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Polyelectrolyte (PE) chains grafted in close proximity stretch out to form a “brush”-
like configuration. Such PE brushes can represent a special class of nanomaterials that
are capable of exhibiting stimuli-responsive behavior. They can be manipulated as
needed by changing the environmental conditions like pH, solvent quality, salt
concentration, temperature, etc. This responsiveness renders them very useful for a
plethora of applications such as lubrication, emulsion stabilization, current
rectification, nanofluidic energy conversion, drug delivery, oil recovery, etc. Therefore,
gaining fundamental insights into PE brush systems is of utmost importance for both
industrial as well as academic research. In this dissertation, we make use of theoretical
and computational tools to improve our understanding of planar PE brushes and then

use this understanding to probe flows in PE brush-grafted nanochannels.



We begin our quest by conducting all-atom Molecular Dynamics (MD) simulations to
probe the microstructure of planar PE brushes with an unprecedented atomistic
resolution. This allows us to not only investigate the properties of the PE chains but
also the local structure and arrangement of the counterions and water molecules trapped
within the brushes. Next, we use our atomistic model to probe the effects of variation
in charge density on the microstructure of weak polyionic brushes. Such a variation in
the charge density is typically enforced by a change in the surrounding pH and is a
characteristic behavior of pH-responsive (annealed) PE brushes.

Furthermore, we go on to develop the most exhaustive theoretical model for pH-
responsive PE brushes known as the augmented Strong Stretching Theory (SST). Our
model is an improvement over the existing state-of-the-art as it considers the effects of
the excluded volume interactions and an expanded form of the mass action law. We
further improve this model by including several non-Poisson Boltzmann effects,
especially relevant at high salt concentrations. This improved model is in excellent
agreement with the results of our all-atom MD simulations.

Next, we use our augmented SST to model pressure-driven transport in backbone-
charged PE brush-grafted nanochannels. Our results are an improvement over previous
electrokinetic studies that did not consider a thermodynamically self-consistent
description of the brushes. Finally, we conduct all-atom MD simulations to probe the
pressure-driven transport of water in PE brush-grafted nanochannels using an all-atom
framework. The nanoscale energy conversion characteristics obtained from our
simulations are in reasonable agreement with the predictions of our continuum

framework and lie within the range of values reported by a prior experimental study.
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where the EDL electrostatics is modelled using the standard PB model (i.e., we
consider no non-PB term) and the PE brushes are modelled using the augmented SST.
Parameters used in this work are kB = 1.38 x 10 — 23 J/K,T = 300 K, pKa = 3.5,
a = 1nm,£ = 30nm, y = 1/a3 (1 polyelectrolyte chargeable site per Kuhn
monomer), N = 400, pKw = 14,p =1,v0 = 0.5, w0 = 0.1,e = 1.6 X 10 — 19C,
€0 =8.854 X 10— 12F /m, er = 79.8, pOHoo = pKw — pHoo, n+, 0 = noo,
nH+,00 = 103NA10 — pHoo, nOH—, 0 = 103NA10 — pOHoo, n—, 0 = noo +
nH+,0 —nOH—, 00, nw,0 = 103NA1000pw — 58.44cc0 /18, where pw is the
density (in g/cc) of the bulk electrolyte salt solution and is expressed as a function of
the salt concentration®, and 16 = 0.371. cveveveeeeeeeeeeeeeeeeeeeeeeeeeee et 153
Figure 4.12: Monomer density profiles for various salt concentration values for (a)
pHoo = 3, and (b) pHoo = 4. Here the cases shown by solid lines (-) and dashed lines
(--) represent the cases of "IC" and "SST", respectively. Please see the caption of Fig
4.11 for the definition of "IC" and "SST" cases. All other parameters are identical to
th0SE USEA 1N FIG 4. 11, .o 156
Figure 4.13: Transverse variation of electrostatic EDL potential for various salt
concentration values for (a) pHoo = 3, and (b) pHoo = 4. Here the cases shown by
solid lines (-) and dashed lines (--) represent the cases of "IC" and "SST",
respectively. Please see the caption of Fig 4.11 for the definition of "IC" and "SST"
cases. All other parameters are identical to those used in Fig. 4.11. ..........ccecveenen. 156
Figure 4.14: Variation of the equilibrium brush height, HO, with salt concentration
for various pHoo values. Here, "POL" refers to the case where only the solvent
polarization effect, among the different non-PB effects, has been accounted for to
describe the EDL electrostatics, while the PE brushes are described using the
augmented SST. On the other hand, "SST" refers to the case where the EDL
electrostatics is modelled using the standard PB model (i.e., we consider no non-PB
term) and the PE brushes are modelled using the augmented SST. We consider pw =
1.85D, while all other parameters are identical to those used in Fig. 4.11............... 159
Figure 4.15: Monomer density profiles for various salt concentration values for (a)
pHoo = 3, and (b) pHoo = 4. Here the cases shown by solid lines (-) and dashed lines
(--) represent the cases of "POL" and "SST", respectively. Please see the caption of
Fig. 4.14 for the definition of "POL" and "SST" cases. All other parameters are
identical to those used iN Fig. 4.14. ..o 162
Figure 4.16: Transverse variation of electrostatic EDL potential for various salt
concentration values for (a) pHoo = 3, and (b) pHoo = 4. Here the cases shown by
solid lines (-) and dashed lines (--) represent the cases of "POL" and "SST",
respectively. Please see the caption of Fig. 4.14 for the definition of "POL" and
"SST" cases. All other parameters are identical to those used in Fig. 4.14. ............. 162
Figure 4.17: Variation of equilibrium brush height, HO, with salt concentration for
various pHoo values. Here, "Ster" refers to the case where only the finite size effect,
among the different non-PB effects, has been accounted for to describe the EDL
electrostatics, while the PE brushes are described using the augmented SST. On the
other hand, "SST" refers to the case where the EDL electrostatics is modelled using
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the standard PB model (i.e., we consider no non-PB term) and the PE brushes are
modelled using the augmented SST. We consider vH+= 3.4866 x 10 — 30 %’
(where vH + denotes the volume of H + ion, which is the smallest species in our
lattice model and occupies just one lattice site), {+= v +/vH+= 39.3674,{—=v —
JvH+= 26.3731, éw = vw/vH+= 3.1779, (H+= 1, and éOH—= vOH —/vH+=
3.7143 ""187_ All other parameters are identical to those used in Fig. 4.11.............. 164
Figure 4.18: Monomer density profiles for various salt concentration values for (a)
pHoo = 3, and (b) pHoo = 4. Here the cases shown by solid lines (-) and dashed lines
(--) represent the cases of "Ster" and "SST", respectively. Please see the caption of
Fig. 4.17 for the definition of "Ster" and "SST" cases. All other parameters are
identical to those USed iN Fig. 4.17. ...cov e 165
Figure 4.19: Transverse variation of electrostatic EDL potential for various salt
concentration values for (a) pHoo = 3, and (b) pHoo = 4. Here the cases shown by
solid lines (-) and dashed lines (--) represent the cases of "Ster" and "SST",
respectively. Please see the caption of Fig. 4.17 for the definition of "Ster" and "SST"
cases. All other parameters are identical to those used in Fig. 4.17. ........ccceovnnenne. 165
Figure 4.20: Variation of equilibrium brush height, HO, with salt concentration for
various pHoo values. Here, "MSST" refers to the case of modified augmented SST:
for this case all the three different non-PB effects (ion-ion correlation, solvent
polarization, and finite ion and dipole size) have been considered simultaneously to
describe the EDL electrostatics, while the PE brushes are described using the
augmented SST. On the other hand, "SST" refers to the case where the EDL
electrostatics is modelled using the standard PB model (i.e., we consider no non-PB
term) and the PE brushes are modelled using the augmented SST. Here we use lc =
0.3nm, pw = 1.85 D, vH+= 3.4866 x 10 — 30 ¥ &+= v +/vH+= 39.3674,
§—=v—/vH+= 263731, ¢éw = vw/vH+= 3.1779, (H+=1,and EOH—=

vOH —/vH+= 3.7143 "8 All other parameters are identical to that used in Fig.
O RS STT 167
Figure 4.21: Monomer density profiles for various salt concentration values for (a)
pHoo = 3, and (b) pHoo = 4. Here the cases shown by solid lines (-) and dashed lines
(--) represent the cases of "MSST" and "SST", respectively. Please see the caption of
Fig. 4.20 for the definition of "MSST" and "SST" cases. All other parameters are
identical to those used in Fig. 4.20. ... 169
Figure 4.22: Transverse variation of electrostatic EDL potential for various salt
concentration values for (a) pHoo = 3, and (b) pHoo = 4. Here the cases shown by
solid lines (-) and dashed lines (--) represent the cases of "MSST" and "SST",
respectively. Please see the caption of Fig. 4.20 for the definition of "MSST" and
"SST" cases. All other parameters are identical to those used in Fig. 4.20. ............. 169
Figure 5.1: Schematic depicting the generation of the streaming electric field (Es) and
streaming current (is) [the electrokinetically generated electric power Pout and the
resultant energy conversion efficiency § are proportional to the product of is and Es].
in a) brush-free nanochannel b) backbone charged PE brushes grafted nanochannel. In
the schematic, we highlight the manner in which the presence of the brushes localizes
the average EDL charge density further away from the grafting surface enforcing the
EDL ions to be advected by a larger background flow velocity, which in turn will lead
to an enhanced is, Es, Pout, and & in brush-grafted nanochannels. .............cccccocene. 181
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Figure 5.2: Variation of equilibrium brush height Ho with bulk salt concentration C«
and pH- for pH-responsive, PE brush grafted nanochannels with (a) ya® = 0.5 and (b)
ya® = 1. Here N = 400, h = 100 nm, a = 1 nm (Kuhn length), ke = 1.38 x 1022 JK%, T
=298 K, e = 1.6 x 10"*° C (electronic charge), e0= 8.8 x 10*? F m™* (permittivity of
free space), er = 79.8 (relative permittivity of water), pKa=3.5,v=0.5, ® =0.1. pKw
=14, pOH«x = pKw - pHw, C+%= Cx, cH+,00 = 10 — pHoo, cOH—, 00 = 10 — pOH,
C-0= CootCH A, 00FCOH —, 00, ..o 191
Figure 5.3: Variation of monomer distribution profile ¢p with bulk salt concentration
C- and pH- for pH-responsive, PE brush grafted nanochannels with (a) ya® = 0.5, ¢ =
60 nm, (b) ya®=0:5, ¢ =10 nm, (c) ya>=1, £ = 60 nm and (d) ya®=1, £ = 10 nm.
All the other parameters are same as those used in Fig. 5.2. .......ccccoooviviiiiiiieiinnns 193
Figure 5.4: Transverse variation of the non-dimensional EDL electrostatic potential
with bulk salt concentration c. and pHw for (a) PE brush-grafted nanochannel with
ya®= 0.5, £ = 60 nm, (b) brush-free nanochannel with equivalent charge density
oc,eq identical to that of the brush-grafted nanochannels with ya® = 0.5 and £ = 60
nm, (c) PE brush-grafted nanochannel with ya® = 0.5, £ = 10 nm, (d) brush-free
nanochannel with equivalent charge density ac, eq identical to that of the brush-
grafted nanochannels with ya® = 0.5 and € = 10 nm, (e) PE brush-grafted nanochannel
with ya® = 1, £ = 60 nm, (f) brush-free nanochannel with equivalent charge density
ac, eq identical to that of the brush-grafted nanochannels with ya® =1 and ¢ = 60 nm,
(9) PE brush-grafted nanochannel with ya® =1, £ = 10 nm and (h) brush-free
nanochannel with equivalent charge density ac, eq identical to that of the brush-
grafted nanochannels with ya® = 1 and € = 10 nm. All the parameters are same as
those MeNntioned IN Fig. 5.2. ..o e 196
Figure 5.5: Transverse variation of the non-dimensional velocity profile u with bulk
salt concentration ¢ and pH- for (a) PE brush-grafted nanochannel withya®= 0.5, ¢ =
60 nm, (b) brush-free nanochannel with equivalent charge density oc, eq identical to
that of the brush-grafted nanochannels with ya® = 0.5 and £ = 60 nm, (c) PE brush-
grafted nanochannel with ya® = 0.5, £ = 10 nm, (d) brush-free nanochannel with
equivalent charge density oc, eq identical to that of the brush-grafted nanochannels
with ya®= 0.5 and £ = 10 nm, (e) PE brush-grafted nanochannel with ya®=1, £ = 60
nm, (f) brush-free nanochannel with equivalent charge density ac, eq identical to that
of the brush-grafted nanochannels with ya® =1 and € = 60 nm, (g) PE brush-grafted
nanochannel with ya® = 1, £ = 10 nm and (h) brush-free nanochannel with equivalent
charge density oc, eq identical to that of the brush-grafted nanochannels with ya® = 1
and £ =10 nm. Here Ri =1 (i = 4+, —, H+, OH —). All other parameters are same as
those Mentioned IN Fig. 5.2. . ... 202
Figure 5.6: Variation of streaming current is with bulk salt concentration ¢« and pHe
for (a) brush-grafted nanochannels (with ya® = 0.5, £ = 60 nm) and brush-free
nanochannels with equivalent charge density oc, eq identical to that of the brush-
grafted nanochannels with ya® = 0:5 and ¢ = 60 nm, (b) brush-grafted nanochannels
(with ya® = 0.5, £ = 10 nm) and brush-free nanochannels with equivalent charge
density oc, eq identical to that of the brush-grafted nanochannels with ya® = 0.5 and
€ =10 nm, (c) brush-grafted nanochannels (with ya® = 1, £ = 60 nm) and brush-free
nanochannels with equivalent charge density oc, eq identical to that of the brush-
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grafted nanochannels with ya® = 1 and € = 60 nm and (d) brush-grafted nanochannels
(with ya® =1, £ = 10 nm) and brush-free nanochannels with equivalent charge density
oc, eq identical to that of the brush-grafted nanochannels with ya®=1 and £ = 10 nm.
Here = 8.9 x 10 Pa.s, dp/dx = -5 x 108 Pa/m. All other parameters are identical to
thoSe USEA 1N FIQ. 5.5, i 203
Figure 5.7: Variation of streaming electric field Es with bulk salt concentration c-
and pH- for (a) brush-grafted nanochannels (with ya® = 0:5, £ = 60 nm) and brush-
free nanochannels with equivalent charge density oc, eq identical to that of the
brush-grafted nanochannels with ya® = 0.5 and £ = 60 nm, (b) brush-grafted
nanochannels (with ya® = 0.5, £ = 10 nm) and brush-free nanochannels with
equivalent charge density oc, eq identical to that of the brush-grafted nanochannels
with ya® = 0:5 and £ = 10 nm, (c) brush-grafted nanochannels (with ya®=1, £ = 60
nm) and brush-free nanochannels with equivalent charge density ac, eq identical to
that of the brush-grafted nanochannels with ya® = 1 and ¢ = 60 nm and (d) brush-
grafted nanochannels (with ya® = 1, £ = 10 nm) and brush-free nanochannels with
equivalent charge density oc, eq identical to that of the brush-grafted nanochannels
with ya® =1 and € = 10 nm. All other parameters are identical to those used in Fig.
ST TSRS 206
Figure. 5.8: Variation of net power output Pout with bulk salt concentration ¢» and
pH. for (a) brush-grafted nanochannels (with ya® = 0.5, £ = 60 nm) and brush-free
nanochannels with equivalent charge density oc, eq identical to that of the brush-
grafted nanochannels with ya® = 0:5 and ¢ = 60 nm, (b) brush-grafted nanochannels
(with ya® = 0.5, £ = 10 nm) and brush-free nanochannels with equivalent charge
density oc, eq identical to that of the brush-grafted nanochannels with ya® = 0.5 and €
=10 nm, (c) brush-grafted nanochannels (with ya® = 1, £ = 60 nm) and brush-free
nanochannels with equivalent charge density oc, eq identical to that of the brush-
grafted nanochannels with ya® = 1 and £ = 60 nm and (d) brush-grafted nanochannels
(with ya® =1, £ = 10 nm) and brush-free nanochannels with equivalent charge density
oc, eq identical to that of the brush-grafted nanochannels with ya® =1 and ¢ = 10 nm.
A microchip (with dimensions of Imm x 10cm x 10cm and a porosity of 0.5)
containing multiple nanochannels of half-height h = 100 nm is considered for the
calculation of output power®. All other parameters are identical to those used in Fig.
ST TSRS P PP 209
Figure 5.9: Variation of electrokinetic energy efficiency & with bulk salt
concentration ¢c- and pH- for (a) brush-grafted nanochannels (with ya®= 0.5, ¢ = 60
nm) and brush-free nanochannels with equivalent charge density ac, eq identical to
that of the brush-grafted nanochannels withya® = 0.5 and ¢ = 60 nm, (b) brush-grafted
nanochannels (with ya® = 0.5, ¢ = 10 nm) and brush-free nanochannels with
equivalent charge density oc, eq identical to that of the brush-grafted nanochannels
with ya® = 0.5 and € = 10 nm, (c) brush-grafted nanochannels (with ya®*= 1, £ = 60
nm) and brush-free nanochannels with equivalent charge density ac, eq identical to
that of the brush-grafted nanochannels with ya® = 1 and ¢ = 60 nm and (d) brush-
grafted nanochannels (with ya® =1, £ = 10 nm) and brush-free nanochannels with
equivalent charge density oc, eq identical to that of the brush-grafted nanochannels
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with ya® =1 and ¢ = 10 nm. All other parameters are identical to those used in Fig.
ST TSRS 211
Figure 6.1: Snapshot of the MD simulation domain for pressure-driven transport in
PE-brush grafted nanochannel. Na* and CI" ions are depicted by blue and yellow
spheres, respectively. The atoms forming the discrete walls at the top and bottom of
the nanochannel are depicted as black spheres. All other colors represent the various
atom types of the PAA chains. Water molecules are not shown explicitly for
IMProved VISURHZATION. ........ooiiiiiiieie e 222
Figure 6.2: (a) Reduction in average end-point brush height (H) with applied axial
pressure gradient, (b) average profile of the grafted PAA chains (projected on the x-z
plane) as a function of the imposed pressure gradient. In (b), the grafted ends of the
PAA chains are assumed to lie at the origin (with z=0 representing the grafting plane)
and the flow occurs along the positive x-direction. The equilibrium end-point brush
height and average chain profile for YP=0 MPa/nm were first obtained in Ref. 209.
................................................................................................................................... 225
Figure 6.3: Transverse distribution of the number density of Na* and CI ions inside
the nanochannel for (a) VP=0 MPa/nm (no applied pressure gradient), (b) VP=1
MPa/nm, and (c) VP=2 MPa/nm. A zoomed view of the ionic distributions in the
brush-free bulk are depicted in the insets. The transverse ionic distributions for P=0
MPa/nm were first obtained in Ref. 209. ... 228
Figure 6.4: Axial flow profiles (obtained from our all-atom MD simulations) for the
pressure-driven transport of water inside the nanochannel as a function of the applied
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Figure 6.5: Comparison of the axial flow profiles for the pressure-driven transport of
water (for different applied pressure gradients) obtained from all-atom MD
simulations and continuum calculations. Parameters used in the MSST model are
a=1.53 A, £ =15.65 A, c00=1.02 M, y=0.5/a3, h=60.225 A, N=48, pKa=3.5, pH«=7.
All other parameters for the MSST model are identical to that used in Fig. 4.20.
Parameters used in the continuum flow calculations are n = 8.9 X 10 — 4 Pa.s,
puNa+= 4.98 x 10 — 8 m?/Vs, and uCl—= 6.88 X 10 — 8 M?/VS. .ocvvvrverrrerennn. 240
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Chapter 1: Background and Motivation

1.1. Structure and Configuration of Polyelectrolyte Brushes

Polyelectrolytes (or PEs) are macromolecules whose repeating unit is an electrolyte.
PE chains grafted close enough vicinity of each other extend in the direction
perpendicular to the substrate (in order to avoid each other), thereby attaining a brush-
like configuration, due to electrostatic repulsion between the charged segments as well
as the excluded volume interactions between the monomers. PE brushes have been
employed in a myriad of applications such as electrokinetic energy conversion?,
biosensing®*, colloidal stabilization®, drug delivery®”’, oil recovery?®, etc. The wide-
spread use of PE brushes can be attributed to their stimuli-responsive behavior, i.e.,
their configuration can be tuned by changing the characteristics of the surrounding
medium like bulk salt concentration, pH, solvent quality, temperature, etc. Therefore,

it is vital to understand the thermodynamics of such PE brush systems.

The literature consists of several Molecular Dynamics (MD) studies probing the
structure of PE brushes®*3, However, these studies suffer from two major drawbacks.
Firstly, they have not employed a fully atomistic description of the PE brush system.
Instead, most studies have utilized major approximations such as coarse-grained
models of the PEs and consideration of an implicit solvent. Secondly, most MD studies
have focused their attention to the overall configuration or macrostructure of the PE
brushes such as the variation in brush height and monomer distribution profile. On the

contrary, there are virtually no studies that investigate the local structure of ions and



solvent molecules within the brushes at the atomistic length scales (microstructure). In
Chapter 2, we overcome both these limitations by performing MD simulations of planar
polyacrylic acid (PAA) brushes with an all-atom framework. We investigate the
distribution and local arrangement of Na* counterions and water molecules within the

brushes for various chain lengths and grafting densities.

In Chapter 3, we utilize our all-atom MD framework to study the effects of variation in
degree of ionization of the PE brushes on the brush properties such as end-to-end height
and chain mobility as well as the local structure of the counterions and water molecules
within the brushes. This is the first fully atomistic study to probe the effects of variation

in charge density on the microstructure of densely grafted weak polyionic brushes.

Several analytical models have been developed over the past few decades to capture
the behavior of PE brushes. The state-of-the-art theoretical model for planar PE brushes
is the Strong Stretching Theory (SST). This theory assumes that the brushes are in a
strongly extended conformation and thereby models the PE chains as a 1D arrangement
of monomers in the direction perpendicular to the grafting surface. However, this
model ignores several important factors such as the effects of excluded volume (EV)
interactions between the monomers and variation of charge density of the PE chains.
In Chapter 4, we modify the existing SST model to incorporate the effects of EV
interactions and an extended form of the mass action law, and thereby come up with
the most exhaustive analytical model for pH-responsive PE brushes, called the

augmented SST.



Another major drawback of the existing theoretical models is that they do not account
for the non-Poisson Boltzmann (PB) effects on the configuration of PE brushes. Such
non-PB effects become increasingly significant at high bulk salt concentrations. We
further modify our augmented SST model in conjunction with the theory of ‘water-in-
salt’ electrolytes (WISE)™ to develop the modified augmented Strong Stretching
Theory (MSST). Our theory can incorporate non-PB effects such as ion-ion
correlations, solvent polarization and finite size effects. We go on to obtain an excellent
match between the predictions of our model and the results of the all-atom MD

simulations of Chapter 2.

1.2. Flows in Polyelectrolyte Brush-grafted Nanochannels

Liquid transport in nanochannels has received significant scientific attention due to its
vast number of applications. One key problem in nanofluidic transport is the
tremendous retarding effect of the viscous drag due to the large surface area to volume
ratios of the nanochannels. Electrolytes in nanochannels are often driven through
electrokinetic transport which involves charging of the nanochannel walls to generate
an imbalance of mobile charges or Electric Double Layer (EDL) and the interaction of
the charge density gradient of this EDL with an applied or an induced electric field.
One commonly employed electrokinetic flow is the pressure-driven flow which
involves the application of an axial pressure gradient across a charged nanochannel
containing an electrolyte. The pressure gradient leads to a downstream migration of the
ions within the EDL, resulting in an ionic current and a streaming electric field. This

leads to the generation of electric power and can be used for nanofluidic energy



conversion. Das and coworkers® recently proposed that grafting the surface of the
nanochannels with end-charged PE brushes (under appropriate parameter
combinations) can increase the power output and nanofluidic conversion efficiency by
shifting the location of the EDL away from the retarding effects of the nanochannel
walls. However, they considered a very primitive model for the PE brushes. They
employed the Alexander de Gennes model which assumes a uniform monomer
distribution throughout the brushes. This is a major limitation, since the proper
modeling of the brushes is critical to obtain the correct brush-induced drag force on the
fluid flow and EDL potential which ultimately dictates the flow profile and energy
conversion efficiency. In Chapter 5, we overcome this drawback by employing our
augmented Strong Stretching Theory (developed in Chapter 4) to obtain a
thermodynamically self-consistent description of the brushes and using this description
to capture the correct pressure-driven flow profile and the associated power generation
characteristics. Moreover, we consider the case of backbone-charged PE brushes

instead of the less practical end-charged brushes considered in Ref. 1.

A few existing MD studies’®!8 have probed electrokinetics in PE brush-grafted
nanochannels. However, these studies are severely limited in their accuracy due to the
use of coarse-grained models for the brushes. In Chapter 6, we report all-atom MD
simulations for investigating the pressure-driven transport of water in a PE brush-
grafted nanochannel. In addition to obtaining the velocity profiles and nanoscale energy
conversion characteristics, we also uncover some highly interesting phenomenon such

as the overscreening of the grafted PE layer and the tilting of the brushes due to the



flow-induced drag forces. Our results indicate that the tilting of the brushes can be
significant at large values of imposed pressure gradients and leads to a reduction in the
average height of the grafted PE layers. This reduction in brush height manifests as a
reduction in the extent of overscreening of the brushes. Furthermore, we show that our
all-atom MD results are in reasonable agreement with the predictions of our continuum
framework (Chapters 4 and 5). This is followed by a thorough discussion of the reasons
for the observed discrepancy in the all-atom MD results and the continuum models. We
conclude by showing that one of the quantities (namely streaming conductance)
obtained from our study lies within the range of values reported by a prior experimental

study,*® providing a sense of feasibility of the numbers obtained from our methods.

Finally, in Chapter 7, we provide several comparisons of our all-atom MD results with
continuum calculations to validate/verify our methods. These comparisons are made
for the equilibrium configuration of PE brushes grafted on a substrate as well as flows
in nanochannels decorated with PE brushes. In addition, we also provide a comparison
of our all-atom MD simulations for probing electrokinetics in PE brush-grafted
nanochannels to the findings of prior experimental studies and establish that our results
are within the span of values observed in these experiments. We end with a summary

of the contributions of our work to the existing body of knowledge.



Chapter 2: Densely Grafted Polyelectrolyte Brushes Trigger
“Water-in-Salt” like Scenarios and Ultraconfinement Effect”

Abstract: In this chapter, we conduct an all-atom molecular dynamics (MD)

simulation of highly charged and densely grafted polyelectrolyte (PE) brushes on a flat
surface. Simulation findings for the variation of brush height with polymer size and
grafting density are explained by the scaling laws for brushes in the non-linear osmotic
regime. More importantly, this study establishes the triggering of an ultraconfinement
effect by the densely grafted brushes. This effect leads to significant changes in the
distribution, structure, and properties and a massive mobility reduction of both the
counterions and water. Furthermore, the interplay of the ultraconfinement effect and
the large counterion-PE electrostatic interactions trigger ‘“water-in-salt”-like
scenario (witnessed in highly concentrated aqueous electrolyte solutions), which is
characterized by the counterion-PE-functional group serving as the “salt” with the
“salt” overwhelming the water in both mass and volume and affecting the solvation
structure of the counterion by replacing the solvation water with the PE-functional

group.

2.1. Introduction

Densely grafted charged polymer molecules (or polyelectrolytes or PES) form

a “brush”-like structure (known as PE brushes) dictated by the balance of the elastic,

* The contents of this Chapter have been published as the following journal article: Sachar, H. S.; Pial,
T. H..; Desai, P. R.; Etha, S. A.; Wang, Y.; Chung, P. W.; Das, S. “Densely Grafted Polyelectrolyte
Brushes Trigger “Water-in-Salt”-like Scenarios and Ultraconfinement Effect.” Matter 2020, 2, 1509-
1521.



excluded volume, and electrostatic interactions.?>?* Functionalizing surfaces by
grafting them with PE brushes has been extensively used for a host of applications such
as ion and bioanlayte sensing in a nanochannel/nanopore,>* nanofluidic current
rectification®?® and diode action,?"?® nanoparticle-based targeted drug and gene
delivery,%” in-vivo imaging,?° oil recovery,® emulsion stabilization,® water harvesting,*
and many more. Understanding the detailed structure of the PE brushes and their
responses to external stimuli (such as salt concentration, pH, etc.) is critical to better
control all these applications as well as to gain fundamental insight on one of the most
interesting polymer states (namely the “brush”-like state). Motivated by these
prospects, there have been several decades of theoretical,*+31-3 simulation-based,®34%-
4 and experimental*>* research unraveling a myriad of information on the structure
and properties of PE brushes. Several of these studies on PE brushes have been partly
based simulation models and frameworks developed for other polyelectrolyte related
systems such as polyelectrolyte gels,> polyelectrolyte solutions,**-¢! polyelectrolyte
nanofilms, %263 etc.

In this chapter, we conduct an all-atom Molecular Dynamics (MD) simulation
of the PE brushes. We consider a fully ionized polyacrylic acid (PAA) brush, which is
neutralized by the Na* counterions, in an explicitly resolved water system [modeled
using SPC/E water molecules®] in presence of a finite concentration of NaCl salt. The
results provide an atomistic level elucidation of the PE brush properties. We study the
variation of brush height with size of the polymer and grafting density and explain the
results using scaling laws for PE brushes in non-linear osmotic regime.®>’

Subsequently, we study the distribution of the monomers and the brush ends, and the



results demonstrate close resemblance to that predicted from coarse-grained MD
simulations.®

More importantly, we unravel a hitherto unknown ultraconfinement effect and
the development of “water-in-salt”-like scenarios triggered by densely grafted PE
brushes. Here by “ultraconfinement”, we signify the tremendous confinement created
by the PE brushes as would be evident from the orders of magnitude reduction in the
mobilities of counterions and water molecules (as described later). Of course, given the
nanoscopic length of the system, this ultraconfinement is a form of nanoconfinement.
The dense grafting of the PE brushes affords lesser space to the water molecules and
the counterions enforcing this confinement effect. This effect becomes so pronounced
that it leads to significant changes in the structure and properties of the counterions
(quantified by the water-oxygen—counterion radial distribution function or RDF) and
the water molecules (quantified by the water-oxygen—water-oxygen RDF, water
tetrahedral order parameter, and water density and hydrogen bond distribution).
Furthermore, this confinement leads to an extreme reduction in the mobility of the
counterions (also contributed by the large electrostatic attraction between the densely
grafted and fully ionized brushes and the counterions) and the water molecules,
quantified by orders of magnitude reduction in their mobilities within the brushes as
compared to their bulk values. Most importantly, this atomistic quantification of the
brush behavior leads us to a situation where the counterion, PE brush functional group,
and the water together leads to the development of “water-in-salt”-like scenarios.
“Water-in-salt” systems, referring to the highly concentrated aqueous electrolyte

solutions (of a typical electrolyte with a small cation and a bulky anion) where the salt



overwhelms the water in mass and volume,*®>®73 have seen a massive recent surge in
interests owing to its widespread use in fabricating Li-ion and Na-ion batteries with
broad electrochemical stability window.%8%7273 For the present case, we hypothesize
that the combination of the confinement effect and the large electrostatic attraction
between the brushes and the counterions enforce a situation where the counterion-PE-
functional-group serves as a “salt” that overwhelms the water in terms of mass and
volume beyond a certain grafting density. Also, analogous to the case of the standard
“water-in-salt” systems, here we find that the PE-functional group (serving as “coion’)
replaces the water molecules from the solvation shell of the counterion. In fact, several
of these effects characterizing the “water-in-salt” scenarios occur at a counterion
concentration that is significantly lower than the salt concentration where these effects

occur for standard “water-in-salt” systems.

2.2. Results

2.2.1 All-atom MD Simulation Results for the PE Brush Configuration

Fig. 2.1(a) provides a representative snapshot for the all-atom MD simulation (the
‘Simulation Details’ section details the MD simulation procedure). We investigate the
brush height, the monomer distribution profile, and the end distribution of the PE
chains. Figure 2.1(b) depicts the variation of the end-point brush height < z, > with
N, which denotes the number of backbone carbon atoms of the PE brush molecule. We
observe < z, >~N. On the other hand, in Fig. 2.1(c), we provide the variation of <

z, > with the grafting density a,. In order to explain the trends of < z, > with N and



a4, we invoke the scaling prediction on the brush height (Hosm,ni) for PE brushes in the
non-linear osmotic regime.%>% This regime improves the predictions of the standard
osmotic brush regime (in osmotic regime, the brush height is obtained by balancing the
elastic energy of the brushes with the entropic energy of the counterions) by
additionally accounting for the effects of self-volume of the polyelectrolyte chains on
the counterion entropy. Following refs 65-66, we can write:

1+f

Hosm,nl =nb ) (2-1)

where n is the number of repeating units [in our case n=(N-1)/2], b is the length of each
repeating unit [in our case b is equal to 2 backbone C-C bond lengths. i.e. 3.058 A], f
is the fraction of charged monomers (f=1 for a fully ionized brush), and o,7f = V20
(6=3.5 A is the LJ distance parameter for backbone carbon atoms on the PE chains) is
the effective monomer diameter (i.e., the diameter of the monomer accounting for the
condensed counterions). Eq. (2.1) and n=(N-1)/2 explains the linear variation of < z, >
with N. Also, we compute the variation of H,,, »; With o, from eq. (2.1) and compare
the theoretical results with the MD predictions [see Fig. 2.1(c)]. The theoretical result
accurately captures the rate of increase of <ze> with oy, although it under predicts the
values of <ze> for all combinations of N and o, which can be attributed to different
factors such as the lateral inhomogeneity in counterion distribution, improper
consideration of o, (possibly due to the presence of pendant groups attached to the
PE backbone), short-range excluded volume interactions between the PE chains, etc.
In Table 2.1, we also provide the variation of <ze>, the average brush thickness < z;, >

Iy zpp(@)dz

and the counterion layer thickness < z.; > [where < z, >= 25
Jo pPp(2)dz

and p,(z) is
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the number density of backbone carbon atoms normalized such that Ui f0°° pp(2)dz =
)

N and < z,; >= o 2Pei®d
Cl

= e such that - [7 p(2) dz = Neg = (N = 1)/2] with N
o Pci

and a,. Here p, and p.; are the number densities of backbone carbon atoms and

counterions, respectively.
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N ag (1/62) <2,> (A) <z (A) ~z> (A)
29 0.05 13.70 15.00 25.58
29 0.1 15.06 19.39 28.90
29 0.15 15.71 16.19 30.68
29 0.2 17.83 20.08 34.12
39 0.05 17.83 19.17 33.95
39 0.1 20.33 21.02 38.83
39 0.15 21.20 21.53 41.15
39 0.2 23.25 23.58 4532
49 0.05 23.30 24.26 44.34
49 0.1 26.03 26.63 50.52
49 0.15 27.18 27.46 53.31
49 0.2 29.32 29.61 57.39
69 0.05 32.07 32.59 61.99
69 0.1 36.15 36.38 70.53
69 0.15 38.45 38.51 75.67
69 0.2 41.01 40.87 81.39

Table 2.1: Variation of brush thickness <z»>, counterion layer thickness <z.i> and

brush end-point height <ze> with N and gj,.

In figure 2.1(d), we plot the transverse distribution profiles of the backbone carbon

atoms on the PE brushes. These profiles are analogous to the monomer distribution

12



profiles for coarse-grained PE brush models.® We observe that the backbone carbon
distribution approximately follows a step-like profile especially at high grafting
density. There is a slight deviation from the step-like behavior near the tail of the brush
at lower values of grafting density. Very similar monomer distribution profiles were
obtained by Csajka et al,® who reported a nearly constant monomer density at high
grafting densities. In Fig. 2.1(e), we plot the backbone carbon distribution profiles with
respect to the reduced z coordinate (z/No) for 0920.1/02. A collapse of the profiles is
observed, and it indicates that there is no significant finite size effect due to chain size
for any of the studied values of N. Finally, in Fig. 2.1(f), we plot the normalized
distribution of the brush ends for the PE chains. At higher grafting density, the brushes
are very strongly stretched resulting in severely restricted mobility of the chain ends
ensuring that they are localized within a small z range. This is confirmed by the very
sharp and narrow distribution profile corresponding to g, =0.2/c%. As grafting density
decreases, however, the chain ends become more mobile and the end-point distribution
profile spreads out (becomes flatter). Such distributions of the brush ends, as a function
of the grafting density, are very similar to those reported previously in coarse-grained

MD simulation-based studies.’
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Figure 2.1: Structure and Configuration of the PE Brushes
(a) Snapshot of the all-atom PE brush MD simulations. In this schematic, Na* ions
are shown as dark green spheres, Cl- ions are shown as yellow spheres, and the other
colors represent atoms of the PE brushes. Also, the water molecules have not been
explicitly shown for better visualization. (b) Variation of the end-point brush height
with N for different grafting densities. The dashed line denotes the < z, >~N scaling
as also confirmed by eq. (1). (c) Variation of the end point brush height with grafting
density (a,) for different N. The dotted lines provide the result of the theoretical
calculation of brush height obtained by employing eg. (1). (d) Variation of backbone
carbon distribution profiles with grafting density for N=49. (e) Backbone carbon
distribution profiles plotted against the reduced z coordinate (z/No) for 0,=0.1/02. (f)

Variation of the chain end-point distribution profiles with grafting density for N=49.
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2.2.2 Counterion Distribution, Structure, and Properties: Brush-induced “Water-in-

Salt” Like Scenario and Counterion Confinement

Here we investigate the behavior of the counterions inside and outside the PE brush
layer. Fig. 2.2(a) shows the counterion distribution profiles for different PE brush
grafting densities. As anticipated, the counterion distribution profiles closely resemble
(qualitatively) the PE brush backbone carbon distribution profiles [see Fig. 2.1(d)].
This is also evident in the corresponding electroneutrality behavior of the system (see
Fig. 2.3). Therefore, the counterion distribution shows an approximately step-like
profile at higher brush grafting densities and deviates from the step-like behavior near
the tail of the brush for low grafting densities. We also witness a lateral inhomogeneity
in the counterion distribution within the PE brush layer as a result of counterion
condensation around the Ocarboxylate groups. In Figure 2.2(b), we quantify the solvation
structure of the counterions (Na* ions) inside the brush layer for different values of the
PE brush grafting density, which corresponds to different values of the counterion
concentration (expressed in molality). An increase in the grafting density leads to a
smaller accessible space for the same number of counterions (the number of
counterions is dictated by the charge on the PE brush) enforcing an increase in the
counterion molality. The solvation structure of the counterions within the PE brush
layer is characterized by a decrease in the number of water molecules (or the number
of oxygen atoms of the water molecules) occupying the first solvation shell (r < 3.2 A)
of the Na* ion with an increase in the PE brush grafting density (i.e., an increase in the
counterion molality). This decrease is compensated by an equivalent increase in the

number of Ocarboxylate (0Xygen atoms in the carboxylate groups of PE chains) in the first
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solvation shell of the Na* ion [see Fig. 2.2(c) for a schematic illustration]. However,
the total coordination number remains almost invariant of grafting density (~6), which
is very close to that of the Na* ion in bulk [in our simulations, we obtain the bulk Na*
coordination number of 5.84, which is very similar to that reported by the existing
literature”™®]. This is the first key result of this chapter. The above finding points to a
most remarkable situation where the confinement effect of the densely grafted PE
brushes, along with the strong PE-counterion electrostatic interactions, trigger water-
in-salt like scenarios. Such “water-in-salt” systems refer to highly concentrated
aqueous electrolytes containing an electrolyte salt (e.g., Li-TFSI) that has a small cation
(e.g., Li*) and a large and bulky anion (e.g., TFSI").1>% In our study, the Na*
counterion is serving the role of this small cation, while -R-COO™ (R: CH2-CH) on the
PE brush is serving the role of this heavy anion. In standard Li-TFSI electrolyte
solution, beyond a certain Li-TFSI concentration (>10 molal), the Li* ion solvation
structure is disturbed with some of the water molecules getting replaced by the TFSI™
ion. For a Li-TFSI concentration of 20 molals, the first Li* ion solvation shell has as
many as two TFSI™ ions and only 2.5 water molecules. On the other hand, in the present
study, we find that such replacement of the water molecules by the anion (here —R-
COOQO") starts to occur at a significantly lesser equivalent molality (as small as 4 molal)
[see Fig. 2(b)] and in the solvation shell, both the number of water molecules and R-
COO™ become equal to 3 for an equivalent molality of ~20. Therefore, we refer to this
behavior as a PE-brush-induced-confinement driven water-in-salt like behavior of the
entrapped water-counterion system. We can explain this radical alteration in the

counterion solvation structure within the brush layer for small molalities considering
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Gibbs free energy of solvation. Typically, solvation is aided by the associated favorable
entropic change of the cation and anion: solvation lowers the attraction between the
cation and anion and in the process frees them to become more mobile, i.e., become
entropically more favorable. In the present case, the anion (-R-COQ") is fixed on the
PE backbone. Hence the solvation will not be that entropically favorable since with
solvation the mobility of the -R-COO™ will not change drastically. This reduced
tendency of solvation ensures that the brush-entrapped counterions will demonstrate a
much larger tendency to have the water molecules in their first solvation shell get
replaced by -R-COO™. Standard water-in-salt systems (highly concentrated aqueous L.i-
TFSI electrolyte solution) are also characterized by the fact that beyond a particular
molality, the salt overwhelms the solvent (in volume and weight). For Li-TFSlI, this
effect is witnessed for a concentration of ~5 molals.%® In the present study, we witness
such a scenario (i.e., when the weight and volume of the Na*™-R-COO™ becomes larger

than the brush-confined water) for a counterion molality of 11 molals (for weight) and

7 molals (for volume), which is equivalent to a grafting density of Ooﬁ and X2

2 e
respectively [see Fig. 2.2(d)].

