(R2/50). In order to measure the slip
tion from linear to nonlinear behavior occurs when the ﬂOerIocity of particles very close to the wall, one additional

velocity approaches the thermal velocity of the fluid. annular region was included, twenty times smaller than the

Finally, the difference between the counterion and solyo|yme of the other regions, for which the average square

vent velocities can be used to estimate the ionic diﬁ”Siorbarticle position was (2009%)(R2/2000). All the configu-
coefficientD; , which is defined by the following constitutive | tions saved during a simulatio?n were used to compute the

relation: average axial velocity of the particles located in a given re-
D, gion. In this way, the velocity profile for each species was
Ui—Ug=— kB—TqVE, (6)  obtained.

Figure 7 shows the velocity profiles obtained from a Poi-
whereq is the counterion charge. The ionic diffusion coeffi- seuille flow simulation with an applied field strength of
cient for each applied field strength was calculated from Eq10"*N/mol. The counterion velocity closely matches that of
(6). The results are given in Table lll and Fig. 6. The diffu- the solvent, but exhibits greater statistical uncertainty, due to
sion coefficient is independent of applied field strength athe far smaller number of particles. In the center of the chan-
small field. However, compared to tidepotential, nonlinear nel, the solvent velocity profile has the parabolic form pre-
deviations occur at lower applied field strength, and deviadicted by continuum fluid mechanics. However, near the
tions are more pronounced. This is perhaps due to the fachannel wall, several features occur that are beyond the reach
that the counterion velocity is more than twice that of theof continuum theory. There is a nonzero slip velocity at the
solvent and so approaches the thermal velocity at lower apwall. In a region less tha1 A thick the velocity increases
plied field strengths. rapidly to roughly twice the slip value.

The rapid doubling of the velocity can be understood by
considering the infinitesimally thin region adjacent to the

In the previous section average transport properties wergall. The particles can be divided into two populations: post-
presented, obtained by averaging the species velocities oveollisional particles moving away from the wall and precol-
the entire channel cross section. In this section local trandisional particles moving towards the wall. Because the par-
port properties will be presented, obtained by measuring spdicles undergo perfect diffuse scattering at the wall, the
cies velocities as a function of radial position in the pore.former population have an average axial velocity of zero,
The analysis was performed for all the applied field strengthsvhile the latter have a nonzero average velocity which | will
that were simulated, but only results for the Poiseuille flowdefine asvg,. Since the net flux into the wall is zero, the
simulation with applied field strength 3¥N/mol and the two populations must be equal in size, and so the average
electro-osmotic flow simulation with applied field strength axial velocity at the wall isv,,=vg/2. The correlation
50x 10*N/mol are presented. As explained in the previousbetween radial and axial velocity will decay rapidly with
section, these applied field strengths provide an accurate ddistance from the wall and should become small at a distance
scription of the linear response of the fluid while minimizing roughly equal to the mean free path of the fluid. In dense
the statistical error. fluids, the mean free path is a small fraction of one particle

C. Local transport properties
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r [A] FIG. 10. Plot of shear stress as a function of position for Poiseuille flow

(solid) and electro-osmotic flowdashed The data were obtained at applied

FIG. 9. Plot of solvent shear strain rate as a function of position for Poi-field strengths of 18 N/mol and 50< 10'2N/mol, respectively.
seuille flow(top) and electro-osmotic flobottom). The data were obtained
at applied field strengths of ¥N/mol and 50< 10'? N/mol, respectively.
through a minimum, becomes positive, passes through a
maximum and then approaches a large negative value at con-

: o : . Yct with the wall. At lower applied field strengths, the shear
axial velocity in the very thin region near the walj,4, pro-

' ‘ £ the full sli locitv. which i rates are proportionately small and so the data is noisier, but
vides an accurate measure of the full slip velocity, which is, " o 'popo ior o0 be observed.
twice the wall value.

