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Abstract:

Controlling the direction and strength of nanofluidic electrohydrodyanmic transport in presence of
an externally applied electric field is extremely important in a number of nanotechnological
applications. Here, we employ all-atom molecular dynamics (MD) simulations to discover the
possibility of changing the direction of electroosmotic (EOS) liquid flows by merely changing the
electric field strength in a nanochannel functionalized with polyelectrolyte (PE) brushes. In
exploring this, we have uncovered three facets of nanoconfined PE brush behavior and resulting
electroosmotic (EOS) transport. First, we identify the onset of an overscreening effect: such
overscreening refers to the presence of more counterions (Na*) within the brush layer than needed
to neutralize the negative brush charges. Accordingly, as a consequence of the overscreening, in
the bulk liquid outside the brush layer, there is a greater number of coions (Cl) than counterions
in the presence of an added salt (NaCl). Second, this specific ion distribution ensures that the
overall EOS flow is along the direction of motion of the coions. Such coion-dictated EOS transport
directly contradicts the notion that EOS flow is always dictated by the motion of the counterions.
Finally, for large-enough electric fields, the brush height reduces significantly enforcing some of
the excess overscreening-inducing counterions to squeeze out of the PE brush layer into the brush-
free bulk. As a result, the overscreening effect disappears and the number of coions and
counterions outside the PE brush layer becomes similar. Despite that there is an EOS transport:
this EOS transport, unlike the standard EOS transport that occurs due to the imbalance of the
coions and counterions, occurs since a larger residence time of the water molecules in the first
solvation shell of the counterions (Na") ensures a water transport in the direction of motion of the
counterions. The net effect is the reversal of the direction of the EOS transport by merely changing

the strength of the electric field.
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In nanofluidic transport of liquids, ions, and (bio)particles, application of electrokinetics
span a large range of disciplines from geoscience,! energy engineering,?* sensing and separation,*>
gating of ions and liquids®’ to advancing biomimetic and bioinspired engineering.®’
Electroosmotic (EOS) flow, a type of electrokinetic transport, can be generated in a micro-
nanochannel by applying an external electric field to drive the ion-containing (electrolyte) liquids.
In some practical scenarios, the direction of EOS flow inside the nanochannel (positive or negative,
relative to the applied electric field) needs to be manipulated in a way that enhances mixing,
reaction, separation, and printing.'%!* Previous research has shown that one needs to modify the
system’s overall environment to get a modified flow behavior. For example, changing the sign of

1’15,16

the zeta potential or the surface charge density of the channel wal or controlling the buffer

pH value!” may help to control the EOS flow direction in some simplified systems. Reversed and
patterned flows inside a nanochannel can also be induced by suitable surface modifications.!®!
These experimental studies have been supplemented by atomistic simulation studies on modulating
nanochannel EOS flows by changing the surface charge density or hydrophobicity of the channel
wall.2%21 All of these modifications eventually change the mobile ion distribution in the
nanochannel, which in turn leads to different flow directions inside the nanochannel. Therefore, in
order to control the direction of the EOS transport in a nanochannel by merely changing the
strength of the driving electric field, one needs to trigger a situation where the ion distribution (or
more generally, the mechanism that drives the EOS transport) gets altered by the variation in the

strength of the electric field. To the best of our knowledge, such a scenario has rarely been

accomplished.



Surfaces grafted with polyelectrolyte (PE) brushes?? are well-known for their
responsiveness to different environmental stimuli and have been used in a myriad of applications

25,26

like ion and bioanalayte sensing,>?* fabrication of ionic diodes, nanofluidic current

27,28 30,31

rectification, oil recovery,? targeted nanoparticle-based delivery etc. Such grafting with
PE brushes has also enabled functionalizing nanochannels for applications in sensing and current
rectification. The applied axial electric field will invariably cause an EOS transport in such brush-
grafted, electrolyte-solution filled nanochannels given the fact that the charged brushes develop
their own mobile ion distribution around them neutralizing their charges and this ion distribution
respond to the applied electric field. In fact, the response of the PE brushes to the applied electric
field and the resulting changes in the morphology of the brushes and the associated ion distribution
makes it possible to significantly influence the EOS transport in brush-grafted nanochannels.
Despite its tremendous potential, EOS flow in PE-brush-grafted nanochannels has not been well
studied in an atomistically-resolved scale. Along with a few simplified continuum studies,**?
there are only a handful of MD simulation studies available for liquid transport in brush-grafted
nanochannels.**37 However, none of these studies have considered an all-atom description of the
brushes and solvent molecules, which can be important in obtaining the appropriate brush, water
and ion behavior in PE brush grafted system, and therefore providing an atomisticially-resolved
description of such EOS transport in brush-functionalized nanochannels.?®

