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ABSTRACT: We report on coarse-grained molecular dynamics simulations of the electroosmotic flow (EOF) of
an electrolyte confined in a cylindrical, nanoscopic pore. We present results for the equilibrium distribution of
fluid particles and ions in the electrolyte, and we show that our computational model reproduces the well-known
characteristics of EOF in the steady-state regime, in particular the well-known pluglike character of this type of
flow when the Debye length is small compared to the characteristic channel size. Upon adding a number of
neutral, grafted polymer chains on the interior capillary surface, we find a significant reduction of the magnitude
of the EOF. We characterize the polymer coatings and further show that the observed reduction in flow strength,
as a function of polymer surface coverage, is in quantitative agreement with recent theoretical scaling predictions
regarding the coupling of EOF and polymer coatings in small Debye length systems. As far as we know, our
results constitute the first independent, quantitative verification of these predictions.

1. Introduction emerges naturally from the integrated equations of motion of a
large number of particles (representing solvent molecules, ions,
g €tc.), have also attracted attention latéiy?4 MD simulations
provide a fundamental picture of fluid flow at the molecular
scale and are likely to play a critical role in the development of

Electroosmotic flow (EOF) refers to a fluid flow induced by
an external electric field applied parallel to a solid surface an
occurs when a space charge builds up in the fluid near the
surface. This interfacial charge may arise for different reasons, - . . .
a common one being the ionization of chemical groups attached”‘ij_()ﬂu'dIC teghnolo_gles. In this grﬂcle, we repo_rt on coarse-
to the surface and the ensuing accumulation of counterions in9r@inéd MD simulations of EOF in a nanoscopic cylindrical
an electric double-layer (EDL) near the interface (e.g., the POre (or capillary), which explicitly account for the discrete
deprotonation of silanol groups at a siieaater interface results ~ nature of fluid molecules as well as hydrodynamic and
in a net negative surface charge bound to the silica and positive€!€ctrostatic interactions; our generic approach (detailed in
counterions in solution). The EDL is often conceptually divided S€ction 3) allows us to model large systems with nearly 5
into an adsorbed layer (the Stern layer) and a diffuse layer of 10" individual particles. In contrast to some other recent EOF
counterions; when an external electric field is applied parallel Simulations performed in atomistic detail, we are able within
to the surface, the mobile charges in the diffuse layer are set inUr coarse-grained approach to model an electrolyte with a
motion and, through viscous coupling with the uncharged fluid, Debye length significantly smaller than the capillary radius;
eventually drag the bulk of the solution in a uniform fléw. hence, the scope of our conclusions extends in part to the case

EOF is an efficient mode of fluid transport at small scale. °f macroscopic channels.

Although it poses its own set of challenges, mainly regarding ~ We show in this paper that our MD model reproduces the
the control of surface chemistry, EOF is often preferred over basic characteristics of electrolytes and EOF very well, and then
Poiseuille (pressure-induced) flow for two main reasons: (1) we consider the modification of the capillary surface with grafted
The velocity of a Poisedille flow is proportional to the square polymer chains to investigate in what measure the latter is able
of the capillary radius; hence, the pressure gradient required toto modulate and eventually quench the EOF altogether. This is
obtain decent flow rates often becomes impractical as the systenof immediate technological relevan€¢e?® e.g., to decouple
size is reduced. For example, genergttnl mm/s flow of an electroosmotic and electrophoretic motion of analytes in order
aqueous buffer in a km wide capillary (or 1 pL/s) already to optimize the separation of biomolecules. Polymer coatings
demands a pressure gradient of nearly 100 atm/cm! (2) Poiseuilleare routinely employed to modulate the EOF and/or to reduce
flow exhibits a parabolic velocity profile, which unduly disperses the adsorption of analytes in capillary electrophoresis. These
material samples transported in solution. In contrast, electro- coatings exercise their control either by regulating the capillary
osmosis generally produces a rather flat velocity profile (often surface charge or by enhancing viscosity near the capillary
called a plug flow), and for typical experimental conditions, a surface, or botR? Despite the wealth of empirical knowledge
modest applied electric field of about 100 V/cm can reproduce about the chemistry, processing, and performance of a large
the flow conditions quoted above. number of coatings, a fundamental understanding of the way

A renewed interest in EOF, especially in the context of in which adsorbed (dynamic coatings) or grafted (covalent
microfluidic technology, is manifest in recent publications coatings) polymer molecules modulate the EOF is still lacking.
extending EOF theory to handle time-dependent redimés  While there is considerable interest and a number of recent
and treat completely new idédd? or proposing numerical  reports on the deformation of grafted polymers in flows near
schemes aimed at solving the constitutive equations of EOF in solid surfaces, we could only find one theoretical article, albeit
specific geometrie¥3~15 Of a different character, in that they —an exceptional one, by Harden, Long, and Ajdardedicated
do not rely a priori on a continuum hydrodynamic model, entirely to the coupling between the electroosmotic flow and
molecular dynamics (MD) simulations, in which the flow the deformation of grafted polymer chains and the consequence
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of this coupling on the far-field solvent flow, self-consistently.

End-Grafted Polymer Chains1251

If we further consider continuum hydrodynamics, we can

Therein the authors establish some clear predictions for the substitute expression 3 for the charge densgits) into the

deformation of polymers and for the effective bulk EOF velocity
as a function of the polymer grafting density, the polymer size,
and the field strength. At the end of section 2, we review the
simplest limits of their theory, which serve as a baseline in the
interpretation of our simulation data. As announced in our short
Communication published recenfly,this article provides
elaborate details on methodology, equilibrium results for a

confined electrolyte, and steady-state EOF data and ultimately

offers a systematic and quantitative account of EOF modulation
as a function of the coverage fraction of the polymer coating.