Figure 2.2(e) provides a comparison of the cation-water RDFs both inside and outside
the PE brush layer. Our RDF in the bulk matches with the RDF for aqueous sodium ion
reported in the literature.”” On the other hand, the RDFs inside and outside the PE
brushes are significantly deviated from each other. For the RDF within the brushes, the
peak corresponding to the first solvation shell decreases. This can be directly attributed

to the reduction in the number of water molecules within the counterion solvation

structure [see Figure 2.2(b)].
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Finally, we examine the mobility of the counterions within the brush layer by
quantifying their mean square displacements (MSDs) [see Fig. 2.2(f)]. Fig. 2.2(f)
compares the MSD values of the counterions both inside and outside the PE brush layer.
The displacement in the bulk is isotropic (i.e., Dx=Dy=D:), as expected. We obtain a
self-diffusivity value of D=4.52 x 1071 m?/s, which is much lesser than the value cited
in literature (approx. D=1.2 x 10° m?/s).”8¥% This lower value of self-diffusivity can be
attributed to the use of Langevin thermostat,* which adds random forces to the atoms
for maintaining a constant temperature. As a result, the MSD decreases (at sufficiently
long time scale) and the self-diffusivity goes down. In figure 2.2(f), we also plot the
MSD profile for the counterions trapped within the PE brush layer. We observe a
drastic reduction as compared to the bulk MSD and the MSD within the brushes
plateaus after some time. Both these effects can be attributed to the combined influence
of the steric effects (or the brush-induced confinement) and the large brush-counterion

electrostatic attraction.
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Figure 2.2: Distribution, Structure, and Properties of the Counterions
(a) Variation of the dimensionless counterion distribution p.;(z)o3 with grafting

density, where p.; is the number density of counterions normalized such that

Jigfom pci(z) dz = N [N = (N-1)/2 is the number of counterions per PE chain] (b)

Solvation structure of Na* ions within the PE brush layer with different PE brush
grafting density (shown on the top axis) or equivalently, with different counterion
concentration (shown on the bottom axis). (¢) Schematic depicting the replacement of
water molecules by Ocarboxylate inside the first solvation shell of Na* ions within the
PE brushes. Here the grey and pink spheres respectively represent the carbon and
oxygen of the COO™ of the PE chain and the brown sphere represents the Na* ion.
Here the schematic provides a 2D representation of the 3D solvation structure. (d)
Variation of salt (Na*-RCOO™; R: CH2-CH) to water weight and volume ratios with
different PE brush grafting density (shown on the top axis) or equivalently, with
different counterion concentration (shown on the bottom axis). () Na*-Ow (Ow:
oxygen of the water molecule) RDF in bulk and inside the PE brush layer for
0,=0.2/5%. (f) MSD of counterions in bulk (see left axis) and inside the PE brush
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layer (see right axis) for o,=0.2/02. In (f), solid and dashed lines indicate MSD inside
the brushes and in bulk respectively. N=49 is used for (a), (b), (d), (e) and (f).

In Figure 2.3, we plot the net charge of the PE’s and counterions over the simulation
domain (for N=69). We observe that local electroneutrality is satisfied everywhere
except in the vicinity of the graft and the average brush end-point height <ze>. The
variation near the grafted end is a result of short ranged ordering of the backbone carbon
atoms near the graft. We witness an abundance of counterions, just above the average
end-point height of the brush, especially at high grafting density. This can be attributed
to the clustering of counterions above the brush ends within the Gouy-Chapman length

scale.

Figure 2.3: Transverse variation of net charge across the simulation domain, for

different values of a,. Results are shown for N=69. The arrows indicate the position

of average brush end-point height <ze>.

In Fig. 2.3, each fully ionized PE chain carries 69 backbone carbon atoms and a net

charge of -34 e (e is the electronic charge). Hence, each backbone carbon atom can be
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attributed an average charge of — % e, thereby justifying the use of %pb to evaluate

the net charge.

Figure 2.4 shows the probability distribution p(r) of finding the nearest Ocarboxylate atom
at a distance r from a given counterion within the brushes. p(r) is normalized such that
fooo 2nrp(r)dr = 1. We witness a huge peak in p(r) at ~0.63c or 2.2 A, which is very
close to the LJ diameter of Na* (2.1595 A) used in the simulations. This peak is
observed for all values of og and confirms the presence of counterion condensation in
our system. The local electroneutrality expressed in Fig. 2.3 is a direct consequence of

this counterion condensation.
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Figure 2.4: Normalized probability distribution p(r)c? of finding the nearest
Ocarboxylate atom at a distance r/o from the counterions within the PE brush

layer. o,=0.05/0% 0.1/5% 0.2/c* and N=49.
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2.2.3 Water Structure, and Properties: Brush-induced Confinement

Here we investigate the brush-induced alteration in water structure and properties. In
Figure 2.5(a), we plot the variation of the Ow-Ow (Ow represents oxygen of the water
molecule) RDFs both inside and outside the brushes. Our bulk RDF (RDF outside the
brushes) matches precisely with that predicted in the literature.®2 However, the structure
of the water changes within the PE brush layer as revealed by the corresponding Ow-
Ow RDF within the brushes (for g, =0.2/6?). For the Ow-Ow RDF within the brushes,
the first hydration shell becomes more diffuse and the entire RDF curve shifts towards
the right. This rightward shift can be explained by the presence of counterions and
brush atoms in between the water molecules causing them to move further apart from
each other. More importantly, this Ow-Ow RDF profile within the brushes is
commensurate with our hypothesis of brush-induced generation of the “water-in-salt”-
like scenarios, where the Na*- R-COO™ system acts like a “salt”. Han et al.3® has
demonstrated exactly similar shift of the Ow-Ow RDF profile for a highly concentrated
aqueous Li-TFSI salt solution for a concentration range of 1-20 M. We report such a
shift for g, =0.2/c2, which corresponds to a “salt” concentration of 17 m. In figure
2.5(b), we plot the probability distribution of the orientational tetrahedral order
parameter (q) for water molecules.®4 =1 corresponds to a perfect tetrahedron structure
with lower values of g indicating higher deviations from the tetrahedral structure. We
observe that the distribution shifts towards lower values of q inside the PE brush layer.
The extent of the shift can be understood in terms of the mean value of g which falls
from 0.62 in bulk to 0.33 inside PE layer with ag=0.2/cs2 (approximately a 50%

decrease). This is an indicator of the fact that the water structure gets distorted from its
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usual tetrahedron packing due to the presence of PE brushes and counterions. This
finding is in agreement with the fact that the average hydrogen bonding between water
molecules decreases within the PE brush layer (discussed later). Figure 2.5(c) plots the

static dielectric constant of water, normalized to its bulk value as a function of ag for

N=49. This normalized form can be expressed as:

& =—2 (22

[e(O)]pute,w

1
3kgTegV

where £(0) = &, + ((M2) — (M)?) is the static dielectric constant [obtained

using the linear response equation®], [€(0)]puu.w is the static dielectric constant of
bulk water, &, is the dielectric constant at infinite frequency which is equal to 1 for our
case, kgT is the thermal energy, €, is the permittivity of free space, V is the volume,
and M is the net dipole moment of the volume under consideration. We observe a
dramatic decrease in the dielectric constant with values dropping to less than 15% of
the bulk value at g, =0.2/c2. Most water molecules inside the PE brushes are strongly
bound to the counterions due to ion-dipole interactions. These bound water molecules
have a lower ability to polarize and thereby do not contribute much to the dielectric
constant.'® The percentage of such bound water molecules increases with a4 [see Fig.
2.5(c)], leading to the observed reduction in dielectric constant with g,.

In figure 2.5(d), we plot the mass density of water across the simulation domain. The
water density inside the PE brushes decreases monotonically with an increase in
grafting density. This is due to the reduced lateral spacing between the brushes at a
high grafting density coupled with the excluded volume effects of the PE brushes and

counterions, which eventually leaves a lesser space for the inclusion of the water
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molecules. We witness a significant reduction in the density (by 1/3™ of the bulk value)
within the PE brush layer at g, = 0.2/c%. There is a sharp gradient in density across the
PE-brush-water interface especially for high values of the grafting density. Of course,
the mass density approaches its bulk value of 1 g/cm? far away from the brushes.

In Figure 2.5(e), we further investigate the structure of water by studying the hydrogen
bond network of the water. We have considered hydrogen bonding between
neighboring water molecules, between water and oxygen on the PAA brushes (within
the PE brush layer), as well as between water and CI" anions. The conditions for the
existence of hydrogen bond are taken as: distance between Owand X < 3.4 A, distance
between X and Hw < 2.425 A, and the angle Huw—Ow—X < 30°, where X = {Ouw,
Ocarboxylate, CI'} and Hw represents the hydrogen of water molecules.®48" We plot the
variation of the average number of hydrogen bonds per water molecule (n#s) along z
direction. nus is reduced to ~ 2.7 within the PE layer (for g, =0.2/c?) as a result of the
severing of the hydrogen bond network in the presence of brushes and counterions. The
decrease in nus is a direct consequence of the decline in average number of hydrogen
bonds per water molecule with other water molecules nusw (see Fig. 2.6). Just like
density, there is a steep rise in nus across the PE brush-water interface, indicating that
water quickly reestablishes its bulk structure/arrangement outside the PE brush layer.
The bulk value of nys (far away from the brushes) is about 3.5. Such bulk value of nus
has been obtained in previous experimental, theoretical, and simulation studies. For
example, Smith et al 28 experimentally reported the bulk value of n1s as 3.3 at 284 K
using oxygen K-edge x-ray adsorption technique. Muscatello et al.,®® in their MD

simulation study of water transport through graphene-based membranes, reported the
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number of hydrogen bonds in the bulk as ~ 3.5. Finally, Haggis et al.*® calculated the

percentage of water molecules (ni) forming i hydrogen bonds for i=0, 1, 2, 3, 4: asimple

4
calculation revealed that in the bulk, nue = % ~3.55at 298 K.

It is important to investigate the effects of PE brushes on hydrogen bonding of water
molecules with each other. This will help shed light on the local structure of water
molecules within the PE brushes. Figure 2.6 plots the transverse variation of the
average number of hydrogen bonds per water molecule with other water molecules

(nHB.w), for different values of g;;.

The decrease in nusw inside the PE brushes is consistent with the findings of Han et
al®, who reported a reduction in hydrogen bonding between water molecules with
increasing salt concentration for superconcentrated aqueous LiTFSI solution. An
increase in g, increases the counterion molality within the brushes due to confinement
of the counterions within a smaller volume. This enhancement in counterion molality
with g, reduces the value of nusw, as evident from Figure 2.6. The reduction in nxew
with g, is partly compensated by an increase in the number of hydrogen bonds between
water and Ocarboxylate. The overall decrease of nue with o, [witnessed in Figure 2.5(¢)]
is therefore the resultant of a decrease in hydrogen bonding between water molecules
and an increase in hydrogen bonding between water and Ocarboxylate.

Finally, Figure 2.5(f) depicts the MSD for water molecules present in the bulk. Just like
counterions, the MSD for water molecules is isotropic within the bulk. However, the
value of self-diffusivity obtained by fitting the bulk MSD is D=1.24 x 10 m?/s, which

is about half the reported literature value of D=2.7 x 10° m?/s for SPC/E water.** This
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is again an artifact associated with the use of the Langevin thermostat (as explained
earlier). We confirmed this hypothesis by separately calculating the self-diffusivity of
pristine water simulated using the Nosé-Hoover thermostat®®® and recovering the
value reported in the literature. Figure 2.5(f) also quantifies the MSD of water
molecules within the PE brush layer. The MSD plateaus out after a few picoseconds,
just like it did for the counterions. Also, we observe a massive lowering in the MSD
confirming a severe reduction in the mobility of the water molecules. This is due to the
steric effects (or the confinement effect induced by the brushes) as well as ion-dipole
interactions binding the water molecules to the neighboring polyelectrolytes and
counterions. We observe a slightly higher MSD in z-direction as compared to the x and
y directions possibly due to the lateral confinement (i.e., confinement in x and y

directions) imposed by the densely grafted brushes.
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Figure 2.5: Distribution, Structure, and Properties of Water
(a) Ow-Ow RDF in bulk and inside the PE brushes for a,=0.2/52. (b) Probability
distribution of the orientational tetrahedral order parameter g in bulk and inside PE
brushes for o,=0.2/5. (c) Variation of the static dielectric constant (normalized by
its bulk value) of water, within the brushes (left axis) and the percentage of water
molecules within the brushes, bound to the counterions (right axis), with PE brush
grafting density. (d) Transverse distribution of mass density of water for various
grafting densities. (e) Transverse distribution of the number of hydrogen bonds per
water molecule (nxs) for various grafting densities. (f) MSD of water molecules in
bulk (see left axis) and inside the PE brush layer (see right axis) for a,=0.2/52. In (f),
solid and dashed lines indicate MSD inside the brushes and in bulk respectively.

N=49 is used for all the subfigures.
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2.3. Implications for Continuum Models

Our simulations report a massive decrease in the dielectric constant of water within the
PE brush layer, particularly at high grafting densities [see figure 2.5(c)]. This has
tremendous implications for several continuum models involving PE brush systems. A
number of sophisticated continuum theories like the augmented Strong stretching
theory, Self-consistent field theory®* etc. assume that the dielectric constant of water
remains unaltered (same as bulk) within the PE brush layer. Our study clearly indicates
that such an assumption might not be accurate especially at high grafting density of the
brushes. Thus, the presence of brushes not only changes water structure and
arrangement at the molecular level, but also leads to a radical change in water properties
at the macroscopic length scale.

Mean field-based continuum models for the PE brushes neglect the effects of ion-ion
correlations. Such ion-ion correlations become prominent at high ionic concentrations
like that observed in our simulations for larger values of g,. For better predictions of
the PE brush configuration, these correlations need to be explicitly considered in the
total free energy of the system. McEldrew et al'® recently proposed the first continuum
model for EDL description of water-in-salt electrolytes. Extending these calculations

to PE brush systems can be an interesting problem for future research.
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2.4. Effect of Multivalent Counterions

We ran simulations for the case where the brush charge was neutralized by the Ca?
counterions for N=49 and UQZO.OS/GZ, 0.2/0%. The simulations for this case followed
the same methodology as the case of the PE brushes neutralized by the Na* counterions
(see section 2.5) except for the addition of an external salt. No salt was added for the
Ca?* counterion case, while for the case of the PE brushes neutralized by the Na*
counterions 0.1 M of added NaCl salt was considered. We believe that at such a small
concentration, salt should not have any significant effect on the local counterion and
water structure within the brushes. The force field parameters for Ca?* counterions were

taken from Li et al%?,

Significant changes in the counterion solvation structure were observed within the PE
brushes when compared to the bulk [see Table 2.2 and Figure 2.7(a)]. Inside the PE
brushes, we witness a drastic replacement of hydration water with Ocarboxylate atoms
within the first solvation shell [ < 3.4 41%] of Ca?*. However, the total coordination
number of Ca?* ions remains almost invariant within the brushes, similar to the case of
Na* counterions. Of course, the molality for Ca?* counterions is much lesser than that

of Na" counterions at the same o, because fewer Ca?" counterions are required to

neutralize the PE brush charge.
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Counterion Number of Coordination
Number of Weight | Volume
Case concentration Ocarboxylate number
Oy atoms ratio ratio
(m) atoms (Ocarboxylate*Ow)
Bulk®’ - - 7.1 7.1 - -
Inside PE
brush
7.685 4.20 3.16 7.36 1.414 | 2.183
(N=49,
0,=0.2/c%)
Inside PE
brush
1.905 3.07 4.25 7.32 0.353 | 0.546
(N=49,
0,=0.05/c?)

Table 2.2: Comparison of the solvation structure of Ca?* ions (in terms of the
species, namely Ocarboxylate atoms or Ow atoms, occupying the solvation shell) in bulk
and within the PE brushes for the case where the Ca?* are the counterions
neutralizing the charge on the PE brushes. The table also provides the weight and the
volume ratios of the “salt” (Ca?*-PE brush repeating unit) to the water indicating if
the “salt” outnumbers water in mass and volume (and thereby leads to the “water-in-

salt”-like structure).

Table 2.2 enlists the variation in the mass and the volume ratio of Ca?*-R-COO™
complex (serving as the “salt”) to water for different oy (i.e., for different counterion
concentration). The counterion-PE brush repeating unit complex overwhelms the water
at a counterion concentration of 5.4 m (by mass) and 3.5 m (by volume), which
correspond to a grafting density of 0.14/c? and 0.09/c? respectively [see Figure 2.7(b)].

The crossover grafting density to ‘water-in-salt’ system (by both weight and volume)

31



is remarkably similar for both Na* and Ca?* counterions. Hence, we are confident that

our results for monovalent counterions can be extended to multivalent counterions.

We also investigated the effects of counterion valence on their mobility within the
brushes. Our results indicate a reduced mobility (quantified by a reduced mean square
displacement) for the divalent Ca?* counterions as compared to the monovalent Na*
counterions [see Fig. 2.7(c)] for all o,. This is due to the enhanced electrostatic binding
between the divalent ions and PE brush segments as compared to their monovalent

counterparts.

Figure 2.7(d) depicts the mean square displacement (MSD) of water molecules within
the brushes. At high grafting density (¢, = 0.2/0%), the MSD of water molecules is
greater for the case of the PE brushes neutralized by the Ca?* counterions. This can be
explained using the concept of ‘free water’ molecules. We define the water molecules
present inside the first solvation shell of a counterion as ‘bound water’. Conversely,
any water molecule that is not located inside the first solvation shell of a counterion is
termed as ‘free water’. At high grafting density, there is a huge difference in the
percentage of free water molecules between the cases of monovalent and multivalent
counterions. Our analysis reveals that at g, = 0.2/02, the percentage of ‘free water’ is
~34% for the case of Na* counterions case and ~62% for the case of Ca?* counterions.
This is because fewer Ca?* counterions are required to neutralize the PE brush charge,
resulting in a lower number of total water molecules present within the first solvation

shell of the Ca2" ions. The bound water molecules are significantly less mobile and are
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responsible for the reduction in the MSD of water for the case of monovalent

counterions at high a,. On the other hand, at low grafting density (o, = 0.05/0%), we
witness a reduction in the MSD of water molecules for the multivalent counterion case.
This is because at low a4, Most of the water molecules are ‘free water’. In fact, the
percentage of ‘free water’ is ~80% for the case of Na* counterions and ~86% for the
case of Ca®" counterions at o, = 0.05/0%. As most of the water is unbound, the

enhanced ion-dipole interactions with the multivalent counterions (and thereby an

enhanced electrostatic binding) leads to a reduction in the MSD of water molecules.
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Figure 2.7: (a) Variation in the solvation structure of divalent Ca?* counterions with
a4 (top axis) and counterion concentration (bottom axis). (b) Variation in the salt
(Ca?*-PE brush repeating unit) to water ratio by weight and volume within the PE
brushes with o, (top axis) and counterion concentration (bottom axis). Table 2.2

summarizes the different numbers represented in (a) and (b). (c) Comparison of

counterion MSD within PE brush layer for monovalent (Na*) and divalent (Ca?*)
counterions for o,=0.05/6* and 0.2/5%, (d) Comparison of MSD of water molecules

within the PE brushes for 6,=0.05/0% and 0.2/5 (see inset). N=49 is used for all

subfigures.
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2.5. Simulation Details

We simulate backbone-charged PE brushes using an explicit all-atom model on the
Molecular Dynamics (MD) simulation package LAMMPS.®® 36 fully ionized PAA
chains H[-CH2-CH(COO")-]nCHs (neutralized by Na* counterions) were grafted in a 6
X 6 square array by fixing their lowermost terminal carbon on the x-y plane.

Simulations are performed for four values of grafting density (g, = 0.05/0%,0.1/

02,0.15/52, 0.2/0?), and four values of the number of backbone carbon atoms
(N=29, 39, 49, 69). A continuous purely repulsive LJ wall and a uniform reflective wall
are placed below the grafting surface and at the top of the simulation domain
respectively, to prevent the mobile ions and water molecules from escaping. The
brushes are modelled using the OPLS-AA force field®® and the bonded/non-bonded
interaction parameters for the PEs have been taken from the OPLS database. The 3-site
SPC/E model® is used for water molecules. 0.1 M NaCl is added to the system in
addition to the Na* counterions neutralizing the fully ionized brushes.

Non-bonded interactions are modelled as the sum of a Coulombic potential (Ucout) with
a cut-off of 10.5A and a shifted-truncated 12-6 Lennard-Jones potential (ULs) with a
cut-off of 13A. Long-range Coulombic interactions were calculated using a PPPM
(particle-particle particle-mesh) algorithm®’ with periodic boundary conditions in x and
y directions, and a fixed boundary condition in the z direction. The LJ interaction
parameters for all mobile ions are taken from Joung et al.*® Geometric mixing rules are
used for LJ interactions between dissimilar atoms, except for the ion-ion and ion-water

interactions, which use the Lorentz-Berthelot mixing rules in order to be consistent
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with ref 98. All bonded (bonds, angles, dihedrals, impropers) and non-bonded
interaction parameters are provided in section 2.6.

The initial configuration involved an array of fully extended polyelectrolyte chains with
a line of counterions adjacent to them. Salt ions were added randomly above the
polyelectrolyte layer while water was present throughout the simulation domain (both
inside and outside the PE brush layer). The bonds and angles of water molecules were
preserved by using the SHAKE algorithm.® The system is first run under the NP, T
ensemble (where the subscript z denotes that only the vertical gap is allowed to change)
to maintain pressure and temperature at 1 atm and 300 K, respectively. Nose-Hoover
thermostat and barostat®® were used with relaxation times of 0.1 ps and 1 ps for
temperature and pressure respectively. Subsequently, the system is equilibrated under
the NVT ensemble. The polyelectrolytes and water (including the mobile ions) were
thermostated separately at 300 K using the Langevin thermostat® with a relaxation time
of 0.1 ps. It was ensured that the height of the simulation domain is always greater than
or equal to No. The particle trajectories were calculated by using the Velocity Verlet
algorithm, with a timestep of 2 fs. The simulations were carried out on parallel
processors in the HPC cluster Deepthought2. Coordinates of all atoms were dumped
every 1000 fs, while coordinates of atoms in polyelectrolytes, water molecules and
mobile ions were dumped in separate files every 200 fs. The simulation results were
visualized using OVITO.1®

Average end point height <ze> of the brushes was monitored to check for equilibration.

< @O—YNFO)—(r)>

The autocorrelation function for a variable Y is given by Cy (t) = PR

where (Y) denotes the mean value of Y. We plot the autocorrelation function for

36



average end-point brush height C,(t) in Figure 2.8. The corresponding autocorrelation
time scale is calculated as 7, = f0t° C.(t)dt /(1 — C,(ty)), where t, is the time at

which C,(t) = 1/e. 1%

1

0.8

0.6

Eaa 0.4

0 0.25 0.5 0.75 1
t (ns)

Figure 2.8: Autocorrelation function Ce(t) of average end-point brush height <z.>

for various ag. Results are shown for N=69.

Table 2.3 summarizes the equilibration time (Tequi), production run time (Tprod) and
autocorrelation time (z,) for all values of N and a,;. The production run time for each
case is more than one order of magnitude larger than the autocorrelation time, ensuring
proper statistical sampling. Convergence was further checked by simulating the cases
with N=49 for longer times (>2 ns). No significant changes in the results were observed
for these longer runs, with less than 2% error in the brush end-point height and less

than 4% error in the solvation structure of Na* ions.
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N o, (1/02) Tequi (ns) Tproa (ns) T (PS)
29 0.05 4 2 167.71
29 0.1 4 2 52.11
29 0.15 8 2 19.63
29 0.2 8 2 6.12

39 0.05 12 2 353.65
39 0.1 10 2 227.20
39 0.15 8 2 28.10
39 0.2 6 2 81.69
49 0.05 8 2 138.80
49 0.1 6 2 131.86
49 0.15 8 2 9.53

49 0.2 4 2 4.60

69 0.05 10 2 92.82
69 0.1 8 2 38.21
69 0.15 10 2 48.21
69 0.2 6 2 11.19

Table 2.3: Equilibration time (Tequi), production run time (Tprod) and autocorrelation

time (z.) for all N and g,.
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2.6. Force Field Parameters

In Fig. 2.9, we provide a schematic representation of the fully ionized polyacrylic acid

molecule.

Figure 2.9: Schematic representation (not to scale) of the fully ionized polyacrylic
acid molecule. The arrows indicate the atom type of their respective atoms. Dashed

box indicates the polyelectrolyte’s (PE’s) repeating unit.

39



Nonbonded Potentials and Corresponding Parameters

The Lennard-Jones (LJ) potential (ULs) used in the simulations is expressed as:

Uy = 4€;; l(?>12 ~ (?)6 03

ij
while the Coulombic pairwise interaction (Ucou) used in the simulation is expressed

as:

qiqj
Ucour = —— (2.4)

4mEGE T
In the above equations, ¢;; is the depth of the LJ potential well between atoms i and j,
a;; is the distance where the LJ potential between atoms i and j becomes zero, g; and
q; are charges of it" and j* atoms, 1y; Is the distance between atoms i and j, € is the

permittivity of free space and €, the relative permittivity of the background (taken to
be 1).
The values for these parameters [appearing in egs.(2.3,2.4)] for all the different atom

types, depicted in Fig. 2.9, have been summarized in Table 2.4.
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o

Atom Type Charge (e) | Mass (amu) | € (Kcal/mole) o (A)
C3 (CHa) -0.18 12.011 0.066 3.50
C2 (CH2) -0.12 12.011 0.066 3.50
C1 (CH, Attached -0.16 12.011 0.066 3.50
to COO-)

C (COO0-) 0.70 12.011 0.105 3.75
H 0.06 1.008 0.03 2.50
O (COO0-) -0.80 15.999 0.210 2.96
Ow (H20) -0.8476 15.999 0.155354 3.166
Hw (H20) 0.4238 1.008 0 0

Na 1.00 22.99 0.3526418 2.1595
Cl -1.00 35.453 0.012785 4.83
Ca 2.00 40.078 0.04560206 2.7083
Continuous LJ 0.00 15.00794 0.1947 3.00
Wall (Parameters (LJ cut off
remain unchanged length is
for interaction 3.36 A)

with all atom

types)

Table 2.4: Charge, mass and LJ parameters for all different atom types
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Bonded Potentials and Corresponding Parameters

The potential energy for harmonic bond style is expressed as:
Upona = Kp(r —19)* (2.5)
Here, 1, is the equilibrium bond length and Kb is bond stiffness. The values for r, and

Kb for different bonds are provided in Table 2.5.

Bond Type K, ( % ) ro, (&)
C2-H 340.0 1.09
C2-C1 268.0 1.529
C1-H 340.0 1.09
C3-H 340.0 1.09
C-C1 317.0 1.522
C1-C3 268.0 1.529
C-O 656.0 1.25
Ow-Hw - 1.00

Table 2.5: Bond parameters used in the simulations

The potential energy associated with the finite angle between different bonds is
calculated using the following equation:

Uangle = Ka(8 — 60)* (2.6)

Here, 6, is the equilibrium value of the angle and Ka represents the angle stiffness. The

values for 8, and Ka for different bonds are provided in Table 2.6.
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Angle Type K. ( Kcal ) B(deg)
mol.rad?
H-C2-H 33.00 107.8
H-C2-C1 37.5 110.7
C2-C1-H 37.5 110.7
C1-C3-H 37.5 110.7
H-C3-H 33.00 107.8
H-C1-C 35.0 109.5
0-C-O 80.0 126.00
C2-C1-C 63.0 1111
C3-C1-C 63.0 1111
Huw-Ow-Huw - 109.47
C2-C1-C2 58.35 112.7
C2-C1-C3 58.35 112.7
C1-C-O 70.0 117.0
C3-C1-H 37.5 110.7
C1-C2-C1 58.35 112.7
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The potential energy associated with the dihedral interactions is given by

Uginearat = 3 K1[1 + cos (8)] + 2 K, [1 — cos (28)] + 2 K5[1 + cos (30)] +

%K4[1 — cos (40)]

Here, K1, K2, K3 and Ka are the Fourier coefficients for torsional interactions, and @ is

(2.7)

the torsional angle. Values of K1, K2, Ks and K4 are provided in Table 2.7.

Dihedral type K4, (Kcal/ K,, (Kcal/ K3, (Kcal/ K, (Kcal/
mole) mole) mole) mole)
H-C2-C1-H 0.0 0.0 0.30 0.0
H-C2-C1-C 0.0 0.0 -0.10 0.0
H-C2-C1-C2 0.0 0.0 0.30 0.0
H-C2-C1-C3 0.0 0.0 0.30 0.0
H-C1-C-O 0.0 0.0 0.00 0.0
H-C1-C3-H 0.0 0.0 0.30 0.0
C2-C1-Cc-O 0.0 0.82 0.00 0.0
C2-C1-C2-C1 1.30 -0.05 0.20 0.0
H-C3-C1-C2 0.0 0.0 0.30 0.0
C3-C1-C-O0 0.0 0.82 0.0 0.0
C1-C2-C1-C -3.185 -0.825 0.493 0.0
C1-C2-C1-C3 1.30 -0.05 0.20 0.0
H-C1-C2-C1 0.0 0.0 0.30 0.0
H-C3-C1-C 0.0 0.0 -0.10 0.0

Table 2.7: Dihedral parameters used in the simulations

44




Improper torsional dihedrals are modelled using the harmonic function:

Uimproper =K;(p — 900)2 (2.8)

Here, ¢, is the equilibrium value of the improper torsional angle and Ki represents

the improper torsional stiffness. Their values for the C1-O-C-O system is provided in

Table 2.8.
Improper Type (el y @o(deg)
mol.rad?
C1-0-C-0O 10.5 180

Table 2.8: Improper dihedral parameters used in the simulations
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2.7. Conclusions

In this chapter, we have employed all-atom MD simulations to study the behavior of
densely grafted PE brushes on a flat surface. The findings describe PE brush
configuration and properties in unprecedented atomistic details. More importantly, the
chapter establishes a unique nanoconfinement-triggering role of the PE brushes. Such
nanoconfinement effect, coupled with the large electrostatic attraction between the
brush and the counterion usher in a most remarkable water-in-salt like scenario with
the counterion-PE complex serving as the “salt”. Similar to the existing water-in-salt
electrolyte systems, here too one observes that the water gets replaced by “anion” (here
the PE segment serves as the “anion”) in the first solvation shell of the counterion
(serving as the cation). Also, analogous to the standard water-in-salt systems, the
counterion-PE complex overwhelms the water in mass and volume beyond a certain
grafting density. Qualitatively similar findings are obtained for multivalent (Ca2*)
counterions. Furthermore, the Na* counterions experience a severe confinement effect
and large electrostatic attraction to the brushes enforcing a drastic reduction in their
diffusivity (quantified by the corresponding lowering of the MSD) within the brushes.
Such brush-induced-confinement triggered reduced diffusivity (or reduced MSD) is
also witnessed for the water molecules. Also, the water molecules bind to the
counterions within the brush layer enforcing a significant reduction in the dielectric
constant of the solution within the brushes. Other water properties, such as mass density
and average number of hydrogen bonds per water molecule, also undergo a significant

reduction due to the brush-induced confinement.
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Chapter 3: All-atom Molecular Dynamics Simulations of
Weak Polyionic Brushes: Influence of Charge Density on the
Properties of Polyelectrolyte Chains, Brush-Supported
Counterions, and Water Molecules”

Abstract: All atom Molecular Dynamics (MD) simulations of planar Na*-counterion-

neutralized Polyacrylic Acid (PAA) brushes are performed for varying degrees of
ionization (and thereby varying charge density) and varying grafting density. Variation
in the PE charge density (or degree of ionization) and grafting density leads to massive
changes on the properties of the PE molecules (quantified by the changes in the height
and the mobility of the PE brushes) as well as the local arrangement and distribution
of the brush-supported counterions and water molecules within the brushes. The effect
on the counterions is manifested by the corresponding variation of the counterion
mobility, counterion concentration, extent of counterion binding to the charged site of
the PE brushes, water-in-salt-like structure formation, and counterion-water-oxygen
radial distribution function within the PE brushes. On the other hand, the effect on
water molecules is manifested by the corresponding variation of water-oxygen-water-
oxygen RDF, local water density, water-water and water-PE functional group
hydrogen bond networks, static dielectric constant of water molecules, orientational

tetrahedral order parameter, and water mobility. Enforcing such varying degree of

* The contents of this Chapter have been published as the following journal article: Sachar, H. S.; Pial,
T. H.; Chava, B. S.; Das, S. “All-atom Molecular Dynamics Simulations of Weak Polyionic Brushes:
Influence of Charge Density on the Properties of Polyelectrolyte Chains, Brush-Supported Counterions,
and Water Molecules” Soft Matter 2020, 16, 7808-7822.
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ionization of weak polyelectrolytes is possible by changing the pH of the surrounding
medium. Thus, our results provide insights into the changes in microstructure (at the
atomistic level) of weak polyionic brushes at varying pH. We anticipate that this
knowledge will prove to be vital for the efficient design of several nano-scale systems

employing PE brushes such as nanomechanical gates, current rectifiers, etc.

3.1. Introduction

Charge bearing polymer molecules or polyelectrolytes (or PES) are undoubtedly one of
the pillars of modern-day material science due to their widespread use in day-to-day
life. PEs are used for synthesizing a variety of materials ranging from gels'%+1% to
solutions'®-1% to blends!'%*2, One of the most intriguing architectures involving PEs
is the “brush-like” form, where one end of the individual PE chains is grafted to a
substrate. When grafted in close proximity to each other in a good solvent, the PE
chains tend to stretch in the direction perpendicular to the substrate in order to avoid
monomer-monomer contacts and reduce electrostatic repulsion between the charged
segments and in the process attain such “brush-like” configuration. PE brushes find use
in a multitude of applications such as nanofluidic energy conversion®?, biosensing?#,
colloidal stabilization®, oil recovery®, drug delivery®”’, etc. This has inspired several
theoretical*3!-3°, computational®34%-44 as well as experimental*>>* studies to probe the
structure and configuration of PE brushes.

One of the most exciting prospects about PE brushes is their ability to respond to
changes in the surrounding medium like solvent quality, pH, salt concentration, etc.
This structural transition of the brushes in response to their environment renders a sense

of “smartness” to PE brush grafted interfaces, and forms the basis for several
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application such as nanomechanical gates'*#, current rectifiers?®2¢, etc. One key reason
for the responsiveness of weak polyanionic or polycationic PE brushes is a change in
the degree of ionization of the titration sites. This is typically induced by variation in
the pH of the surrounding medium, shifting the equilibrium of the acid-base reaction
responsible for charging of the PE chains. Several studies have investigated the effects
of changes in degree of ionization (and thereby the charge density) of PEs in solution'>
119 as well as PE brushes!?-12, However, most of these studies have focused on the
overall structural changes (macrostructure) of the PE molecules rather than the changes
occurring at the atomistic length scales (microstructure). Recently, we published the
first molecular dynamics (MD) simulation study probing the local arrangement of
counterions and water molecules within the planar PE brushes using an all-atom
framework!?4, In the current chapter, we take a similar approach to probe the changes
in the microstructure of densely grafted Polyacrylic acid (PAA) brushes with varying
degree of ionization. The charges on the brushes are neutralized by adding an
appropriate number of Na* counterions to the system (depending on the degree of
ionization). A 3-site SPC/E model®* is used to explicitly resolve the water molecules.
Analysis of the microstructure of the brushes is anticipated to provide us fundamental
insights into their behavior and thereby envision new applications of PE brushes in the
fields of nanotechnology and tribology.

This chapter is organized in the following sections. We begin with a detailed
description of our MD simulation setup. Subsequently, we present our results for the
brush height and chain mobility, followed by the local arrangement and distribution of

the counterions and water molecules respectively. The effect on the counterions is
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investigated by quantifying the brush-induced changes in counterion concentration,
condensation, solvation structure (and the resultant propensity to form water-in-salt
like structure®¥), radial distribution function (RDF), and mobility. On the other hand,
the effect on the water molecules is identified by probing the corresponding brush-
induced changes in the water-oxygen-water-oxygen RDF, water-water and water-PE
functional group hydrogen bond networks, water mass density, static dielectric
constant, orientational tetrahedral order parameter®®, and mobility. The results
demonstrate massive impact of the changes of the degree of ionization as well as the
grafting density. Given that such variation in the degree of ionization can be brought
about by the corresponding changes in the pH of the surrounding medium, the findings
shed light to the possible impact of the pH-responsiveness of densely grafted brushes
on its properties as well as the properties and distributions of the brush-supported

counterions and water molecules in an unprecedented atomistically resolved fashion.

3.2. Simulation Details

MD simulations were conducted using an all-atom framework. We considered 36
Polyacrylic acid (PAA) chains having N=49 backbone Carbon atoms. Each chain was
end-grafted on a 6 X 6 square lattice by fixing one of their terminal Carbons in the x-y
plane (z=0). Each chain consisted of 24 functional groups that could exist either in the
protonated state (COOH) or the deprotonated state (COQO"). The degree of ionization of
the brushes f (ratio of deprotonated functional groups to total number of functional
groups) was varied from no charge (f=0) to completely ionized (f=1) in steps of 0.25
i.e. f=0, 0.25, 0.5, 0.75, 1. For a given degree of ionization, 24*f functional groups were

randomly ionized along the length of each chain. An equal number of Na* counterions
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were added in the simulation box to ensure charge neutrality. No external salt was
added to the system (salt-free brushes). 3-site SPC/E water molecules® were used as

the explicit solvent. Two different values of brush grafting densities o, = 0.1/c% and

0.2/6? (where 6=3.5 A is the LJ distance parameter for backbone Carbon atoms) were
probed. Enough water molecules were added to ensure that the simulation box height
was always greater than or equal to 1.5No to eliminate finite size effects. Continuous
LJ and reflective walls were placed at the bottom and top of the simulation box
respectively to prevent counterions and water molecules from leaving the system. All
simulations were performed on the MD platform LAMMPS® (Large-scale
Atomic/Molecular Massively Parallel Simulator).

We used the OPLS-AA force field® to model the brushes. All bonded (bonds, angles,
dihedrals, impropers) and non-bonded parameters (charge, LJ diameter, LJ well-depth)
were taken from the OPLS database and provided in section 3.4. A shifted truncated
12-6 Lennard Jones (LJ) potential with a 13 A cut-off was used to model short-range
interactions. The LJ parameters for the Na* counterions were taken from Joung et al®®.
LJ interactions between dissimilar atoms were calculated using geometric mixing rules,
with the only exception being interactions between Na® counterions and water
molecules. These interactions were modeled using the Lorentz-Berthelot mixing rules
(similar to Joung et al®). A modified Particle-Particle Particle-Mesh (PPPM) solver®’
was used to calculate long-range electrostatic interactions with periodic boundary
condition in the x and y directions, and fixed boundary condition in z direction.

Our initial configuration consisted of an array of counterions placed adjacent to fully

extended PAA chains. Water molecules were added throughout the simulation domain.
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The SHAKE algorithm® was used to fix the bonds and angles of the SPC/E water
molecules. Firstly, the system was run in a NPT (the subscript z indicates that only the
simulation box height is allowed to change) ensemble using the Nose-Hoover
thermostat and barostat®>®® in order to obtain the correct height of the simulation
domain. The system temperature and pressure were maintained at 300K and 1
atmosphere respectively. The relaxation time for temperature and pressure were set to
0.1 ps and 1 ps respectively. This was followed by equilibration in the NVT ensemble
using the Langevin thermostat®'. The temperature of the PE chains and the mobile
species (water molecules and counterions) were separately maintained at 300K with a
relaxation time of 0.1 ps for the thermostat. The atomic trajectories are calculated using
the velocity-Verlet integrator with a time step of 2 fs. A production run of 2 ns was
performed for each case and the coordinates of each atom were dumped at intervals of
200 fs and 1000 fs in separate files. The open source software OVITO was used for
visualization of the atomic trajectories. We monitored the autocorrelation function for
average end-point height of the brushes <ze> to check for equilibration. The
equilibration times as well as the autocorrelation time scale for all simulations are
provided in Table 3.1.