In this paper, we have studied the EOS transport in nanochannels functionalized with PE
brushes in an all-atom MD setup that couples the PE brush system with an external electric field.
We first discover that for zero to intermediate electric field strengths the large confinement

enforces an overscreening effect, which implies the presence of more number of counterions

within the PE brush layer than that required to screen the PE charges. Second, as a result of such



overscreening, the number of coions (from the added salt) is larger than the number of counterions
within the brush-free bulk. As a result, in conjunction with the fact that the flow within the brushes
is severely retarded, the EOS flow for small and medium strength electric fields is in the same
direction as the motion of the coions. Such coion-dictated EOS transport is a most intriguing of
finding, given the fact that the EOS transport is always believed to occur in the direction of the
counterions. Finally, for larger electric fields, the brush height is significantly reduced enforcing a
reduction in the overscreening effect and creating parity in the number of coions and counterions
within the brush-free bulk. Therefore, the EOS transport does not occur to the imbalance of the
counterions and coions. On the contrary, we establish that the residence time of the water
molecules is larger within the first hydration shell of the considered counterions (Na*) than the
coions (CI): we hypothesize that the EOS transport is triggered by this difference of the residence
time and accordingly, occurs in the direction of the motion of the counterions. These circumstances
enable us to obtain the situation where there is an electric field strength mediated reversal in the

direction of the EOS transport in nanochannels functionalized with PE brushes.



Results and Discussions

Overscreening, coion-directed electroosmotic flow, and electric field strength mediated flow
reversal

In our system [shown in Fig. 1(A)], fully ionized Polyacrylic acid (PAA) chains (H[-CH>-
CH(COO")-InCH3) are used as the polyelectrolytes and explicitly modeled water molecules act as
the solvent. Sodium counterions (Na" ions) are added to neutralize the PE segmental charge. In
addition, 0.1 M NaCl salt is added to the system. All other details associated with the simulation
are provided in method section in this article and section S1 of the Supporting Information (SI).

For driving the flow in the PAA-brush-grafted nanochannel, we applied electric field
whose strengths ranged from 0.1 to 1 V/nm in axial (or x) direction. While such large electric fields

are not routinely employed in experiments,*”-#!

it is possible to generate electric fields in the range
of 1-5 V/nm for certain applications.*? In fact, several experimentally probed biological problems
involving proteins and DNA have considered electric fields in the order of 0.1-1 V/nm. For
example, there have been studies probing the behavior of protein cytochrome ¢ immobilized on
silver electrodes in the presence of electric fields that were calculated to be in the range of 1-2.5
V/nm.* Similarly, Heng et al. probed the electromechanics of a DNA molecule in a synthetic
nanopore in the presence of an electric field of 0.31 V/nm.** Furthermore, such large electric fields
are needed for the typical MD simulation studies®*¢ for suppressing the thermal noise in order to
increase the signal-to-noise ratio. It is also interesting to note here that the threshold value of the
electric field strength that triggers the initiation of the water ionization has been reported to be
around 2.5 V/nm and the ionization becomes more frequent around an applied electric field of 3.5

V/nm,*>*6 which is several times higher than the electric field strength (0.1-1 V/nm) considered in

our simulations. When an electric field E is applied to the system, a force of giE acts on the atom



i having a charge of q;. In figure 1(B), we depict the electroosmotic (EOS) velocity profiles (i.e.,
the velocity profiles of the water molecules) as a function of the applied electric field. The
following key results emerge: (1) for smaller magnitude of electric fields (|E|=0.1, 0.5 V/nm), the
EOS flow occurs in the direction opposite to the applied electric field (negative x direction or the
direction in which the coions move, see later), (2) for larger electric field (|E|=1 V/nm), the
direction of the EOS flow is reversed, i.e., water flows in the same direction as the applied electric
field (positive x direction or the direction in which the counterions move, see later), and (3) for all
the electric fields, the EOS flow occurs primarily outside the brushes, while the flow inside the
brushes is very small. These EOS velocity profiles, therefore, confirm a coion-dictated EOS flow
for small electric fields (the standard EOS flow is invariably counterion-dictated) and an electric
field strength driven reversal in the direction of the EOS flow profile (usually the EOS flow
increases in strength, but never reverses, with an increase in electric field strength). In the rest of
this article, we shall try to identify the fundamental factors responsible for such highly non-

intuitive EOS transport in brush-functionalized nanochannels.
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Figure 1: (A) A schematic of the PE brush grafted nanochannel system. (B) Velocity of the water

(solvent) molecules along the system height for different electric fields.



