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ABSTRACT: Synthetic solid-state nanochannels modified with polyelectrolyte brushes
are an important class of stimuli-responsive nanofluidic devices.This work theoretically
addressesthe design of a voltage-triggered nanomechanicalgate using the collapse
transition ofa hydrophobic polyelectrolyte brush within a long nanochannel.In poor
solvent conditions,a polyelectrolyte brush grafted to the inner surface of a nanochannel
can either collapse to its walls or stretch toward its axis in order to form a central dense
plug.An applied transmembrane potentialfavors polyelectrolyte chain conformations
that are tilted in the direction ofthe electric field,and therefore,the transmembrane
potentialcan trigger a transition from the collapsed-to-the-center state to the collapsed-
to-the-wallstate.This work studied this transition as a function ofthe length of the
polyelectrolyte chains,the hydrophobicity ofthe polymer backbone,and the pH and
ionic strength of the solution. The optimal conditions to achieve a sharp voltage-triggered
transition between the collapsed-to-the-walland the collapsed-to-the-centerstructures
were identified.This work also explored the effectof the voltage-triggered collapse
transition on the transport of probe particles of different sizes.It is shown that there is a balance between the permeability of the
channeland the selectivity of the two different collapse states for the particle.In the particular system explored in this work,this
balance makes the structuraltransition mostly effective to gate the transport of species with radiiin the ∼1 nm range.

■INTRODUCTION
The transport of ions through biological nanoporesand
nanochannels is a complex phenomenon,whose selectivity is
granted by the interactions between the ion and the amino
acids lining the internalsurface ofthe channel.1,2 Biological
channels have the ability to allow or block the translocation of
ions by switching between open and closed states in response
to chemicalstimulior changes in the membrane potential.2−7

These channelshave inspired synthetic nanoporesand
nanochannelsthat aim to reproduce the transportselectiv-
ity1,2,8and gating behaviors9,10 found in nature.In particular,
the types of stimuli that can gate transport in synthetic
nanochannels have impressively grown over the last years.11−15

The transmembrane potential is an atypical stimulus because
it can modulate the conductivity ofcurrent-rectifying nano-
channels,and it is,at the same time,the driving force for ion
transport.Current-rectifying nanofluidic elements exhibit large
currents in their open state andupon reversing the polarity
of the applied electric potentiallow currents in the closed
state.16,17Current rectification requires an asymmetric charge
distribution with respect to the plane of the membrane,which
can be achieved either by introducing an asymmetric surface
charge in a shape-symmetric nanochannel(i.e., a cylindrical
channel),18,19 by having a shape-asymmetricchannel(i.e.,
conical or bullet-shaped channels) with a homogeneous surface
charge,20−24or by using solutions of different compositions in
the reservoirs.20,25 In all these cases,current rectification

results from the redistribution of the ion concentrations within
the system asa function of the applied potential.15,17,26In
other words,the concentrations ofthe ions in each position
within the system are different in the open and closed states.
These differences in the concentration profiles are responsible
for the different conductances of these two states.

Grafting polyelectrolyte chains to the inner walls of synthetic
nanochannelsis a common strategy to tune theirtransport
properties.14,21,27−30Previous work ofour group has shown
that the structure ofshort nanopores modified by polyelec-
trolyte brushes gradually deforms as the applied potentialis
increased.31 In the presence of an applied potential,
polyelectrolyte chains tend to stretch in the direction ofthe
reservoirthat has an opposite electric charge to thatof the
polyelectrolyte.Voltage-driven deformation ofgrafted poly-
electrolyte chainshasalso been proposed by Siwy and co-
workers to explain their experimental current−potential curves
in DNA-modified nanopores.32−34 The deformation of the
polyelectrolytebrush in responseto the applied trans-
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membranepotential affectsthe ionic currentswithin the
channel,31,32,34both due to electrostatic and steric interactions.
In the case where the steric interactions dominate,the system
is a voltage-triggered nanomechanical gate,whose conduct can
be opened or blocked in response to changes in the applied
transmembrane potential.34

The biologicalcounterpartsof the artificial voltage-gated
nanochannelsdiscussedabove are the voltage-gatedion
channels.This important classof transmembraneproteins
can open/close as a response of the transmembrane potential.
The combination of exquisite ion-transport selectivity (i.e., Na+

vs K+)2 and gating by voltage enables very selective voltage-
activated ion fluxes,which change the state ofpolarization of
the membrane and,ultimately,triggeraction potentialsand
nerve impulses.The gating mechanism in biologicalchannels
involves a conformationalchange in the channelinduced by
the electric field across the membrane.35 For example,in K+

voltage-gatedion channels,the electric field acrossthe
membrane interacts with an α-helix rich in positively charged
amino acids (S4 helix).7,35The interaction of the electric field
with this voltage-sensingresiduetriggersa conformational
change thatmodifiesthe conductivity state ofthe channel.
Note that while in synthetic current-rectifying channels,the
voltage-dependent conductance results from the reorganization
of the ion concentrations within the system (i.e., a
reorganizationof the local concentrationsof the species
being transported),in biological ion channels,the voltage-
gated conductance isa result of structuralchangesin the
channel itself (i.e., a reorganizationof the environment
responsiblefor transport). Becauseof these fundamental
differences,single voltage-gated biologicalchannelsexhibit
sharp on−off transitions,7 whose probability depend on the
transmembrane potential.On the other hand,man-made ion-
rectifying nanochannelsshow gradualconductance changes
with the transmembrane potential. A key question is how sharp
voltage-triggered structuralchangescan be produced in an
artificial nanochannel with a diameter much larger than the size
of a single ion. In this work, we propose to use the
hydrophobiccollapseof a polyelectrolytebrush in poor
solventconditions (i.e.,its microphase separation36) for this
end.