2. Theory

2.1. Continuum Theory of Electroosmotic Flow.Before
describing our computational model and presenting our simula-
tions results, we briefly recall the continuum theory of EOF,
which relies on a combination of the Poisson equation for the
electrostatic potential and the Boltzmann equation for the
distribution of charges inside the diffuse layer. In generda, if
refers to one oNs ionic species present in the solution, each of
valencez (including sign), we obtain the well-known Poissen
Boltzmann (PB) equation

2 Cc B
V(r) = ZZKHOkeXp{ ezp(r)/ks T} 1)
€ k=

where ¢(r) is the potential at position, e is the elementary
charge,e is the permittivity of the solvent (we assume it is a
constant) ks is the Boltzmann constant, afdis the absolute
temperature. They factors are the ionic concentrations of each
species in the bulk (far away from the charged wall). For the
case of a symmetric univalent (1:1) electrolyte of bulk concen-
trationng confined in a system of characteristic sieave often
find eq 1 written as (in terms of the dimensionless potential

¢* = eplksT)
2¢n,

ek T

The important parameter= (2noe¥eksT)Y2 introduced here is
the inverse of the Debye length, a widely recognized measure
of the extent of the diffuse charge layer (also called the Debye
layer). The dimensionless combinatieais called the electro-

V2*(r) = sinhg*(r) = k2 sinhg*(r)  (2)

electric body force term in the NavieStokes (NS) equation
and solve for the fluid velocity field. Assuming that the flow is
in steady state under the action of an external fieloriented
along the axis of the capillary, that there are no pressure
gradients, and that the fluid viscosity is constant, the NS
equation reduces to

=10

VAu(r) = (%)

Upon substituting the DH solution fai(r) and integrating, we
[o(kT)

find
Uo(l — |0(Ka)) (6)

where we have definedh = ¢{E/y, the so-called “Helmholtz
Smoluchowski” velocity for the fluid far away from the charged
surface (beyond the Debye layer). Note that when the ratio
lo(xr)/lo(k@) is replaced by € in eqs 3 and 6, we recover the
appropriate solutions for a planar geometry (witie distance
from an infinite plane).

Apart from the DH linearization itself which is only reliable
when|¢*| < 1, the assumption thabk = ng for all ionic species,
implicit in going from eq 1 to eq 2s in fact only valid when
either the diffuse layer thickness is small compared to the
characteristic system sizeg > 1) or when the system is in
equilibrium with a bulk electrolyte reservoir of concentration
no. The first condition is easily violated in nanoscale capillaries,
where the surface-to-volume ratio is large (i.e., there is no bulk
phase inside the capillary), and although the second condition
is usually met in practical settings, it is typically not enforced
in simulation work, in which the total number of ions is usually
fixed (NVT ensemble). In a closed nanoscale system, counter-
ions ionized from the surface affect the ionic concentrations
significantly across the entire system, and we must resort to
numerical solutions of the PB equation, with valuesngf
determined from a self-consistent numerical solution of eq 1
under ionic conservation constraints. This point is often
overlooked in the EOF literature, although it has been addressed
in the context of cell models in colloid scieng&3% We have
recently presented a treatment of the issue that is both more
concise and more amenable to the study of EOF in sraall

o(r) = — fé—E(l -

n

lo(ka) -

kinetic radius and amounts to the system size expressed in termsystems”’ The gist of the matter is that the PB equation for a

of the Debye length. The linear or DebyEickel (DH)
approximation of eq 2, namely2¢*(r) ~ «2¢*(r), can be
invoked when|¢*| < 1 everywhere in the system. It is in this
linear context that, in 1965, Rice and Whitehead (RW) first
derived the properties of EOF in a cylindrical pStend their
solution for the net charge density is given in terms of Bessel
functions as

lo(kr)
[o(x@)

p(r) = —e’t ®)

wherer is the distance from the capillary axis,is the radial
position of the boundary of the diffuse layer, abd= ¢(a) is
the value of the electric potential at= a. In dimensionless
form, in terms ofp* = p/nge and ¢* = ef/ksT, eq 3 becomes

lo(kr)
[o(x@)

p*(r) = —2C* 4

1:1 electrolyte can be casted in a form that resembles eq 2

()

whereu is simply the dimensionless electric potengélshifted

by a constant, antler = (2nes€?/ekgT)Y2 is the inverse of an
effective Debye length that can only be determined numerically
(from boundary conditions and charge conservation integrals)
and that depends on the salt concentratigrthe wall charge
density o, and the system size via the dimensionless
combinations = |a|/npa. The quantitys measures the importance
of the counterions dissociated from the wall, compared to that
from the dissolved salt. Whesi< 1, the contribution of wall
counterions is negligible, and we expect a bulk situation, where
the effective ionic concentration away from the wall is es-
sentially the same as the nominal salt concentration. In the
opposite regime, whes> 1, the situation is dominated by the
wall counterions, and both the ionic concentration and the net
charge can increase well above that of the bulk approximaéiBQ/

VAU(r) = ko SINhU(T)
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values, across the whole system. It turns out that there exists a Table 1. Simulation Parameters
simple approximation fokes value ~ value
parameter symbol (MD units) (Sl units)
Kot X K (L + 5)1/4 or Ngg~ng(1+ 5)1/2 (8) WCA interaction range b 1 0.3nm
WCA interaction strength € 1 ks T = 300 K
where ners is then an effective salt concentration. This ap- fluid particle mass m 1 3x 107%°kg
proximation is reliable when the wall chargés small enough elementary charge e 1 16x10°9C
and, most notably, even outside the linear DH regime. milgﬁ?{é'iﬂiygﬁzr M 38 ggrigt'fg
2.2. Coupling between EOF and Polymer Coatingdn their density P '
self-consistent theory for the interaction between the EOF and mean wall number Bw 1.0 62 mol -1
grafted polymer chain®,Harden, Long, and Ajdari explore the density .
limits of both the “mushroom” regime, in which the grafted ‘t"r’]":‘e':nsqg?gg:ro”“a”t @T 2000 égONK”T
chains are essentially isolated from one another, and the “brush” qm Iengtghy 1o > 0.6 nm
regime, in which the chains are closely packed and swell in the salt concentration No 0.02 1 mol -2
direction perpendicular to the surfa®lo quantify these limits, surface charge density o —01 —-0.2Cm?
it is customary to define a dimensionless coverage parameter eXte_IrI”a' e"zc.t”c field E i . 3x1CPVem™
y* = yaRs2, wherey is the surface polymer grafting density g‘;ﬁ'ogirg t;ixlresngth 2 12'7 g’gn?m
(the number of chains per unit area) aRg= R’[¥? is the MD unit of time . 1 25 ps
equilibrium radius of gyration of the polymers (the angled MD integrationtimestep At 0.01 0.25 ps
brackets denote an ensemble average). This quantity is then total simulation time tsim 100-10° 0.25-2.5us
proportional to the fraction of the wall surface area that is E‘E%‘?;ﬁggggﬂon cutoff i ‘318 124”,\'1“ -
covered by polymer molecules; typically, the mushroom regime  gtrength '
corresponds tg* < 1 and the brush regime to* > 1. We FENE interaction range ro 1.5 4.5nm
draw specific attention to the predictions of Harden et al. for DPD thermostat friction fNapd 1.5 104gst
the effective bulk EOF velocityer, which can be directly ~ !otalno. of particles TR (1)0;5 T llgs .
extracted from simulation data. In the mushroom regime, they pmoo)r/]?:;;?&;?%h;ﬂg Y ’,\/,l 220 2-20 em