We first study the distribution of the coions (resulting from the added salt) and counterions
(resulting from the added salt and charge neutralizing counterions) inside and outside the brush
layer for different electric field strengths. We clearly find that for no or small electric fields, there
is an overscreening effect within the brushes, quantified by the presence of a larger number of
counterions than needed to screen the PE charges [see Fig. 2(A) and Table S8 in the SM]. This
excess counterions come from the added salt: accordingly, the number of coions will be greater
than the number of counterions in the brush-free bulk [see Fig. 2(A) and Table S8]. This is also
evident from the spatial distribution of the coions and counterions for |[E| = 0.1 V/nm [see Fig.
2(B)]. The significantly larger concentration of the CI" ions (coions) in the bulk ensures that net
direction of the motion of the solvent will be in the direction of the motion of the coions, leading
to the case of coion-dominated EOS transport for lower applied electric field. For a larger electric
field, i.e., |[E| =1 V/nm on the other hand, we find a significant reduction in the overscreening effect
within the PE brush layer, leading to an almost equal number of coions and counterions within the

brush-free bulk [see Figs. 2(A,C) and Table S8].



N
o

3 0

>

1

210

CE -10_: N

'5 0 I8 B
< 20 X [10

0 05 1 0 2 4 0 2 4
E (V/nm) Number density (/A)_,,3 Number density (/A), ;43

(A) (B) (C)

Figure 2: (A) Excess of the positive charges Ae = (e+— e-) inside brush and in brush-free bulk
as a function of the electric field. e+ and e. indicate total number of positive charges (Na") and
negative charges (Cl and PE charges) respectively. Number density of ions in the system for
electric field strength of (B) 0.1 V/nm, and (C) 1 V/nm. In the insets of (B) and (C), the number
density of ions (having the same unit as the main figure) near the bulk region have been

zoomed. Please see Fig. S6(A) for the ion number distribution for |[E|=0.5 V/nm.

10



In order to understand such non-intuitive electric field mediated disappearance of the
overscreening effect, which will also affect the direction of the EOS transport, we study the
response of the PE brushes to the electric field. We find that there is an overall reduction in the
vertical end-to-end brush height with an increase in the electric field strength [see Fig. 3(A)].
Previously, Netz showed the unfolding of a PE globule to a rod-like chain under applied electric
fields:*7*® this knowledge will help us to explain brush height reduction with electric field. In these

studies, 748

without an electric field, the PE is neutralized by counterions to form a PE-counterion
globule. Applied electric filed tends to orient the counterion distribution around the PE and a net
dipole-moment is induced in the PE-counterion complex in the direction of the electric field. This
finite dipole moment (which also indicates a polarization) tends to orient a coil or unfold a globule
to a rod-like chain that aligns in the direction of the electric field.*’*® In this study, COO" are the
functional groups of the PAA PE molecule, which are neutralized by the counterions. We first
obtain the probability of finding a counterion around the oxygen atoms of the COO" groups [see
Fig. 3(B) and Fig. S4]. For the case of |[E|=1 V/nm, the counterions prefer to localize on the positive
side (X > 0; note that E is directed from X <0 to X > 0) of these oxygen atoms. However, no such
direction-dependent preference is observed for the case where no electric field is applied. This
electric field mediated orientation of O-Na® ion-pair indicates that we enforce a directional
dependence of the charge distribution, which is similar to the induced dipole moment identified
previously.*”# Therefore, we can infer that this aligned ion-pair will try to align the brush in the
applied electric field direction. To verify this, we study the probability distribution of monomer in
x and y directions: for that purpose, we consider the position of grafted carbon atom as center (0,0)

and count the number of backbone carbon atoms in x and y directions around (0,0). We can see

that in the x direction, monomers become sparser which means they become aligned in x direction
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[see Fig. 3(C,top)], while no such change is observed in the probability of finding monomer in the
y direction [see Fig. 3(C,bottom)]. Therefore, we can infer that due to the electric field driven
alignment of the ion pairs in x direction, polymers tend to be aligned in the x direction, which
eventually reduces the brush height in z direction and increases the effective volume of the brush-
free region [shown schematically in Fig. 3(D)]. As a consequence, there is a lesser available
volume for the ions within the brush layer, enforcing a squeezing-out (or exclusion) of primarily
most of the overscreening causing counterions (and a few coions, especially for very large |E|, see
Table S8 in the SI) from within the brush-layer to the bulk: this explains the reduction in
overscreening (or attaining a parity in the number of coions and counterions within the brush-free