End-grafted layersof polymersor polyelectrolyteswith
hydrophobic backbonescan aggregate in micro-/nanostruc-
tures of different morphologies in order to avoid contact with
the solvent.36,37 Changesin the effective segment−segment
attractive strength, by changing either the quality of the solvent
or the average charge per monomer,result in steep transitions
between self-assembled nanostructures with different morphol-
ogies. When the polymer layer is confined within a
nanochannel,there is a particularly interesting morphological
transition between structuresthat are collapsedon the
channel’s inner walls (collapsed-to-the-wallstates) and
structures in which the polymer chains collapse to the axis of
the channel,forming a centralplug (collapsed-to-the-center
state).37−39The conductance behavior of channels modified by
pNIPAM brushes has been associated with the existence of
thesetwo collapseconfigurations.28,40 In another example,
Speyer and Pastorino studied the transition between the two
collapse states induced by an applied pressure using molecular
dynamics simulations.39 Based on these previous works,the
transition between the collapsed-to-the-center and collapsed-
to-the-wallstates emerges as an interesting strategy to create
nanochannels with sharp stimuli-induced structural transitions.

In this work,we theoretically design a nanochannelbearing
positively charged polyelectrolyte chains thatshowsa sharp
structural transition with the applied transmembrane potential.
Figure 1 shows a scheme of the proposed design.We consider

a single cylindrical nanochannel(radius ≪ length) in a
membrane separating two identicalreservoirs.A potentialΔV
is applied between electrodes in each ofthe reservoirs.We
refer to this potentialas the transmembrane potentialbecause
the accessresistanceis much smaller than the channel
resistance for this system,31 and therefore,there is no Ohmic
drop in the reservoirs and the potentialdifference across the
membrane isΔV. The inner surface ofthe nanochannelis
coated by a brush of a pH-responsivepositivelycharged
polyelectrolyte,whose backbone is in poor solvent conditions,
and therefore,the uncharged state ofthe polyelectrolyte is
poorly soluble in water.One example of a polyelectrolyte with
these propertiesis 4-poly(vinylpyridine).27 The pH of the
system is tuned to allow hydrophobic interactions to dominate
over electrostaticrepulsionsand, therefore, collapsethe
polyelectrolyte brush.36 Moreover,by proper choice of the
polyelectrolyte chain length,the collapse occurs in the center
of the channelin equilibrium conditions (collapsed-to-the-
center state atzero applied potential,see Figure 1A).Upon
increasingthe transmembranepotential, the electric field
within the channel(sustained by an ionic current) stretches
the polyelectrolyte chains and tilts them in the axialdirection.
At a given threshold potential, the electrophoretic force exerted
by the electric field on the polyelectrolyte chains is expected to
trigger a transition from the collapsed-to-the-center state to the
collapsed-to-the-wallstate (see Figure 1B).We theoretically
studied this system with a moleculartheory,31,41,42which
explicitly considers the molecular details of all chemical species
in the system,their intra- and intermolecular interactions,and

Figure 1. Schemeof proposeddesign of a voltage-triggered
nanomechanicalgate.A cylindrical nanochannelof radiusR and
length L (R ≪ L) is modified with a brush of a weak polybase with a
hydrophobicbackbone(i.e., the backboneis in poor solvent
conditions).The nanochannelconnectstwo identicalreservoirsof
an aqueous solution containing salt anions and cations,H+ and OH−

ions.In the proposed design,the polyelectrolyte is collapsed to the
axis of the channel (collapsed-to-the-center state) in the absence of an
applied potential(panelA). After applying a large enough potential
between electrodes in the reservoirs,the force exerted by the electric
field on the polybase chains is expected to trigger a conformational
transition to the collapsed-to-the-wallstate (panelB). In each panel,
one polymer chain is shown in red to empathize the conformational
change.
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the presence ofthe coupled acid−base equilibrium (see the
TheoreticalMethodssection and Supporting Information).
The theory used in this work is a nonequilibrium molecular
theory31,42because it models the system in the presence ofa
steady-state ionic current.We used the theory to find the
optimal conditions forthe voltage-gated transition from the
collapsed-to-the-center to the collapsed-to-the-wall state and to
evaluate if this transition can be used to control the
translocation of probe particles of different sizes.

■THEORETICAL METHODS
The theoreticaltool used in this work is a moleculartheory that
explicitly incorporates molecular details of the system such as the size,
shape,charge,charge distribution,and conformations of all molecular
species in the system.It also considers the intra- and intermolecular
interactionsamong these speciesand the presenceof coupled
chemicalequilibria. In previousworks, the predictionsof the
moleculartheory were found to be in excellentagreementwith
experiments.41,43,44We will provide in this section an outline ofthe
theoretical framework used in this work, but we refer the reader to the
Supporting Information for a detailed description ofthe theory,the
molecularmodel, and the methodologyused for obtaining the
numericalsolutions.

The formulation of the theory is based on a previously developed
nonequilibrium molecular theory,31,42which follows the ideas of local
equilibrium approximation.45,46 This approximation statesthat the
equilibrium relationships between allthermodynamic variables in a
nonequilibrium system hold approximately ata local length scale.
Assuming steady-state conditions (the properties of the system do not
depend on time),the starting point of the nonequilibrium molecular
theory is a generalized form ofFick’s second law ofdiffusion,which
relates the mass fluxes in the system with gradients ofthe chemical
potentials of the corresponding species.

