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Polyelectrolyte (PE) or charged polymers are ubiquitous under biological and synthetic
conditions, ranging from DNA to advanced technologies. PE chains can be grafted on a surface
and they extend into solution to form a "brush"-like configuration if the grafting density is high.
PE brushes respond to external stimuli by changing their conformation and chemical details, which
make them very attractive for numerous applications. Multivalent counterions (neutralizing PE
charges) and external electric fields are known to significantly affect the brush behavior. Obtaining
fundamental insights into PE brush’s response to ions and electric filed is of utmost importance
for both industrial and academic research. In this dissertation, we use atomistic tools to improve
our understanding of the PE brushes grafted on a single surface and two inner walls of a
nanochannel under these two stimuli.

We start by developing an all-atom molecular dynamics simulation framework to test the
behavior of the PE brushes (grafted on a single surface) in the presence of externally applied
electric fields. It is discovered that the charge density of PE monomers can have significant
influence on their response; a smaller monomer charge density helps the brush to tilts along the

electric field, while the PE brush with higher monomer charge density bends and shrinks. We



found that counterion condensation to PE chains has a substantial impact in controlling these
responses.

In the subsequent study we discuss the effect of counterion size and valence in dictating
counterion mediated bridging interaction of two or more negative monomers. By examining the
solvation behavior, we identify that bridging interactions are not a sole function of the counterion
valence. Rather, it depends on the counterion condensation on the PE chain, as well as the size of
the counterion solvation shell. We also test the dynamic properties of the counterions and
associated bridges.

Later, we proceeded to simulate PE brush-grafted nanochannels to explore equilibrium and
flow behavior in presence of nanoconfinement. We identify the onset of overscreening: there are
a greater number of coions than counterions in the bulk liquid outside the brush layer. This specific
ion distribution ensures that the overall electroosmotic flow is along the direction of the coions.
Furthermore, for a large electric field, some of the counterions leave the PE brush layer into the
bulk, resulting in disappearance of overscreening. If the number of counterions is greater than
coions, electroosmotic flow reverses its direction and follows the motion of counterions. Finally,
we discover that counterion-monomer interactions control the ion distribution. As a result, a

diverse range of electroosmotic flow is found for counterions with different valence and size.
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Chapter 1: Background and Motivation

1.1 Overview

Polyelectrolyte (PE) is one of the most important components of our existence since the
beginning of life on earth [1]. It is a charged polymer that contains all of our biological information,
namely DNA and RNA. With the advancement of human cognitive ability, we ourselves have
learnt to create different forms of PEs for our own essential and auxiliary use. Now we know how
to modify the behavior of these PEs, how to incorporate them into our medicine, devices,
structures, etc. Despite such progress, there is still a significant dearth of understanding and lot of
open questions on the complex morphological, chemical, and physical behaviors of different types
of PEs. A better understanding of these open questions will be possible with detailed knowledge
at the atomistic scale, which is the primary aspiration of this doctoral thesis.

The PE chain contains a charged monomer that can be grafted onto a surface. Depending
on the grafting density, type of monomer, and the property of the solution, the grafted chains can
behave differently. If the grafting density is high or the chains are very close to each other, they
sense the presence of nearby chains and stretch out into the solution. PE chains in such stretched-
out configurations are referred to as PE “brush” [2]. A schematic of a PE brush layer, grafted to a
planar surface, is shown in Figure 1.1 (a). It is also possible to graft two opposing layers of brushes
within a nanochannel [see figure 1.1 (b)]. In this dissertation, these two systems will be understood
using an extremely powerful computational tool, namely all-atom molecular dynamics (MD)

simulation.
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Figure 1.1. Cartoon visualization of the PE brush grafted on a single surface (a), and on two inner walls
of a nanochannel (b).

Molecular dynamics (MD) simulations employ the Newton’s equations of motion to atoms or
group of atoms to understand the molecular level behavior. To simplify the calculation and reduce
the associated cost required to perform the calculations, coarse-graining of a group atoms can be
done. Problem with this coarse-graining is that we lose important information by not taking care
of each atom separately. All-atom MD simulations can overcome this challenge; however, the field
of PE has not been probed much with all-atom MD simulations. In this dissertation, the behavior
of the PE brush grafted to a single surface, and grafted on the opposites surfaces of a nanochannel
will be explored. In particular, the effect of multivalent screening counterion and salt, and applied

electric field will be investigated.