bulk) with an increase in the strength of |E].
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Figure 3: (A) End to end brush height as a function of applied electric field (also see Fig.
S3 in the SI). (B) Na* ion distribution contour around an O~ of COO- for |E| =
V/nm. Colorbar indicates concentration from low to high (blue to red). (C) Probability
distribution of finding a backbone carbon in x and y direction under different electric field
strength. (D) An illustration showing the electric field induced reduction in brush height
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In addition to the difference in the ion concentration distributions, the electric field
dependent velocities of the Na™ and CI ions are also important for quantifying the electric field
dependent EOS flow profiles. Fig. 4(A) and Fig. S6(B) (see the SI) establish that the velocity of
the Cl" ions is larger than the velocity of Na* ions at low electric field strengths (JE|=0.1, 0.5 V/nm),
while at larger electric field (|E|=1 V/nm) the velocity of the two ions are similar [see Fig. 4(B)].
Previous studies have shown that at low electric field strength, the mobility of Cl ions is higher
than the mobility of the Na* ions>® and this difference in the mobility reduces on increasing the
electric field strength. This justifies the significantly larger velocities of the Cl" ion for |E|=0.1, 0.5
V/nm and similar velocities of the CI- and Na* ions for |E|=1 V/nm. Results from experiments’!
are also consistent with our MD simulation predictions for smaller |E| values. This higher velocity
coupled with a larger concentration of CI" for smaller |E| also drives the EOS flow along the

direction of the coion at low electric field strengths.
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We finally quantify the strength of the dynamic interaction of the water molecules with the
ions: such quantification is essential to pinpoint the extent to which the overall flux of the ions
(which is a combination of its concentration and the mobility/velocity) dictates the EOS velocity
of the water. This dynamic interaction is quantified by calculating the average residence time of a
water molecule (oxygen atom) within the first solvation shell of ion [which closely resembles

].52

interaction strength (hydration free energy)].”* The residence times [R(t)] are calculated from the

time correlation function defined as:

RO =3 oG+, @)

Here 6; is the Heaviside unit step function (if one water molecule i resides inside the first solvation
shell of an ion, 8; =1; otherwise, 8; =0), N}, is the number of water molecules in the first solvation
shell (the radial distribution functions needed for calculating solvation shell size have been
provided in the SI, please see Fig. S7), and t,, is the initial time step. This residence time is averaged
for all ions in the bulk and over 50 different initial time steps. Fig. 5 shows that for both small and
large electric fields, the residence time of water in the first hydration shell of the Na* ion is much
larger than that of the Cl" ion, which implies that the water molecules reside for much longer within
the Na* solvation shell allowing the Na* ions to drag the water molecules with them for much
longer. On the other hand, for Cl" ion, where this timescale is smaller, water can diffuse out of the
solvation shell of the Cl" ion much faster, and can be dragged for lesser time. Therefore, for large
field strengths where both the bulk concentration as well as the velocities are very similar for the
Na* and CI ions, this significantly larger residence time for the Na* ion ensures that the water
molecules will preferentially move in the direction in which the Na™ ion moves: accordingly, we

find that the EOS flow is counterion-dictated. On the other hand, for smaller electric field strengths,
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the larger bulk concentration and velocity of the CI" ions overwhelm the effect of smaller residence
time leading to the water transport and the EOS flow to be coion-dictated. Finally, the very small
EOS velocity inside the brushes [as compared to the bulk region, see Fig. 1(B)] can be explained
by noting that the motion of the counterions inside the brush layer is severely hindered due to the
fact that the positive counterions are bound to the negatively charged PE chains by strong
electrostatic forces and the fact that the densely grafted brushes exert a large confinement effect

on the brush-supported counterions and water molecules.?®

To explain further, such a large
electrostatic attraction between the counterions and the PAA brush molecules ensures that a very
large portion of the counterions is condensed on the charged PAA chains, and accordingly, the
motion of these condensed counterions is restricted by the motion of the densely grafted PAA
chains. Such condensation of ions on charged polymer chains is also known to dictate the mobility
of ions in polyelectrolyte gels.>® Also, as elucidated in our previous study, for densely grafted PAA
brushes a large confinement effect is triggered due to a strong steric hindrance effect: as a result,

there is a large reduction in the freedom of movement of the ions and water reducing their

mobilities within the brush layer.*®
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Generality and reasoning of overscreening

From the previous subsection, it is clear that the overscreening is the main phenomenon
that drives the coion-dominated flow and subsequent electric field strength mediated flow reversal.
Before probing the detailed mechanism dictating the occurrence of overscreening, it is useful to
probe the generality of the overscreening phenomenon. To check this generality, we have
performed a few more simulations with PE brush grafting density, salt concentration, and PE
brushes that are different as compared to those studied and discussed in the previous section. The
main flow simulations discussed so far is performed in a nanochannel grafted with PAA
polyelectrolyte (PE) brushes with a grafting density of 0.05/02 (with Na* screening counterions)
in presence of 0.1 M NaCl added salt. We have considered three more systems by varying the
grafting density (grafting density of 0.03/02), concentration of the added salt (0.2 M of added
NaCl salt), and the nature of the PE brushes [nanochannels grafted with Poly-methacrylic acid
(PMMA) brushes)]. The details of these simulations can be found in section S5 in the SI. For all
these three cases, we have observed overscreening (as confirmed by the ion number density
distributions provided in Fig. S9 and values reported in Table S8 in SI). The confirmation of
overscreening for these three cases as well as the overscreening for the case reported in the
previous subsection establish that the overscreening in a PE brush grafted nanochannel is indeed
a generic phenomenon that occurs (with the added NaCl salt) for different PE brush grafting
densities, salt concentration, and PE brush type.