ρ
ρ βμ
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t

J D
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r r r
( )
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where i= A, C, H+, or OH− for the anions,cations,protons,and
hydroxyl ions, respectively, r is the position vector, that is, r = (x, y, z),
Di is the diffusion coefficient for the different ions,ρi(r) and μi(r) are
the density and chemicalpotentialof the speciesi at position r,
respectively,and β = 1/kBT, where kB is Boltzmann’s constant and T
is the temperature.

Our approach to obtain an expression forμi(r) and solve the
molecular organization of the system is to write down an expression
for the semi-grand canonicalfree-energy potentialof the system,
which describes a system with fixed chemicalpotentialfor the ions
and fixed number ofpolymer chains.In the present case,the semi-
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The first two terms in the right hand of eq 2 representthe
translationalor mixing entropy ofthe solvent and ions,respectively.
The third term is the conformationalentropy ofthe polyelectrolyte
chains,and the fourth term is the effective attractive energy between
polymer beads thatrepresents the hydrophobicity ofthe backbone.
The fifth term is the electrostatic energy of the system.The sixth and
seventh contributions to Ω are the chemical free energy of the acid−
base reactions.The lasttwo terms resultfrom the factthat Ω is a
grand canonicalpotentialwith respect to the mobile ions.Our semi-
grand canonicalpotential does not include intermolecularsteric
repulsions which are accounted for through a packing constraint.

The semi-grand potentialΩ depends on functions that define the
structure of the system and are a priori unknown,such as the number
density of solvent and ions at each position.ρi(r), with i = solvent,C,
A, H+, OH−; the position-dependent electrostatic potential,ψ(r); the
fraction of protonated polymer segments at r, f(r); and the probability
distribution function of the polymer chains, PP(r,α). Note that in eq 2,
the chemicalpotentials ofthe ions,μi(r), depend on the position
within the system because the system is in a nonequilibrium steady
state rather than in equilibrium (where μi should be constant).The
functionalextrema ofeq 2 with respectto the unknown functions
mentioned aboveprovidesanalyticalexpressionsfor them. The
resulting setof equations,including the equations thatdescribe the
fluxes in the system (eq 1),is solved using numericalmethods in
order to obtain the nonequilibrium steady-statestructureof the
system and the fluxes of ions.

A main characteristic of the molecular theory is that all interaction
fields and the distribution and chemical states of all species are highly
coupled,thus the equations of the theory are solved self-consistently.
In the case of the nonequilibrium molecular theory,structure and ion
transport in the system are also coupled, and therefore, they should be
solved self-consistently (see ref 31). However, in the particular case of
a very long nanochanneldiscussed in the present work,it is possible
to decouple these two aspects of the problem, which greatly simplifies
its computationaltreatment(see Long-NanochannelApproximation
in the Supporting Information). Decoupling of structure and transport
requires to neglectconcentration changes and Ohmic drops atthe
reservoirs,which is a very good approximationfor very long
channels.31 Under this approximation,the densities ofions,solvent,
and polymer within the very long nanochannelare homogeneous in
the z (axial) direction and inhomogeneities in the (x,y) plane.The
long-nanochannelapproximation allowsus to map the (computa-
tionally demanding) problem of calculating the steady-state properties
of the three-dimensional system into an equilibrium calculation on the
cross-sectional area of the channel.The latter calculation differs from
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a standard equilibrium calculation47 in an additional term included in
the calculation ofthe probability ofeach chain conformation that
accounts for the force exerted by the electric field on the charges of
the polyelectrolyte.It should be stressed thatthe long-channel
approximation used in thiswork is invalid for short channels,for
which structure and transport are irremediably coupled (see ref 31).

The moleculartheory has some limitationsand approximations,
which are important to discuss.First, there are approximations
inherent to the theory,such as treating intermolecular interactions in
a mean-field approximation and using a coarse-grained modelfor the
polymer. The validity of these approximationsis empirically
supported by the good agreementbetween theory and experiment
for severalsoft-matter systems,41,44,48,49including polymer-modified
nanochannels.41,49A specific approximation involved in the present
formulation of the theory is that of homogeneity in the axial direction.
This approximation isreasonable forthe very long nanochannels
studied here, although it has the disadvantageof precluding
microphase separation (aggregate formation) in the axialdirection.
In a previous paper,37 we showed that the translationalsymmetry of
the system can be broken by polymer collapse,which creates
inhomogeneities along the axialcoordinate (z).In the present case,
such symmetry breaking is forbidden by the assumptionof
homogeneity in the axialdirection.However,in ref 37, we also
showed that the aggregates formed by brushes microphase-separated
in the axialdirection have collapsed-to-the-center and collapsed-to-
the-wallstates.Therefore,the main conclusions of the present paper
will be valid even for a channel where aggregate formation also occurs
in the axial direction. The current formulation of the molecular theory
also neglects electroosmotic flows.The importance of electroosmotic
flows decreases forincreasing channellength,50 and hydrodynamic
friction with the polymer brush will also reduce solvent flows; thus, we
believe that neglecting electroosmotic flow is not a criticalissue for
the very long polymer-modified channels considered here.Finally,we
neglected heatproduction inside the nanochannelbecause ofthe
Joule effect. This effect can be relevant in microchannels,51 which can
sustain largecurrents(i > 1 mA); however,it is negligiblein
nanochannels,where currents are of the order of the nanoamperes.