The autocorrelation function corresponding to the average end-point brush height was
monitored throughout the simulations to check for convergence. The autocorrelation

function for a given variable Z can be expressed as:

<(z(t)—(Z))(Z2(0)—(Z))>
CZ(t) - <Z2>-<7>2 ! (3'1)
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where the angular brackets denote time average and (Z) is the mean value of variable

Z over the sampling interval. Figure 3.1 plots the autocorrelation function for the

average end-point height of the brushes [C,(t)].
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Figure 3.1: Autocorrelation function [C,(t)] corresponding to the average end-point
brush height, plotted over the production run for various degrees of ionization for (a)

o, = 0.1/c%and (b) o, = 0.2/5. Only three values of degree of ionization (f) are

plotted to avoid clutter.

The time scale corresponding to the autocorrelation function (z,) was calculated as:
t
Te = foo Ce(t)dt /(- Ce(to)), (3.2)

where t, is the time when C,(t) = 1/e. 1%

53



o, (1/02) f tequi (NS) tproa (1S) T (PS)
0.1 0 14 2 42.37
0.1 0.25 16 2 137.07
0.1 0.5 16 2 158.19
0.1 0.75 12 2 44.76
0.1 1 12 2 136.92
0.2 0 10 2 54.38
0.2 0.25 10 2 12.94
0.2 0.5 8 2 72.60
0.2 0.75 6 2 7.06
0.2 1 8 2 13.44

Table 3.1: Equilibration time (tequi), production run time (tprod) and autocorrelation

time scale (z,) for various degrees of ionization and grafting densities.
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3.3. Results

3.3.1 PE Molecules: Brush Height and Chain Mobility

Figure 3.2 plots the end-to-end brush height (<ze>) for various degrees of ionization (f)
and grafting densities (o ) of the PAA brushes. For a given value of o, we observe
only a slight increase in the brush height with the degree of ionization (f) due to
enhanced electrostatic repulsion between the chain segments as the effective charge of
the brush segments increases with an increase in f. The brush height begins to saturate
at higher values of f. On the other hand, an increase in the grafting density implies that
the brushes are forced to stretch out more in a direction perpendicular to the grafting

surface, enforcing a larger value of the end-to-end brush height for a larger o, for a

given f.
Fig. 3.2 also points that the brushes always remain in the swollen state for all values of

f, since <ze> >> ¢ (where €=Jg_1/2

is the lateral separation between adjacent
chains). This behavior is consistent with the experiments of Swift et al*?>, who reported
no coil-to-globule transition for the PAA chains (in aqueous solution) below a molar
mass of 16.5 kDa (corresponding to a degree of polymerization ~230). They postulated
that this behavior was a consequence of the inefficacy of the small chains to participate
in intra-chain hydrogen bonding due to a lack of monomer-monomer contacts.

In a previous publication'?®, we demonstrated that our all-atom MD-simulation
predicted variation of the endpoint brush height (for the fully ionized brushes) with

grafting density could be excellently recovered from the scaling laws of the non-linear

osmotic brush regime®-%’. However, in the present chapter, the variation of the end-to-
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end brush height with respect to the degree of ionization does not follow the scaling
results of the non-linear osmotic brush regime. The scaling law massively overpredicts
the change in brush height with respect to the degree of ionization (see Figure 3.3). In
fact, the mismatch between the scaling theory and the MD simulation results increases
for lower degrees of ionization. This could be due to the lack of the consideration of
excluded volume interactions between the PE segments in the scaling law of the non-

linear osmotic brush regime, which becomes increasingly important at lower degrees

of ionization.
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Figure 3.2: Variation in the end-point brush height with degree of ionization for

different grafting densities.
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Now we compare our equilibrium end-point brush height with the scaling predictions
of the non-linear osmotic brush regime®®’. In this regime, the brush height is dictated
by a balance between the elastic energy of the brushes and the entropy of the
counterions. However, contrary to the osmotic brush regime, the counterion entropy in
non-linear osmotic brush regime is calculated after removing the volume occupied by

the PE chains (along with the condensed counterions).
The brush height for the non-linear osmotic brush regime is given by:

f+0'gff0'g
1+f

Hosm,nl =nb ) (3-3)

Here, n=(N-1)/2 is the number of repeating units (neutral or ionized) where N is the
total number of backbone Carbon atoms, b=3.058 A is equal to 2 C-C bond lengths, f
is the degree of ionization, g, is the grafting density and o,¢r = V20 is the effective

monomer diameter after considering the volume of the condensed counterions.

Figure 3.3 compares the end-point brush heights obtained by MD simulations and the
scaling laws of the non-linear osmotic brush regime for various degrees of ionization

and grafting densities.
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Figure 3.3: Equilibrium end-point brush height for different degrees of ionization
and grafting densities obtained via MD simulations and scaling laws of the non-

linear osmotic brush regime.
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Table 3.2 lists the equilibrium end-point brush height obtained via MD simulations

for all degrees of ionization and grafting densities.

a, (1/02) f <z > (A)
0.1 0 39.33
0.1 0.25 41.12
0.1 0.5 43.07
0.1 0.75 44.92
0.1 1 45.44
0.2 0 51.30
0.2 0.25 53.59
0.2 0.5 55.12
0.2 0.75 55.50
0.2 1 55.46

Table 3.2: Equilibrium end-point brush height for various degrees of ionization and

grafting densities.

Figure 3.4 quantifies the mobility of the PE brushes as functions of the grafting density
and degree of ionization. Accordingly, in Figs. 3.4 (a) and (c), we plot the mean squared
displacement (MSD) of the backbone Carbon atoms (numbered sequentially from 1 to
49 with 1 being the grafted Carbon atom and 49 being the non-grafted terminal Carbon
atom) at t=100ps for different degrees of ionization and grafting densities. We can

clearly observe the stratification in the mobility of the backbone Carbon atoms, with
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an increase in the mobility along the length of the chain (away from the grafting site).
This behavior is expected, as the effect of the topological constraint due to grafting
diminishes as one moves away from the grafting site. We see a sharp increase in the
MSD of the last few Carbon atoms (near the non-grafted chain end) for all values of
degree of ionization. This is due to a reduction in the steric effects from neighboring
chains near the non-grafted chain ends. The thermal fluctuations near the chain ends
cause different chains to attain different vertical heights and hence reduce the steric
effects near the chain ends. The MSD of backbone carbon atoms decreases with an
increase in the degree of ionization. This can be attributed to an enhancement in the
average number of counterions condensed per PE chain. The condensed counterions
form a sheath around the PE chains, like a jacket around a cylinder. The columbic
repulsion between the condensed counterions of neighboring chains restricts the motion
of the PE segments and thereby reduces the MSD of backbone atoms. Similar trend is
observed at t=50ps (see Figure 3.5). On the other hand, an increase in the grafting
density forces the PE brushes to be even closer to one another enforcing a reduced
mobility (or a smaller MSD) of a particular carbon atom for a given f [compare the
findings of Figs. 3.4(a) and 3.4(c)].

Figures 3.4 (b) and (d) depict the MSD of the non-grafted terminal Carbon atoms of
the PE chains for different degrees of ionization and grafting densities. The slope of
the MSD-vs-time curve decreases due to the topological restrictions resulting from
chain connectivity. Here too, we observe a reduction in MSD with an increase in the

degree of ionization and an increase in the grafting density (for reasons as explained
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before). Similar observations were made for the middle Carbon atom (the 25" Carbon

atom) of each chain (see Figure 3.5).
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Figure 3.4: Stratification of the mean squared displacement (MSD) of backbone

carbon atoms of the PE chains for various degrees of ionization at t=100ps for (a)
04=0.1/0% and () o,=0.2/0. MSD of the non-grafted terminal Carbon atom of the

PE chains for various degrees of ionization for (b) o,=0.1/6% and (d) g,=0.2/5%.
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Figure 3.5: Stratification of the mean squared displacement (MSD) of backbone

carbon atoms of the PE chains for various degrees of ionization at t=50ps for (a)
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0,=0.1/c% and () o,=0.2/0. MSD of the middle (25™) Carbon atom of the PE chains

for various degrees of ionization for (b) o,=0.1/6* and (d) o,=0.2/0.



3.3.2 Counterions: Local Arrangement and Distribution

Figure 3.6 depicts the counterion concentration (quantified by the corresponding
molarity and molality values) within the brushes for various degrees of ionization (f)
and grafting densities. The total number of counterions released by the ionization of
the brushes is proportional to f. We observe that almost all the counterions are trapped
within the PE brush layer, irrespective of the degree of ionization and grafting density
(see Figure 3.7). Thus, the number of moles of counterions within the brushes varies
linearly with f. The increase in the volume of PE brush layer (due to an increase in
brush height) with f is rather small (see Figure 3.2). Hence, the counterion molarity has

a scaling exponent slightly less than 1 (0.97 for o, = 0.1/0%and 0.99 for g, = 0.2/0?)

with respect to the degree of ionization. The counterion molality, on the other hand,
follows a scaling of 8 for both the values of grating density. Counterion molality
depends on the ratio of the number of counterions to the number of water molecules
i.e. the number density of counterions to that of water molecules. The number density
of counterions within the brushes varies almost linearly with f (as explained
previously). However, we observe an increase in the mass density (and hence the
number density) of water molecules within the brushes with the degree of ionization
(see Figure 3.13). This results in a sub-linear scaling exponent (0.87) for both g, =
0.1/02 and 0.2/ for counterion molality within the brushes with respect to f.

Of course, both molarity and molality of the counterions increase with the grafting
density as a larger grafting density implies a larger number of charged monomers
within a given volume, which will lead to a larger number of charged counterions

within a fixed volume causing a larger molality and molarity.
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Figure 3.6: Variation of counterion concentration (expressed in terms of molarity

and molality) within the PE brush layer with the degree of ionization for (a)
0,=0.1/6* and (b) a,=0.2/0°. In both (a) and (b) the markers are the results from the

MD simulations.
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In Figure 3.7, we plot the transverse counterion distribution profiles p.;(z), normalized

such that Uifooo pci(z)dz = N f, where N,; = (N —1)/2 = 24 is the number of
g

counterions associated with each fully ionized PE chain.
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Figure 3.7: Transverse counterion distribution profiles [p.;(z)] for various degrees

of ionization for (a) o,=0.1/6* and (b) a,=0.2/0.

We can observe that most of the counterions are present within the PE brush layer (see

Table 3.2 for the equilibrium end-point brush heights) for all degrees of ionization and

grafting densities. This is a characteristic behavior of densely grafted brushes®.

In addition to the gross description of the change in the concentration of the PE-brush-

supported counterions as functions of the grafting density and degree of ionization [see

Figs. 3.6(a,b)], we intend to provide a more thorough understanding of the behavior,

properties, and distributions of the counterions within the brushes as functions of f and

og. Accordingly, in Figures 3.8 (a) and (c), we depict the probability density [p(r)] of

finding the nearest Ocarbocylate at0OM at a distance r from a given counterion within the
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brushes for various degrees of ionization and grafting densities. This result will help to
quantify the extent of counterion condensation on oxygen atoms of the COO™ groups
(Ocarbocytate atoms) of the PAA brushes. For all combinations of f and g, we observe a
peak in the probability density at r~0.64¢ (2.24 A). This value is very close to the LJ
diameter of Na* counterion (2.1595 A), indicating counterion condensation. The peak
value of probability density increases with degree of ionization, leading to a reduction
in the probability density for higher values of r. This indicates a reduction in the average
distance between the counterions and the nearest Ocarbocylate atom (manifesting, as
expected, in higher counterion condensation) with an increase in f or an increase in the
charge of the PE brushes.

Next, in Figures 3.8 (b) and (d), we plot the cumulative distribution function (cdf) by
integrating the probability density over a sphere of radius r [cdf(r) = for Antr2p(r)dr].
This gives us the overall probability of finding the nearest Ocarboxylate atom within a
distance r from a given counterion. We observe that the cdf plateaus at a distance of
r~0.75¢ for all degrees of ionization and grafting density (depicted by black dashed
line in the cdf plots). The value of the cdf at this location corresponds to the fraction of
counterions condensed on the Ocarboxylate atoms. We see a larger cdf plateau value
corresponding to a larger f (or larger ionization), which is a consequence of the larger
peak values in the probability density distribution [see Figures 3.8 (a) and (c)].

Figure 3.8(e) depicts the percentage of condensed counterions within the PE brush layer
for various degrees of ionization and grafting densities. Most of the counterions (>90%)
are condensed for the explored parametric range. We observe that the percentage of

condensed counterions decreases for lower degrees of ionization. This is because the
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entropic cost of binding counterions to Ocaroxylate atOmMs increases with a reduction in
the degree of ionization. As a result, some of the counterions are able to break free of
the enthalpically favorable electrostatic binding with the Ocarboxylate atoms in order to
reduce the net free energy of the system. Typically, the percentage of condensed

counterions is larger at a higher grafting density, with the only exception at f=0.5.
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Figure 3.8: Normalized probability distribution of finding the nearest Ocarboxylate atom

around Na* counterions within the PE brush layer for (a) a,=0.1/0 and (c)
0,=0.2/5%. (b) and (d) show the cumulative distribution function (cdf) for scenarios

depicted in (a) and (c) respectively. (e) depicts the percentage of counterions (present
within the PE brush layer) condensed on Ocarboxylate @toms for different degrees of

ionization and grafting densities.

In our previous paper considering the all-atom MD simulations of fully ionized PAA
brushes, we had established a unique water-in-salt-like scenario within the PE brushes,
where the solvation water of the brush-supported counterions got replaced by the COO"
functional group of the PE!?* This water-in-salt-like scenario was quantified by
studying the solvation structure of the counterions (that gave a sense to what extent the
solvation water was replaced by the PE functional group) and the condition where the
counterion-PE-functional-group complex (acting as the effective “salt”) overwhelmed
water in terms of volume and weight?4,

Here we quantify the similar water-in-salt-like scenarios as a function of the degree of
ionization of the PE brushes and the grafting density. Accordingly, in Figures 3.9 (a)
and (c), we depict the solvation structure of the counterions within the PE brushes for
different degrees of ionization and grafting densities. Inside the brushes, the solvation
water of the counterions (Oxygen of water molecules or Owater atoms to be specific)
can be partially replaced by Ocarboxylate atoms (Oxygen of COO™ group), Ocarbonyl atoms
(double bonded Oxygen of COOH group) as well as Onydroxyt atoms (single bonded
Oxygen of COOH group). Such a replacement of the solvation water by the Ocarbonyi OF

Owydroxyl atoms, which is not relevant for the case of fully ionized PE brushes'?*, is only
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relevant when the PE brushes are only partially ionized and contains non-dissociated
COOH group. The contribution of Ocarbonyt and Owydroxyt atoms in replacing the water
from the solvation shell of counterion is much smaller than that of Ocarboxylate atoms,
for all degrees of ionization. This happens because the carboxylate group (COO") has
a net negative charge whereas the oxygens on the carboxylic acid group (COOH) only
carry partial charges (carboxylic acid group is neutral as a whole), thereby ensuring a
much larger attraction between the carboxylate group and the counterions as compared
to that between the oxygen of the COOH and counterions. This enhanced attraction
allows the COO™ group to show a much larger tendency to bind strongly with the
counterion and in the process lead to a much more effective replacement of the
solvation water of the counterion. Of course, the replacement of water molecules
always occurs in a way that preserves the total solvation number of the Na* counterions
(~6). The contribution of Ocarboxylate atoms increases with f, whereas that of Ocarbonyl and
Omydroxyl atoms decreases with f. This is simply due to the increase in the ratio of ionized
groups (COO") to protonated groups (COOH) at higher degrees of ionization. The total
number of water molecules within the first solvation shell (r <3.2 A) of Na* ions shows
different trends with respect to the degree of ionization, depending on the grafting

density. At lower grafting density (g, = 0.1/5?), the number of solvation water

molecules first decreases with f (0.25<f<0.5) and then becomes almost invariant with f

(0.5<f<1). However, this invariance is not witnessed at high grafting density (g, =
0.2/02), where the number of solvation water molecules monotonically decreases with

the degree of ionization.
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Figures 3.9 (b) and (d) depict the mass and volume ratios of the “salt” to water
molecules within the PE brushes for various degrees of ionization and grafting density.
Very similar to our previous paper'?* in our system, the “salt” is formed by the
counterions and the charged PE segments. Therefore, the Na* counterions act as the
cations and the ionized monomers [-CH2-CH(COO")-] act as the anions. As expected,
the “salt” to water ratios (by mass and volume) increase monotonically with the degree
of ionization since larger f implies the presence of a larger number of ionized segments
(-COO) that can form the “salt” with the counterions. For the higher grafting density
(0g = 0.2 /a?), we observe that both the mass and volume ratios cross 1 at
approximately f=0.5. Thus, beyond f=0.5, the “salt” supersedes water by both mass and
volume, giving rise to water in salt like scenarios. However, such a scenario is not
witnessed for the lower grafting density (g, = 0.1/02), where the mass ratio remains
less than 1, even at full ionization of the brushes (f=1). This is because of the smaller
counterion concentrations (and hence “salt” concentration) witnessed at lower grafting

density (see Fig. 3.6).
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Figure 3.9: Variation in the solvation structure of Na* counterions (within the PE
brush layer) with degree of ionization for (a) o,=0.1/6* and (c) 6,=0.2/c% ‘Salt -to-
water mass and volume ratios for various degrees of ionization for (b) o,=0.1/6% and

(d) 0,=0.2/6%. Here “salt” refers to Na* RCOO" (R: -CH2-CH-).
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Figures 3.10 (a) and (b) plot the Na* - Ow RDF (Ow represents Oxygen of water
molecules) of counterions within the brushes for various degrees of ionization and
grafting densities. We also provide the Na® - Ow RDF in bulk for comparison. The
height of the peak corresponding to the first solvation shell of the counterions reduces
inside the brushes (compared to bulk). This is due to the partial replacement of water
molecules within the first solvation shell of the counterions by Ocarboxylate, Ocarbonyl and
Omydroxyl atoms.

At higher grafting density (o, = 0.2/0?) [see Fig. 3.10(b)], the height of this peak,
corresponding to the first solvation shell, reduces monotonically with an increasing
degree of ionization. This can be explained as follows: Firstly, there is a reduction in
the number of water molecules within the first solvation shell of the Na* counterions
with an increase in f [see Fig. 3.9(c) and the related discussions]. Secondly, the overall
density of water within the brushes itself increases with the degree of ionization (see
Figure 3.13). This reduces the height of the peak even further as the RDF is normalized
with respect to the overall density of water within the brushes.

At lower grafting density (g, = 0.1/02), the height of this peak, corresponding to the
first solvation shell, initially decreases with an increase in the degree of ionization
(0.25< f <0.5). Again, this is due to the depletion of water molecules within the first
solvation shell of Na* in this range of f (0.25<f<0.5) [see Fig. 3.9(a)] coupled with an
increase in the overall density of water molecules (within the brushes) with f. However,
beyond f=0.5, the number of water molecules within the first solvation shell of the
counterions becomes almost invariant of the degree of ionization (increases very

slightly with increase in f) [see Fig. 3.9(a)]. Of course, the water density within the
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brushes still increases with f. The resultant of these two effects is that the peaks heights
corresponding to the first solvation shell of Na* become very close and vary non-

monotonically with respect to f for 0.5<f<1.
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Figure 3.10: Na* - Ow (Ow represents Oxygen of water molecules) RDF within the
PE brush layer for various degrees of ionization for (a) a,=0.1/6* and (b) g,=0.2/.

Bulk Na* - Ow RDF is also provided for comparison (dashed line).
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Our previous all-atom MD simulation paper had identified a significant reduction in
the mobility (quantified through the corresponding mean squared displacements or
MSDs) of the counterions within the densely grafted PE brushes owing to the large
confinement effect introduced by the densely grafted brushes as well as the strong
electrostatic attraction between the completely ionized PE brushes and the
counterions?*. Here we study the effect of the varying degree of ionization for different
grafting densities on the counterion mobility. For that purpose, in Figures 3.11 (a) and
(b) we depict the MSDs of the Na* counterions within the brushes for different degrees
of ionization and grafting densities. The slope of the MSD-vs-time curves decreases
with time and the MSD eventually saturates to a constant value. This indicates that the
counterions are unable to diffuse freely. This happens due to a combination of
electrostatic binding with the PE segments and brush-induced nanoconfinement. For a
given grafting density, the counterion mobility increases with decrease in the degree of
ionization due to a decrease in the percentage of bound counterions (see Figure 3.8).
Bound counterions are condensed on the Ocarboxylate atoms and lose much of their
mobility due to strong coulombic interactions. The counterion mobility is much smaller

at a higher grafting density (o, = 0.2/02) due to enhancement in the percentage of

bound counterions (typically) and a stronger brush induced confinement.
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Figure 3.11: Mean squared displacement (MSD) of Na* counterions within the PE

brush layer for various degrees of ionization for (a) ,=0.1/6% and (b) o,=0.2/5°.
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3.3.3 Water: Local Arrangement and Distribution

Figure 3.12 depicts the Ow — Ow (water-oxygen-water-oxygen) RDF of water molecules
inside the brushes for various degrees of ionization and grafting densities. Ow — Ow
RDF of bulk water is also provided for comparison. The peak height corresponding to
the first solvation shell increases drastically within the uncharged brushes (f=0) as
compared to bulk. This is because the overall density of water molecules within the
uncharged brushes is significantly smaller as compared to bulk (see Figure 3.13) and
the RDF is normalized with respect to the overall water density.

The RDF shifts towards the right within the brushes as compared to bulk. This is
because the PE chains and counterions occupy spaces between the water molecules
causing them to drift further away from each other. The rightward shift in RDF is more
prominent at higher degrees of ionization due to the corresponding enhanced
counterion concentration within the brushes.

The peak height corresponding to the first solvation shell decreases with an increase in
the degree of ionization. This is because of the partial replacement of water molecules
by counterions inside the first solvation shell of water. Increase in degree of ionization
increases the counterion concentration within the brushes, resulting in a more enhanced
replacement of water molecules within the first solvation shell of water. Moreover, the
overall water density within the brushes increases with the degree of ionization, also
resulting in lowering of the first peak height with f (the RDF is normalized with respect

to the overall density of water molecules).
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12

Figure 3.12: Ow-Ow RDF of water molecules within the PE brush layer for various
degrees of ionization for (a) o,=0.1/6> and (b) g,=0.2/0%. Bulk Ow-Ow RDF is also

provided for comparison.
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In Figure 3.13, we plot the local mass density of water molecules as a function of the z
coordinate (z=0 is the grafting plane) for various degrees of ionization (f) and grafting
densities. The water mass density drastically decreases within the brushes as compared
to that in the bulk, as has been reported in our previous paper'?. Interestingly, inside
the brushes, the mass density of water increases with f for both the grafting densities.
Two factors are at play here. On one hand, increasing the degree of ionization leads to
a significant increase in the number of counterions trapped within the brushes, as
evident by the much larger values of counterion concentration for such degrees of
ionization (see Figure 3.6). For example, the counterion concentration for o, = 0.2/
at f=1is 18.33 m i.e. there is 1 counterion for approximately every 3 water molecules.
Such a massive increase in counterion concentration leads to steric effects ensuring that
there is lesser space available for the water molecules. On the other hand, an increase
in the degree of ionization increases the number of water molecules required to solvate
the counterions. Thus, more water molecules get trapped inside the brushes to cater to
the solvation requirements of the counterions.

These two effects counter each other. While steric effects tend to reduce the number of
water molecules by reducing the space available for the water molecules, the enhanced
counterion solvation requirements warrant an increase in the number of water
molecules present inside the brushes. We observe that the counterion solvation
requirements dominate the steric effects for both values of grafting densities and dictate
an enhancement in the mass density of water inside the brushes with an increase in the
degree of ionization. This establishes a highly fascinating scenario: a progressive

increase in the degree of ionization effectively pulls in more amounts of species in a
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given available volume as manifested by the simultaneous increase in the counterion
concentration and water mass density. In other words, this suggests that a charged PE
brush is capable of “packing” more amounts of species (counterions and water) within
the layer that it forms as compared to the layer formed by an uncharged (or weakly

charged) polymer brush.
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Figure 3.13: Transverse variation of mass density of water molecules for various

degrees of ionization for (a) a,=0.1/0* and (b) g,=0.2/0.
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Figure 3.14 plots the static dielectric constant of water molecules (normalized by its

€r(0)

bulk value), &. = [e-(0)]Buik

within the brushes for various values of degrees of

ionization (f) and grafting densities. Here €,.(0) is the dielectric constant of water
molecules within the brushes at zero frequency and [e€,(0)]guk IS the dielectric
constant of bulk water at zero frequency. Our previous study had reported a significant
decrease in €, within the brushes for the fully ionized brushes!?*, Here we study the

role of fand g, in this reduction of &,.. The static dielectric constant of water molecules

was calculated using the linear response theory® as:

1
3kgTeoV

(0)=1+ (K M?2>—-< M >2), (3.4)

where kT is the thermal energy, €, is the permittivity of free space, V is the volume
under consideration and M is the total dipole moment of water molecules in volume V.
A non-monotonic variation in the dielectric constant of water with f is observed for
both values of grafting density probed. There are two factors at play here. Firstly, the
mass density (and hence the number density) of water molecules within the brushes
increases with the degree of ionization (see Figure 3.13). This increases the dielectric
polarization density in the presence of an electric field as there are greater number of
water molecules (per unit volume) available to be polarized in the first place. Secondly,
the percentage of bound water molecules also increases with the degree of ionization.
A water molecule is considered to be bound if it is present within the first solvation
shell (r < 3.2 A) of a Na* counterion. This trend is depicted on the right axis in Figures
3.14 (a) and (b). An increase in the percentage of bound water molecules decreases the
dielectric constant of water due to the inability of bound water molecules to polarize

freely in the presence of an electric field.
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Clearly, the two effects oppose each other. The resultant of the two effects leads to the
observed non-monotonic variation in the dielectric constant of water (within the
brushes) with the degree of ionization. At lower grafting density (o, = 0.1/0?), the
mass density effects dominate at lower values of f (0<f<0.75), while the enhancement
in fraction of bound water molecules dominates at higher values of f (0.75<f<1). This
leads to an initial enhancement in the dielectric constant of water followed by a
reduction with increase in the degree of ionization. However, we observe a completely
opposite trend at higher grafting density. For o, = 0.2/02, we witness a decrease in
the dielectric constant of water at low to moderate degrees of ionization followed by a
slight increase at high degrees of ionization.

This finding points to a most interesting scenario where a fundamental property of
water such as static dielectric constant could be regulated in a most unique fashion
within a layer of PE brushes by tuning the degree of ionization and the grafting density

of the brushes.
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Figure 3.14: Left axis- Static dielectric constant of water molecules (normalized with
respect to bulk value) within the brushes for various degrees of ionization. Right axis-
Variation in the percentage of bound water molecules within the PE brush layer for

various degrees of ionization. (a) o,=0.1/6% and (b) o,=0.2/5°.
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Figure 3.15 plots the transverse variation in average number of hydrogen bonds formed
by water molecules (per water molecule) (nus) for various degrees of ionization and
grafting densities. The transverse variation in average number of hydrogen bonds
formed by water molecules with other water molecules (per water molecule) (NHs,w) iS
also plotted. Water molecules can form hydrogen bonds with other water molecules as
well as the polyelectrolyte chains. Various atoms on the pendant groups of the PAA
chains can form hydrogen bonds with water molecules. These include the Ocarboxylate,
Ocarbonyl, OHydroxyt and Hrydroxyt (Hydrogen of COOH group) atoms. Thus, PAA
functional groups can behave like hydrogen bond acceptors (via Ocarboxylate, Ocarbonyl
and Onydroxyt atoms) as well as hydrogen bond donors (via Hrydroxyt atoms). A hydrogen
bond (between water-water or water-PE functional group) is considered to exist if the
distance between the donor and acceptor Oxygen atoms is less than 3.4 A, the distance
between the participating Hydrogen atom and acceptor Oxygen atom is less than 2.425
A, and the angle between participating Hydrogen atom—donor Oxygen atom—acceptor
Oxygen atom is less than 30°, 88

There is a significant reduction in hydrogen bonding between water molecules within
the brushes (as compared to bulk) even for the case of uncharged brushes (f=0). This
is because water molecules form hydrogen bonds with the PE chains at the expense of
water-water hydrogen bonds. We observe that increasing the degree of ionization
typically increases the average number of hydrogen bonds between water molecules
and PE chains (per water molecule). The only exception to this was witnessed while

increasing degree of ionization from 0 to 0.25 at g, = 0.2/02, where the average

hydrogen bonding between water and PE chains decreased due to a significant
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reduction in the hydrogen bonds formed with Huydroxyt atoms. We witness a decrease in
nuew With increasing degree of ionization. This can be attributed to the increase in
counterion concentration within the brushes. The Na® counterions act as structure
breakers and undermine the hydrogen bond network between the water molecules.

The aforementioned effects compete with each other. On one hand, an increase in the
degree of ionization increases the hydrogen bonding between water and PE chains
(typically). On the other hand, it leads to a reduction in the hydrogen bonding between
water molecules (nusw). However, the change in number of hydrogen bonds between
water molecules and PE chains (with the degree of ionization) is much smaller as
compared to the change in number of hydrogen bonds formed by water molecules with
each other. Therefore, the resultant of the two effects is an overall decrease in the
number of hydrogen bonds per water molecule (hus) with increasing degree of

ionization (for both values of a,).
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Figure 3.15: Transverse variation in number of hydrogen bonds per water molecule
nwe with degree of ionization for (a) 0,=0.1/0% and (c) o,=0.2/0°. Transverse
variation in number of hydrogen bonds between water molecules (per water

molecule) nws,w with degree of ionization for (b) o,=0.1/0% and (d) o,=0.2/5°.
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Figure 3.16 plots the probability distribution of the orientational tetrahedral order
parameter (q) of water molecules®* within the brushes for various degrees of ionization
and grafting densities. g=1 corresponds to a perfectly tetrahedral arrangement of water
molecules. Smaller values of q represent larger deviations from the local tetrahedral
arrangement. We observe that the presence of brushes causes a significant change in
the probability distribution. This happens even if the brushes are uncharged (f=0). The
presence of brushes causes a reduction in the hydrogen bonding (as compared to bulk)
between water molecules (nusw), thereby significantly distorting the local tetrahedral
arrangement of water. This shifts the probability distribution towards lower values of
g within the brushes. The shift towards lower values of g is more pronounced at higher
grafting density, as the hydrogen bond network between water molecules is much more
severely affected at higher values of g,.

The mean value of g remains relatively unaffected with the degree of ionization.
However, the height of the probability distribution peak increases with an increase in
the degree of ionization. As a result, the distribution becomes narrower and its variance
decreases. This suggests that there is a higher energy penalty to fluctuations away from
the mean local arrangement of water molecules at higher degrees of ionization. Such
penalties could result from the presence of strong electric fields generated by the

enormous counterion concentration within the brushes.
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Figure 3.16: Probability distribution of orientational tetrahedral order parameter (q)
of water molecules within the PE brushes for various degrees of ionization for (a)

0,=0.1/6* and (b) o,=0.2/52. Probability distribution of q for bulk SPC/E water is

also provided for comparison.
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Our previous paper had identified a significant reduction of the mobility of the water
molecules (quantified by the corresponding MSDs) within the fully-ionized PE brushes
owing to the large confinement effect induced by the densely grafted PE brushes as
well as the significant dipolar interactions between water molecules and the charged
PE brushes'?*. Here we quantify the water mobility within the PE brushes as functions
of the degree of ionization and the grafting density of the PE brushes. For that purpose,
in Figure 3.17 we depict MSDs of water molecules within the brushes as a function of
time for various degrees of ionization and grafting densities. The long-time slope of the
MSD vs time curves decreases with an increase in the degree of ionization and grafting
density, indicating some form of confinement effect that is hindering the water
molecules from diffusing freely. The reduction in water mobility with increasing
degree of ionization can be explained via electrostatic interactions. With an increase in
f, the percentage of water molecules bound to the counterions increases (see Figure
3.14). A majority of these counterions are in turn condensed on the Ocarboxylate atoms of
the PAA brushes. In fact, the percentage of condensed counterions itself increases with
f (see Figure 3.8). As a result, the water molecules become much less mobile with
increased ionization of the PE chains.

We witness a significant reduction in MSD of water molecules within the brushes (as
compared to bulk) even for f=0. This indicates that electrostatic binding to the
counterions is not the only reason for reduction in water mobility within the brushes.
There is a tremendous nanoconfinement effect created by the presence of the brushes
alone (even if they are uncharged). The reason for this is twofold. Firstly, the brushes

create a form of lateral confinement due to their unique topology. Secondly, the water
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molecules form hydrogen bonds with the pendant groups attached to the PE backbone.
This further restricts their mobility as the PE chains are tethered to a substrate and

cannot move freely (see Figures 3.4 and 3.5).
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Figure 3.17: Mean squared displacement (MSD) of water molecules within the PE

brushes for various degrees of ionization for (a) o,=0.1/0* and (b) g,=0.2/0.
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3.4. Force Field Parameters

In Figure 3.18, we provide a schematic representation of a partially ionized polyacrylic

acid (PAA) molecule.

Neutral
monomer = —»

Tonized
monomer = =—»

Cl

C3

Figure 3.18: Schematic representation (not to scale) of a partially ionized polyacrylic
acid (PAA) molecule. The arrows depict the atom types of their respective atoms.

Dashed boxes indicate two different types of repeating units.
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Non-bonded Potentials and Associated Parameters

The Coulombic pairwise interactions (Ucout) between charged atoms are given by:

Ucour = Lk (3.5)

47TEOE1T,:]'.
and the 12-6 Lennard-Jones (LJ) potential (ULs) used in the simulations can be

represented as:

o1\ 12 oi1\®
oy = e () - ()] @0

In the above equations, g; and q; are the charges on it" and jt" atoms respectively, ; j
is the Euclidian distance between atoms i and j, €, is the permittivity of free space
(vacuum), €, is the relative permittivity of the background (equal to 1), €;; is the well
depth for LJ interactions between atoms i and j and o;; is the distance corresponding to

zero LJ potential between atoms i and j.
The values of these parameters for the various atom types shown in Figure 3.18 along

with water and mobile ions are listed below in Table 3.3.
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Atom Type Charge (e) | Mass (amu) | € (Kcal/mole) o (A)
C3 (CHs) -0.18 12.011 0.066 3.50
C2 (CHy) -0.12 12.011 0.066 3.50
C1 (CH, Attached -0.16 12.011 0.066 3.50
to COO")

C (CO0O) 0.70 12.011 0.105 3.75
C1n (CH, Attached -0.06 12.011 0.066 3.50
to COOH)

Cn (COOH) 0.52 12.011 0.105 3.75
H 0.06 1.008 0.03 2.50
HO (H in COOH) 0.45 1.008 0.00 0.00
O (CO0) -0.80 15.999 0.210 2.96
On (O, Attached to -0.44 15.999 0.210 2.96
C in COOH)

OH (O, Attached to -0.53 15.999 0.170 3.00
Cand H in COOH)

Ow (H20) -0.8476 15.999 0.155354 3.166
Hw (H20) 0.4238 1.008 0 0
Na 1.00 22.99 0.3526418 2.1595
Continuous LJ Wall 0.00 15.00794 0.1947 3.00
(Parameters remain (LJ cut off
unchanged for length is
interaction with all 3.36 A)

atom types)

Table 3.3: Charge, mass and LJ parameters for various atom types
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Bonded Potentials and Associated Parameters

The potential energy for bonds is considered in harmonic form, which is expressed as:
Upona = Kp(r —10)?, (3.7)
where 7, is the equilibrium bond length and Kj is bond stiffness. The values of r, and

Kb for different bond types are summarized below in Table 3.4.

Bond Type K, ( % ) ro, (A)
C2-H 340.0 1.09
C2-C1 268.0 1.529
C1-H 340.0 1.09
C3-H 340.0 1.09
C-C1 317.0 1.522
C1-C3 268.0 1.529
C-O 656.0 1.25
Cln-H 340.0 1.09
Cln-C2 268.0 1.529
Cin-Cn 317.0 1.522
Cn-On 570.0 1.229
Cn-OH 450.0 1.364
OH-HO 553.0 0.945
Cin-C3 268.0 1.529
Ow-Hw - 1.00

Table 3.4: Bond parameters for all different types of bonds

98



The potential energy for the angles between different bonds is considered in harmonic
form and expressed as:

Uangte = Ka(8 = 00)%, (3.8)

where 6, is the equilibrium angle value and Ka is the angle stiffness. The values of

6, and Ka for different angle types are listed in Table 3.5.

Angle Type K. ( Kcal ) 0o(deg)
mol.rad?
H-C2-H 33.00 107.8
H-C2-C1 37.5 110.7
C2-C1-H 37.5 110.7
C1-C3-H 37.5 110.7
H-C3-H 33.00 107.8
H-C1-C 35.0 109.5
0-C-0 80.0 126.00
C2-C1-C 63.0 1111
C3-C1-C 63.0 1111
Hw-Ow-Hw - 109.47
C2-C1-C2 58.35 112.7
C2-C1-C3 58.35 112.7
C1-C-O 70.0 117.0
C3-C1-H 37.5 110.7
C1-C2-C1 58.35 112.7
C3-Cin-C2 58.35 112.7
H-C3-Cln 37.5 110.7
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H-C1n-Cn 35.0 109.5
C2-Cin-C2 58.35 112.7
H-C2-Cln 37.5 110.7
C2-Cin-Cn 63.0 1111
Cin-C2-Cin 58.35 112.7
C1n-Cn-On 80.0 120.4
C1n-Cn-OH 70.0 108.0
On-Cn-OH 80.0 121.0
Cn-OH-HO 35.0 113.0
C1-C2-Ciln 58.35 112.7
C3-Clin-H 37.5 110.7
C3-Cl1n-Cn 63.0 1111
H-C1n-C2 37.5 110.7

Table 3.5: Angle parameters for all different types of angles
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The potential energy corresponding to proper dihedral interactions is expressed as:

Udinedarar =

%Kl[l + cos (D)] + %Kz[l —cos (20)] + %K3[1 + cos (30)] + %K4[1 — cos (49)],

(3.9)
where Ki, Kz, Kz and Ka are the Fourier coefficients associated with torsional
interactions, and @ is the value of the torsional angle. Values of K1, K2, Kz and K4 are
listed in Table 3.6.

Dihedral type K4, (Kcal/ K,, (Kcal/ K3, (Kcal/ K, (Kcal/
mole) mole) mole) mole)
H-C2-C1-H 0.0 0.0 0.30 0.0
H-C2-C1-C 0.0 0.0 -0.10 0.0
H-C2-C1-C2 0.0 0.0 0.30 0.0
H-C2-C1-C3 0.0 0.0 0.30 0.0
H-C1-C-O 0.0 0.0 0.00 0.0
H-C1-C3-H 0.0 0.0 0.30 0.0
C2-C1-C-O 0.0 0.82 0.00 0.0
C2-C1-C2-C1 1.30 -0.05 0.20 0.0
H-C3-C1-C2 0.0 0.0 0.30 0.0
C3-C1-C-O 0.0 0.82 0.0 0.0
C1-C2-C1-C -3.185 -0.825 0.493 0.0
C1-C2-C1-C3 1.30 -0.05 0.20 0.0
H-C1-C2-C1 0.0 0.0 0.30 0.0
H-C3-C1-C 0.0 0.0 -0.10 0.0
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On-Cn-OH-HO 0.0 5.50 0.0 0.0
C1n-Cn-OH-HO 1.50 5.50 0.0 0.0
H-C1n-Cn-OH 0.0 0.0 0.0 0.0
C2-C1n-Cn-OH 1.0 0.546 0.45 0.0
C3-C1n-Cn-OH 1.0 0.546 0.45 0.0
H-C1n-Cn-On 0.0 0.0 0.00 0.0
C2-C1n-Cn-On 0.0 0.546 0.0 0.0
C3-C1n-Cn-On 0.0 0.546 0.0 0.0
H-C2-C1n-Cn 0.0 0.0 -0.10 0.0
C1-C2-Cin-Cn -3.185 -0.825 0.493 0.0
C1n-C2-C1n-Cn -3.185 -0.825 0.493 0.0
H-C3-C1n-Cn 0.0 0.0 -0.10 0.0
H-C1-C2-Cln 0.0 0.0 0.30 0.0
Cin-C2-C1-C -3.185 -0.825 0.493 0.0
C1n-C2-C1-C2 1.30 -0.05 0.20 0.0
H-C1n-C2-Cln 0.0 0.0 0.30 0.0
Cl1n-C2-C1n-C2 1.30 -0.05 0.20 0.0
C1n-C2-C1-C3 1.30 -0.05 0.20 0.0
C1n-C2-C1n-C3 1.30 -0.05 0.20 0.0
H-C1n-C2-H 0.0 0.0 0.30 0.0
H-C1n-C2-H 0.0 0.0 0.30 0.0
H-C1n-C3-H 0.0 0.0 0.30 0.0
C2-C1n-C2-H 0.0 0.0 0.30 0.0
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C2-C1n-C2-C1 1.30 -0.05 0.20 0.0
C3-Cin-C2-C1 1.30 -0.05 0.20 0.0
C3-Cin-C2-H 0.0 0.0 0.30 0.0
C2-Cin-C3-H 0.0 0.0 0.30 0.0

Table 3.6: Dihedral parameters for different types of dihedrals

Improper torsional dihedrals are considered in the harmonic form and expressed as:

Uimproper =K;(p — (Po)zy (3.10)

where ¢, is the equilibrium improper torsional angle value and Ki is the associated

improper torsional stiffness. The values of the improper dihedral parameters are listed

below in Table 3.7.