To understand the mechanisms responsible for overscreening, we have performed
simulations for two more systems. In the first one, PAA brushes are grafted to a single interface
(i.e., not a nanochannel) with significantly large bulk volume [see figure 6 (A)]. This is identical

to the system considered in our previous study.’® In the second simulation, the nanochannel is
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grafted with PAA brush layers with Cs* ions acting as screening counterions and 0.1 M CsF as the
added salt. Details of these two simulations can be found in section S6 in the SI. For the ease of
explaining in this section, we are referring the main simulation of the previous section with
nanoconfinement and NaCl salt as system N1, the system without nanoconfinement as system N2,
and the system with nanoconfinement, Cs" as screening counterions, and CsF as the added salt as

system N3.

Figures 6(B) and 6(D) illustrate the ion distribution profiles for systems N2 and N3. No
overscreening is observed in these two cases, which indicates that the presence of
nanoconfinement and the types of coions and counterions play critical roles in determining

overscreening. Identification of these roles is critical to pinpoint the onset of overscreening.

We identify that overscreening results from interplay of three phenomena. First is the
possible lowering of the osmotic pressure caused by the migration of the salt ions from within the
bulk to inside nearby brush layer. The second is the dependence of such migration on the sizes of
the salt cations and anions. The third is the stabilization (or the lack of it) of the cations within the
PE brush layer induced by their strong (or weak) attraction to the COO™ group of the PE brushes.
We discuss the occurrences of these three phenomena to different extents in the three systems that
we have studied and from that pinpoint the mechanism of overscreening within the PE brush layer

for the system N1.

The osmotic pressure (IT) can be simplistically expressed as [1 = NkzT /V, where N is the
number of non-interacting species and V' is the volume where the species are present. For the case
of nanochannel grafted with the PE brushes, the bulk volume (i.e., the volume where the brushes
are absent) is significantly small. Accordingly, if all the added salt ions (or V) remain confined in

this small bulk volume (¥), the osmotic pressure will become very large. Therefore, in order to
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reduce this large osmotic pressure inside the bulk (with a small volume), some of the salt ions tend
to migrate and localize inside the brushes, which is also helped by the fact that all the salt in the
nanochannel bulk is in close proximity to the brush layer (on account of the nanochannel induced
confinement). This will be true for both the systems N1 and N3. On the other hand, for system N2,
where there is no nanochannel and the bulk is significantly more extended, the osmotic pressure
in the bulk is not large enough to enforce a migration of the salt ions towards and inside the PE
brushes which is not in close proximity to most of the ions. Therefore, in system N2, overscreening

1s not observed in the absence of nanoconfinement.

As discussed above, for both systems N1 and N3, osmotic pressure in the bulk will drive
some salt ions from the bulk to inside the brush layer. The size of the Na* ion is smaller than the
Cl" and the size of the Cs" is distinctly larger than the F- ion. Accordingly, there will be a much
larger tendency of the Na* ions than CI-, and F~ions than Cs* to migrate from the bulk to within
the PE brush layer. For example, the solvation radii of the different ions considered here are as
follow: 3.76 A for Na*, 3.84 A for CI',4.52 A for Cs*, 3.33 A for F". This size-based larger tendency
of the Na" and F~ions to enter the PE brush layer is effectively a size-based exclusion (or steric
effect). The third and final issue, which also depends on the relative sizes (and hence the charge
densities) of the Na* and Cs" ions (although this is not a size-based exclusion effect), is related to
what extent the Na* and Cs* ions neutralize the O™ of the COO" group, i.e., form the -COONa* or
—COOCs" ion pair. Formation of such ion pair, induced by the attraction between opposite
charges, is of course energetically very favorable. Larger the extent of this neutralization, larger
will be the favorability of the cations (that have entered the PE brush layer) to remain (in a
stabilized configuration) within the brush layer. In this regard, we first computed the percentage