1.2 Polyelectrolyte Brushes Grafted on a Surface: Effect of Multivalent
Counterions and Electric Field

Polyelectrolytes (PEs) are polymers whose repeating unit is an electrolyte. PE chains are
ubiquitous: from our very own nucleic acids [2], the articular cartilage and the mineralized
collagen in bone [3,4] to those contributing to an overwhelming number of applications in energy
[5], sensing [6,7], gene and drug delivery [8,9], oil recovery [10], water harvesting [11], wound
healing [12], and many more. PE brushes, on the other hand, have been employed in a myriad of
applications such as electrokinetic energy conversion [2], biosensing [13,14], drug delivery
[15,16], oil recovery [17], water harvesting [18] etc. The wide-spread use of PE brushes is due to
their capability to respond to the changes in the surrounding medium like bulk salt concentration
and type, pH, solvent quality, temperature, external applied field, etc. Therefore, it is vital to
understand the thermodynamics and response of such PE brush systems in finer details.

PE brush conformation and several of their applications are affected by the applied electric
field. Electric field influences the conformation of PE systems which in turn can be used to control
lubricity, soft devices’ motion, layer-by-layer assembly, etc [19-26]. PE charge density should
play a major role in dictating the response of the PE to an applied electric field as electrostatic
forces on charged atoms depends on their charge content. Although crucially important, an effort
to understand the charge density dependent response has been missing either in experimental or
simulation-based approaches because of the atomistic nature of the research question [27-30]. In
chapter 2, we have discussed all-atom simulations of PE brush grafted system under axial electric
field. We have simulated two different PEs with different monomers to understand the effect of
monomer charge density on the brush conformational change. From atomistic data, the mechanism
important manipulate the local structure and the overall PE brush configuration is discussed.

Ion specific effects, namely the effects dictated by the sizes and valences of these ions, are



found to be very important in different PE systems. For example, coarse-grained (CG) molecular
dynamics (MD) simulations show that smaller ions lead to more compact PE structure [31,32]. On
the contrary, recent experiments on PE brushes demonstrated that larger divalent screening
counterions lead to smaller PE brush height [33,34]. PE brush layers are found to collapse in the
presence of multivalent counterions as a result of the “bridging” interactions, while such collapse
does not occur for the case of monovalent counterions [33,34]. On the contrary, there are also
studies that report favorable “bridging” like interactions between like-charged systems even in
presence of monovalent counterions [35,36]. These discrepancies necessitate the atomistic
exploration for understanding the PE-ion interactions and pinpoint the importance of the ion
valance and size. In chapter 3, with the help of all-atom MD simulations, the effect of counterions
valance and size is discussed. It is found that monovalent counterions can also form “bridging”

interactions. Mechanism of this interactions are identified.

1.3 Brushes Grafted on a Nanochannel: Brush Behavior and Electroosmotic
Transport in Presence of Multivalent Counterions and Applied Electric Field

Technological advances make it possible for tailoring nanochannels for specific uses. One of
the most promising tailoring methods is grafting PE brushes on the inner walls of a nanochannel,
with possible applications in fabricating artificial cartilage and nano- and micro-diode as well as
in sensing, current rectification, etc [2]. By applying an external electric field to drive the ion-
containing (electrolyte) liquids, electroosmotic (EOS) flow can be generated in a nanochannel. In
some applications, the direction of EOS flow inside the nanochannel needs to be manipulated in a
way that enhances mixing, reaction, separation, and printing [37-41]. The resulting changes in the
morphology of the brushes and the associated ion distribution can significantly influence the EOS

transport in brush-grafted nanochannels, which can also modify the EOS flow directions. Despite
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its tremendous potential, only a few simplified continuum studies [42,43], and a handful of MD
simulation studies are available for probing the liquid transport in brush-grafted nanochannels [44-
46]. In chapter 4, by using all-atoms MD simulations, it is discovered that nanochannel grafted
with PE brushes can enable modifying EOS flow direction just by changing the electric field
strength. The atomistic details of the flow as well as brush-ion-water behavior are also discussed.