Just beyond the point where the full slip velocity is A simple force balance on the cylindrical region of ra-

. . ) L dius r allows us to write the following expression for the
achieved, the velocity profile exhibits a pronounced maxi-

- average shear stress at pairih the fluid:
mum, followed by a minimum. It then becomes smoothly
parabolic. This nonmonotonic velocity profile close to the 1 o
wall has previously been observed by Traetsal. for Poi- (r)=+ OE Fipi(r')r'dr’, (7)

seuille flow in a slit por@:9 This behavior is discussed fur- ] o ) ) )
ther below. wherell,,(r) is the shear stress acting in the axial direction

Figure 8 shows the velocity profiles obtained from an@cross the cylindrical surface of radiusF,, is the applied
electro-osmotic flow simulation with an applied field field acting on particles of speciegsand p,(r) is the local
strength of 5& 10*2N/mol. In this case, the counterion ve- density of species atr. In our case, the summation only has
locity is considerably higher than that of the solvent. Away
from the wall, the velocity profiles are almost flat. The small
residual slope is due to the nonzero density of counterions 20 ' T j J " T '
extending into the center of the pore. Again we see a nonzero
slip velocity at the wall that is roughly half of the full slip
velocity. Both the solvent and counterion profiles exhibit a
pronounced maximum and minimum.

In order to compare the velocity profiles with continuum
theory, finite differences were used to calculate the derivative
of the solvent velocity profiles with respect towhich cor-
responds to the shear raig,(r). The counterion velocity
was not included in the analysis. Because the counterion ve-
locity is always greater than the solvent velocity, it intro-
duces a spurious oscillatory contribution to the shear rate,
proportional to the derivative of the counterion/solvent den-

—
o

(=]

N
o

-
o

1/u [1/mPa.s]

sity ratio. Figure 9 shows the shear rate profile in the fluid 0 -
under Poiseuille and electro-osmotic flow. Each simulation

was divided into 20 blocks of 150000 time steps and the 0 5 10 15 20
variance over blocks was calculated for each data point. The r [A]

error bars represent the expected standard deviation of the
average over the blocks. The two cases appear very simildr!G. 11. Plot of reciprocal viscosity as a function of position for Poiseuille

. . . . low (top) and electro-osmotic flowbottom). The data were obtained at
Far from the wall the shear rate is negative, with magthdépplied field strengths of #®N/mol and 50< 10'2N/mol, respectively. The

increasing linearly Withr!_ consistent with continuum fluid  jpset figures show the data points sampled on the range 0—15 A, plotted on
mechanics. As the wall is approached, the shear rate pass&sexpanded scale.
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A FIG. 13. Overlay of solvent velocity profildgeft axis) and solvent density
r [ ] profile (right axig for the region close to the pore wall. The solid line is for

o . . » pressure driven flow with an applied field strength of?M/mol and the
FIG. 12. Plot of ionic diffusion coefficient as a functlgn of position for yashed line is for electro-osmotic flow with an applied field strength of 50
electro-osmotic flow at an applied field strength of<&00*2 N/mol. x 101 N/mol. The density profile is given by the dotted line.

aced by the local values. The resultant plot®f(r) is

two terms, the solvent and the counterions. The densities a%own in Fig. 12. The diffusion coefficient is constant in the
obtained from the profiles shown in Fig. 2. In the case o . PO
P g region r<15A, with an average value of 4.99.02

Poiseuille flow in a slit pore, this type of mean-field expres- ~ L .
b yp b 10 9m?/s. This is very close to the macroscopic value

sion for the shear stress was found to agree well with th . ) A .

average of the instantaneous stress calculated directly froﬁ?port{ed n Tqb!e i, dgspne the fagt that the. microscopic
interparticle forces, while providing much better statisticaldlfoSIOn coefficient varies S"Oﬁg'y n Fhe region near the
precision’® The resultant shear stress profiles for the twowall' The net effect of these variations is almost zero.
cases are shown in Fig. 10. The statistical uncertainty in the

data is smaller than the linewidths. The Poiseuille sheafV: PISCUSSION
stress is essentially linear in with some superimposed A detailed analysis of the velocity profiles obtained from
weak oscillations due to ordering of the fluid near the wall.gjmuylations of both Poiseuille and electro-osmotic flow
The electro-osmotic shear stress increases nonlinearlyrwith through a nanopore showed that the continuum description
as the charge density is higher near the wall. of these flow phenomena is accurate except in the region
A local viscosity u(r) can now be defined in terms of yery close to the pore wall, where the continuum assumption
the local shear ratg,,(r) and the local shear stre$k,(r)  preaks down. At a distance of more than two monolayers
by invoking the linear constitutive relation for momentum from the wall, the local viscosity becomes constant. More-
transport in simple fluids, also known as Newton's law,  qyer, close agreement was found between the values of the