of —COO- groups neutralized by the Na* ion for system N2 (i.e., without nanoconfinement). In
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order to do so, we considered the O of COO" and checked if one or more Na* ions were present
inside the first solvation shell of this O or not. We found that around 80% of the O atoms of COO-
are neutralized with the help of Na* ions, while the remaining O~ atoms were fully surrounded by
the hydrogen of water (Hwater). On the other hand, in the PE-brush-grafted nanochannel case with
NaCl as the added salt (i.e. system N1), 95.3% of the O atoms of the COO- were neutralized by
Na" ions. From these two observations, we can infer that in an equilibrium, while it suffices if 80%
of the O atoms of COO" are neutralized by the Na* ion, availability of higher number of Na* ions
within the PE layer makes it feasible for some of these Na* to replace the H of water and themselves
neutralize the O atoms of the COO". The larger charge density of the Na" ions ensures that such
replacement (and the subsequent formation of the COO'Na® ion pair) is energetically more
favorable. All these factors eventually ensure that the PAA brush layer grafted on the inner walls
of the nanochannels can have more cations (in a stable configuration) than it requires for being in
an equilibrated state, and eventually causes the overscreening. To observe this energy favorability
of Na* ions within the PE brush layer, we have performed two free energy calculations for system
N1. From the free energy curves, we can see that it is distinctly more favorable for the Na* ion to
remain inside the brush layer [see Fig. 6(C)]. It is also clear that, energy favorability of the Na*
ion is more around a COO" functional group (present at Z=-5 A and Z=-16A), as confirmed by the
presence of the local minima in the plot for these Z values. On the other hand, for Cl" ion no such
energy favorability is observed inside the brush layer. Obviously, such free energy calculations
also confirm the tendency of the Na* to accumulate within the PE layer in concentrations that is
much more than that needed to screen the PE charges, which in turn leads to the occurrence of the

overscreening effect.
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In this context, we also study what happens for the system N3, where the cations are the
Cs" ions. Cs" ions are found to neutralize only around 53% of the O of COO- of the PE brush layer.
Two factors are responsible for it with both being related to the size of the Cs” ions. Cs™ ion is
larger than Na* ion. As a result, much lesser amount of Cs* ions can enter the PE brush layer (being
driven by the osmotic pressure in the bulk), as discussed above. Secondly, again due to the large
size of the Cs* ions, the first peak of the O-Cs rdf (radial distribution function) is very far from the
location of the peak of the O-Na rdf [see Fig. 6(E)]. More interesting is the fact that the first peak
of the O-Cs rdf occurs at a distance (from O of the COO-) that is similar to the distance (from O
of the COO-) where the second peak of the O-Hyater rdf occurs [see Fig. 6(F)]. Therefore, if
anything, Cs" ion will only be capable of replacing the Hwater from the second solvation shell of O
of COO'. This implies that Cs™ ions are unable to replace the neutralizing Hywawer of the first
solvation shell of the O atoms of COO". The energy gain associated with replacing the neutralizing
Hyater from the second solvation shell by Cs* ions is significantly smaller than the energy gain
associated with replacing the neutralizing Hwawer from the first solvation shell by the Na* ions,
stemming from the fact that Hyater in the first solvation is much more tightly bound to the O of
COO'. So the possible energy favorability associated with the Cs* ions remaining localized (via
electrostatic attraction) within the PE brush layer is significantly smaller as compared to the Na*
ions remaining localized (via electrostatic attraction) within the PE brush layer. Accordingly, a
significantly more number of Na" ions can be present within the PE brush layer thereby leading to
eventual overscreening, while the number of Cs* ions that can remain localized within the PE

brush layer is much less and hence there is no overscreening for the case N3.

We want to conclude this section with a discussion on the effect of the degree of ionization of the

PAA brushes on the possible overscreening effect. It is known that PAA is a weakly dissociating
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polymer, although its degree of ionization depends on several parameters like the pH of the solvent,
the concentration of the added salt, efc. For example, at a pH value that is above its pKa (~5), PAA
is likely to be highly ionized,** which will be similar to what is considered in our study. On the
other hand, in a prior all-atom MD simulation study,>® we showed that the extent of Na* counterion
condensation in the PE brush remained very high even for weakly ionized PAA brushes. For
example, even with f=0.25 (where f is the ratio of the deprotonated functional groups to the total
number of functional groups of the PAA chains; therefore f=0 implies a neutral PAA brush, while
f=1 implies a fully ionized PAA brush), we found that more than 90% of the counterions were
condensed on the PAA chains.”> Such a large extent of counterion condensation will imply that
even for weakly ionized PAA brushes, -COO™Na" interactions (in presence of Na“ screening
counterions) will make a significant contribution to the overall free energy of the system. As
discussed above, such a strong counterion-(PE-functional-group) interaction is a major driver of
the overscreening effect. Therefore, we believe that even for the case of a nanochannel grafted
with weakly ionized PAA brushes, the strong —COO™Na" interactions will ensure that there will be