consider that the chains act as isolated obstacles to EOF flow

generation and therefore predict, to first order, a linear decreaseappropriate combination of the four independent fundamental units of length

aThe values in MD units are understood to be multiplied by the

in the fluid velocity withy*: (b), energy €), mass k), and elementary charge)( As an example,
corresponding values in Sl units are derived from the loose correspondence
Vet = Ug(L — Ky*)  (y* < 1) (9) established for the four fundamental quantities. The polymer grafting density

and the polymerization index are the parameters of most significance in
whereK, = Kn(N,E) is a proportionality factor which depends  this work.

on the chain lengttN and the electric field strengtk in (especially when macromolecules are involved, given the
nontrivial ways-detailed in the original papetto account for — yohipitive computational costs of an atomistic approach when
the p055|b_le deformation of the c_haln in the flow field. I_n the ojaxation times are very long). Our system consists of about 5
brush regime, the argument relies on an analogy with the . 1 gpherical particles interacting via the Weel@handler-

exponential screening & of the flow by a porous medium of - Angersen (WCA) pair potential (i.e., a truncated and shifted

heightH and mean pore sizé. A blob picture yieldsH/d ~ Lennard-Jones potential, so that only the repulsive part remains):
y*56 hence the scaling prediction

+er=r;

=———— ~ K, expy*P)  (y* >1) (10) Uweal(r) = 4 6’(%))12 (%))6 (11)

coshy*> 0 r=re

Here Kb is akin to Km and also exhibits h|gh|y nontrivial with c= 2176, PhySicaI quantitieS in this article are quoted as
dependencies on the polymer length and the field strength, todimensionless numbers and are understood to be multiplied by
account for the perturbation of the brush in the flow field. These an appropriate combination of the natural MD unitsbofor
dependencies are carefully scrutinized by Harden et al., but for length, e for energy,m for the mass of fluid particles, anel

our purpose we Only need to Contemp|ate the undeformed brushfor the elementary Charge. The three first units determine the

limit, in which K = 1. natural MD unit of timer = /mb?e. Because of the coarse-
We should point out that egs 9 and 10 above are derived grained nature of the simulation, we should not attach to much
under the assumption that the Debye length is much smallerimportance to the interpretation of the fundamental units in terms
than other characteristic lengths in the system, such as theof a specific physical system (e.g., a silica capillary filled with
polymer coil size, the channel radiasor the spacing between  water at room temperature, etc.). However, to set things
grafting sites, so that the diffuse charge layers are consideredconcretely, we can imagine that each fluid bead represents a
to be infinitely thin. Interestingly, this approximation allows molecule of water and that= ksT (with T = 300 K), thereby
one to cast the problem of grafted polyelectrolytes into a simpler establishing the rough correspondertice: 0.3 nm,m ~ 18
one involving only neutral chair®.At any rate, we are curious  atomic mass units, and~ 25 ps. The trajectory of the particles
to compare the results of our simulations, in which the Debye is integrated using the velocityerlet algorithm with a time
length is finite, against the foregoing theoretical predictions. incrementAr = 0.01z. Most of the simulations are carried out
. . with the same set of physical parameters, summarized in Table
3. Simulation Method 1, along with corresponding approximate values in Sl units
Our generic model of the full electrohydrodynamic aspect according to the rough mapping established above, to provide
of EOF is based on united-atom molecular dynamics (MD), a a sense of scale. To aid in the description of our model, a
ubiquitous technique in the field of discrete fluid simulation snapshot of the simulation system is also provided in Figur&e&v
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Figure 1. Visual snapshots from MD simulations of EOF control via grafted polymer chains. (a) The full length of the capillary, with some
particles progressively hidden to reveal the different components of the system. Wall particles are shown in gray, fluid particles in blue, positive
ions in red, negative ions in black, polymers chains in yellow, and polymer grafting sites in green. The diameter of the beads corrésploads to
fundamental MD unit of length. Periodic boundary conditions are applied along the capillary axis, and the exter&at-figl oriented toward

the right. In this particular image, the grafting density iss 0.02, and each polymer chain comprises 10 monomers. (b) Axial snapshots, with fluid
particles hidden, for three coatings of increasing polymer grafting depsfor chains of lengttM = 10 (monomers that appear disjointed belong

to chains partly outside the scope of the image). In these images, the external field is oriented out of the page.

3.1. The Capillary Wall. The capillary wall consists of a  Given the capillary volum& (which is just the number of wall
cylindrical shell extruded from an fcc lattice of mean density atoms removed to create the bore, dividedohyand the axial
pw = 1.0 with periodic boundary condition along the capillary lengthL of the periodic box, the geometric inner capillary radius
axis, which models a narrow, infinitely long tube. Wall particles a is unambiguously determined from= za2L.

differ from fluid particles only in their mass,, and in the fact 3.2. Electrostatic Interactions. To model the electrostatic
that they are anchored to fixed lattice sites by simple harmonic aspect of EOF, we simply endow some patrticles with an electric
springs with force constark,. We choosemn, = 3 andk, = charge and add between all charge pairs a truncated Coulomb

300, ensuring that (1) the fundamental vibrational frequency of interaction potentialc, given here in dimensionless form:
the wall ww = 4/k,/m, = 10) is comparable to the Einstein

frequency of the fluidd; ~ 7.8, upon expanding the LJ potential U(ry) A5G0 r<r
around its minimum), so that the MD time stAp is appropriate TU = i - (12)
for both; (2) the wall qualitatively behaves like a solid, in that Ks 0 r>re.

the root-mean-square displacement of the wall particles remains

below 0.1 (whered is the nearest-neighbor distance of the where rij is the distance between particlesand j, carrying
lattice; d = («/E/pw)l’3 in the fcc case), an empirical Linde- chargesy andg;, respectively; we limit our study to univalent
mann criterion for melting? which becomes,, > 3kgT/(0.1d)?2 ions, i.e., we takéq| = 1. The Bjerrum lengtiig = e?/4weksT