■RESULTS AND DISCUSSION
Structure of the Nanochannel in Equilibrium (Zero

Transmembrane Potential). The organization ofa poly-
electrolyte brush within a nanochannel is a complex function of
its radius,the length of the polymeric chains, the quality of the
solvent, and the pH and salt concentration of the
solution.31,37−39,41,42,52In order to find the optimal conditions
for the nanomechanical gate proposed in Figure 1,we will first
explore the effects ofchannelradius and chain length in the
absenceof an applied potential (equilibrium state). This
analysis willprovide the conditions to form the collapsed-to-
the-center state.In a second step,we will scan the pH and salt
concentration to find the threshold conditions under which the
system transitionsto the collapsed-to-the-wallstate. The
rationale behind this approachis that the voltage-gated
transition from the collapsed-to-the-centerto the collapsed-
to-the-wallstructure willbe optimalwhen the system is in its
most sensitivestate, that is, when the polyelectrolyteis
collapsed to the center,but a small change in variables such as
pH or ionic strength willtrigger a transition to the collapsed-
to-the-wallstate.

We consider here a very long channel (L ≫ R) and use the
approximation that allstructuralproperties ofthe system are
homogeneous in the axial direction (all properties are invariant
with translationsalong the z-axis).Note that this approx-
imation does not preclude the polyelectrolyte chains to stretch
in the axial direction in the presence of the electric field
because,even though we assume homogeneity in the axial

direction,we still keep track of the fully three-dimensional
coordinates ofall segments ofeach polyelectrolyte conforma-
tion. Therefore,an electric field in the axial direction increases
the probability ofthose conformations thatare tilted in the
direction of the field. As we explain in the Theoretical Methods
section and the SupportingInformation, the long-channel
approximation allowsus to decouple the problemsof ion
transportand polyelectrolyte organization,which makesthe
present system computationally tractable.

The collapsebehavior of neutral polymer brushesin
channels with rotational(axisymmetric)37 and axial(transla-
tional)38 symmetries in equilibrium has been already discussed
in detail in the literature,so we willlimit the discussion to a
few casesof interestfor the design ofthe voltage-triggered
nanogate. In Figure 2, we present the equilibrium (zero applied

electric field) structure of the polyelectrolyte as a color map of
the polymer volume fraction (fraction of the volume occupied
by polymer segments) in the plane normalto the axis for
different nanochannel radii and chain lengths.In good solvent
conditions (Figure 2A), we observe a transition from a partially
occluded channel for short chains (N = 20 for R = 5 nm and N
= 40 for R = 8 nm) to a homogeneously occluded channel for
long chains (N = 40 for R = 5 nm and N = 70 for R = 8 nm).
The maximum volume fraction inside the channel in the latter
case is rather low,⟨ϕP⟩ ≈ 0.1. This result is consistent with a
brush that is fully extended in order to minimize electrostatic
repulsions.

On the other hand,in poor solvent conditions (Figure 2B),
the structure of the polyelectrolyte brush collapses to increase
the number of segment−segment contacts. For short polymers,

Figure 2. Color mapsof the polyelectrolyte volume fraction on a
plane normalto the channelaxis.The figure shows the effect ofthe
radius of the nanochannel and chain length on the morphology of the
polymer brush.System conditions:pH = 8.5, pKa = 8, surface
coverage = 0.05 chains/nm2, and saltconcentration = 0.1 M.(a,b)
Cases of hydrophilic (χ = 0) and hydrophobic (χ = 1.5 kBT) polymer
backbones,respectively (good and poor solvent conditions).
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the preferred aggregation mechanism collapses to the nano-
channel walls,while increasing the polymer chain length favors
collapsing to the channel axis. This result is in good agreement
with the experimentalobservationsof Zhang et al.,53 who
proposed the existence ofthe two different collapse states to
explain the different gating behaviorsobserved for nano-
channelsgrafted with pNIPAM brushesof different chain
lengths.Interestingly,in some conditions,we observe that
polymer collapse breaks the rotational symmetry of the system
(see Figure 2B for R = 8 nm and N = 60).This result is in
agreementwith previous theoreticalpredictions.38 Increasing
the radiusof the channelfavorssymmetry breaking in the
angularcoordinate(such as that observed in Figure2B)
because the increase in the circumference provides additional
room for the formation of individual polyelectrolyte aggregates.

Based on the results of Figure 2,we decided to explore the
effectof the applied potentialfor R = 5 nm (to avoid the
additional complexity of structureswith broken angular
symmetry) and an intermediate chain length,N = 28, to be
near to the transition from the collapsed-to-the-center to the
collapsed-to-the-wall state.Using these parameters,we studied
the balance between electrostatic interactions (controlled by
the solution pH, lower pHs correspond to strongerelectro-
static repulsions) and hydrophobic interactions (controlled by
the segment−segment attraction strength,χ; higher χ indicates
stronger hydrophobic attractions).Figure 3 shows the effect of
pH and χ on the structure ofthe polymer layer.Three well-
defined regimes are apparent.In the first regime,the solvent is
good for the polymer backbone (χ = 0),and,as shown above,
the polyelectrolyte chains stretch in order to reduce electro-

static repulsions.For strong segment−segmentattractions
(large χ) and/or low charge density (high pH),the system
adopts the most compact conformation,which corresponds to
the collapsed-to-the-center state.Between these two limiting
scenarios,we observe the collapsed-to-the-wall structure.Note
that the collapsed-to-the-centerstate exhibits a larger
maximum volume fraction (i.e.,it is more compact) than the
collapsed-to-the-wallstate.