overscreening effect within the PAA brush layer.
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Figure 6: (A) Simulation snapshot of the simulation without any confinement where PE
brushes are grafted to a single interface (system N2). (B) lon distribution profile for the system
without confinement (system N2) (Y axis is truncated after 100 A). (C) Free energy curves of
Na" and CI" ions with Z coordinates of the ion serving as the reaction coordinates. These free
energies are obtained from the simulation with nanochannel and NaCl salt (system N1). Here,
Z=0 roughly indicates the interface of brush layer and brush-free bulk. For the curve
corresponding to the CI ion, the size of the error bar is less than the line thickness. (D) Ion
distribution profile for system N3 (nanochannel grafted with PAA brush layers with CsF as
added salt). (E) RDF of Na* and Cs* with O™ of carboxylate group. (F) RDF of H and Cs" with
O- of carboxylate group. The location of the first peak of the O- Cs" RDF is indicated with

dashed line [Y axis is truncated after g(r)=1.5].
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Experimental relevance of the Present Study

Charge inversion or overscreening is observed in experiments involving silicone

nanochannels>7

in presence of large concentrations of salts with multivalent ions.
Overpopulation of multivalent counterions in the Stern layer adjacent to nanochannel wall causes
the overscreening. On the other hand, in our study we have observed this overscreening with
monovalent counterions, where the interplay of the presence of a strong nanoconfinement and the
presence of the densely grafted charged PE brushes create an environment that force an
accumulation of more than required counterions within the PE brush layer and triggers
overscreening. Also, in these studies,’®*’ this overscreening scenario cannot be altered by the
application of electric field, while in our study we can make the overscreening disappear at
significantly larger electric field. A recent experiment, coupled with DFT calculations on
protein—spherical nucleic acid conjugates, showed that above a certain salt concentration, a
monovalent cation (Rb") can overcompensate the negative charges of the DNA molecules (densely
grafted on gold nanoparticles), thereby causing an overscreening-like scenario.’® This study, along
with our all-atom MD simulation results demonstrating overscreening in presence of monovalent
Na* screening counterions, suggest that explicit solvent all-atom MD simulations and quantum
calculations can potentially play an important role in furthering our understanding of the

overscreening of local charges of polyelectrolyte molecules even in presence of monovalent

counterions.

It is well known that in a nanochannel due to the surface charge of the wall, there will be
an electric double layer or an EDL and hence an imbalance in the number density of the positive
and negative ions within the EDL: in presence of an applied electric field, the mobile ions are

transported and this imbalance ensures that the water molecules are transported in the direction of
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the migration of the ions that are larger in number within the EDL. For our case, at low electric
field strengths, the presence of the overscreening effect within the PE brush layer implies that the
coions are excess in number in the bulk and hence the EOS transport, in presence of the applied
electric field, occurs in the direction of migration of the coions. Therefore, for this case, we indeed
find that the EOS (electroosmotic) motion occurs due to the imbalance in the number of coions
and counterions, albeit for the classical scenario the EOS transport primarily occurs due to the
excess of counterions within the EDL. On the other hand, for larger electric field, the overscreening
within the PE brush layer becomes negligible and there is equal number coions and counterions
within the bulk: under such circumstances, the EOS transport occurs (in the direction of migration
of the counterions) due to the larger residence time of water molecules within the counterions (Na*
ions) than the coions (CI ions). Therefore, the key mechanism of our reported EOS transport at
large electric fields is different from that of the classical EOS transport. Despite that, the order of
magnitude of our reported EOS transport at large electric fields is very similar to that reported in
our previous experiments. For example, the EOS mobility, which is defined as EOS velocity per
unit applied electric field has been reported to be in the order of (1 — 10) x 1072 m?/(Vs) for

40-41,59

experiments, while that computed for our simulations (for large electric field strength of 1

V/nm) is ~ 5.5 x 107° m?/(Vs).

Also, in an experimental setup, there can be a reservoir of solution connected to a
nanochannel and water and ions can move from the nanochannel to the reservoir and vice versa.
To check the effect of reservoir in the overscreening scenario, we have performed one more
simulation where the nanochannel is connected to two reservoirs at its two ends. We find that the

density of coions are larger within the bulk, confirming the occurrence of overscreening within the
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PE brush layer of the nanochannel even when the nanochannel is connected to two reservoirs on

its two ends. Details of the simulation and results are given in the SI (figure S10 and section S6).