~ 238 in the current context; (3) the wall efficiently transports determines the relative strength of the electrostatic interaction
heat generated in the fluid by the Joule effect (i.e., we choose (it corresponds to the distance at which the Coulomb energy
a small massn,, within the limits imposed by the first two  between two unit charges is equal to the mean thermal energy).
conditions). Any number of other combinations are possible, In all the simulations reported here we have/&set 2, a value

and the specific choice has little impact on the simulation appropriate for water at room temperature. It is widely known
outcome provided, of course, that the wall density is high enough that it is incorrect in 3 dimensions to impose a cutoff on the
to prevent fluid molecules from leaking out of the capillary. long-ranging Coulomb interaction, and Ewald summat&oSV
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methods are required to take into account the contribution of
the periodic images of the charges. In our case, however, the
system only extends along one direction so we may consider
the Coulomb interaction as short-ranffefbr distances larger
than the capillary diamete2By varying the cutoff lengthicc

from la up to & (and increasing the periodic box length
accordingly), we indeed verified that simulation results are
independent ofc when it is beyond &, and for the production

of our final data, we chose ~ 4a, a very safe value.

The initial choice for which particles are charged is random,
with the provision that the bound charges on the inner capillary
surface are constrained to lie at a minimal distance from each
other, so that the distribution remains more or less uniform.
Pairs of opposite charges are thus applied randomly to fluid
particles to model dissociated salt, and counterions opposite in

charge but equal in number to the surface-bound charges are

also introduced, to achieve overall electroneutrality. For all
simulations we use the same salt concentratips 0.02 and
the same surface charge density= —0.1 (the wall charges
are negative; hence the counterions are positive). In terms of
the Debye length introduced in section 2, for the largest capillary
of radiusa = 10.4 we havelp = (8znplg) 2 ~ 1, and
according to eq 8the effective Debye length is thdqg ! ~
0.91. Thus, we expect that there will be a net positive charge
and that the EOF will arise within a distance of one or two
molecular diameters from the wall. Note that we do not expect
to see a Stern layer of ions adsorbed on the solid surface becaus
we use the same interaction parameters for flwicll and
fluid —fluid interactions; at the level of our molecular-primitive
model, a Stern layer would simply renormalizes the capillary
radius and surface charge.

3.3. The Polymer Molecules.We model linear polymer
molecules by stringing togeth®t beads, or monomers, binding
them with a finitely extensible nonlinear elastic (FENE) potential

r
My
wherek andrg determine the stiffness and maximum extension
of the bonds, respectively. We chodse= 30 andro = 1.5, a

Urene = %k In(l - (13)

Macromolecules, Vol. 39, No. 3, 2006

® free chains

o grafted chains

short chain
scaling

-
o

Radius of gyration R,

10
Number of bonds N

20

Figure 2. MD simulation results for the equilibrium radius of gyration
of free and grafted FENE polymer molecules, as a function of the
number of bondN. The dashed line indicates the larfjescaling
relationRy ~ N*, wherev = 0.588. The solid line is a nonlinear fit of

a function which includes scaling corrections for small chaiRg:=
NO-58qay + ayN=2 + aN=! + agN=?). The values we find for the
expansion coefficients,, ai, a, andas are all within 25% of published,
precise values for self-avoiding walks on a cubic lattfidé/here visible,

the error bars indicate the standard deviation in the measyrealues.

e
Figure 2, and it is nice to see that they are consistent with the
largeN scaling behavioRy ~ N°588 (dashed line), as well as
the known scaling corrections for small(solid line; details in

the figure caption}2 The results also indicate that, for the small
chain lengths considered here, grafting has little influence on
the radius of gyration of the polymer coil, and in our analysis
we use the free chaiRy values.

3.4. Temperature Control. Since we are preforming non-
equilibrium electrokinetic flow simulations, energy is imparted
to the system by the external electric field, and in steady state
this energy is converted to heat, mostly through the friction
between drifting ions and the surrounding fluid and wall (Joule
heating). It is therefore essential that we extract this heat from

widespread choice and an appropriate one to model a self-the capillary to control the temperature of our system, and to
avoiding chairf! Another advantage of this potential over a this end we combine two strategies. First, the velocity of the
simple harmonic one is that the polymer chain exhibits a wall particles are rescaled periodically (typically at every 100
physically realistic finite length, even under strong shear forces. steps of the velocity Verlet integration, i.e., at even) to keep

In our simulations we tracked the intermonomer distance and their average k|net|c energy Consistent with the target temper-
found it to remain in the narrow range 0.870.04. We graft  atyreksT = 1. However, this is found to be insufficient (unless
each polymer to the interior capillary wall by attaching one of a1y small field intensities are considered, but then the flow
its ends to a random neutral wall particle with the same FENE 5105 hecome intractable in realistic simulation times), and we
interaction potential, and we also constrain grafting points 0 w0 efore also need to couple the fluid particles directly to a

:ftﬁte‘i‘ogg'n:;mnd'sggggﬁ fr??ee?hrﬁteﬁgraﬁ liIthlitafllluq‘tur%tlv\?r?’s heat bath, in a way that does not bias the fluid flow and that
9 9 Y- poly Y9 does not require a priori knowledge of the flow profile. There

from the grafting point in a random conformation, and in an exists a number of “profile-unbiased” thermostats for nonequi-
attempt to keep the fluid density constant, we remove as many . . . . protil ; ) q
librium simulations, and in our simulations we resorted to the

fluid particles as we add monomers (note that monomer pairs DPD th led b its f lati df
along the chain lie on average slightly closer than fluid particle thermostat (so-called because its formulation emerged from

pairs, so this actually implies a slight decrease in the mean fluid the dissipative particle dynamics simulation method). This novel

density). An important quantity in the analysis of the coupling @nd ingenious approach boils down to rescaling the relative
between the EOF and the polymer coatings is the dimensionless/elocities of neighboring particles, so as to leave intact

coverage parameter = yzRs?, which involves the equilibrium
radius of gyrationRy of the chains. We have performed
independent simulations to determiRgfor free chains (in bulk
solution) and for isolated chains grafted on the interior capillary
surface, as a function of the number of intermonomer bdhds
in the molecule, withN = M — 1. The results are shown in

hydrodynamic interactions and the overall fluid velocity fiétd.