A charged surface can control the ion distributions in nearby solution [154]. When
electrolytes come near a charged surface, free ions from the electrolyte try to neutralize the surface
charge and form distinctive ion layer near charged surface [154]. If electrolyte ions are multivalent,
there can be an overcompensation of this screening of the surface charge, that results in a charge
inversion near the charged surface. This overcompensation caused by the multivalent counterions
is known overscreening (OS). These ion distribution near charged surface also has the potential to
modify the EOS flow in a nanochannel [155]. In chapter 5, we first probe the equilibrium ion
distribution in a nanochannel grafted with PE brushes, where counterions with various valences
and sizes neutralize the PE charges. We then apply external electric field and predict the EOS flow
for cases where different counterions screen the PE brush charge.

Finally, in chapter 6, we summarize the key findings of this dissertation and end with a
discussion of several future problems that can be solved for making further progress in developing

our atomistic level understanding of the responses of the PE brushes to different external stimuli.



Chapter 2: Charge-Density-Specific Response of Grafted
Polyelectrolytes to Electric Fields: Bending or Tilting?*

Abstract: Response of polyelectrolytes (PEs) to applied electric fields drive applications in
energetics, diagnostics, materials development, and many more. Here we employ all-atom
molecular dynamics (MD) simulations to probe the response of grafted PE brushes to axial electric
fields. For PEs with large charge densities, the electric field triggers a left-right asymmetric
distribution of counterions around the PE backbone: consequently, depending on the location (left
or right), there is an unequal screening and an unequal force on the PE functional groups causing
a bending-driven brush height reduction. However, for the weakly charged PEs, the electric field
causes a uniform distribution of the counterions across the brush enforcing a uniform (without
left-right asymmetry) partially unscreened PE brush: therefore, all the brush segments experience
similar force causing a brush tilting-driven brush height reduction. Such bending versus tilting
responses is commensurate with the electric-field-driven increase (decrease) in the flexibility of

strongly (weakly) charged PEs.

*Contents of this chapter is published as Pial, T. H.; Prajapati, M.; Chava, B. S.; Sachar, H. S.; Das, S. Charge-Density-
Specific Response of Grafted Polyelectrolytes to Electric Fields: Bending or Tilting? Macromolecules 2022, DOI:
10.1021/acs.macromol.2¢00237.



2.1 Introduction

Polyelectrolyte (PE) molecules, when densely grafted, occupy “brush”-like configurations.
Such PE brushes are present in biological interfaces like articular cartilage, mineralized collagen
in bone, etc. [3,4]. In terms of engineering applications, synthetic nanochannels grafted with PE
brushes, in presence of applied electric fields, can be used as nanofluidic ionic circuits, nanofluidic
sensors, and flow controlling devices and gates [48-52]. All these applications rely on the manner
in which the applied electric field affects the distribution of the ions around the PE brushes (these
ions are typically those that are screening the PE brush charges) and the resulting alterations in the
behavior/configurations of the PE brushes. The electric-field-mediated changes in the brush
configuration/orientation influence the lubrication action of interpenetrating PE brush bilayer
[19,20], trigger a layer-by-layer assembly of grafted PE system [21-23], and possible soft robotics
application [24-26].

These applications make it fundamentally important to develop a precise atomistic-level
understanding on the manner in which the imposed electric field affects the behavior of the charged
monomers of the PE, the counterions screening the charges of these monomers, and the water
molecules present within the solvation shell of the PE monomer and the counterions, and the
manner in which the variation in the PE charge density affects these behaviors. Such precise,
atomistically-resolved understanding, unfortunately, has been missing either in experimental
(often limited by its scale [27]) or simulation-based (employing coarse-grained methods [28-30])
approaches that have so far been employed to study the electric-field-response of the PE brush
molecules. There are only a handful of related all-atom simulation studies for PE molecules (non-
brush systems [53]) and new insight, to be revealed by all-atom MD simulations, is needed for

better understanding the responses of PE brush molecules to external electric fields.