Improper Type (el y @o(deg)
mol.rad?

C1-0-C-O 10.5 180

C1n-On-Cn-OH 10.5 180

Table 3.7: Improper dihedral parameters for different types of improper dihedrals
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3.5. Conclusions

Changes in the properties of PE brushes along with the local arrangement and
distribution of counterions and water molecules with the degree of ionization of the
brushes are quantified via an all-atom MD framework elucidating the effects of the
variation of degree of ionization and the grafting density of the PE brushes. The brush
height shows a weak increase with the degree of ionization due to enhanced
electrostatic repulsion between the chain segments. The chain mobility, quantified via
MSD of the backbone Carbon atoms, decreases with an increase in the degree of
ionization, due to an enhancement in the number of condensed counterions per PE
chain. We witness an enhancement in the percentage of condensed condensation along
with a reduction in the counterion mobility with increase in the degree of ionization.
This is accompanied by an increase in the mass density of water within the brushes and
a reduction in the water mobility and hydrogen bonding between water molecules (per
water molecule). Several other changes in the PE brush microstructure are quantified
via shift in the counterion-water and water-water RDFs as well as the probability
distribution of the orientational tetrahedral order parameter of water. Moreover, the
static dielectric constant of water molecules shows a non-monotonic trend with respect

to the degree of ionization, depending on the grafting density of the brushes.
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Chapter 4: Revisiting the Strong Stretching Theory for pH-
responsive Polyelectrolyte Brushes: Effects of Consideration
of Excluded Volume Interactions and an Expanded Form of

the Mass Action Law’

Abstract: In this chapter, we develop a theory to account for the effect of the excluded

volume (EV) interactions in the Strong Stretching Theory (SST) based description of
the pH-responsive polyelectrolyte (PE) brushes. The existing studies have considered
the PE brushes to be present in a ©-solvent and hence have neglected the EV
interactions; however, such a consideration cannot describe the situations where the
pH-responsive brushes are in a "good" solvent. Secondly, we consider a more
expanded form of the mass action law, governing the pH-dependent ionization of the
PE molecules, in the SST description of the PE brushes. This expanded form of the
mass action law considers different values of ya® (y is the density of the chargeable
sites on the PE molecule and a is the PE Kuhn length) and therefore is an improvement
over the existing SST models of PE brushes as well as other theories involving pH-
responsive PE molecules that always consider ya® = 1. Our results demonstrate that

the EV effects enhance the brush height by inducing additional PE inter-segmental

T The contents of this Chapter (except Section 4.5) have been published as the following journal article:
Sachar, H. S.; Sivasankar, V. S.; Das, S. “Revisiting the Strong Stretching Theory for pH-responsive
Polyelectrolyte Brushes: Effects of Consideration of Excluded Volume Interactions and an Expanded
Form of the Mass Action Law.” Soft Matter 2019, 15, 559-574.

The contents of Section 4.5 were primarily developed by a fellow Ph.D. student Sai Ankit Etha and have
been published as the following journal article: Etha, S. A.; Sivasankar, V. S.; Sachar, H. S.; Das, S.
“Strong Stretching Theory for pH-responsive Polyelectrolyte Brushes in Large Salt Concentrations.”
Physical Chemistry Chemical Physics 2020, 22, 13536-13553.
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repulsion. Similarly, the consideration of the expanded form of the mass action law
would lead to a reduced (enhanced) brush height for ya3 < 1 (ya® > 1). We also quantify
the variables such as the monomer density distribution, distribution of the ends of the
PE brush, and the EDL electrostatic potential and explain their differences with respect
to those obtained with no EV interactions or ya® = 1.

We also develop a model to describe the thermodynamics, configuration, and
electrostatics of strongly stretched, pH-responsive polyelectrolyte brushes in the
presence of large salt concentrations. The brushes are modelled using the augmented
SST, while the effect of the presence of the large salt concentration is accounted for by
including the contributions of three different types of non-Poisson-Boltzmann (non-PB)
effects in the free energy description of the PE brush induced EDL. These non-PB
effects are ionic non-mean-field ion-ion correlations, solvent polarization, and finite
size effect of the ions and water dipoles. We study the individual influences of these
different effects and show that the ion-ion correlations and solvent polarization effect
reduce the brush height and consequentially enhance the monomer density and lead to
an electrostatic potential distribution of the brush induced EDL that has a larger
magnitude at near-wall locations and becomes zero at shorter distances from the wall.
The finite size effect, on the other hand, increases the brush height and therefore,
weakens the monomer density and leads to a smaller near-wall magnitude of the EDL
potential that becomes zero at larger distances from the wall. Eventually, we consider
the impact of all the three non-PB effects simultaneously and show that the ion-ion
correlation and solvent polarization effect dominate the size effects and dictate the

overall brush configuration and the EDL electrostatics. We also point out that the

106



influence of all the three non-PB effects becomes largest for larger salt concentration
and smaller bulk pH. Finally, we compare our theoretical predictions with those
obtained from our recently developed all-atom MD simulation model and obtain an

excellent match.

4.1. Introduction

Grafting charged, polyelectrolyte (PE) brushes on solid-liquid interfaces have proven
to be an excellent way of functionalizing such interfaces for applications such as nano
fluidic ion and biosensing®*261%6  fabrication of nanofluidic diodes?’28, current
rectifiers?®®, and nano-actuators'?’, designing surfaces of desired wettability'%,
engineering nanoparticles for targeted drug delivery'?, oil recovery®, and many more.
The key to several of these applications is the responsiveness of these brushes to
environmental cues (e.g., a change in pH or a change in salt concentration) — as a
response to these cues, the PE brushes undergo a change in some of its properties (e.g.,
configuration, height, etc.) thereby enabling most of these above applications. pH-
responsive (or annealed) PE brushes refer to brushes whose ionization and hence the
charging depends on the local pH**1*07133_ For example, poly(meth)acrylic brush is an
example of a pH-responsive anionic brush. On the other hand, there are brushes (also
known as quenched brushes) whose degree of ionization and hence the charging is
independent of pH (e.g., partially sulfonated polystyrene brushes). The purpose of this
chapter is to provide a detailed thermodynamic self-consistent theoretical model for

quantifying such pH-responsive PE brushes.
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PE brushes have been modelled extensively. For example, there have been significant
efforts aimed at developing scaling laws by balancing the different energies (elastic,
electrostatic, and excluded volume) and yielded the brush height as scaled functions of
variables such as the grafting density and charge density of the brushes, number of
monomers, and the concentration of the added salt3-36.134137 Sypsequently, a more
involved calculation procedure was also attempted where the electrostatics of the
induced electric double layer (EDL) was described using the Poisson-Boltzmann (PB)
equation®:34131.133.138-141 "gy,ch studies varied in complexity and rigor depending on the
manner in which the monomer interactions were described — there have been several
approaches ranging from the use of simple Alexander-de-Gennes model13140 tg a
more involved parabolic model****! for the brushes. The most complete analytically
tractable approach till date, however, has been proposed in a series of seminal papers
that employed the Strong Stretching Theory (SST) to describe the PE brushes while the

resulting EDL electrostatics was described by the classical PB equation437:941427143,

The same self-consistent SST and the PB equation have also been employed to study
the configuration of the pH-responsive PE brushes!*. This study is the state-of-the-art
in the SST calculation of the pH-responsive PE brushes. However, this paper considers
the PE brushes to be in a ©-solvent and hence neglects all the possible excluded volume
(EV) interactions. On the other hand, a vast number of experimental studies involving
pH-responsive PE brushes invariably consider the solvent to be a “good" solvent (i.e.,
a solvent that makes the considerations of the EV interactions between the segments of

the PE molecule mandatory) with respect to the PE brush®>1447150_ Qpviously, for such
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problems, the theory of Ref. 14 will be inadequate. In order to fill this void, in this
chapter, we modify the SST for the pH-responsive PE brushes by accounting for the
EV interactions between the PE brush segments. Therefore, this is the first study for
the SST of the pH-responsive PE brushes accounting for the effect of the EV
interactions. EV interactions have been considered for other theoretical calculations of
the PE brushes™ %3, but not in this SST framework used to quantify the behavior of
the pH-responsive PE brushes. As a second improvement to the SST model of the pH-
responsive PE brushes, we consider a more expanded form of the mass action law for
the pH-dependent ionization of the PE molecules valid for all values of ya3 (y is the
density of the chargeable sites on the PE molecule and a is the PE Kuhn length) and
study the effect of this more expanded form of the mass action law in the SST
calculations of PE brushes. Both Ref. 14 as well as other papers describing the pH-
responsive PE molecules (not necessarily PE "brushes")*** %8 have considered only a
special form of the mass action law where ya® = 1. Our calculations, therefore, ensure
a more generic description of the pH-responsive PE brushes within the general ambit
of the SST model.

Our results demonstrate distinct contributions of the EV interactions and the expanded
form of the mass action law in the SST description of the PE brushes. Consideration of
the EV interactions imply consideration of additional inter-segmental repulsion for a
particular PE brush molecule. Accordingly, the EV effect enhances the brush height.
This enhancement is most magnified for large salt concentration (which leads to an
enhanced screening of the PE brush charges) and small pH. (i.e., a large bulk H* ion

concentration that weakens the ionization of the brushes). On the other hand,
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consideration of the generic mass action law implies that one witnesses a decrease
(increase) of the PE brush height for ya® < 1 (ya® > 1) owing to a reduced (enhanced)
charge density of the PE brushes causing a reduced (enhanced) counterion-induced
brush swelling*671%° We complete the description of the problem by accounting for
the effects of the EV interactions and the expanded form of the mass action law in
dictating the monomer density distribution, distribution of the end location of the PE
brushes, and the EDL electrostatics. In summary, this chapter establishes the theory for
a much more generic SST-based description of the pH-responsive PE brushes and the

resultant EDL electrostatics.

Moreover, we present our model for describing the thermodynamics, configuration,
and electrostatics of PE brushes in large salt concentrations. This model accounts for
the non-PB effects encountered at high salt concentrations such as the ion-ion
correlations, finite size effects and solvent polarization. Finally, we present the results
of this model and compare them to our all-atom MD simulations. A remarkable match
between the results is observed, even at extremely high ionic concentrations within the

PE brushes.
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Electrolyte
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Figure 4.1: Schematic showing the pH-responsive PE brush layer.

4.2. Self-Consistent Field Approach

4.2.1. Free Enerqy Equations

We consider a rigid, impenetrable substrate grafted with pH-responsive, weakly poly-
acidic (anionic) PE brushes immersed in an electrolyte solution (see Fig. 4.1). The
separation between adjacent grafted PE molecules ¢ is assumed to be small enough
such that the system attains a brush like configuration. Here we would discuss the free
energies that dictate the brush equilibrium in a self-consistent field approach. These
equations have already been discussed by several previous papers'#*"5l: we repeat
them here for the sake of continuity.

The net free energy functional (F) of a given PE molecule can be expressed as:

F =Fels+FEV+Felec+FEDL+Fion,
kgT kT ' kgT = kgT = kgT = kgT

(4.1)
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where Feis, Fev, Felec, FEDL and Fion are the elastic (entropic), excluded volume,
electrostatic, electric double layer and ionization contributions to the free energy (per
PE molecule) respectively.

In this model, the equilibrium brush height H (to be determined self-consistently later)
refers to the maxi-mum distance of the monomers of the PE brush from the substrate.
In order to express the free energy, the system is divided into two regions: region 1 (0
< x < H) forms the interior of the brush and comprises of all the PE chains whereas the
region 2 (H < x < ) lies exterior to the brush. We consider the case where the
electrostatic repulsion between the charged monomers is large enough to ensure that
the brush is in a strongly stretched configuration. Therefore, this free energy description
is the same as the Strong Stretching Theory description of the PE brushes.

Following the notation of Zhulina et al.*, we write:

!

Fels 3 fH ( /)d ,fxE( I)d
= x"dx x,x"dx,
kgT ~ 2pa? J, g 0
4.2
o (4.2)
T = ) Foncl#COlar,
(4.3)

where p is the chain rigidity, a is the Kuhn length, and o ~ €2 is the grafted area per
chain. Also, E(x, x") = dx/dn is the local stretching at a distance x from the surface for
a chain whose end is located at a distance of x’. Furthermore, g(x’) is the normalized

chain end distribution function, such that

H
f g(xHdx' = 1.
0

(4.4)

Finally, ¢(x) is the dimensionless monomer distribution profile of a given PE chain
and feonc[¢p(X)] is the non-dimensionalized per unit-volume free energy for the excluded

volume interactions.

Following Ref. 133, Felec + FepL can be expressed as:
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Felec FEDL _ g foo €0Er d¢|2
kgT = kgT - kT o [ 2 |dx +ep(n, —n_ +ny+ noy-)]dx
o H e+ ]00 l ny 1+ ] n_
kgT ), [eyny-pldx + o i [n+(n(n+,oo) ) n_(n(n_,oo)
n —
— 1) + e () = 1)+ ngy-(In(—2—) = 1)
nH"‘,oo nOH‘,oo

+ (Tl_hoo + n_,oo + n[-[+’oo + nOH_,OO)]dx

(4.5)

where 1 is the electrostatic potential, n; is the number density of the ion i [where i =
+; H*; OH™], n; o, is the bulk number density of the ion i, n,_ is the local number
density of the A~ ion, e is the electronic charge, ksT is the thermal energy, ¢, is the

permittivity of free space, and e, is the relative permittivity of the solution.

The PE brush ionizes via dissociation of an acid HA producing H* and A~ ions. n,_
is a function of the hydrogen ion concentration (n,+) as given by the expanded form

of the mass action law (see the derivation later).

Following Ref. 14, Fion can be expressed as:

Fion 0o f H Ny- Ng-_  Nyu— Ny-
== 1— 1 — 20y ¢ M (A
= | #10 - T0ma - + M

Ny- .U(p)ﬁ + U3~ — tn
Y kgT

+ In(cy+ o)) ]dx

Fion o j H ny- Ng-_  MNy- Ny~
= = — 1——)In(1- + In + In —)]dx
kol @), o [( Y )in( Y ) Y (=) ( )]

(4.6)

where K," = 103N, K,, N, is the Avogadro number and K, is the ionization constant

0 0 0
Hy+tHha——HaH

kpr

of the reaction HA—- H™ + A~. Also K, = exp (— ) where u
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represents the standard chemical potential of species i. ny+, = 103N, cy+ o, and y

(1/m3) is the maximum density of polyelectrolyte chargeable sites (PCS).

Substituting egs.(4.2, 4.3 ,4.5 ,4.6) in eq.(4.1), F can be written as:

F
kB Zpazf g(xHdx' fo E(x,x")dx +—= f feonc[@(x)]dx +—f [
- |d
- 6026 d—l)/: +eyp(ny —n_ +ny+ —noy-)]dx
o (o ®
_kB_T [el,lmA—¢]dx+aj0 [ "
-+ nH"’(ln( ) —1) +noy- (ln( —) = 1) + (N4
H OH ,00

o Ny- Ny-
+Nn_ o + Nyt o + Nog—oo)]dx + —3J o[(1-——)n(1——)
' asJy 14 14

Ny- Ny~ Ny- N+ o
!
Y 14 14 Kq

)]dx

4.7)

This energy needs to be minimized in presence of the following conditions

N_jx, dx
o E(,x")’

o H
N=2 jo $(0)dx,

(constraints):

(4.8)

(4.9)

where N is the number of monomers per chain.

Also ¢(x) is related to the functions g and E as:
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H
_a | g(xNax'
P = ?j E(x,x")’
(4.10)

Accounting for the constraints, the elastic component of free energy can be expressed

in terms of Lagrange multipliers [1; and 1, (x")] as:

e’ls: 3
kgT 2pa

+ fOHAZ(x')dx' U:IE(ixx,) - Nl.

: fOHg(x’)dx' fOXIE(x,x’)dx + 1 l% fOH¢(x)dx - Nl

(4.11)
Therefore, the net free energy (F') accounting for all the constraints is:
F' — e’ls + FEV Felec FEDL Fion
kgT kgT  kgT  kgT = kgT = kgT
(4.12)

4.2.2. Variational Formalism

We would like to obtain the governing equations dictating the problem by carrying a
variational minimization of eq.(4.12). Variation of eq.(4.12), i.e.,

§F' _ 6Fells 5FEV 6Felec 6FEDL 5Fion

_ 0.
T - kT | gT | T | kyT | kyT

(4.13)

The condition §F' = 0 leads to the following equations (see appendix A for the detailed
derivation), which stem from the fact that 6E (x, x") # 0,6g(x") # 0,6y # 0,6n,- #
0,6ny # 0,6ny+ # 0,6ngy- # O:
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3g(x,) /12(35') 6fconc + 1 ea37~/}
1

— -+ ——)l (1 ——)

22 E2(x,x') © 8¢ kT
Ny~ Ny~ Ny- Ny+ 00 g(x")
+ ln + ln - =0,
14 (y) Y ( K; ))Ez(x,X’)
(4.14)
3E(x,x") = 8fconc ea’y Ny- Ng-, Mg~ Ny~
2az 5¢ t A4 T +(1 Y )n(1 ” ) + ) In( ” )
ny- N+ o 1
l . dx =0,
) g
(4.15)
, ep In(1 nA-)_H (nA_)+l (nH+’OO) 0
- Cl — —n _— n(—-— n =
Y TGt 14 14 K}
Kay
= Ny- = el/)
Kj + ny+ exp (—yad kB_T)
(4.16)
d®y
eoer(w) +e(ny —n_+ny+ —ngyg- —ny-¢p) =0 (0<x <H)
2
EOET(W) + e(n+ —n_ + nH+ - nOH—) = 0 (H S X S OO),
(4.17)
(F—
Ny = Ny X —),
+ + 14 kT
(4.18)
-2
Ny+ = Ny+ ,exp(——),
H HY, 14 kT
(4.19)
e
Nop- = Ngg- ooexp( kgT )
(4.20)
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Eq. (4.16) is the expanded form of the mass action law that we shall use here. On the
other hand, all the existing studies have invariably considered y = 1/a® and

accordingly, have considered a form of the mass action law expressed as*:

Ka

nA— = .
K} + ng+ exp (— %}
B

(4.21)
This study, therefore, will reveal for the first time the effect of consideration of the

mass action law in dictating the strong stretching behavior of the pH-responsive PE

brushes. Now, from eq.(4.14), we get:

E(x,x") = /U (x") = Up(x),

(4.22)
where
, 2a? A,(x")
Up(x") = ERrTCo}
(4.23)
2a% /1 Sfrome ea’y ny- Ny-.  Na- . Ny-
Ux=—(— A +—n-— (1 -1l - - —=—In(—
2(x) 3 5¢ vt M ( y)( y) Y (y)
g Dt )
In( K, )

(4.24)
Since there is no extension at the brush ends, E(x,x) = 0. Therefore, U1(x) = Uz(X) =
U(x). Hence,

E(x,x") = U") —U(x).

(4.25)
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The normalization condition of eq.(4.8) serves as an integral equation for U(x"). One

can check that this integral equation is satisfied if:

2,2

X
Ulx) = ANz
(4.26)
Consequently,
! —_ l /2 _ 2
E(x,x") = N x X2,
(4.27)
Now we can re-write eq.(4.15) as:
fxl[E( )= J4x =
X, xX')— x = 0.
0 E(x,x")
(4.28)

Eq.(4.28) is equally satisfied with these stated forms of U(x) and E (x,x"). To obtain
¢(x) we can employ eq.(4.24), but prior to that we would need the functional
dependence of f on ¢. Considering the virial expansion for the non-dimensionalised

per-unit volume free energy of volume interactions, we can write®®!:

feonc[@()] = ve? + wp*+...,
(4.29)

where v and w are the virial coefficients.
Considering the first two terms of the expansion of feonc[¢d(X)], We can use eq. (4.24) to

obtain ¢(x) in terms of ¥(X) by solving a quadratic equation:
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Kqay

v
()= —[{1+K*A—-x*>+p Y
3w I 3 el/}
K; + ny+ exp (—ya W)
B
K! K!
_p(l - - el/) )ln(l - - 91/) )
K + ny+ oexp (—yad kB_T) K + ny+ o exp (—yad kB_T)
K! K!
—p . In( . )
Kj + ny+ oexp (— a3ﬂ) K; + ny+ exp (— a3ﬂ)
a H+,0€Xp (—V ksT a H+,0€XPp (—V ksT
K/ Ny+ o
—p g A -1,
K} + ny+ wexp (—ya3 ) a
’ kBT
(4.30)
where,
" 9w
K? = ————,
8N2qg2v?
(4.31)
8a?N?
p= 32’
(4.32)
3 2 3 8a’N?
=-Mp=E—MN 372
(4.33)
B 8NZ2ea®
© 3m2kgT’
(4.34)

Using egs. (4.16), (4.18), (4.19), (4.20) and (4.30), we can re-write the equations

governing vy as:
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2
6061'(6; lé)) + e(ny oexp (— el,l) — N_ ,eXp ( ey ) + Ny+ o, €Xp (__1/;

k T kgT
Y Kay
~ o= eXP (=) — : 7% ({1 + 12
B K + ny+ exp (—ya3 )
Ky
- xZ + B - 61/) l/) - p(l
Kj + ny+ oexp (—ya? kB_T)
K’ K/’
- - ell) )ln(l - : el/) )
K + ny+ exp (—yad kB_T) K + ny+ exp (—yad kB_T)
K/’ K/’
—p . In( . )
K} + ny+ exp (— a3ﬂ) K} + ng+ exp (— a3ﬂ)
a H™,00 p ]/ kBT a H™,00 p V kBT
K’ o
—p - S I 1)
K + ny+ exp (—yad kB_T) a
=0 (0<x <H),

2

ey e
€o€r(-7) + e(Mywexp (—ﬁ —n_ ooeXp( 7) T Tt o0€XP (—ﬁ

ey

— Noy- 00exp( ))—0 (H £ x < ).

(4.35)

Eqgs.(4.29, 4.35) establish that the equations governing the monomer distribution and
the EDL electrostatic potential involve the parameters (v, w) dictating the excluded
volume interactions enabling for the first time the inclusion of the excluded volume
interactions in the SST description of the pH-responsive PE brushes. As has been
already discussed, the state of the art SST invariably neglect the EV effects, i.e.,
consider the brushes to be always in a ©-solvent, which might be scenario far from
reality.

The boundary conditions for solving v are:
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e = D () =(50)_ (B =0.0m =0

(4.36)
From eq.(4.35) we can solve for i for a given H, provided we know A. A is obtained

by using the normalization condition provided by eq.(4.9). In other words, we shall

need to solve eqs.(4.35, 4.9) simultaneously, as well as employ eq.(4.30) to obtain ¢,

Y and A. Now that we have ¢(X), P(X), , ng- (), ny = ni (@), ny+ = ny+(Y), noy- =
noy- () we can obtain the net unbalanced charge (gret) in the system as a function of
H.

Onet = eaf (N4 —n_ + g+ —noy- — pny-)dx
0
(4.37)

In order to obtain the equilibrium brush height H, which is Ho, we will obtain the

resulting equation (in terms of Ho) by writing:

(qnet) =, =0
(4.38)

Finally, we can obtain g(x) by inverting the integral equation provided by eq.(4.10) in

presence of eq.(4.27) as:

_xo | ¢(H) Hdgb(x’) dx'
gx) = Nad |VH? — x2 - dx’ o7 2

X

(4.39)
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4.3. Results

4.3.1. Effects of Consideration of Excluded Volume Interactions

The state-of-the-art SST calculations for describing the pH-responsive PE brushes
neglect the EV interactions, i.e., assume that the brushes are in a ©-solvent. However,
a more generic consideration must account for the possibilities that the brushes might
be present in a "good" solvent, so that there are finite EV interactions between brush
segments. In the present case, we account for such a generic consideration and consider
varying extent of the "goodness"” of the solvent, quantified by the different values of
the parameters v and w. For simplicity, we de ne a given solvent using different values
of v and a given value of w. Obviously, the results correspondingto v =0, w =0

represent the case of the ©-solvent*,

In Fig. 4.2(a), we elucidate the variation of the brush height as a function of the extent
of the EV interactions (quantified by different values of v and a given value of w).
Larger EV interactions, characterized by larger values of v and w, would enforce a
larger separation between the segments of the PE brushes, and accordingly lead to a
larger value of the brush height [see Fig. 4.2(a)]. Of course, the case of v=0, w =0 is
the case where the EV interactions have been ignored. We have checked that the results
v =0, w =0 from our calculations is exactly identical to that obtained by Zhulina and
Borisov**, who consider a ©-solvent (no EV interactions). An increase in the salt
concentration reduces the brush height for all the values of v and w. A larger salt
concentration leads to a smaller EDL thickness and hence there is a screening of the
electrostatic repulsion over much shorter distance, eventually reducing the brush height
with the salt concentration, as has been revealed previously®®%, On the other hand, a
larger pH-. or a smaller value of bulk H* ion concentration leads to a stronger ionization
reaction (i.e., there is an enhancement of the reaction that produces H* ions) and hence
a larger charge of the PE brushes ensuring a larger counterion-induced osmotic
swelling*%71%9 causing to a larger brush height for all values of v and w. The relative

contribution of the EV interactions in altering the brush height (quantified by the ratio
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AHo/Ho) has been probed in Fig. 4.2(b). We find that the maximum percentage
difference occurs for the case of larger salt concentration and smaller pH.. Larger salt
concentration (or a smaller EDL thickness) and smaller pH. (or a larger H* ion
concentration leading to a weakened PE ionization) ensure weakened charging of the
PE brushes and hence weakened counterion-induced osmotic swelling of the brushes.
Under such circumstances, therefore, the relative contribution of the EV-interactions
(and the resulting inter segment repulsions) in enhancing the brush height becomes
more important as reflected by the larger values of AHo/Ho for such concentration and
pH- values. This is the first key finding of the chapter: the EV interactions, neglected
in all previous studies of SST for pH-responsive PE brushes'4, become extremely
important in dictating the brush height for large salt concentration and small pHe

values.

Figure 4.3 provides the variation of the monomer distribution (¢) along the brush
height modelled considering finite EV interactions of varying magnitude (quantified
by different values of and a given value of w) and no EV interactions (i.e., v = w = 0).
This latter case is exactly identical to the predictions by Zhulina et al**. Smaller Ho for
the case where EV effects have been neglected ensure a denser monomer concentration
near to the wall, and accordingly, driven by the need to ensure a constant N, a smaller
monomer concentration away from the wall. Deviation of the brush height due to the
consideration of the EV interactions is maximum for larger c» and smaller pH- [see
Fig. 4.2(b)]. Accordingly, for such c» — pH» combinations, the variation in ¢ with and
without the EV effects is maximum. Therefore, this variation in ¢ between the cases
of with and without the EV effects is witnessed to the largest extent in Fig. 4.3(d) (C«
= 0.1 M and pH« = 3) and to the least extent in Fig. 4.3(a) (C» = 0.01 M and pHw = 4).
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Figure 4.3: Comparison of monomer distribution profiles (¢) as a function of the

dimensionless transverse distance along the brush (xv/a, a is the Kuhn length)

obtained for different values of the first virial coefficient v using our theory and

theory of Ref. 14 for different pH. and c values. All other parameters are identical

to that used in Fig. 4.2.
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Fig. 4.4 provides the variation of the end distribution g of the PE brushes considering
finite EV interactions of varying magnitude (quantified by different values of v and a
given value of w) and no EV interactions (i.e., v = w = 0; this case is that of Ref. 14).
Given that the case without the EV effects lead to a larger concentration of the
monomers at near-wall locations, we witness a larger value of g at such near wall
locations for the case without the EV effects. On the other hand, an increase in the EV
effects, leading to a flatter distribution of ¢ (see Fig. 4.3), ensures a larger g value
much away from the wall. Very much like Figs. 4.2 and 4.3, here too the maximum
difference between the cases of with and without the EV interactions is witnessed for
the condition of large c» and small pH.

Fig. 4.5 provides the transverse variation of the EDL electrostatic potential considering
both finite EV interactions of varying magnitude between the PE brush segments
(quantified by different values of v and a given value of w) as well as no EV
interactions (i.e., v = w = 0; this case is that of Ref. 14). The case of no EV interactions
correspond to a shorter height of the brush implying a larger per unit volume charge
density of the monomers, which in turn would ensure a larger magnitude of the EDL
electrostatic potential at near-wall locations. At the same time, the presence of the
shorter brushes imply that the brushes extend to smaller distances away from the
grafting wall. Accordingly, there is no longer any charge from the brush at some finite
distance away from the wall. These two factors simultaneously ensure that the
electrostatic potential at near-wall locations is much larger and steeper for the case
without the EV effects. The consideration of the EV effects makes the electrostatic
potential much smaller and flatter. Here too this difference between the cases that
consider or neglect the EV interactions is primarily manifested for large c. and small

pPHo.
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Figure 4.4: Comparison of non-dimensional chain end distribution profiles (g x a, a

is the Kuhn length) as a function of the dimensionless transverse distance along the

brush (xv/a) obtained for different values of the first virial coefficient v using our

theory and theory of Ref. 14 for different pH. and c. values. All other parameters are

identical to that used in Fig. 4.2.
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4.3.2. Effects of Consideration of an Expanded Form of the Mass Action Law

We have discussed previously that eq.(4.16) represents the expanded form of the mass
action law and not eq.(4.21), which has been invariably used in most of the existing
studies, but is only a special case of the expanded form of the mass action law obtain
for the specific condition of y=1/a%. In this subsection, we provide results dictating the
PE brush configuration and the resultant EDL electrostatics for different values of v,
i.e., study the effect of the consideration of the expanded form of the mass action law.
Fig. 4.6 shows the variation of the equilibrium brush height as a function of ya®.
Increase in y or ya® implies that the PE molecules has a larger backbone charge density.
As a consequence, a larger number of counterions will get localized within the brush
in order to screen the larger magnitude of the PE charge. This, in turn, will lead to a
larger counterion-induced osmotic swelling of the brushes (reflecting the tendency of
the counterions to maximize their entropy by increasing the brush volume), eventually
leading to a larger brush height*6715° Also, here too, the lowering of the salt
concentration (i.e., increasing the EDL thickness, which in turn would lead to a
screening of the PE backbone charge over a larger length) and an increase in the pHw
(leading to a larger ionization and hence a greater charging of the PE molecule inducing
a larger counterion-induced osmotic swelling) will cause an increase of the PE brush
height. Here we also account for the EV interactions quantified by v = 0.1 and w =
0.01.
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Fig. 4.7 provides the variation of the monomer density along the brush height for
different values of y. As was discussed Fig. 4.3, a shorter brush would imply a larger
(smaller) monomer density close to (away from) the wall in comparison to the cases
with larger brush height. This is also the case here — hence we witness a larger (smaller)
monomer density close to (away from) the wall for smaller values as well as the cases

for larger salt concentration and smaller pH. values.

Fig. 4.8 provides the variation of the end distribution g along the brush height for
different values of y. It was revealed in Fig. 4.4 that the case of smaller brush height
leads to a larger concentration of the monomers close to the wall and results in a larger
value of g close to the wall and it decays quickly away from the wall. On the other
hand, for the case of larger brush height, g is much smaller at near wall locations and
decays much more slowly away from the wall. This is the case here as well —hence we
witness a larger (at near wall locations) and a steeply decaying g for the case with small
v (i.e., the case that corresponds to smaller brush height, see Fig. 4.5), but a smaller and

more weakly decaying g for larger v (i.e., the condition that leads to taller brushes).

Finally, Fig. 4.9 provides the transverse variation of the EDL electrostatic potential for
different values of y. Smaller y implies both weakened charge density of the brushes as
well as shorter brushes. Accordingly, for smaller vy, the EDL electrostatic potential is
also weak and also decays quickly (since the brush height is small). Of course, for a
given v, a larger EDL electrostatic potential (magnitude) is invariably witnessed for
lower c» (weakened screening of the charge of the PE brushes) and larger pH«» (more

enhanced ionization of the PE brushes).
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Figure 4.8: Comparison of non-dimensional chain end distribution profiles (g x a, a

is the Kuhn length) as a function of the dimensionless transverse distance along the
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and theory of Ref. 14 for different pH- and c» values. v = 0.1, w = 0.01. All other

parameters are identical to that used in Fig. 4.2.
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4.4. Discussions

4.4.1. Applicability of the Proposed Theory

The proposed theory is directly applicable to all the systems that involve planar, pH-
responsive PE brushes. Such brushes have been extensively employed for several
applications such as nanochannel ion selectivity'®® and ion detection?®!, fabrication of
ionic valves'®1®3  nanofluidic diodes®*, and surfaces of controllable wetting
properties'®, and many more. The theory provides a new prediction of the EDL
electrostatic potential distribution and consequently a new prediction for the number
density distribution of the electrolyte, hydrogen, and hydroxyl ions for cases where the
EV interactions between the PE segments become important and the PE brushes are so
charged that ya®#1. This would imply that the corresponding changes in the ionic
current or the current-voltage characteristics (in presence of an applied voltage), which
in turn would dictate several of these applications!®® % would be significantly
different as compared to that obtained with the existing theory*. Similarly, the
prediction of a new monomer distribution would critically affect the drag and the
resulting fluid flow in brush-grafted nanochannels, which would impact the problems

dictated by such fluid flows in brush-grafted nanochannelst3132.166,

The present model, while describes the planar brushes, would also motivate developing
models that account for the appropriate EV interactions and the expanded form of the
mass action law for the pH-responsive spherical®’ or cylindrical PE brushes (i.e., PE
brushes grafted to spheres and cylinders) that have been employed in many applications

such as the use of nanoparticles grafted with pH-responsive brushes for targeted drug
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delivery®8, protein binding®®®, synthesis of magnetic nanoparticles’, etc. Finally, the
use of the generic mass action law would be useful to improve the theoretical
predictions of not only the pH-responsive planar and curved PE brushes, but also all

those calculations that involve generic pH-responsive PE molecules and gels!®* 1%,

4.4.2. Limitations and Scope of Improvement of the Proposed Theory

In this chapter, we employ the strong stretching theory (SST) framework which
assumes the brushes to be in a strongly stretched configuration. Hence, we ignore the
effects of lateral variation of monomer distribution pro le and bending back of chain
ends. The approximation holds good for systems with high grafting density. For other
systems, an advanced numerical self-consistent field theory (SCFT) model*’* needs to

be implemented.

The second important issue is that we invariably assume that the EDLSs are always thin
enough to ensure that £ > 21, (£ is the distance between the adjacent grafted chains
and A, is the EDL thickness) and there is no overlap between the EDLs formed by the
adjacent brushes. In case such an approximation does not hold, one would need to
assume a 2D (and not a 1D) model for the brush EDL electrostatics and alter the SST

accordingly’.

Thirdly, no non-PB component (e.g. finite ion size effect!®1"*, solvent polarization

effect!’, or ion-ion correlation effect!’®) has been considered in the description of the
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EDL. These effects would become important for large and large salt concentration and

would significantly impact the overall self-consistent field approach.

Fourthly, our theory also does not consider the correlations due to the connectivity of
the polymer charges. Such correlations can be especially significant for pH-responsive
systems (like pH-responsive PE brushes). For example, there are chances that the
effective pKa of the polymer chain might get significantly altered due to the connected
charges of the pH-responsive PE chain'’’. Such alteration of the pKa and its resulting
connotations in all the presented results have been obviously neglected in the present

study.

Finally, we shall like to emphasize that given the fact that we have used mean-field
calculations in this chapter, the capability of the present model to quantify the exact
influence of the EV effects will be limited. This stems from the fact that the mean field
assumptions extend to the EV effect consideration as well. This has been described in
detail by Alexander-Katz et al’®, In this paper!’®, the authors studied confined polymer
solutions and used the density profiles to obtain the effective correlation length Ees
quantifying the non-mean-field polymer correlations and obtained the results to the
mean field theory predictions. While for small EV parameters, the &t was well
described by the mean-field theory results, for larger EV parameters et ~ C* (C is
the polymer solution concentration), a result that the mean-field theory could not

predict. In essence, therefore, chances are that the inherently mean-field approach of

137



our calculations would imply that some of the predictions of the effect of considering

the EV interactions will be limited.

4.5. Strong Stretching Theory for pH-Responsive Polyelectrolyte

Brushes in Large Salt Concentrations”

4.5.1. Motivation and Model Description

Developing scaling laws, describing the brush height as functions of the various
parameters PE brushes have formed a critical component of many theoretical
approaches. Also, much more detailed calculations, providing explicit description of
the PE brush-induced electric double layers (EDLS) through Poisson-Boltzmann (PB)
equations that can also account for the pH-responsiveness of the PE brushes, have been
attempted for modelling the PE brushes. Most of these theoretical studies, however, do
not consider the cases where the concentration of the salt in the medium is significantly
large (i.e., several Molars). It is well established that for such large salt concentration,
the standard Poisson-Boltzmann description of the electric double layer (EDL) breaks
down?>173176.179 and one needs to account for the contributions of other non-Poisson-
Boltzmann elements such as the finite ion size effect!’®, solvent polarization effect!”,
and the effect of ion-ion correlations*’®1"®. A recent all-atom molecular dynamics (MD)
simulation study from our group (see chapter 2) probing the behavior of the densely

grafted PE brushes has shown that the concentration of the counterions surrounding the

* The contents of this section were primarily developed by a fellow Ph.D. student Sai Ankit Etha and
have been published as the following journal article: Etha, S. A.; Sivasankar, V. S.; Sachar, H. S.; Das,
S. “Strong Stretching Theory for pH-responsive Polyelectrolyte Brushes in Large Salt Concentrations.”
Physical Chemistry Chemical Physics 2020, 22, 13536-13553.
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PE brushes can reach several molars/molals, confirming the need to develop a model

to quantify the behavior of the PE brushes in presence of large salt concentration.

Here, we present a theory for describing the thermodynamics, configuration, and the
electrostatics of the PE brushes in large salt concentrations. For this purpose, we invoke
the recent theoretical model of McEldrew et al.*® for describing the thermodynamics of
the electrolytes with very large salt concentrations (or effectively, the free energy of
the EDL induced by the PE brushes). This study by McEldrew et al.*®, which accounts
for three different non-Poisson-Boltzmann (non-PB) effects (hamely, the ionic non-
mean-field ion-ion correlations, the solvent polarization, and the finite size effect of the
ions and water dipoles) is intended to model the water-in-salt electrolyte (WISE)
systems. In such WISE systems, the added salt is present in such a large concentration
that it outnumbers water by both weight and volume®®°, The model proposed by
McEldrew et al.®® was developed from the prior theoretical studies on ionic
liquidst’®189181 On the other hand, the PE brushes are described by our augmented SST
model (see section 4.2). The augmented SST model improves the widely employed
SST model for the PE brushes'* by accounting for two additional effects namely, (a)
the excluded volume interactions between the PE brush segments and (b) an expanded
form of the mass action law that allows the PE chargeable site density to take different
values (and not just a fixed value as in the case of the SST model). These two
approaches, one for describing the electrolyte with large salt concentration and another
for describing the PE brushes, are integrated to obtain a semi-analytically tractable free

energy functional describing the PE brushes in large salt concentration. This functional
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is subsequently minimized to obtain the governing equations that provide a
thermodynamically self-consistent and coupled description of the PE brush
configuration (PE brush height and PE monomer distribution) and the electrostatics of
the PE brush induced EDL for the case where the PE brushes are in a large salt
concentration. A few prior studies had attempted to incorporate the effect of the mean-
field non-PB factors (e.g. finite ion size effect or the solvent polarization effect) in
description of the PE brushes!®18: however, these studies suffered from considering
a very primitive description of the PE brushes (for example, the brush-free energies

have been totally neglected in these studies).