We apply this thermostat between pairs of fluid particles, at
every integration step. Finally, no thermostat is applied to the
grafted polymer molecules, but their temperature is well
controlled by the surrounding fluid and by their direct coupling
with the wall. CDV
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Figure 3. Normalized local fluid density:/pr as a function of the
distance from the capillary wall (defined as- r), for different capillary

radii a, in equilibrium € = 0 andy* = 0). The curves are offset from
each other for clarity, and the horizontal lines correspond in each case
to the value of the mean fluid densjiy= 0.8; their vertical separation

of 0.5 provides a vertical scale.

Distance from the capillary wall

Figure 4. Details of the concentration profile for positive ions and
negative ions (thin solid lines, as labeled on the graph) and for the net
charge (bold solid line) near the capillary wall as a function of the
distance from the wallg — r), in equilibrium E = 0 andy* = 0).

The dashed curves show the ionic concentration data normalized by
the local relative fluid density. The dashdotted curve shows the net
charge density predicted by the self-consistent numerical integration
of the nonlinear PB eq 1 and compares favorably with the simulation
4. Simulation Results results, except in the first fluid layer, where steric effects dominate.

4.1. Equilibrium State. We first present equilibrium simula-
tion results when there is no external field and no grafted

polymers E = 0, y* = 0). Figure 3 shows the normalized
equilibrium distributiong(r) of fluid particles across the capillary

by the thick dot-dashed curve, which corresponds to the net
charge density profile calculated from the self-consistent solution

as a function of the distance to the capillary wall- r). The of the'nonlllnear PB eq 1 (Nwe cannot use the Ilngar DH
density of fluid particles shows decaying oscillations around appro_X|mat|_on here bec_au5é~ 1.5). The agreemer_1t with the
the mean fluid densityr in the vicinity of the wall. The  MD simulation results is remarkable, except within one mo-
oscillations are very similar irrespective of the capillary radius, '€cular diameteb of the capillary wall, as expected since the
except for small changes in the fine structure due to the slightly theory does not account for the finite size of the ions. The theory
different fcc lattice artifacts for different capillary radii. The ~ therefore overestimates the charge concentration in the immedi-
values for the oscillation period (0.96 0.01) and the decay  ate vicinity of the wall and underestimates it in the first
length (1.2+ 0.2) are both close to the characteristic separation Molecular layer; however, beyond the first solvent layer the PB
of fluid particles 23 ~ 1.08). This layering phenomenon, Prediction is already quite accurate. We should note that dividing
due to the packing of fluid particles into layers near a solid the charge density byg(r) is not strictly correct because this
surface, is well recognized both theoretically and experimen- operation does not conserve the total charge. More rigorously,
tally.r Within our model it is not practical to study capillaries we could account for packing effects in the theory by including
with a radius smaller thaa= 4.0 because positional correlations an effective chemical potentighack = In(g(r)) in both expo-
between particles then become so strong across the whole boreaentials in eq £° Of course, the function(r) is generally not

as to induce intermittent crystallization of the fluid, akin to the known a priori, but it is easily extracted from a single simulation.

stick—slip motion and the wall-induced glass transition observed Beyond the right edge of the graph, toward the center of the
oo . 45 . '
in simulations by other§:*For the rest of this work we focus capillary, the net charge density vanishes, and the positive and

on capillaries of radiua = 10.4 to obtain decent fluid phase in R ber densities both tend dth
the center of the capillary and to clearly resolve the Debye negative ionic number e_nsm(_es pt tend towar t g_vagwe
= 0.0247 + 0.0001, which is higher than the initial salt

length. We should reiterate here that the length of our periodic : i .
box along the capillary axis & = 127, which is large enough concentratiomg = 0.02. This increase is due to the absence of

to alleviate concerns about hydrodynamic and electrostatic self-@ Pulk ionic reservoir in our system, as discussed in the
interaction artifacts. paragraph leading to eq 7 in the theory above. Note that the net
In Figure 4 we present results for the equilibrium charge charge _de_nsny does not necessarily \{amsln at 0. It does

distribution as a function of the distance to the capillary wall here, thhm th? measurement uncertainty, becagse the Debye
(a— r). The thick solid curve shows the net charge dengity Iength. is sufﬁmently small compared to the caplllar.y radius.
obtained directly by summing the separate ionic densiies The S|_mulat|on value fomes compares favorably W|th_th_at
and p_, represented by thin solid lines and as labeled on the Prescribed by eq.8.e., et &~ no(1 + 5)¥2 ~ 0.0243, but this is
graph. The thin dashed curves give a view of the ionic partly fortuitous because the full numerical integration of the
concentrationg.. normalized by the density oscillationgr), PB equation in fact predictss ~ 0.0226, which is about 10%
and the smooth profiles thus rendered show that the electrostatidower. Perhaps we can attribute the discrepancy between the
and steric aspects are in first approximation separable. The PBmeasured and theoretical valuesngk to the structure of the
equation therefore remains useful in predicting the charge fluid near the wall. According to Figure 4, ions are displaced
distribution in small capillaries on a length scale smaller than away from the wall compared to the continuum theory prediction
the decay of density oscillations. This is confirmed most clearly because of steric interactions, and it is certainly reasonab&aDt\o/
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Figure 5. Steady-state EOF axial velocityr) of fluid particles as a
function of the radial position in the capillary, for an external fiéld
= 3 (thick solid curve). Also shown are the prediction of the Rice and
Whitehead formula based on a combination of the DH approximation

Macromolecules, Vol. 39, No. 3, 2006

Table 2. Three Data Sets Used in the Analysis of EOF Control with
Polymer Coatings

data set no. of data grafting monomers per
label points densityy chainM
M10 10 0.016-0.100 10
G025 10 0.025 220
G100 10 0.100 220

aEach set contains 10 data points, in most cases obtained from two
independent simulations with the same parameters. In the text, the data
sets are referred to by labels M10, G025, and G100.

compared to a nominal thermal velocity gBKksT/my ~ 1.73.
We are thus extracting a 5% signal from the thermal motion
background, and we manage to reduce fluctuations below 5%
by averaging over £3-10* velocity profiles collected every 10
during long simulations (lasting anywhere betweerirlénd
10°7).