In this chapter, we bridge this knowledge gap: we employ all-atom molecular dynamics
(MD) simulations and study the responses of densely grafted poly (acrylic acid) (PAA) and poly
(styrene sulfonate) (PSS) brushes to axial electric field. These two PE molecules vary significantly
in terms of their charge densities. Therefore, our study seeks answer to the following questions:
What is the charge-density-dependent electric-field response of PE brush molecules and how well-
resolved atomistic simulations can capture such responses and the associated responses of the PE
brush supported counterions and solvent molecules? Our all-atom MD simulations, in the process
of answering these questions, lead to the following key discovery: we discover that the significant
disparity in the charge densities of these two PEs (PAA and PSS) leads to massively varied
responses of the corresponding PE-counterion complex to the electric field and the result is a
bending-induced and a tilting-induced brush height reduction for the PAA and PSS brushes,
respectively. Such responses are also commensurate with the disparate electric-field-induced
changes in the intrinsic flexibilities of these two PE systems. Our findings will be significant in a
vast number of applications that rely on enforcing a particular configuration of the PE system (e.g.,
friction reduction [47,54,55]) or on the specifics of the response of the PEs to the applied electric

field (e.g., fabrication of electrically-responsive soft devices [24-26]).

2.2 Results and Discussion

Our all-atom MD simulation system consists of densely grafted fully ionized poly (acrylic
acid) (PAA), poly (methacrylic acid) (PMAA), and poly (styrene sulfonate) (PSS) brushes. Na*
counterions are added to neutralize the PE charges. PEs are solvated in a solution of explicit water
and 0.2 M Na(l salt. PAA and PMAA monomers both contain carboxylate group (COO") whose
total charge is -0.9¢ (please note that 1.0e represents the charge of a proton). This stems from the

fact that each O atom of the COO" group has a charge of -0.8e and the C atom of the COO" group
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has a charge of 0.7e. On the other hand, the total charge of the SO3™ group (of the PSS molecule)
is -0.56e. This stems from the fact that each O atom of the SO3™ group has a charge of -0.68e, while
the S atom of the SO3™ group has a charge of 1.48e. The effect of this disparity in the overall charge
of each functional group (or the overall charge density) between the PAA (or PMAA) and the PSS
brushes in the electric-field-response of these brushes will be probed here.

We study the responses of the PAA (and PMAA) and PSS brushes to an external axial (in x
direction) electric field E (of strength 0.1 V/nm and 1 V/nm) [see Fig. 2.1(a)]. An electric field of
strength E induces a force of giE on the atom i having a charge of g;.

Depending on the type of the PE, the electric field changes the configuration of the PE in
two separate ways. In the presence of the electric field, the reduction in average end-to-end brush
height [defined in Fig. 2.1(a)] is similar for both the types of PE. Despite that, the corresponding
variation of the end-to-end distance [defined in Fig. 2.1(a)] is significantly different between the
cases of the two PEs [Fig. 2.1(b)]. For PAA, for example, the electric field reduces both the end-
to-end height and end-to-end distance [Fig. 2.1(b)]. On the contrary, for the PSS brush, there is
little change in the end-to-end distance with the electric field (in fact, the end-to-end distance even
increases a little for the highest electric field) [Fig. 2.1(b)]. The above findings point to an end-to-
end height reduction via the bending-driven and tilting-driven mechanisms for the PAA and the
PSS brushes, respectively. Fig. 2.1(c) providing the average brush profiles along the direction of
the electric field hints at these observations, namely the shrinking (or bending) of the PAA brush