In our results, we first show the individual influence of the three different non-PB
effects in the brush configuration (brush height and the brush monomer distribution)
and the electrostatics of the brush-induced EDL. The ion-ion correlation effect tends to
create local electroneutrality around the brushes: this reduces the bush inter-segmental
repulsion thereby reducing the brush height. The solvent polarization effect, on the
other hand, causes additional screening of the PE charge by ensuring a preferential
alignment of the water dipoles: this effect too, therefore, reduces the PE-brush inter-
segmental repulsion and hence decreases the brush height. Since the brush height
reduces for the cases considering ion-ion correlations and solvent polarization effect,
the monomer density increases and the EDL electrostatic potential shows a large
magnitude at near-wall locations and becomes zero at much shorter distances from the
wall. On the other hand, the consideration of the finite size effect leads to a smaller

available space for the counterions thereby lowering their entropy; this enforces the
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brushes, in order to counter this effect, to stretch out more (i.e., the brush height
increases) so as to provide a larger volume to the counterions. Accordingly, with the
finite size effect, the monomer density decreases and the EDL electrostatic potential
shows a smaller magnitude at near-wall locations and becomes zero at much greater
distances from the wall. Finally, we consider all the three effects simultaneously and
establish that for the chosen system parameters, the effects of the ion-ion correlation
and solvent polarization overwhelm the effect of the finite sizes and therefore the brush
configuration and the EDL electrostatics obey the same behavior as witnessed for the
cases where the ion-ion correlation and solvent polarization effects are considered. We
also point out that the effects of these non-PB factors are maximum for the cases of
large salt concentration and small bulk pH. Furthermore, we demonstrate that for the
cases of smaller salt concentration, the present model recovers the prediction of that of
the augmented SST model that does not consider the effect of large salt concentration.
Finally, we compare the findings from the present model with those obtained from our
recent all-atom MD simulation study (see chapter 2) probing the behavior of densely
grafted PE brushes in presence of large concentration of the ions (counterions) and
achieve an excellent match. Overall, to the best of our knowledge, this study provides
the first theory for the behavior of the strongly stretched PE brushes in large salt

concentration.
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Figure 4.10: Schematic representing the PE brush grafted on a planar substrate. We
employ an asymmetric lattice model to describe the thermodynamics of the mobile
ions and solvent dipoles.
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4.5.2. Theory

We consider pH-responsive, polyelectrolyte (PE) brushes present in a highly
concentrated electrolytic solution. The PE molecules are grafted to a planar substrate
with a small-enough lateral separation (£ = 30nm between the adjacent grafted PE
chains) that ensure that the PE molecules attain a "brush”-like configuration, as shown
in Fig. 4.10. In this study, we attempt to develop for the first time a theoretical model
for the thermodynamics, configuration, and the electrostatics of the PE brushes in such
large salt concentration. Accordingly, our model will combine the formulation of
McEldrew et al.® (who employed the asymmetric lattice model for studying the
thermodynamics of large-concentration electrolytes) and our augmented SST for the

PE brushes (section 4.2).

We start by expressing the grand canonical free energy functional (Q) of the system

(assuming that the system is in a thermal and a chemical equilibrium with the bulk)

Q= L (fe + fbrush + fwn - Zﬁ:ni}ui) dV’

(4.40)
where V is the volume, £, is the electrostatic energy density associated with the electric
field developed around the charged PE brushes, f,,.sn 1S the PE brush free energy
density, f;on iS the free energy density of all the mobile ionic species surrounding the
PE brushes, n; (i=+, -, H*, OH~, and w, representing the electrolyte cation, electrolyte

anion, H* ion, OH~ ion, and water dipoles, respectively) is the number density of the
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mobile species i, and y; is the corresponding chemical potential (obtained from the

chemical configuration of the bulk).

As a next step, following McEldrew et al*®, we make use of the Legendre transform for
replacing the free energy density of the mobile ions and water dipoles and the
contribution due to their chemical potentials with an equivalent thermodynamic

pressure (P) as:
P = an@' — fion-
(4.42)

As a result, eq.(4.40) reduces to:

Q:/‘/(f‘e"‘beush_P) dv.

(4.42)
Henceforth, we shall consider that there is no variation of any quantity parallel to the

planar substrate. Therefore, the above integral gets expressed as:

Q:Af(fe+fbrush_P) dill‘,

(4.43)
where A is the area of the substrate and x denotes the direction perpendicular to the
substrate. Below, we shall derive the expressions of the individual free energy (or free

energy density) terms.
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Electrostatic free energy of the electric field developed around the PE brush system

This differential form of this energy (6F,) can be expressed in terms of the

corresponding free energy density (f,) as:

5F€:6/f€dV:/E-5DdV,
Vv Vv

(4.44)
where E = —Vy (y is the induced EDL electrostatic potential) and D are the electric

field and the displacement field, respectively.

Following McEldrew et al'®, one can express the displacement field as:

D = ¢y, E + Py + Ppgg,

(4.45)
where, &, is the permittivity of vacuum, ¢, is the permittivity of the solvent, P,
represents the contribution associated with the polarization of the dipoles in the
developed electric field, and Py (described by the Bazant-Storey-Kornyshev
theory'’®) is the contribution associated with the polarization field induced by the

presence of the correlated ions in the system. P,,,; and Pggk can be expressed as 15,

Ppol = nwpwc(ﬁpw E),
(4.46)
Ppsx = —c0e 2V E,

(4.47)

145



where n,, is the number density of the water dipoles, p,, is the dipolar moment of the
free dipoles, £ is the Langevin function, f = 1/kgT is the inverse of thermal energy,
and £, is a lengthscale associated with the ion-ion correlations effect!’®. Finally, using
eqs.(4.45,4.46,4.47) in eq.(4.44) and obtaining a variational integral of §F, from 0 to
F, under the constraint V.D = p, [where p, = e(ny —n_ +ny+ —ngy-) IS the
volume charge density of mobile ions], we can write (the detailed steps are provided in

McEldrew et al*®; we repeat them in Appendix B for the ease of understanding):

_ _ _ Eo&r 2 | 2192,,2y _ Nw
Fefvfedva[pew (V9 + 2[V2p) ln(

Sinh(ﬁpw V"zb)
2 () o

Bpw V1

(4.48)

Expression for the thermodynamic pressure P defined in eq.(4.41)

For obtaining the thermodynamic pressure function (P) of the electrolyte system, we
consider an asymmetric lattice model for the electrolyte!®. Accordingly, we use a grand
canonical partition function to represent a 5-component system (4 species of mobile

ions and water)

— Z Z Z Z Z ePriXs P X P+ Xu+ gPron-Xon eﬁu“\“Q(X‘f)Q(X—)Q(XH' )Q(xon-)Q0xw)-

X+ =0 x_=0 xz+=0 xop-=0 x,=0

(1]

(4.49)
Here, Q represents the canonical partition function of each species, and can be
expressed as, Q(x;) = w;e P%, with the energy given by E; = ¢;x; *° and y;
represents the number of lattice sites occupied by species j. In line with the models of
Han et al*8? and McEldrew et al*®, we assume that the different species/components fill

the lattice in a manner such that the configuration of each species is equivalent to the
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occupation of y; lattice sites out of a total of N, available sites (per unit volume), so

N¢!

that w; = ————.
@i XM (Ne=x )

Finally, using the fact that the pressure P in a grand canonical

ensemble is related to the partition function as, PV, = kgTInZ (where V; = Nyvy+ IS
the total available lattice volume), we can obtain (see Appendix C for the detailed

derivation):

k T £ /€ £ :’fu E""f* Eh‘ -’lf_
P= B- In (({1 ' ‘S()H’ eimoa'f } i rson + gH’ eﬂ.uy—) + & e;iﬂ, ) +¢ e;’iu + fi,.e-"”‘““'
UH b

(4.50)

1/&,

where, &; = v;/vy+ (v; is the volume of an individual element of species j and we non-

dimensionalize with the volume of smallest species, v,+) and i, = pu; — €;.

Expression for the free enerqy of the PE brushes

The brushes are modeled using the augmented Strong Stretching Theory (SST) (see
section 4.2 for the detailed derivation). The total free energy associated with the PE

brushes can be expressed as:

3 H & > H H
/fb,.ush dV = 3kB?/ g(m')d:c'/ E(z,2')dz + ABfU/ feonc|@p(2)]dz — a/ eyn,-¢ dx
v 2pa* Jo 0 a 0 0

[ B ) () )

(4.51)

We would like to reiterate that the free energy of the brushes should be minimized in

the presence of constraints (4.8) and (4.9).
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Final expression of the grand canonical free enerqy functional 2 expressed in eq.(4.43)

Using eqs.(4.48,4.50,4.51,4.8,4.9) in eq.(4.43), we get the final expression for the grand
canonical free energy functional Q as:

Q=A / [ed)(no —n +7LH+ — Noy )7 5051 (|vw‘ +12|V w] ) nuvln<w) 7P:| dz
|4

B Bpw Vi
a H z' H
+ 3kBT/ g(z")dz' / E(z,2')dz + kBTg/ feonc|p(z)]dz — cr/ eyn, ¢ dx
2p(12 0 0

+’“€§“/ [< i1 1) M) ¢ ()
en [ [ oo n] 1 [T /OE;:)—NJ’

(4.52)
where A, and A, serve as the Lagrange multipliers accounting for the constraints

expressed in eq.(4.8) and eq.(4.9), respectively.

Minimization Procedure

In order to get the differential equations governing the problem, we first need to find
the PE brush equilibrium state. For that purpose, we employ variational calculus and
minimize the free energy terms for the PE brushes (w.r.t E(x,x"), g(x"), and n,-) in
eg.(4.52). This minimization (the procedure has been described in detail in section 4.2)

yields equations (4.27), (4.15), (4.16) and (4.30).

We now, have all variables in terms of s (except the equilibrium brush height, H, and

8a2N p

A = —N ). Hence, all of this culminates with the governing equation for the s,

that is obtained by taking the variation of eq.(4.52) with respect to { and setting it to

zero, yielding (with ' = d{i/dx):
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, d? \ d? d
eoe,(l - lg—)—d) + E(nu.pw[,(ﬂpww')) + e(n_. —n_ +ngr —nog-

dxz? /) dz?
K. p ’ K,
- = 5 %[{1+n2()\312+a il .
Ki+nyg: o exp(—7a®r) 3 Ki+ny+ o exp (= 7a° 7)
K} K,
_,,(1_ d )ln(l— d - )
Ké—i—nH'mexp(—'yaf‘kﬂ—T) Ké+nH~vmexp(—7a3kn—T)
K K;
—P ' 3. ey ln( ’ 3. ey )
Ka+nH'mexp(—'ya'kB—T) K,,+nH'mexp(—'ya‘m)

1/2
K "H o B
— 3w)ln( - ))} —1D_o (0 <z < H),

Ki+ng+ , exp ( o e
2 & \dy  d L ! =0 H<z<
cosr(l - (W)E + d_x(n"'pw (Bru?')) +e(ny —n_ +ng+ —npg-) = ( z < 00).

(4.53)

To solve these ODE's we need to first find an expression for the number density (n;)

of each of the mobile species (we already have the concentration of the PE charge,

. opP . . .
n,-). For this purpose, we shall use n; = " . [where P is defined in eq.(4.50)],
Hj T\ Wjzj
yielding:
1 e/}(;t,l.+A)
= Vy+ D1 ’
1 eBlu_ 50¢)(D2)Ew/5, -1
n_.=— !
Vgt D,
1 eP—ed)(Dy)eu/t-~1 (Dy)e-/6:71
T o D, ’
1 Bl =) (Dy)eu/t-~1 (Dy)e-/6:1 (D) Veu+ 1
nH> a UH» D1 ?
1 ePlon-+ey) (D )5,1'/57*1 (D3 )5,/5-*1 (Dy )5»/511+ -1 (Ds )51{7 /€on-—1
tor~ = Vyg+ D] ’

(4.54)
In the above equations, A = kgTIn(sinh(Bp,W')/Bp,W') is the free energy

associated with the dipolar fluctuations in an electric field and
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Ds =1+¢&05- eﬁ(#oa—ﬂw),

D, — ng/fog— + €y eﬁ(nm—e@b)’
Dy = DS/ 4 g, oflnew),

Dy = Df{/é 1 g efleted)

Dy = DS/% 4 g, Pt

(4.55)
To use the above equations, we need to know the values of the chemical potential of

the mobile species, p;. This is obtained by forcing the ion distributions to be equal to

the bulk concentrations in the limit of x — oo, yielding:

How = %in "ol oW
B 1 —bwnuwecvg —€-n-wvgr —Eniovg —Eging vg — o Nom woVE |
1. [ NH+ soUHH
S Eln L1 — &uwnuweovgs — & noovgs — &m0ty _§H'RH‘,mUH*} N
EH' In [ 1 —fwnw?oo'UHr —6_?’1_,0@1)1{1 —€+n+_loc.UHr —EHrnﬁl,mvHi
for- |1 Gwnuweovgr — € noovys — &xnioovgs — Egnpgt ooty — Som MoH oVHY |
1 Ny coVH+
B+ = Eln L1 — &unuweovygs — €-n_oovgs — €y g ] +
& oo 1 = &unwoovgs — & npovpys — &4 np ooty — Eg Ny oV N
Sorm- |1 &unuwoovgr — &N ooty — &1y ooy — Epe gt oV — EOH-TOH 00 VH |
g_+ln [ 1 — &wnweoVy+ — &N ooty — &4y saps ]
37 1 — &unuweovgs — & nwovgr — &ty — Egr Ny oolp ’
1 N oaUH+
e Eln |:1 — Lunuwoovgs — &N oovp: ] N
£ In [ 1 — &wnuoovgs — & N ool — E4Mt 00V — St R+ oV N
on 1 — Cunu,ocvys — &N ooty — &Nty — Sy ooV — S0 MO 0oVH'
5__'!” [ 1 — &wnuwooVy+ — &N oot — €4y coUps ] N
428 1 — &unucovgs — & noovgr — &4ty — $ge np ooVH*
5__'!“ |: 1 — &unuwecvgs — £ N poUp ]
&y 1— fynuweovgs — €-n_oovgr — &Ny 0vge ’
1 Nuw,coVg+
Hoo = Eln |:1 — Ewnw,covp } N
& g, [ 1= &wnweovgs — & nsovgs — Exnypocovge — g NE pUp N
on 1= Swnueovgs — &N povys — E4MpcoVys — g+ ooV — S0H TOH ooVH'
iln [ 1- gwnw,mUH' - E—n—1DcUH' - §+n+,3u’UH* +
€ 1 —&wnuweovy: — &noovgr — &g oovyr — g oo UH!
& 1 — &unuoctys — &N sovps
& " |:1 — Cwlwootgs — & N ool — &4y ool ]
ﬁln |: 1-— gmnw‘gc.’le ] )
& 1 — &unueovgr — &N ovg:
(4.56)
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where, n; ,, represents the bulk number density of the species ;.

In order to solve the governing ODEs, we need to know the boundary conditions for

our problem. We use the following boundary conditions for {:

i d dyp 439 d*y
O = Do (G) = (@) (F) s =0 (G5) o =0 e =00 (55), =0

(4.57)
The last thing we require is to find the equilibrium structure of the PE brushes
themselves (equilibrium height Hy). This requires that we know A5, which can be
obtained by substituting eq.(4.30) in eq.(4.9). Hence, we use the following procedure:
For a given guess of the equilibrium height (H,), we use our set of equations to obtain
¢, g, and A5. This gives us the distribution of all charged species in our system (n;),
which can then be used to calculate the net charge (g,.¢) in the system using g,,.; =
ec [ (nynzny+ — noy- — dny-)dx. The true equilibrium brush height, H,, can then

be obtained by enforcing the condition that (gne¢)y=n, = 0.
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4.5.3. Results

Having established a more generic formulation for describing the thermodynamics,
configuration, and electrostatics of the PE brushes in large salt concentrations, we now
provide a few results to understand the effects of the different non-PB terms (employed
to account for the effects of the large salt concentrations) on the electrostatics and the
resulting brush structure. We first point out the effect of each of the non-PB effects
individually (this is ensured by mathematically "turning on" only one of the non-PB
effect at a time) on the PE brush structure (quantified by the brush height and the
monomer distribution) and the induced EDL (characterized by the variation of the
corresponding EDL electrostatic potential) and compare these results with those
obtained from the case where the PE brushes are described by the augmented SST
without any non-PB term. Finally, we study the influence of all the different non-PB

effects "turned on" simultaneously.
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Effect of ion-ion correlation

60 y
-n-pH% =4,SST
50} —-—pH‘X‘ =4,I1C
—a=-pH =3, SST
o0
_ 40 F _._pHx = 3, IC
£

o
T 30¢f

20¢

10

Figure 4.11: Variation of the equilibrium brush height, H,, with salt concentration
(Coo, €Xpressed in M, with c,, = no,/(103N,) and n., is the bulk number density of
the salt having the units of 1/m3) for various pH,, values. Here, "1C" refers to the
case where only the ion-ion correlations, among the different non-PB effects, have
been accounted for to describe the EDL electrostatics, while the PE brushes are
described using the augmented SST. On the other hand, "SST" refers to the case
where the EDL electrostatics is modelled using the standard PB model (i.e., we
consider no non-PB term) and the PE brushes are modelled using the augmented
SST. Parameters used in this work are kp = 1.38 x 10723 J/K, T = 300 K, pK, =
3.5,a = 1nm,f = 30nm, y = 1/a3 (1 polyelectrolyte chargeable site per Kuhn
monomer), N = 400, pK,, = 14,p = 1, v, = 0.5, w, = 0.1, e = 1.6 x 1071°C,
€o = 8.854 x 107'2F /m, €, = 79.8, pOH, = pK,, — PHoo, Ny 00 = Mo, Nyt o0 =
103N4107PH, ngp- o0 = 103N, 107700 n_ o) = ng, + Nyt 0o — Nop=c0r N0 =
103N, (1000p,, — 58.44c,,)/18, where p,, is the density (in g/cc) of the bulk
electrolyte salt solution and is expressed as a function of the salt concentration?®,

and [, = 0.3nm.
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We first investigate the effect of the ion-ion correlations (IC) on the brush configuration
and the induced EDL electrostatics. The extent of influence of these interactions are
determined by the length scale [. dictating the correlation. In our case, since we
consider relatively large salt concentrations, we chose [ to be of the order of the radius
of the ions that are correlated. We choose NaCl as the salt; accordingly, we choose [, =
0.3nm, which is similar to the size of the first hydration shell of these ions species’’1¢°,
Fig. 4.11 shows the variation of equilibrium PE brush height with the bulk salt
concentration for two different bulk values of pH: 3 and 4. The brush height decreases
in presence of ion-ion correlations and the extent of this decrease becomes more severe
at larger salt concentration and smaller bulk pH (or pH,,). lon-ion correlations tend to
create local electroneutrality around the charged segments of the PE brush owing to the
localization of more counterions near the brush segments. This leads to effectively
lower inter-segmental electrostatic repulsions in the brushes over longer distances (~
greater than Kuhn length) causing a shorter brush height. At larger salt concentration,
there are more counterions localized near the brushes: the ion-ion correlation effect
affects a larger number of ions in the vicinity of the brushes triggering a more enhanced
electroneutrality effect. This justifies why the effect of ion-ion correlation in reducing
the brush height (for a given pH,,) is more prominent at a larger salt concentration. On
the other hand, for a smaller pH,,, there is a larger concentration of H* ions both in the
bulk as well as near the PE brushes; therefore, the ion-ion correlation effect now acts
on a larger number of H* ions. Hence the ion-ion correlation induced creation of local
electroneutrality effect in the vicinity of the brushes becomes more prominent for a

smaller pH,, at a given value of salt concentration, leading to a more prominent
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decrease in the brush height. Also, for a larger pH, the brush is almost completely
ionized, which implies that the effect of brush ionization is quite large as compared to
the ion-ion correlations thereby reducing the difference between the cases of with and

without the ion-ion correlation.
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Figure 4.12: Monomer density profiles for various salt concentration values for (a)
pH, = 3, and (b) pH,, = 4. Here the cases shown by solid lines (-) and dashed lines
(--) represent the cases of "IC" and "SST", respectively. Please see the caption of Fig
4.11 for the definition of "IC" and "SST" cases. All other parameters are identical to

those used in Fig 4.11.
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Figure 4.13: Transverse variation of electrostatic EDL potential for various salt
concentration values for (a) pH,, = 3, and (b) pH,, = 4. Here the cases shown by
solid lines (-) and dashed lines (--) represent the cases of "IC" and "SST",
respectively. Please see the caption of Fig 4.11 for the definition of "IC" and "SST"

cases. All other parameters are identical to those used in Fig. 4.11.
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In Fig. 4.12, we elucidate the effect of the ion-ion correlation in affecting the monomer
distribution (¢) as a function of the salt concentration and pH,,. Commensurate with
the fact that the brush height with the consideration of the ion-ion correlation effects
show the maximum difference for the cases of large salt concentration and small pH,,
(i.e., the conditions that ensure larger number of ions), the effect of the ion-ion
correlations in altering ¢ is most prominent for larger salt concentration and smaller
pH. Incorporating the ion-ion correlation effect yields smaller brushes (or denser
brushes, i.e., brushes with less heights) as compared to those from the SST (without
ion-ion correlation effects). A smaller brush height implies that the monomers are
denser locally. This trend (showing larger monomer concentration for the case that
accounts for the ion-ion correlation effect, particularly for the condition of larger salt
concentration) is readily witnessed in Figure 3. Insets to the figures have been provided
to quantify the small differences in the ¢ variations for the cases of with and without

the ion-ion correlation for pH,, = 4 [see Fig. 4.12(b)].

Fig. 4.13 provides the dimensionless electrostatic potential () of the PE brush induced
EDL. Variation of s for the case considering the ion-ion correlations show significant
difference with respect to the case without the ion-ion correlations for pH,,=3 and for
larger salt concentrations; this difference is much smaller for smaller salt concentration
and pH,=4. The smaller brush heights for the case considering ion-ion correlations (an
effect that is augmented for large salt concentration and small pH,,) implies that that
the corresponding electrostatic potential becomes zero at shorter distances from the

wall. A smaller brush height also means that the charge density of the monomer per
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unit volume increase, leading to a larger magnitude of s near the wall. For the case of
pH. =4, the electrostatic potentials are almost indistinguishable between the cases of

with and without the ion correlation effect.
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Effect of solvent polarization

Figure 4.14: Variation of the equilibrium brush height, H,, with salt concentration
for various pH,, values. Here, "POL" refers to the case where only the solvent
polarization effect, among the different non-PB effects, has been accounted for to
describe the EDL electrostatics, while the PE brushes are described using the
augmented SST. On the other hand, "SST" refers to the case where the EDL
electrostatics is modelled using the standard PB model (i.e., we consider no non-PB
term) and the PE brushes are modelled using the augmented SST. We consider p,, =

1.85D, while all other parameters are identical to those used in Fig. 4.11.
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We next consider the effect of the solvent polarization. We choose water with a dipolar
moment of p,, = 1.85D as our solvent. Polarization of the solvent molecules acts as a
mechanism for the solvent molecules to realign and hence be better able to screen the
PE charges. Therefore, by considering the effect of the solvent polarization one would
expect a more enhanced screening effect of the EDL (in terms of the screening of the
charges on the PE brushes). This is equivalent to considering a more compressed EDL,
or equivalent to considering that the PE brush inter-segmental repulsions are screened
over much shorter distances. Such screening would obviously imply a significant
lowering of the impact of the PE brush inter-segmental electrostatic repulsion (in
particular for the case of a smaller pH,,). This, in turn, would lead to much smaller
brush height as compared to the case where the solvent polarization effects have not
been considered (see Fig. 4.14). Such solvent polarization effect induced lowering of
the brush height is also enhanced for the cases of large salt concentration and low pH,.
At a larger pH,,, the more enhanced ionization of the PE brushes leading to a larger
brush charge and hence a large PE brush inter-segmental repulsion dominates the effect
of the solvent polarization, leading to a weakened effect of the solvent polarization at
a larger pH,,. At large salt concentration, where the existing EDL screening effect is
already magnified, the effect of solvent polarization in further enhancing the screening
effect becomes larger leading to such augmented solvent-polarization-driven reduction

of the brush height.

160



We next plot the monomer distribution profiles in Fig 4.15 for different bulk salt
concentrations and pH,,, elucidating the effect of the solvent polarization. Just like in
Fig. 4.12, we observe an increase in the dimensionless monomer density, owing to the
reduction in brush height for the case that considers the solvent polarization effect.
Also, the insignificant impact of the effect of the solvent polarization for larger pH and
smaller salt concentration makes the difference in the monomer distribution (between

the cases of with and without the solvent polarization) negligible.

Finally, Fig. 4.16 provides the normalized electrostatic potential, s, and we observe
that for pH,,=3 and higher salt concentrations, s for the case considering solvent
polarization effect diverges from that not considering this effect; on the other hand, for
pH.,=4, the variation of s for these two cases (cases with and without considering the
effect of solvent polarization) are indistinguishable. Also stemming from the fact that
the brush height is smaller for the cases of pH,, = 3 and large salt concentration, we
find  becoming zero at shorter distances from the wall and showing a large magnitude
at near-wall locations (where, due to the compression of the brushes, there is a larger

concentration of the charged monomers).
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Figure 4.15: Monomer density profiles for various salt concentration values for (a)
pH, =3, and (b) pH,, = 4. Here the cases shown by solid lines (-) and dashed lines
(--) represent the cases of "POL" and "SST", respectively. Please see the caption of
Fig. 4.14 for the definition of "POL" and "SST" cases. All other parameters are
identical to those used in Fig. 4.14.
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Figure 4.16: Transverse variation of electrostatic EDL potential for various salt
concentration values for (a) pH,, = 3, and (b) pH,, = 4. Here the cases shown by
solid lines (-) and dashed lines (--) represent the cases of "POL™ and "SST",
respectively. Please see the caption of Fig. 4.14 for the definition of "POL" and "SST"

cases. All other parameters are identical to those used in Fig. 4.14.
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Effect of finite sizes of the ions and dipoles

The final non-PB effect that we consider is the finite size effect for all mobile species
(ions and water dipoles) in the system. For us to include the finite size effect by using
the model described in the theory section of this paper, we first need to obtain certain
parameters (which are summarized in the caption of Fig. 4.17). We expect that the
consideration of the finite size effect will enforce a lesser available volume to
accommodate the counterions, which in turn decreases the entropy of the counterions;
to counter this effect, the brushes stretch out more (and hence undergoes an increase in
height) so that a larger space can be provided to the counterions. We indeed observe
such an effect of the consideration of the finite ion and dipole sizes (see Fig. 4.17).
Here, unlike the cases that consider either the ion-ion correlations (see Fig. 4.11) or
solvent polarization (see Fig. 4.14), the difference between the cases with and without
the non-PB effect (namely, the finite size effect of the ions and dipoles) is not
significantly large even for larger salt concentration and small pH,,. A possible reason
for this could be that the bulk salt concentration is still not large enough to cause a

massive size effect.
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Figure 4.17: Variation of equilibrium brush height, H,, with salt concentration for

various pH,, values. Here, "Ster" refers to the case where only the finite size effect,

among the different non-PB effects, has been accounted for to describe the EDL

electrostatics, while the PE brushes are described using the augmented SST. On the

other hand, "SST" refers to the case where the EDL electrostatics is modelled using

the standard PB model (i.e., we consider no non-PB term) and the PE brushes are

modelled using the augmented SST. We consider v,+ = 3.4866 x 10730 187 (where

vy+ denotes the volume of H* ion, which is the smallest species in our lattice model

and occupies just one lattice site), £, = v, /vy+ = 39.3674,¢_ = v_Jvy+ =
26.3731, &, = v, /vy+ = 3.1779, &4+ = 1,and ég - = vou-/vy+ = 3.7143 71187,

All other parameters are identical to those used in Fig. 4.11.

164



60 : : : : T

30

01M

28

o0 =10 05M
£ E

c

E15 b= 1m
x x

10 20

5

NE

0 4M
0.005 0.01 0015 002 0025 0.03 0 0.005 001 0015 0.02
¢ ¢
(a) (b)

Figure 4.18: Monomer density profiles for various salt concentration values for (a)
pH, = 3, and (b) pH,, = 4. Here the cases shown by solid lines (-) and dashed lines
(--) represent the cases of "Ster" and "SST", respectively. Please see the caption of
Fig. 4.17 for the definition of "Ster" and "SST" cases. All other parameters are

identical to those used in Fig. 4.17.
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Figure 4.19: Transverse variation of electrostatic EDL potential for various salt
concentration values for (a) pH,, = 3, and (b) pH,, = 4. Here the cases shown by
solid lines (-) and dashed lines (--) represent the cases of "Ster" and "SST",
respectively. Please see the caption of Fig. 4.17 for the definition of "Ster" and "SST"

cases. All other parameters are identical to those used in Fig. 4.17.
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Figures 4.18 and 4.19 show respectively the dimensionless monomer density and the
electrostatic potential (), elucidating the effect of considering the finite size effect.

The monomer distribution has smaller magnitude, since the brush heights were slightly
larger, for the case with finite ion sizes. Of course, only for the cases of largest bulk
salt concentration (2M,4M) and pH,, = 3, we see some difference in the monomer
distribution between the cases of with and without the finite size effect. For other salt
concentration and pH,, combinations, this difference between the cases of with and
without the finite size effect becomes insignificant. On the other hand, the larger brush
size and the weaker monomer distribution implies that for the case that considers the
finite size effect, the electrostatic potential goes to zero at distances further away from

the wall and has a weaker magnitude at near-wall locations (see Fig. 4.19).
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Effect of all the different non-PB contributions considered simultaneously
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Figure 4.20: Variation of equilibrium brush height, H,, with salt concentration for
various pH,, values. Here, "MSST" refers to the case of modified augmented SST: for
this case all the three different non-PB effects (ion-ion correlation, solvent
polarization, and finite ion and dipole size) have been considered simultaneously to
describe the EDL electrostatics, while the PE brushes are described using the
augmented SST. On the other hand, "SST" refers to the case where the EDL
electrostatics is modelled using the standard PB model (i.e., we consider no non-PB
term) and the PE brushes are modelled using the augmented SST. Here we use [, =
0.3nm, p,, = 1.85 D, v+ = 3.4866 X 10730187 & =, /v + = 39.3674,¢_ =
v_/vy+ = 26.3731, &, = v, /vy+ = 3.1779,&y+ = 1,and Epy- = vou-/vy+ =
3.7143 1187 All other parameters are identical to that used in Fig. 4.11.
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Finally, we provide the results showcasing the impact of all the three different non-PB
effects (ion-ion correlation, solvent polarization, and finite ion and dipole size)
considered simultaneously on the brush configuration (quantified through the variation
of the brush height and the monomer distribution) and the brush-induced EDL
(quantified through the variation of the EDL electrostatic potential). We denote this
case (the one that considers all the three different non-PB effects) as the modified
augmented SST (or MSST). The equilibrium brush height shows a net reduction due to
the consideration of the non-PB effects: both the ion-ion correlation as well as the
solvent polarizability effect cause a significant reduction in the brush height and
dominate the effect of the consideration of finite sizes (that only causes a weak increase
in the brush height). Commensurate with the variation where the individual effects were
considered in isolation, we find that the reduction in the brush height is maximum for
the cases of larger salt concentration and smaller pH,,. This in turn translates to a larger
magnitude of dimensionless monomer densities (see Fig. 4.21) and an electrostatic
potential distribution (see Fig. 4.22) that has a large magnitude at near-wall locations
and becomes zero at shorter distances from the wall. Also, very much like the case of
the height variation, these distinct trends in the monomer and electrostatic potential

distribution become observable for the cases of large salt concentration and small pH,..
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Figure 4.21: Monomer density profiles for various salt concentration values for (a)
pH, = 3, and (b) pH,, = 4. Here the cases shown by solid lines (-) and dashed lines
(--) represent the cases of "MSST" and "SST", respectively. Please see the caption of

Fig. 4.20 for the definition of "MSST" and "SST" cases. All other parameters are
identical to those used in Fig. 4.20.
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Figure 4.22: Transverse variation of electrostatic EDL potential for various salt
concentration values for (a) pH,, = 3, and (b) pH,, = 4. Here the cases shown by
solid lines (-) and dashed lines (--) represent the cases of "MSST" and "SST",
respectively. Please see the caption of Fig. 4.20 for the definition of "MSST" and

"SST" cases. All other parameters are identical to those used in Fig. 4.20.
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Comparison with all-atom MD simulation results

In this section, we compare the results (the brush height) from our present theoretical
model with those obtained from our all-atom molecular dynamics (MD) simulation
study on PE brushes (see chapter 2). The system probed by the all-atom simulations
consist of fully ionized Polyacrylic acid (PAA) brushes neutralized by Na* counterions.
The MD simulations probed different values of chain lengths (quantified by the number
of backbone Carbon atoms) and grafting densities (quantified by the lateral separation
between adjacent chains). We provide results for the brush height predicted from our
MSST model and that obtained from the atomistic simulations (see Table 4.1) and we

observe a most outstanding match (discussed in more details later).

In order to make a one-to-one comparison of our theoretical results with the
simulations, we make a few assumptions. Firstly, we consider each C-C bond in the
PAA backbone (along with the attached pendant groups) (as represented in the all-atom
MD model) as one Kuhn segment in the present theoretical model. This gives us a Kuhn
length of a=1.53 A and the number of Kuhn segments equal to the number of C-C
bonds (along the backbone of the individual PAA chains) for using in our theoretical
model. For example, a chain having 29 backbone Carbon atoms in the MD simulation
will contain 28 backbone C-C bonds and thus 28 Kuhn segments. Of course, with
considerations we neglect the effect of the strong angular and torsional constraints
along the PAA backbone; despite that, as we shall see later, we obtain an excellent

match between the theory and simulation results. Moreover, since fully ionized PAA
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chains contain a carboxylate group on every alternate backbone carbon atom, we set

the density of polyelectrolyte chargeable sites to y = 0.5/a3.

Our second assumption relates to the quantification of an equivalent bulk salt
concentration for the MD simulations. The simulations have some fundamental
differences from the theoretical model as they consider the effects of the counterions
explicitly. In fact, most of the cation concentration within the brushes in our MD
simulations was due to the presence of the explicit counterions. We had added 0.1 M
NaCl salt in the simulation box as well (for our MD simulation study), but its
concentration within the brushes was negligible in comparison to the counterions. On
the other hand, our theoretical model involves the effects of a bulk salt concentration
but does not consider the counterions (in the vicinity of the PE brushes) separately.
Thus, in order to make an appropriate comparison between the two systems, we have
ensured that the cation (or counterion) concentration within the brushes is equal for the
two cases (i.e., the case studied by the MD simulations and the present case). This was
achieved by varying the bulk salt concentration in our theoretical model (for each value
of chain length and grafting density) until we obtained a nearly identical average cation
concentration within the brushes to that obtained from the simulations. Of course, the
anion concentration within the brushes is negligible due to the presence of negative
charges on the PE functional groups and the fact that the brushes are extremely densely
grafted and hence can be ignored. The final bulk salt concentration values used in the

theoretical model as well as the average cation concentration within the brushes (for
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both theory and simulations) are provided in Table 4.1 and as one could see, we work

with almost identical concentration values (for the two cases).

Finally, in order to enforce complete ionization of the PE functional groups in our
model, we set pH,, > pK,. This was done to be consistent with the MD simulations

that considered fully ionized PAA chains.

From Table 4.1, we observe an excellent match between the brush heights predicted by
our MSST model and the all-atom MD simulations. In fact, the brush heights differ by
less than 5% for all the different combinations of parameters that were considered. This
level of agreement with the MD simulation results is remarkable, considering the
sophistication involved in such atomistic simulations that considered an all-atom
framework where each atom of the brushes, water and the mobile ions was modelled
explicitly. This allows the simulations to attain levels of accuracy that are beyond the
capabilities of any mean field continuum model. Despite that, our theoretical results
are in outstanding agreement with the MD simulation results. This not only verifies our
model but also testifies its potential in capturing non-PB effects to an extent that is

unprecedented in the continuum modelling of PE brushes.

172



Number Grafting Bulk salt Average Average Brush Brush
of Carbon | Density concentration | counterion cation Height (&) | Height (&)
atoms (N) | (a,) (1/ used for the | concentration | concentration | obtained obtained
o?) MSST model | within PE within PE in MD using the
[ (M)] brushes for brushes for study MSST
MD study the MSST model
(M) model (M)
29 0.05 0.1 3.38 3.43 25.56 24.92
29 0.1 0.6 6.04 6.00 28.99 29.50
49 0.05 0.3 3.47 3.46 44.25 45.40
49 0.1 1.25 6.19 6.21 50.43 50.91
69 0.05 0.5 3.57 3.62 61.98 62.86
69 0.1 1.5 6.32 6.30 70.53 72.86

Table 4.1: Comparison of brush heights obtained from the MSST model presented in
section 4.5 and all-atom MD simulations of chapter 2 for various values of the
number of carbon atoms (N) and grafting density (in units of 1/62), where ¢ = 3.5 A
is the Lennard Jones size parameter). The values of bulk salt concentration (c,, in M)
used in MSST model, the equivalent average cation concentration within the brushes
for the MSST model, and the average counterion concentration for the MD
simulations are also provided. Please note for a given N and o, value, we consider
such a value of the bulk salt concentration that yields nearly identical values of cation
concentration and counterion concentration for the MSST model and the MD
simulations, respectively. Only under such circumstances, we could compare that
height values obtained from the present MSST model and the all-atom MD
simulations. Other parameters used in the MSST model are as follow: Kuhn length,
a, of 1 C-C bond length equivalent to 1.53 A and the density of chargeable sites (y)
equal to 0.5/a3.
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4.6. Conclusions

In this chapter, we develop a self-consistent field approach (modified SST) to probe
the behavior of the pH-responsive brush system by accounting for (a) the EV
interactions between the PE segments and (b) a more expanded form of the mass action
law valid for ya®+1. Results indicate an enhancement of the brush height due to the
consideration of the EV interaction driven PE inter-segmental repulsion and an increase
(decrease) of the brush height for ya® > 1 (ya® < 1) due to increased (decreased)
counterion-induced osmotic swelling of the brushes. We also establish that these
typical height variations get reflected in the corresponding variations of the monomer
density profile, distributions of the PE brush ends, and the corresponding EDL
electrostatic potential distribution. This model, which can be considered as the most
generic SST model for the pH-responsive PE brushes, will not only be critical for
explaining several experiments that invariably consider the PE brushes to be in a
"good" solvent, but will also help to better interpret a large number of problems that
involve pH-responsive PE molecules (not necessarily in a "brush” configuration) and
gels and where a more expanded form of the mass action law with ya®#1 may be more
applicable.

In addition, we develop for the first time a detailed theoretical model for describing the
thermodynamics, configurations, and electrostatics of the pH-responsive, PE brushes
in presence of a large salt concentration. The theory combines our augmented SST for
describing the PE brushes with the model proposed by McEldrew et al®® that accounts
for the appropriate non-PB effects [non-mean-field electrostatic ion-ion correlations,

solvent polarization, and the finite size (ion and water dipole) effects] for describing
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the free energy of the large-concentration electrolytes. Our results point out that these
different non-PB effects compete with each other and eventually ensure, in a scenario
where the ion-ion correlation and the solvent polarization effects outweigh the
influence of the finite size effect, the PE brush height decreases, thereby increasing the
monomer density and inducing an EDL electrostatic potential distribution that has a
larger magnitude at near-wall locations and becomes zero at shorter distances away
from the wall. Furthermore, we also discover that the influence of the non-PB effects
are maximum at large salt concentrations and small bulk pH. Finally, we are able to
validate our model by comparing its findings with those of our recent all-atom MD
simulation study. In the end, we would like to point out a few limitations of the model.
We account for the ion-ion correlations only between the mobile ions (i.e., the EDL
ions). Such a consideration overlooks the effect of the possible correlation between the
static charged functional groups of the PE brushes and the EDL ions (especially the
counterions). To the best of our knowledge, no theory exists that accounts for such a
correlation; however, it is definitely worthwhile to investigate in future if such a
correlation between the charges of the PE brushes and the counterions can be of any
consequence in the thermodynamics, configuration, and electrostatics of densely
grafted brushes in large salt concentrations. Secondly, we do not consider the ion-
partitioning effect, which stems from a possible mismatch between the solvent
permittivities inside and outside the PE brushes and have been known to have some

effect on the overall electrostatics of the brush-induced EDL,
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Chapter S: Electrokinetic Energy Conversion in
Nanochannels Grafted with pH-responsive Polyelectrolyte
Brushes Modelled using Augmented Strong Stretching
Theory”

Abstract: In this chapter, we develop a theory to quantify the electrokinetic energy

conversion in electrolyte-filled nanochannels grafted with pH-responsive
polyelectrolyte (PE) brushes. A pressure-driven flow drives the mobile electrolyte ions
of the electric double layer (EDL) supported by the charged PE brushes leading to the
generation of a streaming current, a streaming electric field and eventually an
electrical energy. The salient feature of this study is that the brushes are described
using our recently developed augmented Strong Stretching Theory (SST) model. In all
the previous theoretical studies on liquid transport in PE-brush-grafted nanochannels,
the brushes have either been assumed to be of constant height (independent of salt
concentration or pH) or modelled using the Alexander-de-Gennes model that considers
uniform monomer distribution along the brush height. Such simplifications have meant
that the salt and the pH dependence of the brush height, the monomer distribution, and
the resulting electrostatics have not been appropriately accounted for in the transport
calculations. This chapter addresses these limitations and provides a much more

detailed description of the brushes while capturing the corresponding electrokinetic

* The contents of this Chapter have been published as the following journal article: Sachar, H. S.;
Sivasankar, V. S.; Das, S. “Electrokinetic Energy Conversion in Nanochannels Grafted with pH-
responsive Polyelectrolyte Brushes Modelled using Augmented Strong Stretching Theory” Soft Matter
2019, 15, 5973-5986.
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energy conversion. The results establish that the presence of the PE brushes ensures a
localization of the average EDL charge density away from the grafting surface, thereby
enabling the migration of the EDL ions with a larger background flow velocity; as a
consequence, there is an enhancement of the streaming current, streaming electric
field, and the resulting electrical energy generation under certain grafting densities of

the PE brushes.