Using the resultsof Figure 3, we aimed to choose the
conditionsthat minimize the applied potentialrequired to
trigger the transition between the two collapsed states.These
conditions will correspond to a system that is in the collapsed-
to-the-center state but near the threshold to the transition to
the collapsed-to-the-wallmorphology.In an experimental
realization,the interaction strength χ will be fixed by the
chemistry ofthe polymer,but the solution pH can be easily
controlled.Assuming a value ofχ = 1.5 kBT, we choose the
minimum pH required to obtain the collapsed-to-the-center
structure in Figure 3, pH = 8.5. These values of χ and pH were
used to analyzethe effect of an externalapplied biason
polymer conformation in the next section. The final
combination ofχ, pH, chain length,and channelradius that
will be used in the next section is,of course,not unique: the
voltage-triggered transition can be found for other combina-
tions as well; however,we believe that our strategy to find the
best conditions for the voltage-triggered structuraltransitions
is generaland potentially usefulin both experimentaland
theoreticalapproaches.The charge of the polyelectrolyte is an
important additional design parameterthat controls the
sharpness of the structural transition because a certain number
of charges are required to couple with the externalelectrical
field, but too many chargeswill increaseelectrostatic
repulsionsbetween chainsand preventthe collapse of the
brush.Thus, for highly charged polyelectrolytes,we do not
observe a sharp conformational transition but rather a smooth
reorganization of the layer with the applied potential, similar to
that already reported in ref 31.

Structure of the Nanochannel in the Presence of an
Applied Transmembrane Potential. We will now consider
the effect of an electric field in the axial direction (which
results from applying a potentialbias between the reservoirs)
on the structure of the polyelectrolyte layer.Note that this
electric field creates ionic currents in the system; therefore, the
system is in a steady state rather than in equilibrium.31 The
starting conformation corresponds to the case pH = 8.5 and χ
= 1.5 k BT in Figure 3, which is a collapsed-to-the-center
structure.Figure 4A shows that for a salt concentration of 0.1
M (same salt concentration as in Figure 3),there is a sudden
transition from the collapsed-to-the-centerstate to the
collapsed-to-the-wallstate upon increasingthe strength of
the applied electric field.The transition occurs between E =
1.03 and 1.29 V/μm.Detailed calculations show that the exact
threshold for this transition is E = 1.09 V/μm.For a typical
nanochannelmembrane of L = 10 μm prepared by etching of
an ion track,15 the transition willrequire an applied potential
between the electrodes in the reservoirs of ΔV = 10.9 V, which
is in the upper limit of those typically used to probe these
systems.54 This argumentassumesthat all the Ohmic drop
occurs within the channel,neglecting the access resistances,
which is an excellent approximation for long channels.31,50The
transmembrane potential required for the transition, ΔV = E.L,
can be decreased by using channelsshorter than 10 μm;
however, for very short pores, the Ohmic drop in the reservoirs

Figure 3. Color maps ofthe polyelectrolyte volume fraction on a
plane normal to the channel axis as a function of the solution pH and
the hydrophobicity of the polyelectrolyte backbone, χ (larger values of
χ indicate stronger segment−segmenthydrophobicattractions).
Conditions: R = 5 nm,N = 28,pH = 8.5,pKa = 8, surface coverage
= 0.05 chains/nm2, and salt concentration = 0.1 M.
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due to the accessresistanceswill compete with the Ohmic
drop inside the pore.In those systems,the electric field inside
the pore will be smallerthan ΔV/L. For polyelectrolyte-
modified nanochannels similar to that discussed here,we have
previously shown that the access resistances can be neglected
up to L = 100 nm to 1 μm (the exact value depending on the
charge ofthe polyelectrolyte brush),21 which should result in
threshold potentialsin the range of ΔV ≃ 0.109−1.09 V.
These values are wellwithin the range of those typically used
in conductancemeasurements.In summary,this analysis
indicatesthat the proposed voltage-gated collapsed-to-the-
center to collapsed-to-the-walltransition is feasible in current
nanochanneldevices.

In order to show that the change ofstructures observed in
Figure 4 is in facttriggered by the proposed conformational
rearrangements,we analyzed the average segment distribution
of a single chain within the channel. Figure 5 shows color maps
for the segment density of a single chain (left panels) and the
volume fraction ofthe whole brush (rightpanels,the single-
chain density profiles are shown as a white contour plot in this
figure) in the (x, z) plane (this plane contains the channel axis;

see the coordinate system in Figure 1).For a zero applied
potential(Figure 5A),the polyelectrolyte chain is symmetri-
cally distributed with respect to the normalof the surface and
its density profile is elongated near the axis,as expected for a
chain-formingpart of the central plug. As the potential
increases, the chain interacts with the electric field and deforms
in the axial direction.For E = 1.03 V/μm (see Figure 5B),the
chains are tilted in the direction of the field but stillcollapsed
near the channel axis.Above the threshold potential (E = 1.29
V/μm, Figure 5C),the electrostatic coupling triggers a steep
conformationalrearrangement.This transition placesthe
chains almostparallelto the wall and the layerswitches to
the collapsed-to-the-wallconformation.It is interestingto
compare Figure 5C (E = 1.29 V/μm,pH 8.5) with Figure 5D
(E = 0 V/μm, pH 8.0). In both cases,the polyelectrolyte is
collapsed to the walls, but in Figure 5C, this structure is due to
the externalelectricalfield,while in Figure 5D,this structure
arises from the increase in the charge of the polybase because
of the decrease in pH (see Figure 3).In the latter case,the
chain doesnot extend in the axialdirection,but it is still
collapsed on the wall.