We include in Figure 5 the expression derived by Rice and
Whitehead for the velocity, quoted in eqr@placingx by ke
~ 1.06, usinga = 10.25 and takingy as a fitting parameter
(dashed curve; the fitted valug = 0.103+ 0.001 implies a

for the charge density and the NS equation (dashed curve) and thesmga|| Reynolds numbeRe~ 1, and we are thus in a laminar

numerical integration of the NS equation using the charge density

determined directly from simulation data (thin solid curve). Inset: the

position-dependent viscosity, as calculated from the NS equation, the

charge distribution and the EOF velocity profile. The thin vertical line
shows the position of the capillary wall.

expect that this has an impact on the charge density=a0,
at least for the capillary size we are considering.

4.2. Steady-State EOF.We now turn to nonequilibrium
simulations, in which we apply an external electric field to
generate EOF, but in which the capillary walls are still free of
grafted polymers. These “free-flow” results will serve as our

reference scenario to calculate the reduction in the EOF strengthI
when we consider polymer coatings in the next subsection. The

electric field is included in the simulation in the form of an
additional axial forcegE acting on all charged particles. There
is a compromise in choosing for the field strength; i.e., it must

be large enough so that the velocity profiles can be resolved in

a realistic computational time, yet if it is too strong it becomes
difficult to control the temperature of the fluid effectively; we
settle for the valu€e = 3, and we verified that under these

conditions the thermostat can keep the temperature of the fluid
constant across the bore and within about 1.5% of the target

temperaturd&gT = 1; the temperature gradient is located almost
entirely within the capillary wall.

In Figure 5 we present the steady-state velocity profié
of the fluid during EOF. The transient between the equilibrium
state and the fully developed flow typically lasts about 200

flow regime). It is somewhat surprising to find that the velocity
profile shape is predicted rather well by the linearized theory
with adjusted parameters (it is important to note #agtwhich
determines the shape of the curve, is not a fitting parameter
here; its value is calculated independently). We can also integrate
the NS eq 5 numerically using the net charge density dada
measured during EOF (different from that shown in Figure 4
because the net charge is slightly displaced away from the wall
during flow) to obtain the prediction of continuum hydrodynam-
ics without a predefined model for the distribution of charges.
The predicted profile is included in Figure 5, as a thin solid
ine, and we see that it also describes the simulation data very
well. At any rate, we cannot assess the accuracy of the
predictions categorically because of possible fcc ordering
artifacts and because we do not have an independent value for
vo in the theoretical models. The variation in viscosity due to
steric constraints near the wall also probably play a role. In
fact, assuming continuum hydrodynamics to be valid at the
molecular scale, we can estimate the local viscogity of the

fluid from electrokinetic data by writing the NS equation in
cylindrical coordinates as

dy dv

NV + 5 g

—+p()E=0 (14)
where both the charge densijtyr) and the fluid velocityu(r)
are directly available from simulation data (although we have

after the onset of the external field, and we only consider data to smooth the velocity profile by fitting it with a combination

points beyond 500in the calculation of fluid velocity profile,

of a modified Bessel function and a 10th-order polynomial; FFT

to ensure that they correspond to the steady-state regime. Weand running average filters do not yield curves amenable to

immediately notice that we recover the expected plug-flow-like
character of EOF: the profile is quite flat in the center of the
capillary, and the shear is located mostly within a couple of
Debye lengths from the capillary wall. We also see that our
model produces a no-slip boundary condition since the fluid
velocity vanishes at = a. Actually, careful inspection reveals
that the velocity vanishes at= 10.25+ 0.05, which is slightly
smaller than the geometrical capillary radius, and we will
therefore use this reduced value in our analysis of velocity
profiles. It is remarkable that, despite the irregularities in the
interior wall due to the fcc lattice structure, the capillary radius
inferred from geometry and from electrokinetic data agree to
within 2%. The small fluctuations in the velocity profile are
due to thermal noise: the typical flow velocity here is 0.1,

second-order differentiation). The result of the numerical
integration fory(r) is shown in the inset of Figure 5. According
to this calculation, the viscosity indeed exhibits notable varia-
tions near the wall, probably on account of the strong layering
confinement of particles in the first fluid layer.

4.3. Characterization of Polymer Coatings.Given the
foregoing simulation results, we are satisfied that our simulation
method reproduces the features of equilibrium electrolytes and
steady-state EOF very well. We now present the central point
of this article, namely, a quantitative investigation of the
coupling between polymer coatings and EOF, especially in light
of the predictions of Harden et al. presented in the Theory
section. We first summarize in Table 2 the three data sets on
which we base our analysis; M10 corresponds to a data s&bl\r}
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Figure 6. Radial monomer distribution in the capillary for two
representative cases taken from each of the three data sets M10, G025,
and G100, as labeled on the graph. We normalized the density values
by yM (i.e., by the total number of monomers divided by the capillary b)
surface) to resolve all the curves on the same scale, and we added a '
vertical offset between different data sets for clarity. Tick marks on
the vertical axis are separated by 0.1, and the baseline for each set is
evident from the curves themselves. The dash line show the equilibrium
distribution whenE = 0, i.e., when there is no flow, and the thick
solid lines show the profiles during steady-state EOF Her 3. The
Debye lengthip is also indicated on the figure.

which only the grafting density is varied, for a fixed chain
length, while G025 and G100 correspond to sets in wihich
the number of monomers per chain, is varied, for two different
grafting densities. All the other physical parameters, in particular
the field strengthE, assume the constant values indicated in
Table 1.

The curves in Figure 6 show the normalized density of
monomers as a function of radial position inside the capillary
for various values of andM. For each data set, we show two
curves: small and large values of grafting density for M10, short
and long chains for G025 and G100; the curves for intermediate L S e
parameter values (not shown) interpolate well between the onesFigure 7. Visual representations of the polymer surface coatings at
presented here. These plots characterize the polymer coating ifow grafting densityy = 0.025 (from the G100 data set), during steady-

. . . . . A state electroosmotic flow, oriented toward the right. In the density plots,
the radial direction. The difference in profiles between the red indicates a mean monomer density of 0.5, blue represents a density

equilibrium situation £ = 0, dashed curves) and the steady- of zero, and the black contours a density of 0.25. The small black points
state flow situation £ = 3, solid curves) provides valuable represent the anchor point of each polymer. The simulation snapshot
information about the deformation of the polymers under the images represent a small portion of the wall, as indicated. Wall particles
action of the EOF. The G100 data set indicates that for the high &€ shown in gray, the wall-bound negative ions in black, the grafted
. o A . chains in yellow, and the grafting sites in green; other components are
grafting densityy = 0.1 the monomer distribution is practically  pigden to reveal the structure of the coating. () Chains composed of
unaffected by the EOF, irrespective of chain length; the flow is six monomers are displaced from their grafting position, but they adopt
not strong enough to deform these tight brushes (note that theconformations that are not atypical of the equilibrium state. (b) Chains