5.1. Introduction

Functionalizing nanoscale surfaces (e.g., inner walls of a nanochannel or the surface of
a nanoparticle) by grafting them with polyelectrolyte (PE) brushes that are sensitive to
environmental stimuli (e.g., pH, salt concentration, etc.) has been widely employed for
applications such as nanoscale sensing of ions, analytes, and biomolecules?+26:126,
fabrication of devices like nanofluidic diodes, current rectifiers, and nano-actuators?2”
28127 nanoparticle-based targeted drug delivery!?18-191 " ojl recovery®, water
harvesting®, emulsion stabilization®2, and many more. All these applications rely on
the changes in the configurations and structures of the PE brushes in response to these
environ-mental stimuli and the manner in which these changes affect the quantities
dictated by the brushes (e.g., the ionic current, mobility of the brush-grafted
nanoparticles, etc.). On the other hand, the liquid transport in PE-brush-grafted
nanochannels has rarely been considered as the basis of any application. This has
stemmed from the universal notion that the presence of the brushes will invariably
reduce the flow in PE-brush-grafted nanochannels due to the enhanced drag imparted

by the brushes'*2.
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A recent set of papers by Das and co-workers have led to a paradigm shift in this
universal notion of reduced transport in brush-grafted nanochannelst13%-1401%3 |n these
papers, the authors studied the transport of an electrolyte solution in nanochannels
grafted with end-charged PE brushes containing charges at their non-grafted ends,
which localized the electric double layer (EDL) at locations away from the grafting
surface. Under such conditions, the effect of the body force on water resulting from the
interaction of the EDL charge density with the applied electric field gets augmented,
leading to an augmented electroosmotic transport in PE-brush-grafted nanochannels
under certain conditions of the PE grafting density*3. Similarly, this condition of the
EDL being localized away from the nanochannel wall meant that the background
velocity with which the counterions of the EDL are advected is also enhanced. This, in
turn, was responsible for enhanced electrokinetic energy conversion in presence of a
background pressure-driven flow! and enhanced diffusioosmotic!4’ and thermoosmotic
transport'%, A key limitation of these papers®13%-140.193 js that they consider a somewhat
idealistic system where the charge is localized at the non-grafted end of the brushes,
while the rest of the brush is uncharged and hence likely to be hydrophobic due to the
alkane chain. Such a system will make the penetration of the flow within the brushes
difficult, which implies that there is rarely any interaction between the brushes and the
flow. These paperst3%-140193 ‘however, in addition to being studies that demonstrate a
positive influence of the brushes on the liquid transport, are also among the first studies
that have considered a thermodynamic description of the brushes, albeit through the

simplified Alexander-de-Gennes model that considers a uniform monomer distribution,
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in the calculation of the liquid transport in PE-brush-grafted nanochannels. In such a
thermodynamic description, the brush height is quantified by the balance of the energy
of a brush (consisting of the elastic, excluded volume, and the electrostatic
contributions) and the electrostatic energy of the EDL. Accordingly, these calculations
are far more rigorous than a large number of previous studies, including those by the
present authors, where the brush height has been assumed to be an apriori constant and
independent of the salt concentration®-130:132,166,188,194-204.

In this chapter, we make two major advancements over and above the calculations of
the papers by Das and coworkers®*3%-140.193 Fjrst we consider a much more realizable
and practical set up where a pressure-driven water flow is occurring in a nanochannel
grafted with backbone-charged, pH-responsive PE brushes (i.e., the ionization of the
brushes depends on the local pH). More importantly, such a configuration ensures that
the entire PE brush is hydrophilic (that supports a charge and an EDL) and accordingly,
will be completely wetted by the flow enforcing a ow-PE-brush interaction that might
be absent for the cases of end-charged brushes!13%-140193 gSecond, the brushes are
modelled by the augmented Strong Stretching Theory or SST model. The SST model
is a much more improved and complete model for describing the polymer and the PE
brushes®"%4142-143 that does not require enforcing a restrictive condition like the uniform
monomer distribution along the length of the polymer brush. Very recently, the present
authors provided an improvement of the SST model where the effects of the PE
excluded volume interactions and an expanded form of the mass action law were
considered®. In this chapter, by employing such augmented SST for modelling the

brushes, we ensure that we are developing possibly the most rigorous continuum
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description of liquid transport in PE-brush-grafted nanochannels till date. For the sake
of completeness, we first describe the thermodynamics of the problem, where the brush
height, the monomer density and the EDL electrostatics are quantified. The EDL
variation clearly points out that the presence of the brushes localizes the EDL charge
density away from the walls. Accordingly, in presence of the background pressure-
driven transport, the presence of the brushes ensure that the average flow velocity with
which the EDL ions are getting advected is much larger as compared to the brush-free
nanochannels (this is illustrated in Fig. 5.1) leading to an enhanced streaming current
and streaming electric field. As a consequence, the output power as well as the
efficiency of the electrokinetic energy conversion is significantly enhanced in
comparison to the brush-free nanochannels, despite the presence of the brush-induced
enhanced drag. We report efficiency values of as large as 5% for brush-grafted
nanochannels and establish that the efficiency improves (in comparison to the brush-
free nanochannels) by several folds for both the cases of nanochannels with weakly and
densely grafted pH-responsive, PE brushes. In summary, therefore, through the most
rigorous theoretical description for studying electrokinetic transport in brush-grafted
nanochannels till date, we establish that the functionalization by pH-responsive,
charged PE brushes can significantly enhance the electrokinetic energy conversion

efficiency in nanochannels.
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Figure 5.1: Schematic depicting the generation of the streaming electric field (Es)
and streaming current (is) [the electrokinetically generated electric power Pout and

the resultant energy conversion efficiency & are proportional to the product of is and

Es]. in @) brush-free nanochannel b) backbone charged PE brushes grafted
nanochannel. In the schematic, we highlight the manner in which the presence of the
brushes localizes the average EDL charge density further away from the grafting
surface enforcing the EDL ions to be advected by a larger background flow velocity,
which in turn will lead to an enhanced is, Es, Pou, and ¢ in brush-grafted

nanochannels.
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5.2. Theory

We consider a pressure driven flow in a nanochannel with half-channel height h grafted
with backbone-charged, pH-responsive polyelectrolyte (PE) brushes [see Fig.5.1(b)].
The brushes are negatively charged, have a degree of polymerization N, a Kuhn length
a, a grafting density (number of chains per unit area) of ¢ = 1/¢2 (where ¢ is the lateral
space between two adjacently grafted PE brushes), and a polyelectrolyte chargeable
sites (PCS) density of y. The surrounding fluid has a dielectric constant e,., a bulk salt
number density n. and a bulk pH value of pH«. Here the PE brushes are described by
our recently developed augmented Strong Stretching Theory (SST) model®®. Below we

summarize the key equations of this model.

5.2.1. Augmented Strong Stretching Theory Model for pH-responsive PE brushes

Our augmented SST model for the PE brushes improves the existing SST models for
the PE brushes®/94142143 by considering the excluded volume effects and a generic
value of y (with ya® # 1, where a is the Kuhn length). Here we summarize the key
findings of this augmented SST model; for details, kindly refer to our previous paper®.

In this theory, we first express the energy functional (F) of a given PE molecule as:

F _ Fels FEV Felec FEDL Fion
kgT  kgT = kgT = kgT = kgT = kgT’

(5.1)

where Feis, Fev, Felec, FEDL and Fion are the elastic (entropic), excluded volume,

electrostatic, electric double layer and ionization free energies (per PE molecule),
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respectively. For the expressions of these different energy components please refer to

our previous paper®,

We carry out a variational minimization of the above energy functional in presence of

the following constraints:

y'od
sz _y
w EGy")

—h+H

N =3 L o (y)dx,

(5.2)

(5.3)

where N is the PE size (i.e., number of monomer per PE chain), E(y, y') = dy/dn
quantifies the local stretching of the PE chain at a location y with the end of the PE
chain being located at a location y’, ¢(y) is the dimensionless monomer distribution,
and H is the brush height. This minimization eventually yields the following governing
equations that dictate the brush thermodynamics. These equations are:

Ka

TlA— == .
, e
K; + ng+ exp (— I%—IIJT)

(5.4)

2
Eoer(d—yl/;) +e(n, —n_+ny+ —nogy-—ny-p)=0 (-h<y<-h+H)
2

eoer(d—yf) +e(ny —n_+ny+ —noy-) =0 (-h+H<y<0),

(5.5)

= e} i_ )
Ny = Ny exp( kBT)

(5.6)
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e
Ny+ = Ny+ oo €XP(— 77—

kgT”
(5.7)
Non- = nOH‘,ooexp(kB_T);
(5.8)
v 2 2 Ka
¢0) = M +PA- O+ +8 o "
K} + ny+ wexp (—ya3 =)
’ kgT
K, K’
—p(1— . TRAL a )
Ka + np+c0exp (-7 @ ) Ko+ ny+ cexp (—ya® )
K] K!
_p a ln( a )
Kj +ny+ oexp (— a3ﬂ) K. + ny+ wexp (— a3i)
a H+,0€XPp (—V kT a H*+,0€XPp (—V k5T
K, Ny+ o
—p - g NN 1],
K + ny+ oexp (—yad W) a
B
(5.9)
’ n ; 2 >
E,y") =ﬁ\/(y + h)2 — (v + h)2.
(5.10)
(Gnet)u=n, = 0
(5.11)
e [0
net = gj (ny —n_ +ny+ —noy- — Ppny-)dy
-h
(5.12)
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(5.13)

Eq.(5.4) expresses the number density (n,-) of the A~ ion — the PE brush becomes
negatively charged by producing A~ ions on their backbone via the acid-like
dissociation, i.e., HA > H* + A~. In eq.(5.4), K,' = 103N, K, (where N, is the
Avogadro number and K, is the ionization constant for the reaction HA - H™ + A™),

ny+ o 1S the bulk number density of the hydrogen ion concentration, ksT is the thermal

energy, e is the electronic charge, and 1 is the EDL electrostatic potential. Eq.(5.5) is
the Poisson equation expressing the distribution of the EDL electrostatic potential .
While expressing this equation, we consider only the bottom half of the nanochannel
(-h <y <0). Also, in eq.(5.5), €, is the permittivity of free space, €, is the relative
permittivity of the electrolyte solution (assumed identical for locations within the
brushes and outside the brushes) and n; is the number density of ioni (i=+; H*; OH™).
Egs.(5.6, 5.7, 5.8) provide the Boltzmann distributions expressing the ion number
densities n; in terms of the corresponding bulk number densities n; ., (i=+; H*; OH").

Eq.(5.9) expresses the monomer distribution profile. In eq.(5.9), v and w are the virial

anw __ 8a?N?
enZazy2' P~ g2

coefficients quantifying the excluded volume effects, k? = A=

272
-Lp = —/118';71;’ [4, is the Lagrange multiplier associated with the constraint

8NZ2ea®
3m2kgT’

expressed in eq.(5.3)], and B = Eq.(5.10) expresses the profile of the local

stretching. Eq.(5.11) helps to obtain the equilibrium brush height Ho. Eqg.(5.11) is based
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on the net unbalanced charge gnet in the system, which in turn is expressed through

eq.(5.12). Finally, eq.(5.13) expresses the normalized chain end distribution function
that can be written as f__hh+H g(¥"Ndy' = 1. The brush thermodynamics, configuration

and electrostatics are obtained by solving egs.(5.4 — 5.13) in a coupled fashion in
presence the following boundary conditions for the EDL electrostatics (assuming an

uncharged grafting surface):

@)

W)y=-n+my= = W)y=-n+uy+ (%j) - (dy '(fl_;/:)

y=(=h+H)~ y=(—h+H)* y=-h
= 0,(%)y=o = 0.

(5.14)

5.2.2. Liquid Transport in PE brush Grafted Nanochannels

We apply a pressure gradient along the length of the nanochannel to drive the flow.
The flow is assumed to be steady, fully developed, and one-dimensional. Due to the
pressure driven flow, there is a downstream advection of the charged mobile ions
present within the EDL, which in turn results in the generation of a streaming current
is and a streaming electric field Es. The velocity profile for the bottom half of the
nanochannel (due to the pressure driven flow described above) is governed by the

following incompressible, steady-state Stokes equations:

d*u dp n
”d_yz_EJ“ eEs(ny —n_ +ny+ —ngy-) —au = 0(-h <y < —h+H,)),
d*u dp
r)d—yz—&+eEs(n+—n_+nH+—n0H—)= O(th+Hy <y <0).
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(5.15)

In eq.(5.15), h is the nanochannel half-height, u is the velocity profile, n is the dynamic

viscosity of the fluid, —Z—z the applied pressure gradient, Es is the induced streaming

2 _ —
electric field, k,; = a? (MZ‘I’V&) ,and ¢ = ::g‘l’v [¢ is the normalized monomer

distribution profile and ¢ is the monomer distribution profile expressed through
eq.(5.9) in our augmented SST formulation]. Eq.(5.15) can be expressed in non-

dimensional form as:

d?u E. _ - _ - _ - _
d_yz +1+ ﬁ [n+,ooeXp (_l/)) - n—,ooexp (l/)) + nH+,ooeXp (_l/)) — NoH~,€XP (¢)]
D

aazNaz_ —
—(C=)u=0 (-1<y<-1+Hy),
Hy

d*u E. _ — _ — _ — _ —
e +1+ E [M4.0€XP (—9) — T_ 0exXp (P) + M+ €XP (=) — Moo= 00€xp (P)]
D

=0 (-1+Hy <y <0).
(5.16)
=Y m_ % F _E = Mo + OH Yy =2 H. =
In €g.(5.16), Y = kBT,u = up,o’ES Eo’nl'°° — (i=+,H",0H),y h'HO
Hy 5 _ Ap _ dp\ h?* . : : _
T'AD = where u, o = (_E)T is the pressure-driven velocity scale, E, =
enup o dp\ eh? . .
— = (— —)— is the scale for the electric field and Ap =
€o€rkpT dx/ €gerkgT

\/eoerkBT/(Zeznoo) (ne = N4 ) is the Debye screening length of the electric double

layer (EDL) based solely on the electrolyte concentration. Of course, A, approaches
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the effective Debye screening length (due to all mobile ions)  Ap.rr =

\/eoerkBT/[ZeZ(noo + ny+ )] for large values of pHe.

The velocity field is solved under the following boundary conditions:
_ du _ _ du

Wy=-1 =0, ). 0, Wy=(-1+7y)~ = Wy=(-14m)* &

=0

B (dﬂ)
dy y=(-1+Ho)*

The net ionic current through the nanochannel is zero since there is no applied external

>7=<—1+ﬁo)-

(5.17)

voltage. This leads to

0
2ef (ugny —u_n_ +ug+ny+ — uUugy-Noy-)dy =0,
-h

(5.18)
where u; (i = +, H*, 0H™) are the ion migration velocities expressed as:
eZl'ES
u =u-+
‘ fi
(5.19)

In eq.(5.19), f; is the friction coefficient (the inverse of ionic mobility) for species
i(i=4+,H",0H). Eq. (5.18) can be simplified in the presence of egs.(5.6, 5.7, 5.8)
and (5.19) to yield an expression for the non-dimensionalized streaming electric field

as:

o LS EEA e () + T wexp () = Tyt eXD (<) + Tion-wexp (D)1dY
’ f_olﬁ [Ryn weXp (_i) + R_n_.exp (E) + Ry+TNy+ o €Xp (_i) + Roy-NoH-,0€XP (E)]dy’
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(5.20)
where R; = %(i = +,—, H*,0H7) is a dimensionless parameter, identified as
the inverse of the ionic Peclet number. Substituting eq.(5.20) in eq.(5.16) we arrive at
an integro-differential equation in u which is solved numerically. Having obtained u,
the streaming electric field can be calculated from eq.(5.20). The downstream
migration of mobile ions due to the flow also creates a streaming current (per unit width

of the nanochannel) which can be expressed as:

0
i = ZeJ u(ng —n_ +ny+ —ngy-) dy.
~h

(5.21)

is can be calculated from the knowledge of the velocity field u. The knowledge of is

and Es allows us to express the net electrical power output (per unit area) as:

1.
Pout = |leEs|-
(5.22)

On the other hand, the input power supplied (per unit area) to the system as a result of
the applied pressure gradient is:
dp
Pin = (_ a) Qin-
(5.23)
In eq.(5.23), Qin is the volume flow rate (per unit width of the nanochannel) expressed
as:
0
Qin = ZJ Upp dy;
-h
(5.24)
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where upp is the pure pressure velocity profile accounting for flow through the PE brush
grafted nanochannel without the effects of the EDL body force on the ions. upp can be

obtained by solving the following ODE’s:

d*u,, dp 7
- = —h<y<-h+H,
n o2 dx Kdupp 0(—h <y < —h+H,),
d?u dp
WZI’_EZ 0(~h+H, <y <0),
(5.25)
in presence of the following boundary conditions:
duy,
(uPP)Y=—h = 0'( dy ) =0, (upp)y=(—h+H0)‘
y=0
du du
= (U)o +(ﬂ> _(ﬂ)
PPYCIHITN Ay ) gy AY /o (- nrbig)*
(5.26)

Once Pout and Pin have been quantified, the corresponding electrochemomechanical

energy conversion efficiency can be expressed as:

PO‘LL
§ =2
_ UL E-Teexp (<) +Texp () = Ty+ weXP (=) + Tlou-mexp (P17
87 [ Ty 47 [, [irexp (=) +T_exp () + i+ cexp (=) + Toon oexp ()T
(5.27)

=

_ u . . . . . .
where ,,,, = uﬂ is the non-dimensional pure pressure-driven velocity field.

p.0

5.3. Results

We consider four different cases in this study - Case 1: Nanochannels grafted with short

loose brushes (N = 400, £ = 60 nm), Case 2: Brush-free nanochannels with an
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equivalent surface charge density (o, .,) of short loose brushes (this equivalent charge

density is the charge density obtained by integrating the volume charge density of the
brushes along its length, i.e., 0., = —€ f__:JrH" ¢n,-dy), Case 3: Nanochannels

grafted with dense brushes (N =400, ¢ = 10 nm) and Case 4: Brush-free nanochannels
with an equivalent charge density of long dense brushes. The cases 1 and 2 are studied
for different values of salt concentration (c«), pH«, and y, while the cases 3 and 4 are
studied for different values c» and for a given pH«. We refrain from reporting the
results for larger pH for cases 3 and 4, since for such a pHw«, the brush height for case

3 became much large than the chosen half height value (100 nm) of the nanochannel.

90 —4-pH = 8, Short Brush (£ — 60 nzm) 100,

\ —g~pH = 3, Long Brush (£= 10 nm} L
304 —A-pH = 4, Short Brush (¢ = 60 nm) 20

80 1
701 3
p 4

60

(nm)

0

S0F

H 0 (nm)

H

401

e 301
h
20_»\‘\‘_\-‘\‘ 20 [HFPH= = 3, Short
~@-pH.., = 3, Long Brush (£
4 —epH... = 4, 8y

10— n 10 rush (£ = 60 nm)|

107 107 107 10° 107 107
¢ (M) c (M)

0o

(a) ya=0.5 (b) ya3=1

Figure 5.2: Variation of equilibrium brush height Ho with bulk salt concentration c-
and pH. for pH-responsive, PE brush grafted nanochannels with (a) ya® = 0.5 and
(b) ya® = 1. Here N = 400, h = 100 nm, a = 1 nm (Kuhn length), ks = 1.38 x 10-2% JK-
1L T=298K,e=1.6x107"°C (electronic charge), €,= 8.8 x 10 F m*! (permittivity
of free space), €, = 79.8 (relative permittivity of water), pKa = 3.5, v=10.5, o = 0.1.
pKw =14, pOHs = pKw - pHeo, Ct,0= Coo, Cyyt oo = 107PH0, cppym o = 107PHe0, ¢ o=

C°O+CH+‘00+C0H_,00 .
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Fig. 5.2 provides the variation of the brush height for the loosely grafted (£ = 60 nm)
and densely grafted (€ = 10 nm) PE brushes as a function of the salt concentration, pH,
and values. For a given pH« and, an increase in the salt concentration decreases the
brush height [see Figs. 5.2(a,b)]. A larger salt concentration leads to a smaller EDL
screening length; accordingly, the brush inter-segmental repulsion gets screened over
a much smaller distance enforcing a much weaker repulsion-driven stretching of the
PE brushes and a much smaller value of Ho. On the other hand, a larger pH- signals a
weaker bulk concentration of the H* ions, which will enforce a stronger ionization of
the PE brushes as this ionization produces H* ions. Of course, a stronger ionization
leads to a larger charge on the PE brush facilitating a larger inter-segmental repulsion
induced enhanced value of the brush height Ho. Finally, a larger value of y[results are
shown in Fig. 5.2(b)] will signify a larger charge on the brush segments and
accordingly, a larger electrostatic-repulsion mediated enhanced brush height for a given

value of salt concentration and pHe.
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Figure 5.3: Variation of monomer distribution profile ¢ with bulk salt concentration
C and pH.. for pH-responsive, PE brush grafted nanochannels with (a) ya® = 0.5, ¢
=60nm, (b)ya®=0:5 ¢=10nm, (c)ya®=1,{=60nmand (d) ya® =1, =10
nm. All the other parameters are same as those used in Fig. 5.2.
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Fig. 5.3 provides the variation of the monomer distribution ¢. Shorter brush height
implies that the monomers are more densely packed near the grafting wall.
Accordingly, for a given grafting density (i.e., a given value of £), we find a larger
value of near the wall for the cases of smaller pH« (effect of the variation of pH« is
shown for weakly grafted brushes, i.e., £ = 60 nm) [see Figs. 5.3(a,c)] and larger salt
concentration [see Figs. 5.3(a-d)]. Also, the smaller brush height for these cases
(smaller pH- and larger salt concentration) ensures that the profile no longer exists at
larger distances away from the grafting wall. A larger grafting density (or smaller t)
ensures a larger value of at a given y since ¢p~o (see eq.(5.3)) [compare Fig. 5.3(a)
with Fig. 5.3(b) and Fig. 5.3(c) with Fig. 5.3(d)]. Finally, a larger value of y leads to a
larger brush height, which ensures, for a given pH-, C», and grafting density, a weaker
value of the monomer density at near-wall locations and the existence of the ¢ profile
over larger distances away from the wall [compare Fig. 5.3(a) with Fig. 5.3(c) and Fig.

5.3(b) with Fig. 5.3(d)].
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Figure 5.4: Transverse variation of the non-dimensional EDL electrostatic potential
with bulk salt concentration ¢ and pH« for (a) PE brush-grafted nanochannel with
ya®= 0.5, £ = 60 nm, (b) brush-free nanochannel with equivalent charge density
0ceq identical to that of the brush-grafted nanochannels with ya® = 0.5 and ¢ = 60
nm, (c) PE brush-grafted nanochannel with ya® = 0.5, £ = 10 nm, (d) brush-free
nanochannel with equivalent charge density o, ., identical to that of the brush-
grafted nanochannels with ya® = 0.5 and ¢ = 10 nm, (e) PE brush-grafted
nanochannel with ya® = 1, £ = 60 nm, (f) brush-free nanochannel with equivalent
charge density o, ., identical to that of the brush-grafted nanochannels with ya3 = 1
and ¢ = 60 nm, (g) PE brush-grafted nanochannel with ya® =1, £ = 10 nm and (h)
brush-free nanochannel with equivalent charge density o ., identical to that of the
brush-grafted nanochannels with ya® = 1 and £ = 10 nm. All the parameters are same

as those mentioned in Fig. 5.2.
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Fig. 5.4 provides the transverse variation of the dimensionless EDL electrostatic
potential distribution (y) within the nanochannel as a function of (i) the presence and
the absence of the brushes, (ii) brushes with different grafting densities, (iii) different
values of pHs and c«, and (iv) different values of y. First, we compare the cases of
short (weak grafting density) and tall (large grafting density) brushes for a given pHo,
Cw, and y value [i.e., we compare Fig. 5.4(a) with Fig. 5.4(c) and Fig. 5.4(e) with Fig.
5.4(g)]. For a given y, a taller brush represents a larger charge content, which leads to
a larger y at a given transverse location. Furthermore, a larger brush height implies that
1 exists at larger distances away from the grafting wall. For the case of a given grafting
density, y and c«, a smaller pH« causes a weaker charge density of the brushes leading
to a weaker value of 1. Of course, this effect of the variation in pH- has been portrayed
for the case of weak grafting density [see Figs. 5.4(a,e)]. Also, an increase in ¢ for a
given grafting density, pH-, and y ensures a weaker iy stemming from the fact that
Y~0o.Apers (Where o, is the charge density of the PE brushes and Ap ¢, Which
decreases with c-, is the EDL thickness). Also, an increase in y increases the charge of
the PE brushes, thereby increasing ¥ [compare Fig. 5.4(a) with Fig. 5.4(e) and Fig.
5.4(c) with Fig. 5.4(g)]. The most interesting comparison for i is between the cases of
brush-free and brush-grafted nanochannels [compare Fig. 5.4(a) with Fig. 5.4(b), Fig.
5.4(c) with Fig. 5.4(d), Fig. 5.4(e) with Fig. 5.4(f), and Fig. 5.4(g) with Fig. 5.4(h)].
For the brush-free nanochannels, the EDL electrostatic potential is entirely localized
at near-wall locations — larger c» leading to smaller EDL thickness leads to an even

larger localization. On the other hand, the presence of the charged brushes grafted on
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chargeless nanochannel walls ensure that this EDL electrostatic potential gets
distributed along the length of the brushes and accordingly, 1 is no longer localized at
the nanochannel wall. Such a scenario obviously leads to an EDL charge density that
is localized away from the wall, which in turn will massively influence the overall

electrohydrodynamics (as discussed later).

Fig. 5.5 demonstrates the velocity field in the nanochannel as a function of (i) the
presence and the absence of the brushes, (ii) brushes with different grafting densities,
(iii) different values of pHs and c«, and (iv) different values of y. Before describing
the influence of these different parameters, it is critical to identify the different
components of the velocity field. Firstly, the flow is being driven by an externally
imposed pressure gradient. This flow is retarded by the additional drag imparted by the
brushes. Secondly, this pressure-driven flow induces a streaming electric field that
triggers an electroosmotic (EOS) transport that opposes the pressure-driven transport.
This retarding EOS transport itself also experiences the retarding influences of the
additional drag imparted by the presence of the brushes. However, more importantly,
the streaming electric field and the streaming current are favored by the presence of
the brushes stemming from the fact that the brushes localizes the average EDL charge
density away from the wall (evident from the significantly large i values away from
the wall, which is not the case for brush-free nanochannels, see Fig. 5.4), which ensures
that the liquid velocity with which the EDL ions gets advected downstream (this
downstream advection of the EDL charge density gradient induces the streaming

current and the streaming electric field, see Fig. 5.1 for a schematic illustration) is
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much larger as compared to the case of the brush free nanochannel. We first consider
the effect of salt and pH- for a given type of (brush-grafted or brush-free) nanochannel
and a given y. Decrease in salt concentration or an increase in pH« increases i and
therefore will increase the EDL charge density. An increase in this EDL charge density
will increase the body force (which is proportional to this charge density) that drives
the EOS transport. Hence the overall velocity decreases with an increase in pHs and a
decrease in salt concentration. Next, we compare the velocity fields for the brush-free
and brush-grafted (weakly grafted) nanochannels [i.e., we compare Fig. 5.5(a) with Fig.
5.5(b) and Fig. 5.5(e) with Fig. 5.5(f)]. The presence of the brushes decreases the
overall velocity due to the additional drag and also due to the enhanced streaming
electric field due to the EDL charge density localization away from the wall. For the
case of the weakly grafted brushes, the effect of the enhanced drag is rather weak; on
the other hand, the effect of the enhanced streaming electric field and the consequent
enhanced back EOS transport is larger. Accordingly, for cases where the streaming
electric field is weak (results discussed later), i.e., for large c. and small pH«, we do
not find a significant difference between the flow fields for the cases of brush-free and
brush-grafted nanochannels. However, for the case of large pH« (=4) and small ¢« (=
10 M), the large streaming electric field and the resultant large retarding EOS
transport significantly reduces the overall velocity. On the other hand, if we compare
the cases of brush-free and brush-grafted (larger grafting density, £ = 10 nm)
nanochannels [i.e., we compare Fig. 5.5(c) with Fig. 5.5(d) and Fig. 5.5(g) with Fig.
5.5(h)], the enhanced brush-induced drag plays the dominant role causing a significant

reduction in the velocity for the brush-grafted nanochannels. For the case of the larger
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v, a larger charge of the brush leading to a larger 1 and hence a larger streaming electric
field causes an even more noticeable reduction in the velocity field for the case of
nanochannels with weakly grafted brushes at large pH- and small c. [compare Fig.

5.5(a) with Fig. 5.5(e) and Fig. 5.5(c) with Fig. 5.5(g)].
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Figure 5.5: Transverse variation of the non-dimensional velocity profile u with bulk
salt concentration c.. and pH- for (a) PE brush-grafted nanochannel with ya®= 0.5,
¢ = 60 nm, (b) brush-free nanochannel with equivalent charge density o, ., identical

to that of the brush-grafted nanochannels with ya® = 0.5 and ¢ = 60 nm, (c) PE
brush-grafted nanochannel with ya® = 0.5, £ = 10 nm, (d) brush-free nanochannel
with equivalent charge density o, ., identical to that of the brush-grafted
nanochannels with ya® = 0.5 and ¢ = 10 nm, (e) PE brush-grafted nanochannel with
ya® =1, £ =60 nm, (f) brush-free nanochannel with equivalent charge density o, .,

identical to that of the brush-grafted nanochannels with ya® = I and ¢ = 60 nm, (g)

PE brush-grafted nanochannel with ya® = 1, £ = 10 nm and (h) brush-free
nanochannel with equivalent charge density o, ., identical to that of the brush-
grafted nanochannels with ya® = I and ¢ = 10 nm. Here Ri=1(i = +,— H*,0OH").

All other parameters are same as those mentioned in Fig. 5.2.
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Figure 5.6: Variation of streaming current is with bulk salt concentration c. and pHw
for (a) brush-grafted nanochannels (with ya® = 0.5, ¢ = 60 nm) and brush-free
nanochannels with equivalent charge density o, ., identical to that of the brush-

grafted nanochannels with ya® = 0:5 and ¢ = 60 nm, (b) brush-grafted nanochannels

(with ya® = 0.5, ¢ = 10 nm) and brush-free nanochannels with equivalent charge
density o, ., identical to that of the brush-grafted nanochannels with ya® = 0.5 and ¢
= 10 nm, (c) brush-grafted nanochannels (with ya® = 1, £ = 60 nm) and brush-free
nanochannels with equivalent charge density o, ., identical to that of the brush-
grafted nanochannels with ya® = 1 and ¢ = 60 nm and (d) brush-grafted
nanochannels (with ya® = 1, £ = 10 nm) and brush-free nanochannels with equivalent

charge density o, ., identical to that of the brush-grafted nanochannels with ya® = 1
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and € = 10 nm. Here = 8.9 x 10" Pa.s, dp/dx = -5 x 108 Pa/m. All other parameters

are identical to those used in Fig. 5.5.

We next consider the different height-averaged quantities, namely the streaming
current (is), streaming electric field (Es), power output (Pout) and the overall energy
conversion efficiency (§). Fig. 5.6 provides the variation of the streaming current for
the same set of parameters for which the other variables have been considered. The
streaming current is induced by the downstream advection of the EDL charge density
(or the EDL ions). Thus, either an increase in the EDL charge density or an increase in
the strength of the driving liquid flow will increase is. For a given nanochannel (brush-
grafted or brush-free), an increase in pH- or a decrease in salt concentration typically
increases is, which can be directly attributed to a corresponding increase in ¥ and hence
the EDL charge density at such pH- and c- values. Let us now consider the case of
brush-free and brush-grafted (short brushes or weakly grafted brushes) nanochannels
[see Figs. 5.6(a,c)]. For such weak grafting densities, the brush-induced drag is not
significant (as evidenced from the velocity profiles in Fig. 5.5). On the other hand, the
effect of the brush induced localization of the EDL charge density away from the wall,
which enforces the EDL charge density (or the EDL mobile ions) to be advected by a
larger non-near-wall velocity, is significant. As a result, for a given pH« and C«, is for
the weakly brush-grafted nanochannel is always larger than the brush-free
nanochannels. The most intriguing result is the comparison of is for brush-free and
brush-grafted (strongly grafted) nanochannels [see Figs. 5.6(b,d)]. We find that for a

weaker salt concentration, is is larger for the brush-free nanochannels, while for the
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larger salt concentration is is much larger for the brush-grafted nanochannels. At a small
Cx, Is IS primarily dictated by the magnitude of the background flow velocity.
Consequently, the extremely small (due to the combined influence of the drag from the
brushes and the streaming electric field induced retarding EOS transport) value of the
background velocity for the brush-grafted nanochannels ensures a weakened is despite
the EDL charge localization away from the nanochannel wall. On the other hand, the
significant increase in the background velocity with an increase in the salt
concentration for the case of nanochannels with densely grafted brushes (see Fig. 5.5)
ensures that the effect of localization of the charge density away from the nanochannel
wall becomes severely strong. Accordingly, at a large salt concentration is is much
larger for the nanochannels with densely grafted brushes in comparison to the brush-
free nanochannels. In fact, this also explains why is for the nanochannels with densely
grafted brushes shows a massive increase with an increase in c«. Interestingly, the large
increase in the velocity with an increase in salt concentration (from 102 M to 102 M)
at a large pH« (=4) for nanochannels with weakly grafted brushes [see Figs. 5.5(a,e)]
gets reflected as a corresponding increase in is for nanochannels with weakly grafted
brushes at this pH- and salt concentrations [see Figs. 5.6(a,c)]. However, as the salt
concentration is increased further, velocity increases much less so that the effect of
reduced y and charge density becomes important leading to a decrease in is. This
explains the highly non-intuitive and non-monotonic variation of is with c» for
nanochannels with weakly grafted brushes at this pH- =4. Very similar trends are noted

for the case of larger y [compare Fig. 5.6(a) with Fig. 5.6(c) and Fig. 5.6(b) with Fig.
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5.6(d)], although for larger y for most of the cases, is is larger due to a larger charge

density of the brushes that lead to a larger v and a larger EDL charge density.
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Figure 5.7: Variation of streaming electric field Es with bulk salt concentration C«
and pH.. for (a) brush-grafted nanochannels (with ya® = 0:5, ¢ = 60 nm) and brush-
free nanochannels with equivalent charge density o, ., identical to that of the brush-
grafted nanochannels with ya® = 0.5 and ¢ = 60 nm, (b) brush-grafted nanochannels

(with ya® = 0.5, £ = 10 nm) and brush-free nanochannels with equivalent charge
density o, ., identical to that of the brush-grafted nanochannels with ya® = 0.5 and ¢

= 10 nm, (c) brush-grafted nanochannels (with ya® = 1, £ = 60 nm) and brush-free

nanochannels with equivalent charge density o ., identical to that of the brush-
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grafted nanochannels with ya® = I and ¢ = 60 nm and (d) brush-grafted
nanochannels (with ya® = 1, ¢ = 10 nm) and brush-free nanochannels with equivalent

charge density o, ., identical to that of the brush-grafted nanochannels with ya3 = 1

and € = 10 nm. All other parameters are identical to those used in Fig. 5.6.

Fig. 5.7 shows the variation of the streaming electric field Es, which can be related to
isas E; « i;/T * where T is the ionic conductivity that is proportional to the sum of the
local concentration of the ions. Accordingly, the variation of Es with the different
parameters show mostly a similar trend as the corresponding variation of is, except for
the variation with c«. As I'~C«, i.e., Es~1/C» (for a given is), Es invariably decreases
monotonically with an increase in cw. This is in contrast to the variation of is, which
does not show a definite trend with respect to ¢« (see Fig. 5.6). On the other hand, when
we compare Es for the cases of brush-free and brush-grafted (weakly grafted)
nanochannels [see Figs. 5.7(a,c)], we invariably find that for a given value of c. and
pH., Es for the brush-grafted nanochannels is significantly more than that of the brush-
free nanochannels. This behavior stems directly from the corresponding variation of is.
AS Cx, 1.6, ['~Cx, i.e., Es~1/c (for a given is), this difference in Es between the cases of
brush-free and brush-grafted nanochannels gets much more magnified at smaller cw.
We next compare the cases of brush-free and brush-grafted (strongly grafted)
nanochannels [see Figs. 5.7(b,d)]. Very much like the variation of is, here too we find
that Es is smaller (larger) for the brush-grafted nanochannels in comparison to the
brush-free nanochannels for smaller (larger) c- values. An interesting observation here
is that, unlike the comparison between the brush-free and brush-grafted (weakly

grafted) nanochannels, the streaming potential is not significantly large at small ¢
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despite the fact that Es~1/c» (for a given is). For the present case of brush-free and
brush-grafted (strongly grafted) nanochannels, the magnitude of i is much higher
leading to a much larger values of counterion concentration (c+ or equivalently n+) for
a given value of c... This ensures that I'~ c. exp(-) is not lowered significantly even
at small c. and hence Es is not massively enhanced. Finally, in Fig. 5.7c and 5.7d we
study the effect of increasing y on Es. Increase in y increases is, but at the same time
also increases y that leads to an increase in I'. Therefore, the change in Es with this
increase in T' is dictated by this competitive interplay of an increase in is and T.
Accordingly, for some parameter combination Es increases with y, while for other it
decreases with an increase in y. Of course, the overall trend with respect to other
variables (i.e., c», pH«, presence or absence of the brushes, grafting density of the
brushes, etc.) remain unchanged with an increase in y. Fig. 5.7 is a key finding of this
chapter. Streaming electric field (Es) has been considered as a key measure of induced
electrokinetic effects in charged nanochannels. Fig. 5.7 establishes that the presence
of the brushes can significantly enhance Es by localizing the EDL charge density away
from the nanochannel walls and this enhancement can be witnessed across a wide

range of salt concentration, pH, and grafting density values.
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Figure. 5.8: Variation of net power output Pout with bulk salt concentration c» and
pH. for (a) brush-grafted nanochannels (with ya® = 0.5, £ = 60 nm) and brush-free
nanochannels with equivalent charge density o, ., identical to that of the brush-
grafted nanochannels with ya® = 0:5 and ¢ = 60 nm, (b) brush-grafted nanochannels
(with ya® = 0.5, £ =10 nm) and brush-free nanochannels with equivalent charge
density o, ., identical to that of the brush-grafted nanochannels with ya® = 0.5 and ¢
= 10 nm, (c) brush-grafted nanochannels (with ya® = 7, £ = 60 nm) and brush-free
nanochannels with equivalent charge density o, ., identical to that of the brush-
grafted nanochannels with ya® = 1 and ¢ = 60 nm and (d) brush-grafted
nanochannels (with ya® = 1, ¢ = 10 nm) and brush-free nanochannels with equivalent
charge density o, ., identical to that of the brush-grafted nanochannels with ya3 = 1
and € = 10 nm. A microchip (with dimensions of Imm x 10cm x 10cm and a porosity

of 0.5) containing multiple nanochannels of half-height h = 100 nm is considered for
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the calculation of output power?. All other parameters are identical to those used in
Fig. 5.6.