()= — (1) ype(1). (8)  average viscosity in this region obtained from the Poiseuille
) ] ] flow simulation and the electro-osmotic flow simulation.
Figure 11 shows the reciprocal gi(r) as a function of However, in the first two monolayers, noncontinuum be-

position for Poiseuille and electro-osmotic flow. The two re-pavior was observed. This was manifested by regions of

sults are remarkably similar. In both cases, the viscosity i§egative and divergent viscosity for both Poiseuille flow and
constant in the region< 15 A (Fig. 11 insets This indicates

that beyond two monolayers from the wall, both Poiseuille

and electro-osmotic flow are well described by continuum 180 ————r——7————1———0.004

mechanics. Averaging over all the data points in this region -

yielded an average viscosity of 0.8R.01 mPas for Poi- 40.003

seuille flow and value of 0.960.02 mPas for electro- '

osmotic flow. The fact that these independent simulations of o

two different transport processes result in statistically 40.002 °%

equivalent values for the viscosity validates the simulation a’

methodology and analysis. d0.001
The microscopic viscosity is higher than the macro-

scopic values reported in Table II. This is due to the fact that

the macroscopic calculation included the effect of wall slip, 20

which tends to lower the apparent viscosity.
Since the{ potential characterizes the fluid—solid inter- v of _ oci dksolid fine. left axi
face, it is not meaningful to define a localpotential. It is ~ F'G: 14. Overlay of counterion velocity profilesolid line, left axi3 and
. . L . . counterion density profilédotted line, right axisfor the region close to the
m?amnngl to defme_a local lonic d|ﬁu_5_|0n _CoefﬂC'ent- To do pore wall. The velocity profile is for electro-osmotic flow at an applied field
this, the average axial species velocities in E}.were re-  strength of 5 10'2N/mol.
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electro-osmotic flow. The extremely anomalous nature of thesolvent velocity peak is identical in both Poiseuille and
viscosity close to the wall is not an artifact of the stochasticelectro-osmotic flow, even though the force density profiles
scattering boundary that we chose to represent the pore walire quite different.

Qualitatively similar viscosity profiles have been observed in  The simulations presented here have served to confirm
several previous NEMD studies, all of which represented théhe existence of enhanced transport rates in the first layer of
pore wall using a freely vibrating lattice of atorh$ fluid, both in Poiseuille and electro-osmotic flow. They also

Efforts to resolve the apparent anomalous viscositieslemonstrate that the effect is a generic property of confined
with continuum theory have lead to several proposed modifluids, i.e., it occurs for both structureless and atomistic rep-
fications to Newtonian rheology, including nonlocal resentations of the pore wall. Comparison of density profiles
generalizatio® and a wave vector dependent viscoSity. and velocity profiles suggest that the enhanced transport is
However, since the anomalous behavior is obviously due tecaused by the strongly two-dimensional ordering of the fluid
the underlying atomistic structure of the fluid near the wall,at the wall, but this has not been conclusively demonstrated.
one should not expect continuum concepts such as viscositPne possible way to do so would be to measure velocity
to apply. Instead, it is helpful to examine the velocity datacorrelations between neighboring particles as a function of
directly. distance from the wall.

Figure 13 shows the solvent velocity profiles from the Note added in proofAfter completion of the manuscript
Poiseuille and electro-osmotic flow simulations, expanded in became aware of an NEMD study of electro-osmotic flow
the region near the wall. Overlaid on this is the solvent denby Qiao and Aluri?® Their model and results were similar to
sity profile. Even without correcting for the different stressthose of Freund* They also developed a convenient meth-
profiles, the velocity profiles from the two simulations agreeodology for using the velocity profile near the wall obtained
very closely. In both cases the velocity rises rapidly withfrom an NEMD simulation to provide a velocity boundary
increasing distance from the wall, passing through a sharpondition for continuum simulations of electro-osmotic flow.
maximum, followed by a more extended trough of low ve-
locity. Beyond this trough, the velocity increases smoothlyACKNOWLEDGMENTS
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