Figure 4A shows that the applied potentialrequired to
switch the conformation nonmonotonically dependson the
salt concentration, Csalt, and it has a minimum for intermediate
salt concentrations (Csalt= 0.1 − 0.5 M). This effect is ascribed

Figure 4. (A) Effect of the electric potential and salt concentration on
the polymerconformation.(B) Effect of salt concentration on the
average dissociation fraction of the polymer chains. Conditions: R = 5
nm,N = 28,pH = 8.5,pKa = 8, surface coverage = 0.05 chains/nm2.

Figure 5.Color maps ofthe single-chain average segment densities
(left panels) and totalvolume fraction ofpolyelectrolyte segments
(right panels,the single-chain segmentdensitiesare overlaid as
contour plots) in the (x,z) plane at different applied potentials and
pH: (A) pH = 8.5 and E = 0 V/μm. (B) pH = 8.5 and E = 1.03 V/μm.
(C) pH = 8.5 and E = 1.29 V/μm.(D) pH = 8.0 and E = 0 V/μm.
Conditions:R = 5 nm, N = 28, pKa = 8, surface coverage = 0.05
chains/nm2, salt concentration = 0.1 M.
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to the well-known double role that increasing electrostatic
screening plays in weak polyelectrolyte systems.43,48,55Starting
from a high-saltconcentration,decreasing Csalt has the main
effect of reducing the electrostatic screening between charged
polyelectrolyte segments.Strongersegment−segmentrepul-
sions favor the collapsed-to-the-wallstate over the collapsed-
to-the-center one (increasing Csalt produces in this regime the
same effect as decreasing pH; see Figure 3). A further decrease
of salt concentration, on the other hand, produces the opposite
effect:it stabilizes again the collapsed-to-the-center structure.
This effect can be traced back to the decrease in the fraction of
charged polymersegments because ofthe charge regulation
effect. Briefly, a decrease in the salt concentration increases the
electrostatic repulsions between positively charged segments.
This process results in an increase in the free energy required
to protonate a segment ofthe polybase;therefore,the acid−
baseequilibrium of the basic segmentsshifts toward the
neutralstate.This argumentis supported by the plotof the
average fraction ofcharged segments in the brush,⟨f⟩, versus
Csalt in Figure 4B,which shows that ⟨f⟩ rapidly increases with
increasing Csalt for smallsalt concentrations and then plateaus
for large saltconcentrations.The decrease in the fraction of
chargedsegmentswith decreasingCsalt in the low-salt-
concentration regime favorsthe formation of the collapsed-
to-the-center structure because it is the most compact structure
(it has a maximum volume fraction higherthan that of the
collapsed-to-the-wallstructure).

In previous studiesof polymer brushesin poor solvent
conditions,we have observed the possibility of having bistable
systems in equilibrium,where the molecular theory predicted
the existence of more than one localfree-energy minima with
very different morphologies.55,56 In order to test whether
bistability is presentin the current system,we solved the
molecular theory for increasing values of the applied potential
until we obtained the conformationaltransition,and then we
decreased the electric field back to the equilibrium condition
(E = 0). The results of this calculation (Figure 6) show that for
some valuesof E, two differentstructurescan be obtained,
which indicate that this system is bistable.It should be noted
that our theory models a steady state; therefore,the processes
depicted in Figure 6 are not really a time-dependent potential
scan,but rather they result from the choice of the initial

guesses used to solve the molecular theory.When solving the
molecular theory,we use a previous solution as an initial guess
for the next calculation;therefore,solving the theory for
increasing ordecreasing valuesof E can produce different
results if the system is bistable. All calculations presented so far
in Figures 4 and 5 correspond to calculations where E was
increased from the equilibrium system (E = 0) to the desired
finalvalue.

The differentmorphologies observed forthe forward and
backward scans in Figure 6 strongly suggest the possibility of
hysteresis in an experimentalrealization ofthe system.The
current−potential curves of many nanochannel systems exhibit
hysteresis,indicating kinetic bistability.33,34,54,57,58In some of
these systems,the bistability has been directly associated with
polymer relaxation.33,34,57

Effect of the Polyelectrolyte Structure on Transport.
In this section,we addressthe question of how the sharp
structural transition predicted by the theory affects the
transportthrough the channel.The total flow of a charged
speciesi through the pore is given by (see eq S48 in the
Supporting Information)

∫ ϕ ρΦ = ⟨ ⟩E M x y x y x y( ( , ) ) ( , )d dz i i i, P (3)

where the integralruns over the cross section of the channel,
the subindex“z” indicatesthat the flow occurs in the z
direction,ρi(x, y) is the number density of species i at position
(x, y) (in the long-channelapproximation,the concentrations
are independenton the axial position,see the Supporting
Information and Theoretical Methods section) and
Mi(⟨ϕP(x, y)⟩) is the ionic mobility ofthe species i,which is
related to its diffusion coefficient,Di, as

ϕ ϕ β⟨ ⟩ = ⟨ ⟩M x y D x y q( ( , ) ) ( ( , ) )i i iP P (4)

where qi is the charge of speciesi and β = 1/k BT (k B is
Boltzmann’sconstantand T is the temperature).Note that
both Di and Mi are allowed to depend on the localvolume
fraction of the polymer,⟨ϕP(x,y)⟩. Equation 3 shows that the
transport rate depends in our theory on both the concentration
of the transported specieswithin the channel,ρi, and their
mobility,Mi.