EOF strength itself depends on the coating density, of Course)__compos_ed of 14 monomers, on the other hand, incur large deformations
On the other hand, the G025 set shows that for the small grafting™ (1€ direction of the flow.

densityy = 0.025 large chains incur significant deformation; A more compelling representation of the polymer coverage
the EOF pulls on the grafted chains and thus displaces theis provided by surface density plots such as those in Figure 7.
monomers toward the capillary surface. Finally, the set M10 These images show the monomer coverage density, i.e., the
shows a transition as the grafting density increases, for a fixed average number of monomers observed per unit area “above”
chain length: ther = 0.01 case exhibits deformation, but the each point of the interior capillary surface (the monomer
y = 0.1 case practically none. It also clearly shows a transition positions are projected radially onto the surface). The red
from a mushroom regime to a brush regime: monomers in represents a mean coverage density of 0.5 or more, blue
chains of equal lengths lie further from the surface as the grafting corresponds to a coverage density of zero, and the black dots
density increases. Assessing the flow-induced deformation of show the position of the grafting sites. We show two steady-
the polymer coating is important because the theoretical state EOF cases taken from the G025 data set: in panel Figure
predictions of Harden et al. for the reduction in EOF strength 7a, the chains are short and thus not affected much by the EOF.
due to grafted polymer chains depend on chain deformation via They are displaced slightly from their respective grafting points
the numerical factor&,, andKy in eqs 9 and 10, respectively. in the direction of the flow (toward the right in the figure), babv

i S EE RS D
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_ ) ) ) ] Figure 9. Relative bulk EOF velocityver/vo as a function of the
Figure 8. Molecular dynamics data of fluid velocity profiles used to  nominal polymer coverage densiigy*, for all three data sets M10,
determine the impact of polymer coatings on the magnitude of the EOF. G025, and G100. The valuky* = 1 (dashed line) divides the
We show here the data from the M10 set, with one curve for each mushroom regime from the brush regime. The inset shows the actual
value of the grafting density, as labeled on the graph. The effective  coverage, obtained from the image analysis of monomer density plots
bulk fluid velocity is obtained in each case from the 60 data points (see Figure 7), as a function of the nominal coverage. Crosses on the
that lie between the vertical dashed lines. graph show the G025 data replotted as a function of the corrected
coverage values, which are more reliable in cases where the grafted

they adopt conformations that are not atypical of undeformed Polymers are deformed by the flow.
coils. In Figure 7b, we see how long chains are elongated in
the direction of the flow by the EOF. We also remark that there monomer density profiles with and without flow (see Figure
is significant overlap of the chains, so that coverage fractions 6), we found that these were the two mushroom regime cases
calculated from an isolated chain approximation are certainly that featured the least deformation of the grafted chains during
overestimated. In fact, we can obtain a more reliable estimate EOF. The value oKgy* is thus a good measure of the surface
of the polymer coating coverage fraction from a direct analysis coverage of the polymer coating for isolated chains, and
of the density plots in Figure 7. The black contours in the images accordingly, the vertical dashed linekgy* = 1 indicates the
correspond to a mean monomer coverage density of 0.25; weonset of the brush regime, wherein the polymer coating
choose to count all sites (or pixels) above this threshold as €ffectively covers the entire surface.
occupied (inside the contours), and the fraction of occupied sites  This is corroborated by the graph inset, in which we plot, as
thus yields a value for the surface coverage fraction of the a function of the nominal coverage vall®y*, the coating
coating (the choice of the value 0.25 will be motivated in the coverage fraction obtained independently from the analysis of
next subsection). According to this method, the situations in monomer coverage density images, as detailed in the previous
parts a and b of Figure 7 correspond to coverage fractions of subsection (the only adjusted parameter in the image analysis
about 0.22 and 0.65, compared to nomipalvalues of 0.22 procedure is the threshold 0.25, chosen so that the image analysis
and 0.58, respectively. We also include in Figure 7 three- yields the same coverage &sy* for the small deformation
dimensional snapshots from a small section of the wall (as casey = 0.025 andV = 6). Points to the right of the dash
indicated on the figure) from the corresponding MD simulations, dotted line of unit slope correspond to cases for wHigh*
with fluid and solvated ions removed, to show what each coating overestimates the value of the coating coverage (and conversely),
actually looks like during steady-state EOF. on account of the deformation of the chains (in the sparse
4.4. EOF Modulation with Polymer Coatings. We now grafting G025 case) or because of steric interactions between
present results for the reduction of the EOF due to grafted, chains and the emergence of the brushlike character (in the dense
neutral polymer chains. As our initial data, we take the average grafting G100 case). Fortuitously, chain deformation and steric
velocity profiles of the fluid as a function of the radial position interactions seem to compensate for each other up to a coverage
r in the capillary, such as those presented in Figure 8 for the fraction of about 0.8 for data in the M10 set. We remark that
data set M10, i.e., for different values pft fixed chain length  all the data points for whicKqy* > 1 correspond to coverage
M = 10. Right away we see that there is indeed screening of fractions above 0.9; hence, this threshold is indeed a good
the flow by the polymer coating at high grafting density: the predictor of the brush regime. As mentioned above in the
fluid velocity is higher in the Debye layer, where the flow is discussion of the radial monomer density profiles, the coatings
generated, than in the bulk, away from the wall and the coating. in the M10 data set clearly show a transition from a mush-
We compute the effective bulk EOF velocityy in each case roomlike regime to a brushlike one, whereas in G025 they retain
by averaging over the velocity profile betweer= 2 andr = a mushroom character for all chain lengths, and in G100 they
5 (to avoid the large fluctuations at smaland the shear layer ~ mostly correspond to brushes.
near the wall), and we divide this value by the reference free- On the basis of these data, let us consider the theoretical
flow EOF velocity vp to obtain the relative EOF velocity. In  predictions of Harden et al., starting with eq 9 for the mushroom
Figure 9 we plot this relative velocityyes/vo, as a function of regime. We disregard the G100 data set here because the high
the dimensionless paramet&py*, where Kq is the small grafting densityy = 0.1 implies that it does not include any
deformation limit ofK,,. We determine the valu€, = 2.20+ mushroom regime data points (except perhaps for the shortest
0.05 from eq 9 and from two data points in set G025 chain, but in that case the coating thickness barely spans the
corresponding taVl = 4 andM = 6. By comparing radial Debye length and the relative EOF velocity is then ObViOL&BV