Conclusion:

In summary, our study shows (a) overscreening within the PE brush layer for zero or small electric
field even in presence of monovalent counterions, (b) coion-dictated EOS velocity for smaller
electric field, and (c) counterion-dictated EOS velocity field for larger electric field (which also
indicates an electric field strength mediated switching of the direction of EOS transport) in
nanochannels grafted with PE brushes. All these facets are dictated by an intricate interplay of the
electric field driven (a) reduction in brush height caused by the electric field mediated preferential
alignment of the brushes, (b) variation in velocities (mobilities) of coions (Cl") and counterions
(Na"), and (c) variation in residence times of the water molecules within the first solvation shells
of the Cl" and Na* ions. We anticipate that the findings of the paper will not only inspire future,
well-resolved atomistic exploration of electrohydrodynamics of functionalized nanochannels
unraveling physics at the interface of soft matter, chemistry, fluid mechanics, and nanoscience, but

will also enable designing nanodevices with a better and easy control over the associated flows.
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Methods

Molecular Dynamics Simulations:

Our main simulation contains [shown in Fig. 1(A)], fully ionized Polyacrylic acid (PAA)
chains (H[-CH>-CH(COO")-]nCH3) as the polyelectrolytes and SPC/E water® molecules. Sodium
(Na™) counterions screen the PE brush charges. In addition, we add 0.1 M NaCl salt. PE chains are
grafted with a grafting density of 0.05/02 (6=3.5 A, is the LJ distance parameter of backbone
carbon atoms). This grafting density of PAA chains is within the range of experimentally
reported> grafting densities of 0.12-2.15 chain/nm? (in the chain/nm? unit, the grafting density
considered for our case is 0.408 chain/nm?). Each chain has 49 backbone carbon atoms. Purely
repulsive walls are placed at the top and the bottom of the system to prevent the mobile ions and
water molecules from escaping the system. 90 PE chains are grafted on each wall in a 15*%6 (x*y)
array. The particle trajectories are calculated using the Velocity-Verlet algorithm, with a time step
of 2 fs. Non-bonded interactions are modelled as the sum of a shifted-truncated 12-6 Lennard Jones
potential (Ury) with a cut-off of 13A. Long range Columbic interaction is calculated using a PPPM
(particle-particle particle-mesh) algorithm.’! The bonds and angles of water molecules are
conserved by using the SHAKE algorithm.5? Our simulation system consists of a total of 277340
atoms. Dimensions in X, y, and z directions are 23.5 nm, 9.4 nm, and 12 nm respectively. Periodic
boundary conditions are applied in x and y directions while the fixed boundary condition is
incorporated in z direction. Simulations are performed in LAMMPS® and OVITO% is used to
visualize the simulation system.

The system is first run in the NP, T ensemble (the subscript z signifies that only the channel
height is allowed to change) to obtain the correct simulation box height at 300 K and 1 atm, by

applying the Nosé-Hoover thermostat and barostat.®>-%¢ Subsequently, the system is equilibrated in
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the NVT ensemble for 16 ns to obtain the correct equilibrium configuration of the system by
applying the Langevin thermostat.®” After initial equilibration, we have applied the electric field
under the NVT ensemble to remove the heat dissipated due to the flow. NVT is applied only in the
direction perpendicular to the axial electric field and to avoid a flow profile bias, we have removed
bias velocity with the help of a binning method employed in a direction perpendicular to the flow
field. For more caution, only polymers are thermostatted in the entire system, this mimics the
experimental scenario where temperature can be controlled form the outer surface. Only, the water
molecules and mobile ions in the extreme left quarter of the simulation domain (in the x-direction)
were thermostatted as depicted in figure S1(A). These simulations are performed for 8 ns to get

steady-state velocity profile followed by a 12 ns production run.

We have used the OPLS-AA®® force field to model the brush molecules and employed
Joung et al % for calculating the potentials for the mobile ions. These vastly used parameters for
monovalent ions® were adjusted to the solvation free energy of ions in water and the lattice energy
of ionic crystals. OPLS force field, which is used to model the PE brush molecule, has been used
for modeling a variety of polymer systems such as hydrocarbons,’ proteins,” rubbers,’? efc. as
the most accurate force field parameter. Geometric mixing rules are used for the LJ interactions
between dissimilar atoms, except for the ion-ion and ion -water interactions. For these ion-ion and

ion-water, we have used Lorentz-Berthelot mixing rules to be consistent with Joung et al.®’

To calculate free energy calculations in our main simulation setup [results shown in Fig.
6(C)], aNa" ion and a ClI" ion located inside the brush layer have been chosen. These two ions are
pulled out from brush layer to the bulk by specifying the reaction coordinate in Z direction that
varies by 1 A in every successive reaction coordinate. For Na™ and Cl" ions, 26 and 18 reaction

coordinates are considered, respectively. These ions were constrained to their windows by a
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harmonic potential with spring constant of 5 kcal/mol.A2. All these simulations lasted for 2 ns and
the data collected from the last 1.5 ns was used for analysis. The axial positions of the sample
molecules were outputted every 20 fs and the weighted histogram analysis method (WHAM)374

was used to analyze the data generated from umbrella sampling.
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