Fig. 5.8 shows the variation of the electrokinetically induced output electrical power
Pout Which is proportional to the product of is and Es. Accordingly, Pout is invariably
larger for the brush-grafted (weakly grafted) nanochannels as compared to the brush-
free nanochannels for any given value of ¢ and pH« [see Figs. 5.8(a,c)], since both is
and Es are larger for these parameters for the brush-grafted (weakly grafted)
nanochannel. On the other hand, Pout is smaller (larger) for brush-grafted (strongly
grafted) nanochannel as compared to brush-free nanochannels for smaller (larger) salt
concentration, stemming from the exact similar variation for is and Es. The variation of
Pout With ¢ for a given type of nanochannel (brush-free or brush-grafted) for a given
pH- and y becomes interesting since it depends on the relative variation of is and Es
with c». Except for the case of nanochannels with densely grafted brushes and
nanochannels with weakly grafted brushes for large pH- and large y, the decrease in
Es and is (typically) with c» ensures a decrease in Pout With .. For the nanochannels
with densely grafted brushes, different trends are observed for different values of y.
For larger (smaller) y, the significant increase (decrease) in is (Es) becomes the
dominant factor at large ¢« leading to an increase (decrease) in Pout for ¢ ranging from
102 M to 10"t M [see Figs. 5.8(b,d)]. Finally, for nanochannels with weakly grafted
brushes and large pH- and large y, the dominant role of is for small c. values ensures

that Pout increases with c.. for ¢- ranging from 10 M to 102 M, while the overwhelming
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influence of Es for large c- values ensure a decrease in Pout With ¢« for ¢ ranging from

102 M to 101 M [see Figs. 5.8(a,c)].
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Figure 5.9: Variation of electrokinetic energy efficiency & with bulk salt

concentration ¢ and pH.. for (a) brush-grafted nanochannels (with ya® = 0.5, £ = 60

nm) and brush-free nanochannels with equivalent charge density o, ., identical to

that of the brush-grafted nanochannels with ya® = 0.5 and ¢ = 60 nm, (b) brush-

grafted nanochannels (with ya® = 0.5, £ = 10 nm) and brush-free nanochannels with

equivalent charge density o, ., identical to that of the brush-grafted nanochannels

with ya® = 0.5 and € = 10 nm, (c) brush-grafted nanochannels (with ya® = 1, £ =60

nm) and brush-free nanochannels with equivalent charge density o, ., identical to

that of the brush-grafted nanochannels with ya® = I and ¢ = 60 nm and (d) brush-
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grafted nanochannels (with ya® = 1, £ = 10 nm) and brush-free nanochannels with

equivalent charge density o, ., identical to that of the brush-grafted nanochannels

with ya® = 1 and ¢ = 10 nm. All other parameters are identical to those used in Fig.
5.6.
Finally, Fig. 5.9 shows the variation of the efficiency (&) of the electrokinetic energy

conversion, which refers to this generation of the electrical energy from a combined
mechanical energy (associated with the pressure driven flow) and chemical energy
(associated with the EDL). & is proportional to Pout. Therefore, & is much larger for the
brush-grafted nanochannels (weakly grafted) as compared to the brush-free
nanochannels for any given value of pHs, C-, and y [see Figs. 5.9(a,c)]. Also, for small
y, the nanochannel with weakly grafted brushes demonstrate a monotonic decrease in
& with c- for all pH~. However, for larger y at a large pH, &, very much like Pout is
non-monotonic with c» for nanochannels with weakly-grafted PE brushes [see Fig.
5.9(c)]. A much more interesting situation arises when we compare the cases of brush-
free nanochannels and brush-grafted (densely grafted) nanochannels [see Figs.
5.9(b,d)]. Here too & for the brush-grafted nanochannels is always larger than the brush-
free nanochannels (i.e., for any given value of ¢~ and y), despite the fact that Pout for
the brush-grafted nanochannels is smaller than the brush-free nanochannels for small
C. This deviation in the trend between Pout and & for small c. stems from the fact that
& = Pout/Pin and Pin is significantly reduced in presence of the densely-grafted brushes
enforcing an enhancement of & even for the situation where Pout is reduced. It is also
worthwhile to note that for nanochannels with weakly grafted brushes for relatively
small ¢ (=10 M), large pH- and small y, we get an extremely large conversion

efficiency of 5%, which is several times larger than that obtained for the corresponding
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brush-free nanochannels [see Fig. 5.9(a)]. On the other hand, for a larger y, similar
efficiency (5%) is obtained at an intermediate c. (~102 M) for large pH. for
nanochannels with weakly grafted brushes [see Fig. 5.9(c)]. For the densely grafted
brushes, the efficiency numbers are slightly smaller (~3%), although they are always
larger than the corresponding brush-free nanochannels and also they are witnessed for
intermediate c.. (~102 M) and large ¢ (=10 M) values for small and large y values

[see Figs. 5.9(b,d)].

5.4. Conclusions

In this chapter, we describe the electrokinetic energy generation in a nanochannel
grafted with pH-responsive PE brushes by modelling the PE brushes with our recently
developed augmented SST model. Such advanced theoretical description of the PE
brushes ensures that to the best of our knowledge this is the most advanced and rigorous
description of electrokinetic transport in PE-brush-grafted nanochannels. Our results
establish that the brushes localize the EDL charge density away from the nanochannel
wall, enforcing the advection of this charge density or the EDL ions with a much large
background liquid velocity. This advection is responsible for the generation of the
streaming current and the streaming electric field. As a consequence, depending on salt
concentration, pH, y, and the grafting density of the brushes, there is a significant
enhancement of the streaming current and streaming electric field. In fact, this
enhancement is so pronounced that it leads to an energy conversion efficiency as large
as 5% for a wide combination of system parameters and more importantly, this energy

conversion for nanochannels functionalized with both weakly-grafted and strongly
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grafted brushes can be several times larger than the corresponding brush-free
nanochannels. In summary, the present chapter through an extremely rigorous and
complete theoretical model shows the utility of functionalizing nanochannels with PE

brushes for highly efficient electrokinetic energy conversion.
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Chapter 6: Molecular Dynamics Simulations of Pressure-
Driven Transport in Polyelectrolyte-Brush-Grafted
Nanochannels

Abstract: We conduct molecular dynamics (MD) simulations of water transport in

polyelectrolyte (PE) brush-grafted nanochannels with a fully atomistic representation
of the PE chains, mobile ions, and water molecules. Our atomistic framework helps
capture highly non-trivial phenomenon such as the overscreening of the grafted PE
layer, which signifies a higher number of counterions within the brushes than that
needed for neutralizing the charges on the PE chains. Moreover, we show that there is
a significant tilting of the PE chains due to the flow-induced drag forces, which
considerably changes the configuration of the brushes as well as the distribution of
mobile ions inside the nanochannel. From our MD simulations, we calculate the flow
velocity profiles and nanoscale energy conversion characteristics such as the
streaming current, streaming electric field, and electrical power output for two
different values of applied pressure gradient. We show that the results of our all-atom
MD simulations are in reasonable agreement to the predictions of our continuum
calculations. The continuum calculations are only off by a factor of ~1.5-4 with respect
to the quantities measured from the MD simulations. We attribute the discrepancy
between the continuum predictions and MD results to the inability of the continuum
models to capture the factors such as the flow-induced tilting of the brushes,
overscreening of the grafted PE layer, and the hydrophilic interactions of the PE chains

with the brush-trapped water molecules. Finally, we show that our results for the
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streaming conductance are within the range of values reported by a prior experimental
study, thereby increasing our confidence in the feasibility of the numbers obtained from

our system.

6.1. Introduction

Liquid flow in charged nanochannels, triggered by the application of an axial pressure
gradient has been utilized as a method for nanoscale generation of electrical energy.?*>
26 In such systems, the mechanical energy of the pressure-driven flow along with the
chemical energy of the electric double layer (EDL) formed on the inner walls of the
charged nanochannel is converted into an electrical power output. This mechanism is
known as electrochemomechanical energy conversion. End-grafting of polyelectrolyte
(PE) chains on flat and curved surfaces has been utilized in a wide variety of
applications such as current rectification,?>?% stabilization of emulsions,® nanoscale
energy conversion,>1316¢ drug delivery,®7 oil recovery,® etc. These end-grafted PE
chains assume a “brush”-like conformation above a critical grafting density (number
of chains per unit grafted area). It has been shown that decorating the walls of a
nanochannel with a layer of PE brushes can enhance the electrical power output and
the nanoscale energy conversion efficiency by shifting the location of the EDL away
from the retarding effects of the nanochannel wall-induced drag force.113166
Moreover, the stimuli-responsiveness of the brushes to changes in environmental
conditions such as the solvent quality, bulk salt concentration, pH, temperature, etc.

provides a way to tune/optimize the energy conversion characteristics of the system.
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Given the ability of PE brushes to enhance the energy conversion characteristics of
nano systems, a number of studies have investigated pressure-driven liquid transport in
PE brush-grafted nanochannels.18113166 However, none of these studies has adopted a
fully atomistic framework. Even though Ref. 18 has performed MD simulations of
pressure-driven flow in PE brush-grafted nanochannels, they have considered a coarse-
grained representation of the PE chains and water molecules. In this chapter, we report
the first MD study to probe a pressure-driven flow in nanochannels grafted with
backbone-charged PE brushes with an explicit atomistic treatment of the PE chains,
water molecules (solvent), and mobile ions. We study the fully developed flow field
and nanoscale energy conversion characteristics for two different values of the applied
pressure gradient. Our simulations show that the brushes experience a significant tilt
due to the flow-induced drag force, especially at high values of the imposed pressure
gradient such as the ones used in this study. Our fully atomistic framework plays an
instrumental role in capturing a highly complex phenomenon such as the overscreening
of the grafted PE layer. Overscreening refers to a situation where a negatively
(positively) charged PE brush layer is net positive (negative) due to the presence, inside
the brush layer, of a larger number of counterions than needed for screening the charge
of the PE brush layer. Also such overscreening results in a highly non-trivial
distribution of the mobile ions inside the nanochannel with an excess of coions (relative
to counterions) inside the brush-free bulk, and thereby significantly altering the
nanoscale energy conversion characteristics. Most importantly, we evaluate several
important quantities associated with the pressure-driven transport such as the flow

velocity profile, streaming current, streaming electric field, and electrical power output
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for different values of applied pressure gradients. We further go on to utilize our
continuum framework*327 (Chapters 4 and 5) to generate predictions for the
aforementioned properties calculated from the MD simulations. This helps us to
provide a one-to-one comparison between the results of our MD simulations and the
theoretical calculations. Fascinatingly, our continuum predictions for the volume flux,
streaming current, and streaming electric field only differ from their MD counterparts
by a factor of ~1.5-4. This highlights the ability of our continuum framework to capture
the highly complex physics of liquid transport in PE brush-grafted nanochannels with
considerable accuracy despite having numerous underlying simplifications. We also
discuss several important factors that are responsible for the observed discrepancy in
the predictions of the continuum models and the results of the all-atom MD simulations.
Finally, we provide a brief comparison of our results for the streaming conductance
with the values reported by a prior experimental study!® on the pressure-driven

transport of water in a charged nanochannel.

6.2. Simulation Details

Figure 6.1 depicts a snapshot of our MD simulation domain. Our simulation domain
consists of a nanochannel (having a length, width, and height of 234.75 A, 93.9 A, and
120.4509 A respectively) made of two parallel walls of explicitly resolved atoms. The
walls consist of a single layer of discrete particles arranged in an FCC lattice with a
lattice constant of 3.612 A. 90 fully ionized polyacrylic acid (PAA) chains are end-

grafted in an 18 x 5 array on each of the nanochannel walls. Each PAA chain consists
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of exactly 49 backbone carbon atoms. The grafting density of the brushes was
maintained at 0.05/c2 [¢=3.5 A is the Lennard Jones (LJ) distance parameter associated
with the backbone carbon atoms of the PAA chains] by providing a lateral spacing of
15.65 A between the grafted ends of adjacent PAA chains. The charges on the PAA
chains are neutralized by adding 4320 Na* counterions to the system. SPC/E water
molecules are added to the system and act as a “good’ solvent for the brushes.®* A salt
concentration of 0.1 M was maintained inside the nanochannel by adding an adequate
number of Na* - CI ion pairs.

The PAA chains were modelled using the OPLS-AA force field.%® The bonded (bonds,
angles, dihedrals, and impropers) and non-bonded (partial charges and LJ parameters)
interaction parameters for the various atom types associated with the PAA chains were
taken from the OPLS-AA database and are provided in section 2.6 of chapter 2. The LJ
parameters for the Na™ and CI" ions were taken from the work of Joung and Cheatham
(see Table 2.4).%8 Geometric mixing rules were followed to calculate the LJ interactions
between dissimilar atom types. The only exceptions to this rule were the LJ interactions
between oxygen atoms of water molecules and the mobile ions (Na* and CI"), as well
as the LJ interactions between the Na™ and CI" ions. These interactions followed the
Lorentz-Berthelot mixing rules in accordance with Ref. 98. A shifted and truncated 12-
6 Lennard Jones potential with a cutoff of 13 A was used to model the short-ranged
interactions between the atoms. The long-range coulombic interactions were modelled
using a particle-particle particle-mesh (PPPM) solver.®” Periodic boundary conditions
were used in all directions. SHAKE algorithm® was used to fix the bonds and angles

of the SPC/E water molecules.
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Our initial configuration consisted of fully stretched PAA chains (configuration of
minimum entropy). The Na" counterions and water molecules were distributed
throughout the simulation domain, while the salt ion pairs were distributed randomly
in the space outside the PAA chains. The system was first run in a NP.T (the subscript
z indicates that only the height of the simulation domain was allowed to change in order
to maintain the pressure) ensemble to obtain the correct height of the nanochannel. The
pressure and temperature of the system were maintained at 1 atm and 300 K
respectively by using a Nosé -Hoover barostat and thermostat®>® (with time constants
of 1 ps and 0.1 ps for pressure and temperature respectively). Subsequently, the system
was equilibrated in the canonical (NVT) ensemble. This was done by using two
separate Langevin thermostats® (with time constants of 0.1 ps) for the PAA chains and
the mobile species (Na*, ClI-, and the water molecules). The average end-point brush
height was carefully monitored to check for equilibration.

Following the equilibration of the PE brush system, a uniform pressure gradient was
imposed by applying a constant force on the mobile species (oxygen atoms of the water

molecules and the mobile ions). The magnitude of this applied force (F) was

determined by F = %P, where p is the average number density of the mobile species,

and VP = |Z—Z| is the magnitude of the imposed pressure gradient in the axial

direction.?’® Simulations were conducted for two different values of the pressure
gradient, i.e., 1 MPa/nm and 2 MPa/nm. Proper care was taken to ensure that the
thermostats do not affect the pressure-gradient-induced flow field. The Langevin

thermostat (with a time constant of 0.1 ps) on the mobile species was only applied to
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one-quarter of the nanochannel, and that too exclusively in the y and z directions. On
the other hand, the Langevin thermostat on the PAA chains (with a time constant of 0.1
ps) was applied throughout the nanochannel and in all directions. In this way, the
system was maintained at 300 K. The velocity profiles of the SPC/E water molecules
(sampled from the three-quarters of the nanochannel where the mobile species were
not thermostatted) as well as the average end-point height of the brushes were
monitored for ensuring a fully developed flow field. The particle trajectories were
integrated by using the Velocity Verlet algorithm with a time step of 2 fs. The atomic
trajectories were dumped every 0.5 ps. All simulations were carried out on the MD
package LAMMPS.*® OVITO was used for visualization purposes.®

The equilibration and production run times for simulations with different applied

pressure gradients are given in Table 6.1.
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Figure 6.1: Snapshot of the MD simulation domain for pressure-driven transport in
PE-brush grafted nanochannel. Na* and CI- ions are depicted by blue and yellow
spheres, respectively. The atoms forming the discrete walls at the top and bottom of
the nanochannel are depicted as black spheres. All other colors represent the various
atom types of the PAA chains. Water molecules are not shown explicitly for improved

visualization.
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vpP (M Pa/nm) tequi (nS) tprod (IIS)

0 14.16 1.84
1 55 11.9
2 46 12

Table 6.1: Equilibration time (tequi) and production run time (tprod) for different

applied pressure gradients.
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6.3. Results

6.3.1. Flow-induced Tilting of the PE Brushes

Fig. 6.2(a) plots the average end-point brush height (H) inside the nanochannel for
different magnitudes of applied pressure gradient. We can clearly observe a monotonic
decrease in the brush height with an increase in the imposed pressure gradient. This is
attributed to the flow-induced drag forces acting on the brushes, which leads to a tilting
of the PE chains. Depending on the bending rigidity of the brushes, the angle of tilt can
be significant at extremely high pressure gradients such as the ones used in our
simulations. One way to visualize this tilt in the PE chains is by looking at the average
chain conformation as a function of the applied pressure gradient. This is plotted in Fig.
6.2(b) in the form of a projection along the x-z plane (x, y, and z represent the directions
along the length, width, and height of the nanochannel respectively; see Fig. 6.1). We
can see that the chains are in an almost vertical configuration (no x-direction bias) when
no axial pressure gradient is imposed. Upon the application of an external pressure
gradient, the chains bend in the direction of flow, and the extent of deformation
increases with the magnitude of applied pressure gradient. It is this bending of the PE
chains that is ultimately responsible for the observed reduction in brush height in Fig.

6.2(a).
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Figure 6.2: (a) Reduction in average end-point brush height (H) with applied axial

pressure gradient, (b) average profile of the grafted PAA chains (projected on the x-z

plane) as a function of the imposed pressure gradient. In (b), the grafted ends of the

PAA chains are assumed to lie at the origin (with z=0 representing the grafting

plane) and the flow occurs along the positive x-direction. The equilibrium end-point

brush height and average chain profile for VP=0 MPa/nm were first obtained in Ref.

209.
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6.3.2. Overscreening of the Grafted PE Layer

Fig. 6.3 plots the transverse variation of the number densities (n) of Na* and CI" ions
for various applied pressure gradients. We can observe that there is an abundance of
Na* ions (relative to CI ions) inside the grafted PE layers in order to neutralize the
negative charges on the PE chains. However, as we move away from the PE brushes to
the brush-free bulk (region near the center of the nanochannel that is outside the EDL
created by the brushes), we observe that the number density of CI- coions becomes
greater than that of the Na* counterions [see insets of Fig. 6.3(a-c)]. This indicates an
interesting phenomenon of the net abundance of coions in the brush-free bulk, instead
of the expected parity in the number of coions and counterions outside of the PE brush-
induced EDL. Moreover, given the net electroneutrality of the system, this signifies
that there are a higher number of Na* counterions within the grafted PE layer than that
needed to neutralize the PE brush charges. This phenomenon is known as
overscreening. We see that the extent of overscreening is maximum in the absence of
pressure-driven transport and reduces considerably upon the application of an external
pressure gradient [compare insets of Fig. 6.3(a-c)]. This can be explained via the
reduction in brush height as a result of the flow-induced drag force [see Fig. 6.2(a)].
The decrease in brush height enforces a release of excess counterions from the grafted
PE layer into the brush-free bulk, thereby decreasing the disparity in the number of
coions and counterions in the brush-free bulk.

We must point out that the results for overscreening for the case of VP = 0 were first

obtained in another manuscript from our group.?®® The presence of overscreening in
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our system can be attributed to three different factors. These factors have been
discussed extensively Ref. 209. However, we repeat them here for the sake of
continuity. The first factor is the physical confinement created by the nanochannel (note
that this is different from the confinement created by the PE brushes). The
nanochannel-induced confinement reduces the volume of the brush-free bulk. As a
result, the osmotic pressure of the mobile ions present in the brush-free bulk increases.
In order to counteract this increase in osmotic pressure, some of the Na* counterions
migrate into the grafted PE layer. This is the reason that we did not witness any
overscreening in our MD simulations of a single grafted PE layer'?* (Chapter 2) i.e., in
the absence of nanochannel-induced confinement. The second factor has to do with the
small size of the Na* counterions. Due to their relatively small size, it is easier for the
excess Na" ions to accommodate themselves inside the brushes without incurring
significant steric repulsion. In contrast, the larger size of the CI" ions deters them from
entering the fully neutralized grafted PE layer. The third factor is the ability of the Na*
counterions to form an energetically favorable Na*™-COO" complex with the carboxylate
functional groups of the PAA chains. Inside the PE brushes, the carboxylate oxygens
(Ocarhoxylate) can be either solvated by the Na* counterions or the hydrogen atoms of
water molecules (Hwater). However, it is energetically more favorable for the Na* ions
to solvate the Ocarbxylate atoms given their higher charge density (relative to Hwater). The
excess counterions present inside the overscreened brushes replace additional Hwater
atoms from the solvation shell of the Ocaroxylate atoms, thereby reducing the free energy

of the system. Thus, overscreening leads to an enhanced stabilization of the system.
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Figure 6.3: Transverse distribution of the number density of Na*™ and CI- ions inside
the nanochannel for (a) VP=0 MPa/nm (no applied pressure gradient), (b) VP=1
MPa/nm, and (c) VP=2 MPa/nm. A zoomed view of the ionic distributions in the
brush-free bulk are depicted in the insets. The transverse ionic distributions for VP=0
MPa/nm were first obtained in Ref. 209.

228



6.3.3. Flow Profile and Nanoscale Energy Conversion Characteristics

Fig. 6.4 plots the velocity profiles of the water molecules inside the nanochannel for
the two imposed pressure gradients. Clearly, the flow velocity increases with an
increase in the pressure gradient. The flow velocity leads to a downstream advection of
the mobile ions, which gives rise to a streaming current. The streaming current (i;) can

be expressed as:

is = ew [ u(nygs —ng-)dy,  (6.)
where e is the electronic charge, w is the width of the nanochannel, ny,+ and n¢;- are
the average number densities of the Na* and CI" ions respectively at a transverse
location y, and u is the average axial flow velocity (in the x-direction) at a transverse
location y. The integration is carried out over the entire height of the nanochannel
(—h < y < h). Unlike the continuum framework (see Chapter 5), that always predicts
a counterion dominated streaming current,*3 it is difficult to predict the direction of
streaming current in our system due to the presence of overscreening. Essentially, there
are two competing effects at play here. On the one hand, the number of counterions
supersedes the number of coions inside the nanochannel to ensure the overall
electroneutrality of the system. This tends to promote a counterion dominated
streaming current. However, due to the presence of overscreening there is an excess of
coions in the brush-free bulk where the flow velocity is at its highest. On the other
hand, the excess counterions (that are involved in the overscreening phenomenon) are
concentrated inside (or in the vicinity of) the grafted PE layer where the flow velocity

is relatively weaker. This tends to promote a preferential advection of the coions over
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the counterions, and thereby contributes to a coion dominated streaming current.
Fascinatingly, the former effect dominates the later for both values of imposed pressure
gradients and we see a counterion dominated streaming current as predicted by the
continuum framework.

Next, we quantify the streaming electric field (E;) generated inside the nanochannel
due to the pressure-driven flow. This streaming electric field gives rise to a conduction
current which opposes the streaming current and ensures a net zero current through a
given cross section of the nanochannel. The constraint of net zero current across the
nanochannel cross section emerges from the fact that there is no net applied potential
difference across the ends of the nanochannel. Mathematically, this condition is
expressed as:

inet = 0, (6.2)
= ew [, (Nyg+ingr —ner-uc-)dy =0, (6.3)

where i, is the net current through a cross-section of the nanochannel, wuy+ and u¢;-
are the average axial velocities of Na* and CI" ions respectively at a transverse location
y. The integration is carried out over the entire height of the nanochannel (—h <y <
h; his the half-height of the nanochannel). The ionic velocities can be decomposed into

the advection and conduction components to yield:

h
ew [, [yg+ (U + g+ Eg) —nei-(u — pugi-Es)]ldy = 0, (6.4)
where u is the average axial flow velocity at the transverse location y, uy.+ and pe;-
represent the electrophoretic mobilities of the Na* and CI ions respectively. In the

above equation, the direction of E, is taken in the positive x-direction (i.e., in the
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direction of flow). Therefore, E; > 0 indicates that the streaming electric field acts in
the direction of flow, while E < 0 indicates that the streaming electric field acts in the
direction opposite to flow. In our calculations, we have considered the mobilities of
Na* and CI ions in SPC/E water at 25°C (uyq+ = 4.98 X 1078 m?/Vs and uq- =
6.88 x 1078 m?/Vs).2 We must point out that prior studies have reported a
dependence of the electrophoretic mobilities of Na* and CI" ions on the magnitude of
the driving electric field.?!! However, we assume a constant value for the
electrophoretic mobilities (corresponding to the linear response regime) irrespective of
the strength of the streaming electric field. The reason for making this assumption is
that the variation of the electrophoretic mobilities of ions as a function of the driving
electric field is largely unknown, especially at the significantly high values of electric
fields observed in MD simulations. Rearranging eq. 6.4, and utilizing eg. 6.1, we obtain

the streaming electric field as:

E = ~is (65
S ew f_hh(nNa+MNa+ +nci—-pci-)dy ( )
S E, = ik (6.6)

e(Nyg+Una++tNci—Uci-)
where Ny + = 4460 and N;;- = 140 are the total number of Na* and CI" ions in our
system, and L = 234.75 A is the length of the nanochannel. The negative sign in
equations 6.5 and 6.6 indicates that the direction of electric field is opposite to that of
the streaming current in order to ensure a zero net current.
Finally, the total electrical power output from the nanochannel can be calculated as:

L (67

1.
Pout = |Z isEs
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Table 6.2 lists the values of the volume flux (Q = w f_hh u dy; where the integration is

carried out over the entire height of the nanochannel), streaming current, streaming
electric field, and electrical power output for the two applied pressure gradients. We
can observe that the volume flux, streaming current, streaming electric field, and power
output increases with an increase in the imposed pressure gradient. This behavior is in
line with the predictions of our continuum framework!'® (Chapter 5). However, Q, i,
and E; values obtained from our MD simulations do not scale linearly with the applied
pressure gradient (doubling the imposed pressure gradient from 1MPa/nm to 2 MPa/nm
does not double the values of Q, i; and E; in table 6.2) as predicted by the continuum
calculations (see Chapter 5). As a result of the non-linearity of iy and Ej, the power
output also does not scale quadratically with the applied pressure gradient (doubling
the imposed pressure gradient from 1MPa/nm to 2 MPa/nm does not quadruple the
value of P,,,; in table 6.2) as suggested by the theoretical calculations of Chapter 5. The
reasons for this discrepancy between the results obtained from the MD simulations and

the predictions of the continuum models will be discussed section 6.4.
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Figure 6.4: Axial flow profiles (obtained from our all-atom MD simulations) for the
pressure-driven transport of water inside the nanochannel as a function of the

applied pressure gradient.
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Quantity VP=1 MPa/nm VP=2 MPa/nm

Volume Flux (Q) (um?®/s) 93.8 201.9
Streaming Current (i) (nA) 2.70 4.63
Streaming Electric Field
1.71 .
(E5) (mV/nm) 2.93
Power Output (P,,,;) (NW) 0.027 0.080

Table 6.2: Volume flux for water transport and nanoscale energy conversion
characteristics obtained from the all-atom MD simulations (for different applied

pressure gradients).
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6.4. Comparison with Continuum Predictions

In this section, we shall compare our MD results for the nanofluidic energy conversion
characteristics with the theoretical predictions of our continuum framework?!t3297
provided in Chapters 4 and 5. The configuration of the PE brushes along with the
distribution of the mobile ions will be modelled by using our state-of-the-art modified
Strong Stretching Theory or MSST (see section 4.5).2% In order to obtain a one-to-one
match between the MD and continuum systems, we carefully set the parameters in our
MSST model in accordance with our all-atom MD framework. The length of each Kuhn
monomer (a) is setto 1 C-C bond length, i.e., 1.53 A. Accordingly, the number of Kuhn
monomers per chain (N) was set equal to the number of backbone C-C bonds on each
grafted PAA molecule. i.e., 48. The number of polyelectrolyte chargeable sites per
Kuhn monomer (y) was set to 0.5/a®, since every alternate backbone carbon atom is
attached to a carboxylate functional group. The distance between adjacent monomers
(£) was set to 15.65 A (corresponding to a grafting density of 0.05/c2). By setting
PH»>>pKa [pH- is the bulk pH and pKa=-In(Ka), where Ka is the dissociation constant
for the ionization of PE functional groups], it was ensured that the chains are fully
ionized in accordance with our MD simulations. One important aspect to note is that
the MSST model does not differentiate between the counterions released from the
ionization of the brushes and the cations released by the dissociation of the added salt.
On the other hand, the atomistic MD simulations contain explicit counterions in order
to maintain a state of net electroneutrality within the simulation domain. In fact, the

concentration of counterions (released by the ionization of the brushes) within the
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grafted PE layer in our MD simulations can be significantly larger than that of the
cations released by the salt. Thus, in order to make a fair comparison between the MD
and continuum systems, it was ensured that the net concentration of Na* ions inside the
PE brushes in our continuum calculations matches the value obtained from our MD
simulations in the absence of an applied pressure gradient. This was done by varying
the bulk salt concentration (c,) in our MSST model until a match was obtained for
Cew = 1.02 M. Table 6.3 provides a comparison between the equilibrium brush heights
obtained from the MSST model and the all-atom MD simulations in the absence of an
applied pressure gradient. The brush heights are in excellent agreement to each other
with a difference of less than 10%.

After obtaining the equilibrium brush configuration and the distribution of the mobile
ions from our MSST model, we utilized the framework!!3 of Chapter 5 to calculate the
flow velocity and the nanofluidic energy conversion characteristics for different
applied pressure gradients. Table 6.4 provides a comparison between the continuum
predictions of the volume flux, streaming current, streaming conductance (C;) (this
quantity will be discussed in section 6.5), streaming electric field, and power output
and their corresponding values obtained from our all-atom MD simulations. We
observe that the continuum model does a very reasonable job in predicting the values
of several nanofluidic energy conversion quantities such as Q, i, Cs, and E,. The values
of these quantities are only off by a factor of ~1.5-4 from their corresponding MD
values. In addition, the flow velocity profiles obtained from the two methods are also
in satisfactory agreement to each other (see Fig. 6.5), with the continuum model

overpredicting the centerline velocity by a factor of ~2. It must be emphasized that the
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level of agreement between our continuum calculations and all-atom MD simulations
is remarkable, since these methods are designed to operate at significantly different
length scales. In addition, the MD simulations can capture extremely intricate and
complex atomistic interactions which are impossible to model in the continuum
framework. Despite that, the continuum calculations are able to provide an estimate of
the flow field and energy conversion characteristics correct to the order of magnitude
(off by only a factor of ~1.5-4).

Now, we focus our attention to the reasons for the discrepancy between the results of
our continuum predictions and the MD simulations. The first major difference between
the two frameworks is the ability to capture the tilt of the brushes. From Fig. 6.2, we
can see that the application of an external pressure gradient can result in a significant
tilting of the grafted PE chains, and consequently a reduction in the brush height.
However, our continuum model is unable to capture these flow-induced changes in the
brush configuration. In other words, our continuum framework only considers a one
way coupling between the brush configuration/ionic distribution and the pressure-
driven flow field. We utilize the equilibrium PE brush configuration and the associated
PE-brush-induced EDL electrostatics (in the absence of applied pressure gradient) to
calculate the pressure-driven flow field but neglect the influence of the flow field on
the underlying PE brush configuration (and the corresponding distribution of the
mobile ions). While the assumption of a one-way coupling between the PE brush
configuration and the pressure-driven flow field is a good one for relatively weak flow
fields, this assumption tends to break down at high flow velocities such as the ones

observed in our MD simulations.
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The second factor contributing to the discrepancy between the continuum and MD
predictions is the presence of overscreening in our system. Overscreening is a highly
complex phenomenon which arises from the atomistic correlations between the charged
PE chains and the Na* counterions. As a result of overscreening, we observe a highly
non-trivial ionic distribution with an excess of coions in the brush-free bulk. This ionic
distribution cannot be captured by our continuum model. Despite its ability to capture
ion-ion correlations, the MSST model still operates within a mean-field framework.?%’
This makes it impossible for the MSST model to match the accuracy of fully atomistic
MD simulations in capturing highly complex interactions occurring at the atomistic
length scales. Having said that, the MSST model still does a much better job than other
existing models for PE brushes that do not consider non-Poisson Boltzmann effects
such as solvent polarization, ion-ion correlations, and finite size of the ions and solvent
molecules.

The third reason for the difference between continuum and MD results can be attributed
to the strongly hydrophilic nature of the PAA brushes. The hydrophilicity of the PAA
chains significantly restricts the mobility of the brush-trapped water molecules as
quantified by their mean squared displacement [see Fig. 2.5(f)].1%* This is a result of
strong ion-dipole interactions between the condensed counterions and the water
molecules, the spatial nanoconfinement induced the grafted PE chains, as well as the
formation of hydrogen bonds between the water molecules and the Ocarboxylate
atoms.124212-213 Therefore, the flow velocity is significantly reduced inside the grafted
PE layer. Our all-atom MD simulations can easily capture these effects while the

continuum models cannot. This leads to a notable difference in the shape of the flow
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profile within the PE brushes obtained by the MD simulations and the continuum
calculations (see Fig. 6.5), and thereby leads to significant differences in the energy

conversion characteristics.
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Figure 6.5: Comparison of the axial flow profiles for the pressure-driven transport of
water (for different applied pressure gradients) obtained from all-atom MD
simulations and continuum calculations. Parameters used in the MSST model are
a=1.53 A, £ =15.65 A, c,,=1.02 M, y=0.5/a®, h=60.225 A, N=48, pKa=3.5, pH«=7.
All other parameters for the MSST model are identical to that used in Fig. 4.20.
Parameters used in the continuum flow calculations are n = 8.9 x 10~* Pa.s,

Una+ = 498 X 1078 m?/Vs, and pg;- = 6.88 x 1078 m?/Vs.
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Method Average cation Average end-point brush height
concentration inside (A)
the PE brushes (M)
All-atom MD simulations 4.355 35.44
Continuum Calculations 4.358 37.00

Table 6.3: Comparison of the average cation concentration inside the grafted PE
layer and equilibrium brush heights obtained from the continuum calculations and
all-atom MD simulations (for the case of no applied pressure gradient). Parameters
used in the MSST model are a=1.53 A, ¢ =15.65 A, c,,=1.02 M, y=0.5/a®, h=60.225
A, N=48, pKa=3.5, pH=7. All other parameters for the MSST model are identical to
that used in Fig. 4.20.
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All-atom MD simulations Continuum Calculations
Physical
Quantity vpP=1 VP=2 VP=1 VP=2
MPa/nm MPa/nm MPa/nm MPa/nm
Volume Flux
(0) (um¥s) 93.8 201.9 139.4 278.8
Streaming
Current (i) 2.70 4.63 9.54 19.09
(nA)
Streaming
Conductance 11.51 9.87 40.66 40.66
(Cs) (pA/bar)
Streaming
Electric Field 1.71 2.93 4.73 9.46
(E5) (mV/nm)
Power Output
(Poue) (W) 0.027 0.080 0.265 1.060

Table 6.4: Comparison of the volume flux for water transport and nanoscale energy
conversion characteristics obtained from the continuum calculations and all-atom
MD simulations (for different applied pressure gradients). Parameters used in the

MSST model are a=1.53 A, £ =15.65 &, ¢,,=1.02 M, y=0.5/a®, h=60.225 A, N=48,

pKa=3.5, pH«=7. All other parameters for the MSST model are identical to that used

in Fig. 4.20. Parameters used in the calculations of the flow rate and nanoscale

energy conversion characteristics are n = 8.9 x 10™* Pa.s, iy + = 4.98 x 1078

m2/IVs, o~ = 6.88 x 1078 m2/Vs, L=234.75 A, and w=93.9 A.
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6.5. Comparison with Prior Experimental Study

In this section, we provide a comparison of the nanoscale energy conversion
characteristics (associated with the pressure-driven transport of water in PE brush-
grafted nanochannels) obtained from our all-atom MD simulations as well as our
continuum framework with a prior experimental study conducted by Heyden and
coworkers.'® The purpose of this comparison is not to provide a direct validation of our
continuum/MD framework but rather to gain a sense of feasibility of the numbers
obtained from the continuum/MD models. Heyden et al probed the pressure-driven
transport of aqueous KCI solution in Silica nanochannels of length, L=4.5 mm and
width, w=50 um. The dissociation of the Silanol groups (SiOH = Si0O~ + H™) results
in the accumulation of negative charges on the nanochannel walls, thereby giving rise
to an EDL. Several experimental runs were conducted with different nanochannel
heights and bulk salt concentrations. Before providing a comparison of our results with
the experiments, we would like to point out that there are significant differences
between our continuum/MD system and that of Heyden et al. Firstly, the channel
dimensions for Heyden et al are orders of magnitude larger than ours. Our system has
a nanochannel height of ~12 nm, while Heyden et al conducted experiments on
nanochannels with heights between 70 nm and 1147 nm. Secondly, we consider PE
brush grafted nanochannels while Heyden et al ran experiments on bare nanochannels
with surface charges (no PE brush grafting). Thirdly, Heyden et al considered KCI as
the added salt in contrast to the NaCl used in our studies. Fourthly, the nanochannel

walls used in our MD simulations do not mimic the surface properties of the Silica
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nanochannel used by Heyden et al. Fifthly, the applied pressure gradient used in our
system is orders of magnitude of higher than that probed in Heyden et al. As a result,
one-to-one comparison between our work and Heyden et al is not possible. However,
as mentioned before, this comparison will provide us a sense of feasibility of the results

obtained from our continuum/MD framework.

Heyden et al reported their nanoscale energy conversion characteristics in the form of
a quantity known as the streaming conductance (C). The streaming conductance is
defined as the ratio of the streaming current (i) and the pressure difference applied
across the length of the nanochannel (LVP). Heyden et al observed a streaming
conductance in the range of ~1-100 pA/bar (see Fig. 3 in Ref. 19) depending on the
height of the nanochannel (which was varied from 70 nm to 1147 nm) and the KCI salt
concentration (which was varied from 5.6 uM to 1 M). In an attempt to compare our
results to the experimental findings of Heyden et al, we calculated the streaming
conductance from our MD simulations and continuum calculations for both values of
applied pressure gradients (see Table 6.4). We obtain streaming conductance values of
~10 pA/bar from our MD simulations, and ~40 pA/bar from our continuum framework
(see Table 6.4), which are both within the range of values reported by Heyden et al.
This serves as a check for the feasibility of our all-atom MD and theoretical results.
However, this comparison does not illustrate the role played by the brushes in dictating
the observed value of streaming conductance in our system (remember that Heyden et
al conducted experiments on brush-free nanochannels). To quantify the effect of

brushes on the streaming conductance, we perform two separate continuum
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calculations: 1) Brush-free nanochannels with parameters corresponding to Heyden et
al and 2) Nanochannels grafted with PE brushes carrying the same charge density as
the surface charge density of the nanochannel walls for the brush-free case. Since,
Heyden et al probed various combinations of nanochannel height and bulk salt
concentration, we pick a particular combination with nanochannel height of 140 nm
and bulk salt (KCI) concentration of 0.1 M for our continuum calculations. We utilize
our Augmented Strong Stretching Theory (see Chapter 4) for the continuum
calculations since the non-Poisson Boltzmann effects are negligible at 0.1 M bulk salt
concentration (see Figures 4.20, 4.21 and 4.22). First, we calculated the surface charge
density on the walls of the Silica nanochannels used by Heyden et al (for channel height
of 140 nm and bulk salt concentration of 0.1 M). According to the Behrens-Grier
model, the zeta potential (¢) of the Silica nanochannel surface can be related to its

surface charge density (o) as:?4#°

{(0) = "2 in (17-) + In(10) 2% (pK, — pHer) = (6.8)

e el'+o

where kg = 1.38 x 10723 J/K is the Boltzmann constant, e=1.6 x 1071 C is the
electronic charge, T=298 K is the temperature, I' = 8nm™~2 is the surface density of
Silanol groups, pK, = —In(K,) =7.9 (where K, is the dissociation constant for Silanol
groups), pH, =8 is the bulk pH of the electrolyte, and C = 0.3 F/m? is the
capacitance of the Stern layer. The values of T', pK,, pH, and C have been taken from
Heyden et al. Moreover, the Grahame equation relates the zeta potential and surface

charge density for non-overlapping EDLs as:?4

0(q) = 22 sinp (££) (6.9)

Ape 2kgT
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where ¢, = 8.854 x 10712 F/m is the permittivity of free space, ¢, = 78.54 is the
relative permittivity of water, and 1, = /% is the Debye screening length (n,, =

1000 X Ny X Coo; € = 0.1 M is the bulk Molarity of KCl and N, = 6.022 x 1023 is
the Avogadro’s number). Note that the EDL thickness (1) corresponding to our
chosen bulk salt concentration of 0.1 M is ~1 nm, which is significantly lower than the
half height of the nanochannel (70 nm). Thus, there is no EDL overlap, and eq. (6.9) is
valid for our system. Solving egs. (6.8,6.9) simultaneously yields the values of the
equilibrium surface charge density, 0 = 23.36 mC/m? and zeta potential, { = 30.53
mV for our chosen parametric combination (bulk salt concentration, c¢,, = 0.1 M and
nanochannel half-height, h=70 nm). Next, we utilized our continuum framework
(Chapters 4 and 5) to obtain the streaming conductance, Cs o prusn = 3.65 pA/bar
for a bare (brush-free) nanochannel with the calculated surface charge density of o =
23.36 mC/m? (with ¢, = 0.1 M,h = 70 nm, L = 4.5 mm,w = 50 um, and pH,, =
8). The electrophoretic mobility of K* ions, ux+ = 7.12 x 1078 m?/Vs and CI" ions,
Uc- = 6.88 X 1078 m?2/Vs were taken from Ref. 210, and the dynamic viscosity of
water was taken as n =8.904x 10"* N/m?s. The value of Cs noprusn =
3.65 pA/bar obtained from our continuum calculations is in excellent agreement with
the value of streaming conductance reported by Heyden et al (~3.5 pA/bar) for

nanochannel of height 140 nm and bulk salt concentration 0.1 M (see Fig. 2 in Ref. 19).