and the tilting (in a direction opposite to the direction of the applied electric field) of the PSS brush.
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Figure 2.1: (a) (left) Simulation system with grafted PE (PAA) brush, counterions, co-ions, and water
molecules for elucidating the effect of an axially employed electric field on the PE molecule. Green,
yellow, and blue circles represent the carbon, oxygen, and hydrogen of the PE. Red and purple circles
indicate Na" and CI  ions. Teal dots indicate water. (a) (center) Chemical structures of the studied PEs
(PAA and PSS). (a) (right) Considering the black line as a representative PE chain, we define the end-
to-end height and the end-to-end distance. (b) Equilibrium (i.e., in the absence of an applied electric
field) and steady-state (i.e., in the presence of the applied electric field of different strengths) end-to-end
brush heights and end-to-end distances for PAA and PSS. (c) Equilibrium (i.e., in the absence of an
applied electric field) and steady-state (i.e., in the presence of an applied electric field of strength 1
V/nm) profile for the PAA and PSS brushes.
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In Fig. 2.2, we probe the response of the PAA brushes to the axial electric field. First, in
Fig. 2.2(a), we show how a positive counterion surrounds a negatively charged carboxylate
monomer (of the PAA polymer) in absence and in presence of the electric field. We assign a (0,0,0)
position to every Ocarboxylate atom (charged oxygen atom) of the PAA, identify the solvation shell
of this Ocarboxylate atom, and quantify the locations of the counterions within this solvation shell
(please see method section (figure 2.10) in for the corresponding Ocarboxylate-coOunterion radial
distribution function). The ensemble averages of counterion locations for the cases of E=0 and
E=1 V/nm are shown in Figs. 2.2(a-1, a-i1). Counterions are positively charged; therefore, an
electric field along the positive x-direction enforces the positively-charged counterions to move in
the positive direction (i.e., to the right of the Ocarboxylate atom) causing a larger concentration of
counterions for x > 0 [Fig. 2.2(a-i1)]. Fig. 2.2(a-1ii) confirms this observation by depicting a higher
value of counterion distribution at a distance of 2 A away from an Ocarboxylate in the positive x-
direction in presence of the applied electric field. The space integral of this counterion distribution
is equal to the average number of counterions in the first solvation shell of an Ocarboxylate; in other

words, if we denote the counterion distribution [as shown in figure 2.2(a-iii)] as Y and the average
. . . (T
number of counterion in the first solvation shell of an Ocarboxylate as N, we can write f_r Ydr =N

(where r represents the solvation shell size of the Ocarboxylate atom).

We next divide the monomers of the PAA PE brush into two categories: monomers on the
left and monomers on the right of the PE backbone (with respect to the grafting position). Figure
2.2(a) confirms that in the presence of the applied electric field, the counterions prefer to localize
on the right side of the monomers giving rise to a directional nature to the monomer-counterion
(or Ocarboxylate-counterion) complex. However, for those monomers that are themselves on the left

side of the PE backbone, this directional migratory tendency of the complex is impeded due to the
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steric hindrance imparted by the presence of the PE backbone and the repulsion (to the counterions)
exerted by Ccarboxylate (partially positively charged) atoms of the PE backbone [Fig. 2.2(c-1)]. As a
consequence, there is an almost uniform counterion distribution around an Ocarboxylate (Of the
monomer) that is on the left side of the PE backbone [see Figs. 2.2(b-1, b-ii)]. This same directional
migratory nature of the Ocarboxylate-counterion complex implies that for the monomers that
themselves are on the right side of the PE backbone, the counterion will move to the right of the
monomers, i.e., away from the PE backbone (as they are subjected to no retarding effect from the
PE backbone). Consequently, there is an asymmetrically larger counterion distribution on the right
side of the Ocarboxylate (or of the monomer) that themselves are on the right side of the PAA PE
backbone [see Fig. 2.2(b-ii, b-iii)].

As the counterions on the right side of the PE backbone are not impeded in their responses
to the applied axial electric field [Fig. 2.2(c-i1)], their numbers per monomer remain almost similar
with and without the electric field [Fig. 2.2(c-iii, c-iv)]. However, the counterions on the left side
of the PE backbone, being impeded by the PE backbone in their (migratory) responses to the axial
electric field, are forced to leave the solvation shell of the PE monomer [Fig. 2.2(c-1)] ensuring
that at such locations their numbers per monomer become much smaller than that with no electric
field [Fig. 2.2(c-iii)]. It should be noted that the average number of Na" ions per Ocarboxylate atom
is 1.4-1.6 (for E=0): this stems from the different bridging behaviors (please figure 2.7 and
associated discussion) resulting in a given Na" ion being present in the first solvation shell of more

than one Ocarboxylate atom.
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of A.
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Since in the presence of an axial electric field there are lesser number of counterions on the
left side of the PAA backbone, as compared to that on the right side of the PAA backbone, this
particular section (on the left of the PAA backbone) behaves like a locally electronegative segment.
As a consequence, this segment, in presence of the positive electric field, attempts to move in the
negative x —direction, gets compressed (and hence undergoes bending and not tilting), and
ultimately results in an overall brush height reduction [Fig. 2.2(c-1v)]. The brush profiles [see Fig.
2.1(c)] and the brush monomer probability distributions [see Fig. 2.5(a) and associated
discussions] along electric field direction confirm these observations.