We will first discuss the effect ofthe collapse transition on
the density of probe particles within the channel. In our theory,
the concentration of a molecular species iat position r within
the channelis given by (see eq S45 in the Supporting
Information)

ρ ρ βυ π π βψ= − − −x y x y q x y( , ) exp( ( ( , ) ) ( , ))i i i i
bulk bulk 0

(5)

where π(x, y) is the osmotic pressure at position (x, y), υi is the
volume of species i, and ψ0(x, y) is the electrostatic potential at
a position (x, y) at the left entrance ofthe channel(axial
position z = 0).Equation 2 is valid for very small particles,for
which π(x,y) and ψ0(x, y) can be considered constant in the
whole volume of the particle.For larger particles,eq 5 can be
generalized to42,59

∫ρ ρ β υ π π

βψ

= − [ ′ ′ ′ −

− ′ ′ ′ ] ′

(
)

x y x y x y

q x y x y

r

r r

( , ) exp ( , , )( ( , ) )

( , , ) ( , ) d

i i i

i

bulk bulk

0
(6)

Figure 6. Color maps in the (x, y) plane of the volume fraction of the
polyelectrolyte for a calculation increasing the applied electricalfield
from E = 0.0 V/μm to E = 1.29 V/μm (forward scan,upper row) and
a calculation decreasing the electric field from E = 1.29 V/μm to E = 0
V/μm (reverse scan,lower row). The plot shows the existence of
bistability in the system.Same conditions as in Figure 5.
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where r′ = (x′, y′, z′) and υi(x, y, r′)dr′ and qi(x, y, r′)dr′ are
the volume and charge,respectively,that a probe particle with
its center at position (x,y) has in the volume element between
r′ and r′ + dr′. Assuming that the density of the probe is small,
then the fields ψ0(x, y) and π(x, y) in the presence of the probe
are approximated to be the same asthose determined by
solving the molecular theory in the absence of a probe.

In all our calculations,we allow the structureof the
polyelectrolyte brush to depend on x and y;however,for
simplicity,we choose to use solutions with angular symmetry
to explore the voltage-triggered structural transition. Therefore,
the solutions discussed in the previous section depended only
on r, the radialcoordinate.Figure 7A shows the densities of

probe particles as a function ofr within nanochannels in the
collapsed-to-the-center(solid blue lines,correspondsto the
system with E = 1.03 V/μm and Csalt= 0.1 M in Figure 4) and
collapsed-to-the-wall(dashed red lines,correspondsto E =
1.29 V/μm and Csalt = 0.1 M) states.Results are shown for
particles of two different radii (Rp = 0.7 nm and Rp = 1.0 nm)
with a single negative charge located at the center.In all cases,
the density ofthe probe is normalized by the bulk density,
ρbulk. For both particle sizes,Figure 7A shows that the smallest
density is obtained at the axis ofthe channel(r = 0) for the
collapsed-to-the-centerconformation and nearthe channel
walls for the collapsed-to-the-wallcase.This result indicates
that steric repulsions (i.e.,the first term within the integralin
eq 6) dominate over electrostatic attractions (second term in
the integral in eq 6). As expected from this conclusion,
increasingthe size of the nanoparticledecreasesits local
density (see density scales in the two plots of Figure 7A).

In order to evaluatethe effectivity of the proposed
nanomechanicalgate to controlthe transportof particles of
differentsizes,we calculate the average concentration ofthe
particles within the channel,39 which we denote ⟨ρk⟩

∫ρ ρ⟨  ⟩ =
A

x y x y1 ( , )d dk
(7)

where k = center or walls when the polyelectrolyte layer is in
the collapsed-to-the-centeror in collapsed-to-the-wallstate,
respectively (we also dropped the subscript ifor clarity).The
integralin eq 7 runs over the area ofthe channel,which is
equal to A. We will study the concentration of the probe within
the channelwith respect to that in the bulk, that is, the
partition ratio,⟨ρk⟩/ρ bulk, for k = center or walls.The partition
indicates whether the probe particle is enriched, ⟨ρk⟩/ρ bulk > 1,
or depleted,⟨ρk⟩/ρ bulk < 1,within the channel.Small values of
⟨ρk⟩/ρ bulk will indicate small transportrates of the probe
particle through the channel(poor permeability).We are also
interested in the relative ratio ofconcentrations between the
collapsed-to-the-walland the collapsed-to-the-centerstruc-
tures, ⟨ρwalls⟩/⟨ρ center⟩. This value indicates the relative
selectivity ofthe probe particle for one of the two states.
Valuesof ⟨ρwalls⟩/⟨ρ center⟩ far from unity, therefore,indicate
that the structuralrearrangementof the polymer layer can
efficiently gate the transport of the probe particle,that is,the
channel will allow its passage in one configuration and block it
in the other.

Figure 7B shows⟨ρwalls⟩/ρ bulk, ⟨ρcenter⟩/ρ bulk, and ⟨ρwalls⟩/
⟨ρcenter⟩ (calculated using eqs 6 and 7) as a function ofthe
radius of the particle,Rp. Probe particles with a radius smaller
than 1 nm have a concentration inside the channel(for both
collapse states) similar to or slightly higher than in the bulk,
that is, ⟨ρk⟩/ρ bulk > 1, becauseof the particle−brush
electrostatic attractions.For particles with Rp > 1 nm, steric
repulsions dominate and the probe concentration inside the
channels is smaller than in the bulk,⟨ρk⟩/ρ bulk < 1.