Radial position
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1.0 - a quantitative way, the distribution of ions similar to what is
expected from continuum theory. The oscillations of the fluid

® M10 density, although manifest near the solid wall, do not appear to

o G100 have a critical impact, in the sense that we can treat them

separately with reasonable accuracy (provided they do not span
the whole capillary pore); this is in agreement with what others
best slope for have reported® Classical continuum equations should not be
;h;fi]?ogm set: | discounted, even at the nanoscale, on the sole fact that they
) ' overlook the discrete nature of solvent molecules. The distribu-
tion of ions in the pore is predicted quite successfully by the
nonlinear PB equation, provided that the effective electrolyte
’ \ theoretical prediction concentration is determined in a self-consistent way. We also
for the slope: 5/6 ~0.833 considered the case where an external electric field is applied
to the ions, and we reproduced an EOF velocity profile which
is consistent with the predictions of continuum hydrodynamics.
0.0 L Note that we considered a Debye length that is about one-tenth
0.0 0.5 10 of the capillary radius, so our findings are not necessarily
log (Ko7*) specific to nanoscopic capillaries. Evidently, the scope of our
ggg(r)edg(t)é sAe?slmi r?;tpoerrgr?hr?griir:ti ?S‘fxﬁgatfhfé(’& tgﬁ@wﬁfand conclusions is modulated by the choice of a particular simulation
eq 10 The bold curve showgrtJhepbest fit to the values fFr)om the G100 mgdel. Oth(_ars7tlgjve performed simulations qf EOF with ato_m_—
set, with a slope of 0.74 0.08. However, as indicated by the dashed iStic resolutiod”"2% and have reported dramatic effects pertain
line, the highest coverage data points are certainly not inconsistent withing, €.g., to ionic sizes and species, hydration effects, and Stern
the slope 5/6= 0.83 predicted from a hydrodynamic screening |ayers. The advantage of a more generic approach is precisely
argument. that it isolates the physical aspects of the problem from chemical
biased upward). Our simulation results fe#/vo as a function specificity. It is also computationally more efficient, allowing
of Kgy*, shown in Figure 9, support the prediction that the for the simulation of larger length and time scales and of more
magnitude of the EOF in the mushroom regime decreasescomplex situations that involve, case in point, polymer chains.
linearly with the fraction of the surface that is covered by the  The main goal of this paper was to investigate the modulation
polymers. Indeed, data from both the M10 and G025 sets show ¢ the EOF by static polymer coatings. Upon including neutral
the same linear decrease with surface coverage. Furthermoregains grafted to the interior capillary surface in our simulations,
if we correct the coverage fraction values according to the inset, \ o find that the reduction of the EOF follows the theoretical
to take into account flow-induced polymer deformation of the eqictions of Harden et al. quite well, in both the mushroom
grafted chains, we improve the agreement between data points;nq the brush regimes (even though the theory is derived in the
from the G025 data set and the linear decrease of unit slope, asimit of an infinitely small Debye length). When the chains are
indicated by crosses in Figure 9. __isolated from each other, the EOF decreases linearly vRifi
For the analysis of the brush regime, we focus our attention (with a proportionality constarko = 2.2+ 0.2; it is interesting
on the_ high coverage df_;lta points of the G100 set, _i.e., PoiNtS 11 note that we havéoyRZ ~ y(4Ry)2 ~ y(2Ry)% where
for which Kgy* > 1. In Figure 10, we replot the relative EOF g s the hydrodynamic radius of the coil). In the brush regime,
velocity so as to isolate the value of the exponentydf the coating screens the EOF generated near the surface, and
following the form of eq 10 (we recall that, according to the e characteristic scaling exponent 0-£4).08 that we extract
radial monomer profiles in Figure 6, brushes are essentially .o simulation data is just short of the theoretical vallie
undeformed in the G100 data set, so we téke= 1). Upon However, our results certainly do not rule out the vallgeand
fitting the brush regime data points with a linear function on e neeq to consider higher density brushes to conclude more
the loQamhm'C graph, we f|r_1d that the simulation results are definitely on this matter. This will require significantly larger
best described by the equation capillaries because the longest chains considered in this work
Veft . 0.7480.0 already exteqd close to th_e center .of the capillary (.moreover,
o cosh{(1.74+ 0.08)y**"*0% (15) the brush height scales linearly witd), and increasing the

bl
3}
T

log (arccosh (Vo /et ))

0 grafting density beyong = 0.1 is not practical within our model
Thus, we find that the value of the exponentis just beyond (it becomes difficult to grow the chains and the fluid density
one standard deviation from the scaling predicfitn= 0.83 near the wall decreases significantly).

derived from the hydrodynamic screening argument. For  There are many directions in which to pursue this research
comparison, a line of slop¥ is also shown on the graph, and further. In particular, we could attempt to verify more precisely
we see that the data points are qualitatively consistent with it, the detailed predictions of Harden et al., including dependencies
especially if we consider the highest coverage values. The pointson the polymer length and the field strength, although we are
from the M10 set are also included in Figure 10; they do not limited in varying these two parameters by the size of the
seem to follow exactly the same trend, possibly because thecapillary and by issues with temperature control during the
brushes in M10 do incur some deformation for moderate grafting simulation. We could vary the Debye length to determine the
densities. In any event, the M10 curve does not extend high behavior of the EOF in terms @H/Ry and consider the case of
enough beyonKoy* = 1 to be conclusive in regards to the polyelectrolyte coatings by adding charges to the monomers.

brush regime exponent. We could also investigate the transient between the equilibrium
. state and the fully developed flow after the onset of the external
5. Conclusion field to see how polymer coatings affect the establishment of

We carried out large-scale molecular dynamics simulations the flow in the first place. On a side note, we would maybe
of EOF inside a nanoscale cylindrical pore and reproduced, in pay attention to the very small but systematic dip in the EC(:)[I):V
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velocity profile at the interface of the fluid and the polymer

brush (consider Figure 8, for = 0.05). Finally, our model is

readily amenable to the study of dynamic coatings, which consist
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