Things become significantly different when we change the polymer type from PAA to PSS.
Counterion distribution around the Osuifonate atom (charged oxygen atom) of the PSS brushes, very
much like the counterion distribution around the Ocarboxylate atom of the PAA, is directional [see
Fig. 2.3(a-1, a-i1)]. Interestingly, however, the value of the counterion distribution around the
Osulfonate atom of the PSS is reduced to almost one third of the corresponding value of the
counterion distribution around the Ocarboxylate atom of the PAA [see Fig. 2.3(a-iii) and compare it
with Fig. 2.2(a-iii)]. Given that the space integral of this counterion distribution around the Osuifonate
atom is equal to the average number of counterions in the first solvation shell of an Osuifonate atom
(see the discussions for Fig. 2.2), Fig. 2.3(a-iii) confirms a lesser average number of counterions
in the first solvation shell of Osuifonate than Ocarboxylate. This can be attributed to a weaker charge
density of the PSS. A lesser number of counterions (0.4-0.5) per Osulfonate 1S also visible from Fig.
2.3(b) [on the contrary, the average number of counterions per Ocarboxylate Was 1.4-1.6]. Also, in
presence of the electric field, the number of counterions per Osuifonate reduces uniformly (i.e., unlike
the case of PAA, there is no left-right asymmetry in the counterion numbers per O, with respect to

the polymer grafting position). As the number of Na* counterions is less (as well as nearly uniform)
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in all portions of the PSS brush molecule irrespective of the position of a monomer from the
grafting location, all the monomers act as locally electronegative segments with nearly identical
net negative (unbalanced) charge. Accordingly, the application of the electric field tries to move
all of these locally electronegative segments in a direction opposite to the direction of the electric
field. This leads to the tilting of the PSS brush molecule in the direction opposite to the direction
of the applied electric field [the mechanism is shown in Fig. 2.3(c) and is also confirmed by the
PSS profile shown in Fig. 2.1(c)] eventually causing a decrease in the height of the PSS brush

molecule.
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appearing in all the figures have units of A.
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Fig. 2.4 shows the cumulative distribution function (CDF) of counterions around PAA and
PSS monomers. CDF is calculated by considering all the counterions inside brush layer and finding
the nearest O of a monomer from it. For the PAA brush molecule, all the counterions remain within
the first solvation shell of Ocarvoxylate and accordingly, the application of the electric field does not
significantly change the CDF. On the other hand, as Osuifonate has a lesser charge density, not all
the counterions are inside the first solvation shell; therefore, in presence of the electric field the
counterions become even less condensed on the monomers thereby making the PE monomers
locally electronegative. These results indicate the possibility of independent movement of
monomers and Na" in PSS and lack of it in PAA grafted systems. Results for CDF also justifies
the ion distribution in Fig. 2.3(b): in presence of the electric field, the ion distribution flattens (i.e.,
the peaks witnessed for E=0 are no longer present) and becomes uniform (without left-right

asymmetry) across the PE backbone.
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Figure 2.4: Cumulative distribution function (CDF) of counterions around the PE monomer for
different PEs in absence and in presence of the applied electric field.
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An understanding of the variation of the monomer distribution of the two different types
of the PEs (PAA and PSS) in response to the applied electric field is important as that will help
verify our explanations (see above) on the charge-density dependent changes in the configurations
of the PEs in response to the applied electric field. Such variation in the monomer distribution is
studied by quantifying the probability distributions of Ocarboxylate (for the PAA brush molecule) and
Osulfonate (for the PSS brush molecule) around their respective grafting position (along the direction
of the axial electric field) [see Figs. 2.5 (a-1, a-i1)]. For the PAA brush molecule, we find very little
shift in the Ocarboxylate probability distribution in presence of the electric field: this indicates that
the PAA monomer does not prefer to align in any particular direction in presence of the applied
electric field. On the other hand, there is a significant axial shift (towards negative x direction) in
the Osulfonate probability distribution for the PSS in presence of the applied electric field. Such
electric-field-driven shift of the Osuifonate probability distribution towards the negative x direction

is commensurate with the electric-field-driven tilting of the PSS chains in the negative x direction.