Next, we proceed to calculate the streaming conductance for the case of brush-grafted

nanochannel carrying the same charge density (oy,-,s,) as the surface charge density of
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the brush-free nanochannel (o = 23.36 mC/m?). For this purpose, we chose short lose
brushes with ¢ = 60 nm and N = 400. Calculations were performed for c, =
0.1M,h=70nm,L =45mm,w =50 um, pHy, = 8, g+ = 7.12 X 1078 m?/

Vs, uc- = 6.88 X 1078 m?/Vs,n = 8.904 x 107* N/m?s. All other parameters
(except number density of polyelectrolyte chargeable sites, y) were identical to those

used in Figure 5.2. y was varied iteratively until the charge density of the brushes,
Oprush = —€ f__:mo ¢n,-dy (where ¢ is the monomer volume fraction, n,- is the

number density of ionized sites on the PE chains, and H, = 47.36 nmis the
equilibrium brush height) matched the surface charge density of the bulk nanochannel
(o = 23.36 mC/m?). This procedure yielded a value of y = 2.415/a3. Finally, we
obtained a value of streaming conductance, C; = 55.36 pA/bar for the brush-grafted
nanochannel, which is more than an order of magnitude greater than the value obtained
for the brush-free nanochannel (Cs ;5 prusn = 3.65 pA/bar). This analysis shows that
the presence of grafted PE brushes plays an instrumental role in increasing the
streaming conductance associated with the pressure-driven flow. Thus, we anticipate
that PE brush grafting (with the appropriate brush parameters) can be utilized as a
mechanism to significantly increase the magnitude of streaming conductance obtained

in the experimental study of Heyden et al.
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6.6. Conclusions

We conducted the first fully atomistic MD study of pressure-driven transport of water
in nanochannels grafted with backbone charged PE brushes. Our system exhibits a most
interesting phenomenon of overscreening of the grafted PE layer which results in more
counterions inside the brushes than that needed to neutralize the PE chains. As a result,
the number of coions exceeds the counterions in the brush-free bulk, thereby
dramatically impacting the nanoscale energy conversion characteristics. In addition,
we observe a significant tilting of the PE chains due to the large flow-induced drag for
the applied values of pressure gradients. We went on to calculate several pertinent
quantities associated with the pressure-driven transport such as the flow velocity
profile, volume flux, streaming current, streaming conductance, streaming electric
field, and electrical power output. The qualitative trend of these quantities with respect
to the magnitude of imposed pressure gradient was observed to be in line with the
predictions of our continuum model. However, the predictions of the continuum
calculations were off by a factor of ~1.5-4 relative to the all-atom MD results. This
discrepancy between the continuum methods and MD simulations can be attributed to
the inability of the continuum framework in capturing factors such as the flow-induced
tilting of the brushes, overscreening of the grafted PE layer, and the hydrophilicity of
the brushes. Finally, we show that our MD and continuum results for the streaming
conductance are within the range of prior experimentally reported values for the
pressure-driven transport of water in nanochannels, acting as a check for the feasibility
of the numbers obtained from our models.'® Future MD simulation-based studies can

investigate the water transport in PE brush-grafted nanochannels for different grafting
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densities of the brushes. This will help understand the role of grafting density in
dictating the nanoscale energy conversion characteristics and help optimize nano-

systems for maximum electrical power output and energy conversion efficiency.
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Chapter 7: Validation, Verification, and Summary of

Contributions

In this chapter, we provide a validation/verification of our fully atomistic molecular
dynamics (MD) simulations and continuum models. This is done by showing that our
all-atom MD results are in excellent agreement to the theoretical predictions of existing
as well as our own continuum models. In addition, we also provide a comparison of
our MD and continuum results against prior experimental studies. Several of the
validatory studies in the present chapter have been taken directly from previous
chapters of this thesis. This is done to reorganize all the validations/verifications of our
work and present them together for improved readability. Finally, we end by

summarizing the major contributions of this thesis to the existing body of knowledge.

7.1. Comparison of All-atom MD Simulations with Continuum Models

7.1.1. Match between All-atom MD Results of Brush Height and Scaling Laws of the

Non-linear Osmotic Brush Regime”

The detailed procedure for carrying out our all-atom MD simulations of densely grafted
planar polyacrylic acid (PAA) brushes is provided in section 2.5. Figure 7.1(a) depicts

the variation of the end-point brush height < z, > with N, which denotes the number

* The contents of this subsection have been published as the following journal article: Sachar, H. S.; Pial,
T. H..; Desai, P. R.; Etha, S. A.; Wang, Y.; Chung, P. W.; Das, S. “Densely Grafted Polyelectrolyte
Brushes Trigger “Water-in-Salt”-like Scenarios and Ultraconfinement Effect.” Matter 2020, 2, 1509-
1521.
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of backbone carbon atoms of the polyelectrolyte (PE) brush molecule. We observe <
z, >~N. On the other hand, in Fig. 7.1(b), we provide the variation of < z, > with the
grafting density a,. In order to explain the trends of < z, > with N and g5, we invoke
the scaling prediction on the brush height (Hosmni) for PE brushes in the non-linear
osmotic regime.®>% This regime improves the predictions of the standard osmotic
brush regime (in osmotic regime, the brush height is obtained by balancing the elastic
energy of the brushes with the entropic energy of the counterions) by additionally
accounting for the effects of self-volume of the polyelectrolyte chains on the counterion
entropy. Following refs 65-66, we can write:

f+0'esz0'g
1+f

Hosm,nl =nb , (7.1)

where n is the number of repeating units [in our case n=(N-1)/2], b is the length of each
repeating unit [in our case b is equal to 2 backbone C-C bond lengths. i.e., 3.058 A],
is the fraction of charged monomers (f=1 for a fully ionized brush), and o,¢f = V20
[6=3.5 A is the Lennard Jones (LJ) distance parameter for backbone carbon atoms on
the PE chains] is the effective monomer diameter (i.e., the diameter of the monomer
accounting for the condensed counterions). Eq. (7.1) and n=(N-1)/2 explains the linear
variation of < z, > with N. Also, we compute the variation of H,g, ,; With g, from
eqd. (7.1) and compare the theoretical results with the MD predictions [see Fig. 7.1(b)].
The theoretical result accurately captures the rate of increase of <ze> with g, although
it under predicts the values of <ze> for all combinations of N and o,, which can be
attributed to different factors such as the lateral inhomogeneity in counterion

distribution, improper consideration of o, (possibly due to the presence of pendant
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groups attached to the PE backbone), short-range excluded volume interactions

between the PE chains, etc.
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Figure 7.1: Equilibrium end-point height of the PE brushes.

(a) Variation of the end-point brush height with N for different grafting densities. The
dashed line denotes the < z, >~N scaling as also confirmed by eq. (7.1). (b)
Variation of the end point brush height with grafting density (o, ) for different N. The

dotted lines provide the result of the theoretical calculation of brush height obtained

by employing eq. (7.1).
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7.1.2. Comparison of the Theoretical Predictions of the Modified Strong Stretching

Theory (MSST) to the All-atom MD Results for Brush Height”

In this section, we compare the results (the brush height) from the modified Strong
Stretching Theory (MSST) model (see section 4.5) with those obtained from our all-
atom molecular dynamics (MD) simulation study on PE brushes (see chapter 2). The
system probed by the all-atom simulations consist of fully ionized Polyacrylic acid
(PAA) brushes neutralized by Na* counterions. The MD simulations probed different
values of chain lengths (quantified by the number of backbone Carbon atoms) and
grafting densities (quantified by the lateral separation between adjacent chains). We
provide results for the brush height predicted from our MSST model and that obtained
from the atomistic simulations (see Table 7.1) and we observe a most outstanding

match (discussed in more details later).

In order to make a one-to-one comparison of our theoretical results with the
simulations, we make a few assumptions. Firstly, we consider each C-C bond in the
PAA backbone (along with the attached pendant groups) (as represented in the all-atom
MD model) as one Kuhn segment in the MSST model. This gives us a Kuhn length of
a=1.53 A and the number of Kuhn segments equal to the number of C-C bonds (along
the backbone of the individual PAA chains) for using in our MSST model. For

example, a chain having 29 backbone Carbon atoms in the MD simulation will contain

# The contents of this subsection have been developed by a fellow Ph.D. student Sai Ankit Etha and have
been published as the following journal article: Etha, S. A.; Sivasankar, V. S.; Sachar, H. S.; Das, S.
“Strong Stretching Theory for pH-responsive Polyelectrolyte Brushes in Large Salt Concentrations.”
Physical Chemistry Chemical Physics 2020, 22, 13536-13553.
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28 backbone C-C bonds and thus 28 Kuhn segments. Of course, with considerations
we neglect the effect of the strong angular and torsional constraints along the PAA
backbone; despite that, as we shall see later, we obtain an excellent match between the
theory and simulation results. Moreover, since fully ionized PAA chains contain a
carboxylate group on every alternate backbone carbon atom, we set the density of

polyelectrolyte chargeable sites to y = 0.5/a3.

Our second assumption relates to the quantification of an equivalent bulk salt
concentration for the MD simulations. The simulations have some fundamental
differences from the theoretical model as they consider the effects of the counterions
explicitly. In fact, most of the cation concentration within the brushes in our MD
simulations was due to the presence of the explicit counterions. We had added 0.1 M
NaCl salt in the simulation box as well (for our MD simulation study), but its
concentration within the brushes was negligible in comparison to the counterions. On
the other hand, our MSST model involves the effects of a bulk salt concentration but
does not consider the counterions (in the vicinity of the PE brushes) separately. Thus,
in order to make an appropriate comparison between the two systems, we have ensured
that the cation (or counterion) concentration within the brushes is equal for the two
cases (i.e., the case studied by the MD simulations and the MSST case). This was
achieved by varying the bulk salt concentration in our MSST model (for each value of
chain length and grafting density) until we obtained a nearly identical average cation
concentration within the brushes to that obtained from the simulations. Of course, the

anion concentration within the brushes is negligible due to the presence of negative
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charges on the PE functional groups and the fact that the brushes are extremely densely
grafted and hence can be ignored. The final bulk salt concentration values used in the
theoretical (MSST) model as well as the average cation concentration within the
brushes (for both theory and simulations) are provided in Table 7.1 and as one could

see, we work with almost identical concentration values (for the two cases).

Finally, in order to enforce complete ionization of the PE functional groups in our
MSST model, we set pH,, > pK,. This was done to be consistent with the MD

simulations that considered fully ionized PAA chains.

From Table 7.1, we observe an excellent match between the brush heights predicted by
our MSST model and the all-atom MD simulations. In fact, the brush heights differ by
less than 5% for all the different combinations of parameters that were considered. This
level of agreement with the MD simulation results is remarkable, considering the
sophistication involved in such atomistic simulations that considered an all-atom
framework where each atom of the brushes, water and the mobile ions was modelled
explicitly. This allows the simulations to attain levels of accuracy that are beyond the
capabilities of any mean field continuum model. Despite that, our theoretical results
are in outstanding agreement with the MD simulation results. This not only verifies our
MSST model but also testifies its potential in capturing non-PB effects to an extent that

is unprecedented in the continuum modelling of PE brushes.
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Number Grafting Bulk salt Average Average Brush Brush
of Carbon | Density concentration | counterion cation Height (&) | Height (&)
atoms (N) | (a,) (1/ used for the | concentration | concentration | obtained obtained
o?) MSST model | within PE within PE in MD using the
[ (M)] brushes for brushes for study MSST
MD study the MSST model
(M) model (M)
29 0.05 0.1 3.38 3.43 25.56 24.92
29 0.1 0.6 6.04 6.00 28.99 29.50
49 0.05 0.3 3.47 3.46 44.25 45.40
49 0.1 1.25 6.19 6.21 50.43 50.91
69 0.05 0.5 3.57 3.62 61.98 62.86
69 0.1 1.5 6.32 6.30 70.53 72.86

Table 7.1: Comparison of brush heights obtained from the MSST model presented in
section 4.5 and all-atom MD simulations of chapter 2 for various values of the
number of carbon atoms (N) and grafting density (in units of 1/6%), where ¢ = 3.5 A
is the Lennard Jones size parameter). The values of bulk salt concentration (c,, in M)
used in MSST model, the equivalent average cation concentration within the brushes
for the MSST model, and the average counterion concentration for the MD
simulations are also provided. Please note for a given N and o, value, we consider
such a value of the bulk salt concentration that yields nearly identical values of cation
concentration and counterion concentration for the MSST model and the MD
simulations, respectively. Only under such circumstances, we could compare that
height values obtained from the present MSST model and the all-atom MD
simulations. Other parameters used in the MSST model are as follow: Kuhn length,
a, of 1 C-C bond length equivalent to 1.53 A and the density of chargeable sites (y)
equal to 0.5/a3.
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7.1.3. Comparison of All-atom MD Results for Pressure Driven Flow in PE Brush-

grafted Nanochannels to the Continuum Predictions

In this section, we shall compare our all-atom MD results for the nanofluidic energy
conversion characteristics (Chapter 6) with the theoretical predictions of our continuum
framework (Chapters 4 and 5). The configuration of the PE brushes along with the
distribution of the mobile ions will be modelled by using our state-of-the-art modified
Strong Stretching Theory or MSST (see section 4.5). In order to obtain a one-to-one
match between the MD and continuum systems, we carefully set the parameters in our
MSST model in accordance with our all-atom MD framework. The length of each Kuhn
monomer (a) is setto 1 C-C bond length, i.e., 1.53 A. Accordingly, the number of Kuhn
monomers per chain (N) was set equal to the number of backbone C-C bonds on each
grafted PAA molecule. i.e., 48. The number of polyelectrolyte chargeable sites per
Kuhn monomer (y) was set to 0.5/a®, since every alternate backbone carbon atom is
attached to a carboxylate functional group. The distance between adjacent monomers
(£) was set to 15.65 A (corresponding to a grafting density of 0.05/c2). By setting
pH=>>pKa [pH« is the bulk pH and pKa=-In(Ka), where Ka is the dissociation constant
for the ionization of PE functional groups], it was ensured that the chains are fully
ionized in accordance with our MD simulations. One important aspect to note is that
the MSST model does not differentiate between the counterions released from the
ionization of the brushes and the cations released by the dissociation of the added salt.
On the other hand, the atomistic MD simulations contain explicit counterions in order

to maintain a state of net electroneutrality within the simulation domain. In fact, the
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concentration of counterions (released by the ionization of the brushes) within the
grafted PE layer in our MD simulations can be significantly larger than that of the
cations released by the salt. Thus, in order to make a fair comparison between the MD
and continuum systems, it was ensured that the net concentration of Na* ions inside the
PE brushes in our continuum calculations matches the value obtained from our MD
simulations in the absence of an applied pressure gradient. This was done by varying
the bulk salt concentration (c,,) in our MSST model until a match was obtained for
Cew = 1.02 M. Table 7.2 provides a comparison between the equilibrium brush heights
obtained from the MSST model and the all-atom MD simulations in the absence of an
applied pressure gradient. The brush heights are in excellent agreement to each other
with a difference of less than 10%.

After obtaining the equilibrium brush configuration and the distribution of the mobile
ions from our MSST model, we utilized the framework of Chapter 5 to calculate the
flow velocity and the nanofluidic energy conversion characteristics for different
applied pressure gradients. Table 7.3 provides a comparison between the continuum
predictions of the volume flux (@), streaming current (i), streaming conductance (C),
streaming electric field (E;), and power output (P,,;) and their corresponding values
obtained from our all-atom MD simulations. We observe that the continuum model
does a very reasonable job in predicting the values of several nanofluidic energy
conversion quantities such as Q, i, C,, and E. These values of these quantities are only
off by a factor of ~1.5-4 from their corresponding MD values. In addition, the flow
velocity profiles obtained from the two methods are also in satisfactory agreement to

each other (see Fig. 7.2), with the continuum model overpredicting the centerline
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velocity by a factor of ~2. It must be emphasized that the level of agreement between
our continuum calculations and all-atom MD simulations is remarkable, since these
methods are designed to operate at significantly different length scales. In addition, the
MD simulations can capture extremely intricate and complex atomistic interactions
which are impossible to model in the continuum framework. Despite that, the
continuum calculations are able to provide an estimate of the flow field and energy
conversion characteristics correct to the order of magnitude (off by only a factor of
~1.5-4).

Now, we focus our attention to the reasons for the discrepancy between the results of
our continuum predictions and the MD simulations. The first major difference between
the two frameworks is the ability to capture the tilt of the brushes. From Fig. 6.2 of
Chapter 6, we can see that the application of an external pressure gradient can result in
a significant tilting of the grafted PE chains, and consequently a reduction in the brush
height. However, our continuum model is unable to capture these flow-induced changes
in the brush configuration. In other words, our continuum framework only considers a
one way coupling between the brush configuration/ionic distribution and the pressure-
driven flow field. We utilize the equilibrium PE brush configuration (in the absence of
applied pressure gradient) to calculate the pressure-driven flow field but neglect the
influence of the flow field on the underlying PE brush configuration (and the
corresponding distribution of the mobile ions). While the assumption of a one-way
coupling between the PE brush configuration and the pressure-driven flow field is a
good one for relatively weak flow fields, this assumption tends to break down at high

flow velocities such as the ones observed in our MD simulations.
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The second factor contributing to the discrepancy between the continuum and MD
predictions is the presence of overscreening in our system. Overscreening is a highly
complex phenomenon which arises from the atomistic correlations between the charged
PE chains and the Na* counterions. As a result of overscreening, we observe a highly
non-trivial ionic distribution with an excess of coions in the brush-free bulk (see Fig.
6.3 of Chapter 6). This ionic distribution cannot be captured by our continuum model.
Despite its ability to capture ion-ion correlations, the MSST model still operates within
a mean-field framework. This makes it impossible for the MSST model to match the
accuracy of fully atomistic MD simulations in capturing highly complex interactions
occurring at the atomistic length scales. Having said that, the MSST model still does a
much better job than other existing models for PE brushes that do not consider non-
Poisson Boltzmann effects such as solvent polarization, ion-ion correlations, and finite
size of the ions and solvent molecules.

The third reason for the difference between continuum and MD results can be attributed
to the strongly hydrophilic nature of the PAA brushes. The hydrophilicity of the PAA
chains significantly restricts the mobility of the brush-trapped water molecules as
quantified by their mean squared displacement [see Fig. 2.5(f)].1%* This is a result of
strong ion-dipole interactions between the condensed counterions and the water
molecules, the spatial nanoconfinement induced the grafted PE chains, as well as the
formation of hydrogen bonds between the water molecules and the Ocarboxylate
atoms.124212-213 Therefore, the flow velocity is significantly reduced inside the grafted
PE layer. Our all-atom MD simulations can easily capture these effects while the

continuum models cannot. This leads to a notable difference in the shape of the flow
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profile within the PE brushes obtained by the MD simulations and the continuum
calculations (see Fig. 7.2), and thereby leads to significant differences in the energy

conversion characteristics.

262



—o=VP=2 MPa/nm (MD)
——VP=1 MPa/nm (MD)
= =VP=1 MPa/nm (Continuum)
= =VP=2 MPa/nm (Continuum)

120

100

0-2 0 2 4 6 8 10 12 14
u(m/s)

Figure 7.2: Comparison of the axial flow profiles for the pressure-driven transport of
water (for different applied pressure gradients) obtained from all-atom MD
simulations and continuum calculations. Parameters used in the MSST model are
a=1.53 A, £ =15.65 A, c,,=1.02 M, y=0.5/a®, h=60.225 A, N=48, pKa=3.5, pH«=7.
All other parameters for the MSST model are identical to that used in Fig. 4.20.
Parameters used in the continuum flow calculations are n = 8.9 x 10~* Pa.s,

Una+ = 498 X 1078 m?/Vs, and pg;- = 6.88 x 1078 m?/Vs.
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Method Average cation Average end-point brush height
concentration inside (A)
the PE brushes (M)
All-atom MD simulations 4.355 35.44
Continuum Calculations 4.358 37.00

Table 7.2: Comparison of the average cation concentration inside the grafted PE
layer and equilibrium brush heights obtained from the continuum calculations and
all-atom MD simulations (for the case of no applied pressure gradient). Parameters
used in the MSST model are a=1.53 A, ¢ =15.65 A, ¢,,=1.02 M, y=0.5/a®, h=60.225
A, N=48, pKa=3.5, pH=7. All other parameters for the MSST model are identical to
that used in Fig. 4.20.
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All-atom MD simulations Continuum Calculations
Physical
Quantity vpP=1 VP=2 VP=1 VP=2
MPa/nm MPa/nm MPa/nm MPa/nm
Volume Flux
(0) (um¥s) 93.8 201.9 139.4 278.8
Streaming
Current (i) 2.70 4.63 9.54 19.09
(nA)
Streaming
Conductance 11.51 9.87 40.66 40.66
(Cs) (pA/bar)
Streaming
Electric Field 1.71 2.93 4.73 9.46
(E5) (mV/nm)
Power Output
(Poue) (W) 0.027 0.080 0.265 1.060

Table 7.3: Comparison of the volume flux for water transport and nanoscale energy
conversion characteristics obtained from the continuum calculations and all-atom
MD simulations (for different applied pressure gradients). Parameters used in the

MSST model are a=1.53 A, £ =15.65 &, ¢,,=1.02 M, y=0.5/a®, h=60.225 A, N=48,

pKa=3.5, pH«=7. All other parameters for the MSST model are identical to that used

in Fig. 4.20. Parameters used in the calculations of the flow rate and nanoscale

energy conversion characteristics are n = 8.9 x 10™* Pa.s, iy + = 4.98 x 1078

m2/IVs, o~ = 6.88 x 1078 m2/Vs, L=234.75 A, and w=93.9 A.
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7.2. Comparison of All-atom MD Simulations and Continuum

Calculations with Prior Experiments

7.2.1. Comparison of All-atom MD Results for Electroosmotic Flow in PE Brush-

grafted Nanochannels to Existing Experiments’

We conduct all-atom MD simulations to investigate the electroosmotic (EOS)
transport of water in PE brush-grafted nanochannels. Our simulation domain [shown
in Fig. 7.3] consists of fully ionized Polyacrylic acid (PAA) chains (H[-CH2-CH(COO"
)-]nCHs) 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). 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 (ULs) 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.% Our simulation system consists of a total

' The contents of this subsection were primarily developed by a fellow Ph.D. student Turash Haque Pial
and have been published as the following journal article: Pial, T. H.; Sachar, H. S.; Desai, P. R.; Das, S.
“Overscreening, Coion-Dominated Electroosmosis, and Electric Field Strength Mediated Flow Reversal
in Polyelectrolyte Brush Functionalized Nanochannels” ACS Nano 2021.
https://doi.org/10.1021/acsnano.0c09248
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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 NPT 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 the NVT ensemble for 16 ns to obtain the
correct equilibrium configuration of the system by applying the Langevin thermostat.8!
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.
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
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to model the PE brush molecule, has been used for modeling a variety of polymer
systems such as hydrocarbons,?'® proteins,?!” rubbers,?*® etc. 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.’®
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A snapshot of the PE brush grafted nanochannel system.
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Our results indicate 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. 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. 7.4]. 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. Charge inversion or overscreening is observed in experiments
involving silicone nanochannels in presence of large concentrations of salts with
multivalent ions.?'°22 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 accumulates within the PE brush layer
more than required counterions and triggers overscreening. Also, in these studies?1220
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.
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Figure 7.4: Excess of the positive charges Ae = (e+ — e-) inside brush and in brush-
free bulk as a function of the electric field (E). e+ and e- indicate total number of

positive charges (Na*) and negative charges (Cl-and PE charges) respectively.
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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 the migration of the ions that are larger in
number within the EDL. However, at low electric field strengths, we observe the
presence of an overscreening effect within the PE brush layer, which implies that the
coions are excess in number in the bulk. 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
EQOS 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 of 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 107° m?2/(Vs) for experiments,??-223

while that computed for our simulations (for large electric field strength of 1 V/nm) is
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~ 5.5%x1072m?2/(Vs). The purpose of this comparison is not to provide a direct
validation of our MD framework but rather to gain a sense of feasibility of the numbers
obtained from the MD simulations. We would like to point out that there are significant
differences between our MD simulations and the experimental systems investigated in
Refs. 221-223. Firstly, Refs. 221-223 have considered channels that are much larger
than ours. The smallest channel used in these studies has a height of 20 nm (Ref. 221)
which is considerably larger than our channel height of ~12 nm. Secondly, we consider
PE brush grafted nanochannels while Refs. 221-223 ran experiments on bare channels
without any PE brush grafting. Thirdly, the nanochannel walls used in our MD
simulations do not mimic the surface properties of the channels used by Refs. 221-223.
Fourthly, the applied axial electric field used in our system is orders of magnitude of
higher than that probed in Refs. 221-223. As a result, one-to-one comparison between
our work with Refs. 221-223 is not possible. However, as mentioned before, the fact
that our EOS mobility lies within the range of values observed in prior experimental
studies provides a sense of feasibility of the results obtained from our MD framework.

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 [Fig.7.5(A)]. In this system, the nanochannel grafted with PAA brushes
(with a grafting density of 0.05/42 and having Na* ions as the screening counterions
and an added 0.1 M NaCl salt) is connected to two reservoirs at its two ends and

approximately 1/5™ of the total water stays in the nanochannel (and the rest is within
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the two reservoirs). Initially the salt ions are distributed randomly in the nanochannel
and in the reservoirs. A total of 156 chains are grafted in the nanochannel. The changes
in the brush height and ion distributions are monitored to check for equilibrium. To
check for the possible overscreening inside the PE brush layer in the nanochannel, we
have plotted the ion distribution profile in Figure 7.5(B). We can clearly see that the
density of coions are larger within the bulk, confirming the occurrence of overscreening
within the PE brush layer of the nanochannel even when the nanochannel is connected

to two reservoirs on its two ends.
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Figure 7.5: (A) Simulation setup of the PE brush grafted nanochannel with the
nanochannel being connected to two reservoirs at its two ends. (B) lon distribution
profile in the nanochannel. Yellow shaded region in (A) is considered for calculating
the ion distribution profile [reported in (B)] within the nanochannel.
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7.2.2. Comparison of All-atom MD simulations and Continuum Calculations for

Pressure-driven Transport in PE Brush-grafted Nanochannels to Prior Experimental

Study

In this section, we provide a comparison of the nanoscale energy conversion
characteristics (associated with the pressure-driven transport of water in PE brush-
grafted nanochannels) obtained from our all-atom MD simulations (Chapter 6) as well
as our continuum framework (Chapters 4 and 5) with a prior experimental study
conducted by Heyden and coworkers.?® The purpose of this comparison is not to
provide a direct validation of our continuum/MD framework but rather to gain a sense
of feasibility of the numbers obtained from the continuum/MD models. Heyden et al
probed the pressure-driven transport of aqueous KCI solution in Silica nanochannels of
length, L=4.5 mm and width, w=50 um. The dissociation of the Silanol groups
(SiOH = Si0~ + H*) results in the accumulation of negative charges on the
nanochannel walls, thereby giving rise to an EDL. Several experimental runs were
conducted with different nanochannel heights and bulk salt concentrations. Before
providing a comparison of our results with the experiments, we would like to point out
that there are significant differences between our continuum/MD system and that of
Heyden et al. Firstly, the channel dimensions for Heyden et al are orders of magnitude
larger than ours. Our system has a nanochannel height of ~12 nm, while Heyden et al
conducted experiments on nanochannels with heights between 70 nm and 1147 nm.
Secondly, we consider PE brush grafted nanochannels while Heyden et al ran
experiments on bare nanochannels with surface charges (no PE brush grafting).

Thirdly, Heyden et al used KCI as the added salt in contrast to the NaCl used in our
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studies. Fourthly, the nanochannel walls used in our MD simulations do not mimic the
surface properties of the Silica nanochannel used by Heyden et al. Fifthly, the applied
pressure gradient used in our system is orders of magnitude of higher than that probed
in Heyden et al. As a result, one-to-one comparison between our work and Heyden et
al is not possible. However, as mentioned before, this comparison will provide us a

sense of feasibility of the results obtained from our continuum/MD framework.

Heyden et al reported their nanoscale energy conversion characteristics in the form of
a quantity known as the streaming conductance (C). The streaming conductance is
defined as the ratio of the streaming current (i) and the pressure difference applied
across the length of the nanochannel (LVP). Heyden et al observed a streaming
conductance in the range of ~1-100 pA/bar (see Fig. 3 in Ref. 19) depending on the
height of the nanochannel (which was varied from 70 nm to 1147 nm) and the KClI salt
concentration (which was varied from 5.6 uM to 1 M). In an attempt to compare our
results to the experimental findings of Heyden et al, we calculated the streaming
conductance from our MD simulations and continuum calculations for both values of
applied pressure gradients (see Table 7.3). We obtain streaming conductance values of
~10 pA/bar from our MD simulations, and ~40 pA/bar from our continuum framework
(see Table 7.3), which are both within the range of values reported by Heyden et al.
This serves as a check for the feasibility of our all-atom MD and theoretical results.
However, this comparison does not illustrate the role played by the brushes in dictating
the observed value of streaming conductance in our system (remember that Heyden et

al conducted experiments on brush-free nanochannels). To quantify the effect of
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brushes on the streaming conductance, we perform two separate continuum
calculations: 1) Brush-free nanochannels with parameters corresponding to Heyden et
al and 2) Nanochannels grafted with PE brushes carrying the same charge density as
the surface charge density of the nanochannel walls for the brush-free case. Since,
Heyden et al probed various combinations of nanochannel height and bulk salt
concentration, we pick a particular combination with nanochannel height of 140 nm
and bulk salt (KCI) concentration of 0.1 M for our continuum calculations. We utilize
our Augmented Strong Stretching Theory (see Chapter 4) for the continuum
calculations since the non-Poisson Boltzmann effects are negligible at 0.1 M bulk salt
concentration (see Figures 4.20, 4.21 and 4.22). First, we calculated the surface charge
density on the walls of the Silica nanochannels used by Heyden et al (for channel height
of 140 nm and bulk salt concentration of 0.1 M). According to the Behrens-Grier
model, the zeta potential (¢) of the Silica nanochannel surface can be related to its

surface charge density (o) as:?421°

kgT

{(0) = "2 in (17-) + In(10) 2% (pK, — pHer) = (72

e el'+o

where kg = 1.38 x 10723 J/K is the Boltzmann constant, e=1.6 x 1071 C is the
electronic charge, T=298 K is the temperature, I' = 8nm™2 is the surface density of
Silanol groups, pK, = —In(K,) =7.9 (where K, is the dissociation constant for Silanol
groups) , pHs, = 8 is the bulk pH of the electrolyte, and C = 0.3 F/m? is the
capacitance of the Stern layer. The values of T', pK,, pH, and C have been taken from
Heyden et al. Moreover, the Grahame equation relates the zeta potential and surface

charge density for non-overlapping EDLs as:?4
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0(q) = 22 sinp (££) (7.3)

ADe 2kgT

where €, = 8.854 X 10712 F/m is the permittivity of free space, €, = 78.54 is the
relative permittivity of water, and 1, = /% is the Debye screening length (n,, =

1000 X Ny X Coo; € = 0.1 M is the bulk Molarity of KCl and N, = 6.022 x 1023 is
the Avogadro’s number). Note that the EDL thickness (1) corresponding to our
chosen bulk salt concentration of 0.1 M is ~1 nm, which is significantly lower than the
half height of the nanochannel (70 nm). Thus, there is no EDL overlap, and eq. (7.3) is
valid for our system. Solving egs. (7.2,7.3) simultaneously yields the values of the
equilibrium surface charge density, o = 23.36 mC/m? and zeta potential, { = 30.53
mV for our chosen parametric combination (bulk salt concentration, ¢, = 0.1 M and
nanochannel half-height, h=70 nm). Next, we utilized our continuum framework
(Chapters 4 and 5) to obtain the streaming conductance, Cs 4 prusn = 3.65 pA/bar
for a bare (brush-free) nanochannel with the calculated surface charge density of ¢ =
23.36 mC/m? (with ¢, = 0.1 M,h = 70 nm,L = 4.5 mm,w = 50 um, and pH,, =
8). The electrophoretic mobility of K* ions, g+ = 7.12 x 1078 m?2/Vs and CI" ions,
Uc- = 6.88 X 1078 m?2/Vs were taken from Ref. 210, and the dynamic viscosity of
water was taken as n = 8904 x 107* N/m?s. The value of Cs ,0prusn =
3.65 pA/bar obtained from our continuum calculations is in excellent agreement with
the value of streaming conductance reported by Heyden et al (~3.5 pA/bar) for

nanochannel of height 140 nm and bulk salt concentration 0.1 M (see Fig. 2 in Ref. 19).
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Next, we proceed to calculate the streaming conductance for the case of brush-grafted
nanochannel carrying the same charge density (gy,,-,5,) as the surface charge density of
the brush-free nanochannel (o = 23.36 mC /m?). For this purpose, we choose short
lose brushes with £ = 60 nm and N = 400. Calculations were performed for c,, =
0.1M,h=70nm,L =45mm,w =50 um, pHy, = 8, g+ = 7.12 X 1078 m?/

Vs, luci- = 6.88 X 1078 m?/Vs,n = 8.904 X 10~* N/m?s. All other parameters
(except number density of polyelectrolyte chargeable sites, y) were identical to those

used in Figure 5.2. y was varied iteratively until the charge density of the brushes,
Oprush = —€ f__:m" ¢n,-dy (where ¢ is the monomer volume fraction, n,- is the

number density of ionized sites on the PE chains, and H, = 47.36 nmis the
equilibrium brush height) matched the surface charge density of the bulk nanochannel
(o0 = 23.36 mC/m?). This procedure yielded a value of y = 2.415/a3. Finally, we
obtained a value of streaming conductance, C; = 55.36 pA/bar for the brush-grafted
nanochannel, which is more than an order of magnitude greater than the value obtained
for the brush-free nanochannel (Cs ;5 prusn = 3.65 pA/bar). This analysis shows that
the presence of grafted PE brushes plays an instrumental role in increasing the
streaming conductance associated with the pressure-driven flow. Thus, we anticipate
that PE brush grafting (with the appropriate brush parameters) can be utilized as a
mechanism to significantly increase the magnitude of streaming conductance obtained

in the experimental study of Heyden et al.
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7.3. Summary of Contributions

In this section, we summarize the major contributions of our work to the existing body

of knowledge in the form of bullet points.

» Probe the microstructure of densely grafted water-swollen PE brushes via all-
atom MD simulations.

e Elucidate the local structure and arrangement of brush-trapped counterions.
We investigated the effect of brush-induced confinement on the counterion
distribution profile, counterion-water radial distribution function,
counterion solvation structure, and mean squared displacement. We also
establish the occurrence of PE brush-induced “water-in-salt”-like scenarios
at high grafting densities of the brushes.

e Elucidate the local structure and arrangement of the brush-trapped water
molecules. We reveal how the presence of brushes changes the properties
of water such as the orientational tetrahedral order parameter, dielectric
constant, mass density, water-water radial distribution function, hydrogen

bonding, and mean squared displacement.

> Probe the effect of charge density on the microstructure of water-swollen PE
brushes via all-atom MD simulations.
e Elucidate the effect of degree of ionization of weak polyionic brushes

on the local structure and arrangement of brush-trapped counterions. We
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quantify the role of charge density of the brushes in dictating properties
such as counterion condensation, counterion solvation structure,
counterion-water radial distribution function, and mean squared
displacement. We show that “water-in-salt”-like scenarios can be
triggered above a critical degree of ionization of the brushes.

e Elucidate the effect of degree of ionization of weak polyionic brushes
on the local structure and arrangement of brush-trapped water
molecules. We investigate the effect of charge density of the brushes on
several water properties such as mass density, water-water radial
distribution  function, dielectric constant, hydrogen bonding,
orientational tetrahedral order parameter, and mean squared

displacement.

> Develop the augmented strong stretching theory (or augmented SST) model for
pH-responsive PE brushes by improving the existing state-of-the-art continuum
model (strong stretching theory or SST) to include the effects of excluded
volume interactions and a generic mass action law. Using the augmented SST
model, we elucidate the effects of excluded volume interactions and variation
of the density of PE chargeable sites on brush height, monomer distribution
profile, distribution of chain ends, and the brush-induced electrostatic potential

profile.
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> Develop the first continuum model (modified augmented strong stretching
theory or MSST) that can capture the thermodynamics of pH-responsive PE
brushes at ultra-large salt concentrations by incorporating several non-Poisson
Boltzmann effects, namely ion-ion correlations, solvent polarization, and finite
size of the ions and solvent dipoles. We elucidate the role of non-Poisson
Boltzmann effects on the equilibrium brush height, monomer distribution
profile, as well as the brush-induced electrostatic potential profile. We proceed
to show that the results of the MSST model are in excellent agreement with our

all-atom MD simulations.

» Develop a continuum framework to study the pressure driven transport of
liquids in backbone charged PE brush-grafted nanochannels, where the
thermodynamics of the brushes is calculated in a self-consistent fashion using
our augmented SST model. This is a significant improvement over previous
studies that do not consider a thermodynamically self-consistent description of
the brushes. We show that under certain conditions, PE brush-grafting can help
improve the nanoscale energy conversion efficiency associated with the

pressure driven transport of liquids in nanochannels.

» Conduct MD simulations with a fully atomistic framework to probe the
pressure-driven transport of water in PE brush-grafted nanochannels. Our MD
simulations capture the presence of intriguing phenomena such as the flow-

induced tilting of the PE chains and the overscreening of the brushes. We reveal
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that the streaming current in our system is counterion-dominated despite the
presence of overscreening. Finally, we proceed to show that our MD
simulations and continuum models are in reasonable agreement with each other
and discuss the reasons for the observed disparities in the values of streaming
current, streaming electric field, velocity flux, etc. obtained from the two

approaches.
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Appendix A

We employ variational calculus to carry out the minimization of the free energy
functional [eq. (4.12)]. Assuming that the chain is flexible (p=1) and taking the
variation of each free energy component w.r.t. E(x,x"), g(x), ¥, ng-, ny, ny+ and

nyy-, we shall get:

6F,
kBe _2a2 f g(x)de 5E(xx)dx+f 8g(x' )dxf E(x, x")dx]

0

o , , OE (x,x")
+Al§jo 5¢(x)dx —JO AZ(X )dx j(; mdx
(A1)

6FEV conc
[ g

(A2)
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Substituting eq.(Al), (A2), (A3) and (A4) in (4.13), we get:
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Variation of eq.(4.10) gives:
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Substituting eqg.(A6) in (A5) and rearranging gives:
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Equating 6F' = 0 yields the desired eqgs.(4.14 - 4.20) since SE(x,x") # 0,8g(x") #
0,69 # 0,6n,- # 0,6n, # 0,6ny+ # 0,8nyy- # 0.

(A7)
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Appendix B

EQ.(4.44) expresses 8F, in terms of 6D. Using eqs.(4.45,4.46,4.47), we can write:

OP, pol
0E

0D =

SE + eoer0E — g06,125(V - V)E.

(B1)
Using eq.(B1) along with the vector identity V-VE =V(V-E)—-VX (VXE) =

V(V-E) (since VX E = -V x V{ = 0), we can re-write eq.(4.44) as:

SF, :f [ B -0E + c0c,E - 0 — o, 2E - V6(V - E) | dV.
Vv E

(B2)
The vector identity, £ - V8(V - E) =V - (E8(V - E)) — V- E§(V - E), can then be used,
where divergence theorem can be employed so that the first term on the right-hand side
of the equation vanishes because of zero electric field at the substrate and at infinity.

Therefore, eq.(B2) reduces to:

5Ppol
5Fe:f { 5 B 0B+ coer B 0B + eos, iV - EX(V - E)| dV.
Vv

(B3)
We next take the variational integral of 8F, from 0 to F, and enforce the condition, V -
D = p, [where p = e(n, —n_ + ny+ — nyy-) is the volume charge density of mobile

ions] using a Lagrange multiplier 2, to yield:
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Substituting eq.(4.45) in eq.(B4) and using the Frechet functional derivative, Z—I; =

lin& Fe(wet‘fa_pew) = 0, we obtain 1 = y; hence eq.(B4) reduces to eq.(4.48).
€ 0

289



Appendix C

We start with eq.(4.49) and apply the conditions Q(x,) = w;e P9%, E; = €;x;, 0; =

Nt! ~ -
T Fr—” § = v /vy+,and [T, = p; — € to reduce eq.(4.49) to:
N/, (Nt O MNexe—fx )/Es O MNexExe—Eox ) g )
= Z Wy PP X . Z w_ePhx . Z W, ePRixe Z wpy+ €5 xa
Xp=0 x =0 x,=0 Xg+=0
(Ne=xw—€ X —€ %, ~Ep ) bon- :
Wor- eﬁHOH*XOH* .

Xo =0
(C1)
The summations in the partition function can then be evaluated using the binomial
theorem, assuming a progressive filling of the lattice sites with each species.

Accordingly, eq.(C1) reduces to

Nef&y

[1]

5[{’/6,
I i}
- {1+eu0H_} + ettt + et NPT 1+ P

(C2)

Given that PV, = kgTInZ, where V;, = N,vy+ , we can finally write from eq.(C2)

I3 1/¢,
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or, by taking constants out of [T}, we can write,
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which is eq.(4.50).
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