The concentration ratio between the collapsed-to-the-wall
and collapsed-to-the-centersystems,⟨ρwalls⟩/⟨ρ center⟩, (solid
blue line in Figure 7B),increases with increasing particle size
because of the increase of steric repulsions between the particle
and the centralplug in the collapsed-to-the-center case.Note
that this increase in selectivity comes along with a decrease in
the permeability ofthe nanochannel,that is, a decrease of
⟨ρk⟩/ρ bulk. In other words, large values of ⟨ρwalls⟩/⟨ρ center⟩ (high
selectivity) occur for small values of ⟨ρwalls⟩/ρ bulk and ⟨ρcenter⟩/
ρbulk (poor permeability) and vice versa.The balance between
selectivity and permeability is a recurrentissue found in the
design of synthetic nanochannels for ion separation.60,61

The estimationsof the probe concentration within the
channelshown in Figure 7 suggestthat the voltage-gated
transition willbe inefficient to controlthe passage of particles
with a radius smaller than 1 nm because their concentrations
are very similar in both collapsed states.Because ions have Rp
< 1 nm,large changes in conductance are not expected during
the voltage-gated transition.This argumentis based on the
concentration of charge carriers in the channeland,therefore,
does not consider possible changes in probe mobility triggered
by the collapse transition,which is another factor that dictates
the flux of particles through the channel (see eq 3). In the case
of smallions,ion mobility within the polyelectrolyte-modified
channelis a problem difficult to analyze,which is beyond the
capabilities ofour theory.Luijten and co-workers studied ion
mobility in flat polyelectrolyte brushes and showed thatthe

Figure 7. (A) Density of probe particles with radius Rp = 0.7 nm
(upper panel) or 1.0 nm (lower panel) along the radial coordinate of
the channelfor two different states ofthe polyelectrolyte brush,the
collapsed-to-the-center polymer layer (solid blue lines, corresponds to
E = 1.03 V/μm) and the collapsed-to-the-wall state (dashed red lines,
corresponds to E = 1.29 V/μm).(B) Relative concentration ofthe
nanoparticle inside the nanochannelwith respect to the bulk for the
collapsed-to-the-center channel (solid blue line) and the collapsed-to-
the-wallchannel(dashed red line) and ratio ofthe concentrations
inside channels in the two different states (short-dashed black line) as
a function of the radius of the probe particle.
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mobility strongly dependson the density of the brush.62

Moreover, different authors have put forwarded simple
analyticalmodelsthat relate apparentdiffusion coefficients
within a polymeric gel to the polymer density in the gel.63 We
attempted to use these simple models to provide an estimation
of the possible effect of the voltage-gated transition on the total
ion current through the channel (see the Supporting
Information).In all cases,our results indicate that the changes
in ion conductancedue to the collapsed-to-the-center/
collapsed-to-the-walltransition will be rather small (<5%).
This result can be rationalized by considering that in the two
collapse states the total amount of polymer is the same and the
polymeraggregates have a similarvolume fraction,although
the position of the aggregate changes.Thus,the collapsed-to-
the-centerconformationblocks ions flowing through the
centralchanneland the collapsed-to-the-wallone blocks ions
flowing near the walls,but the totalconductance is similar in
both cases.

■CONCLUSIONS
In the present work,we used a molecular theory to study the
effect of an applied transmembranepotential on the
conformation of a polyelectrolyte brush inside a nanochannel.
The molecular theory used in this work allowed us to study a
long cylindricalnanochannelin a steady state and explicitly
include molecular details of the polymers grafted on the inner
walls (such as their internalconformations,chain length,and
segmentvolume), their electrostaticand nonelectrostatic
interactions, and the presenceof a coupled chemical
equilibrium.

For polymersinteracting viashort-range and Coulombic
segment−segment interactions, our theory predicts a transition
from the collapsed-to-the-center state to the collapsed-to-the-
wall structureupon increasing theapplied transmembrane
potential.In order to find the optimal conditionsfor this
voltage-triggered transition,we first explored how the polymer
length and the nanochannelradius direct the hydrophobicity-
driven collapse to one ofthese two states.We then explored
the effect of pH to find a condition where a smallpH change
triggers the conformationaltransition.

We explored the effectof the brush conformation on the
partition of particles of different sizes between the channel and
the bulk solution in order to analyze ifthe voltage-triggered
collapse transition can gate the transport of these particles.We
found that small particles (Rp < 1 nm,e.g.,salt ions) can easily
permeate into the nanochannels (i.e., their concentration in the
channel is larger than or equalas the bulk concentration),but
there is poor selectivity between the collapsed-to-the-walland
the collapsed-to-the-centerstates.On the other hand,large
probe particles (Rp > 1 nm) exhibit good selectivity for the
collapsed-to-the-wallstate,but their concentration within the
channelis predicted to be significantly smaller than the bulk
one,and therefore,their permeation rate willbe slow.The
competition between selectivity and permeability is a recurrent
theme in synthetic nanochannels and a challenge that should
be overcome in order to reach the performance ofbiological
systems.64−66 In the present case,a reasonable selectivity/
permeability balance can be achieved for particles with radii in
the ∼1 nm range.

The field of nanofluidics is quickly evolving thanks to the
combination of new fabrication and surface modification tools,
the developmentof groundbreaking applications,and a solid
theoreticalfoundation based on our understanding of ion and

solvent transport. Extending these theoretical efforts to systems
including soft and biomaterials is challenging because of their
molecularcomplexity,but it is also a highly attractive and
potentially rewarding research direction,which willenable the
design of novelsmart nanofluidic devices.
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