In order to quantify the electric-field-induced changes in the intrinsic flexibility of the
PAA and PSS chains (which might affect the brush conformational changes in presence of the
applied electric field), we calculate the backbone angle-angle or orientational correlation as a

function of the chemical distance (s) which is defined as:
(cosB(s)) = (d;.d;)/lp°, (2.1)

where s = |i —j|, a; =7 — 7;_1, I, = |d;|, and 7} is the position of each backbone carbon [56].
For more flexible chains, this orientational correlation shows a larger decay (from 2.1) with s. Fig.
2.5(b) shows that with no electric field, both types of PEs have similar flexibility. However, in

presence of the electric field, there is a quick loss of orientational correlation for the PAA chains,
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confirming increased flexibility: this is commensurate with the electric-field-driven bending (and
the resulting height reduction) of the PAA brushes. For the PSS chains, on the other hand, the
orientational correlation increases with the electric field. Therefore, the presence of the electric
field makes the PSS chains stiffer, justifying its behavior as a tilted (and not bent) system (and

tilting-driven height reduction).

To check for the similarity among the chains, we have next calculated the dissimilarity

matrix based on the cosine criteria [57] [see Fig. 2.5(c)]. For the calculation of the cosine
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Figure 2.5: (a) Monomer probability distribution for (i) PAA and (ii) PSS in the presence and in the
absence of the axial electric field. (b) Orientational correlation function of chemical distance s for
different PEs in the absence and in the presence of the applied electric field. (c¢) Dissimilarity matrix for
the PAA and PSS brush molecules in the absence and in the presence of the applied axial electric field.
Blue to yellow in the colorbar indicates the occurrence from similar chains to dissimilar chains.
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dissimilarity, we have used the distance of each backbone carbon from their grafting position in
the x direction. From Fig. 2.5(c), we can see that the PAA chains are very much dissimilar from
each other. The application of the electric field does not introduce any similarity in the PAA PE
chains. The chains are also dissimilar for the PSS in equilibrium (i.e., in absence of the applied
electric field). However, in the presence of the applied axial electric field, the PSS PE chains tilt
in the negative x direction and their dissimilarity reduces drastically. This drastic reduction in the
dissimilarity for the PSS PE chains confirms that all the PSS chains responds to the electric field

similarly and their final configurations are similar to one another.

Main results for the PMAA PE Brushes

To be more confident in our simulations and inferences, we simulated a fully ionized poly
(methacrylic acid) (PMAA) brush. PMAA has the same charged functional group (COO") as the
PAA with an additional methyl group [See Fig. 2.6(a)]. The parameters for the PMAA are similar
to that of the PAA. The grafting density for the PMAA brush is similar to that of the PSS brushes.
To compare the findings associated with the PMAA brush with those reported in Fig. 2.1, we have
analyzed the end-to-end brush height and the distance for the PMAA brush molecule in presence
and in absence of the applied axial electric field. It is evident that, with the application of the
electric field, both the end-to-end height and the end-to-end distance of the PMAA brush molecule
reduces in a manner that is very much similar to that of the PAA brushes [see Fig. 2.6 (b,c)].
Furthermore, no significant tilt is observed in the average PMAA brush profile under the electric
field [see Fig. 2.6 (b,c)]. These results again reinforce our inference that the charge density of the
pendant group is the main factor contributing to the eventual response of the PE brushes to the

electric field. Since, PMAA systems has the same grafting density as PSS, it also signifies that
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grafting density does not affect our main interpretations significantly.
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Figure 2.6: (a) Chemical structures of the studied PMAA. (b) Equilibrium (i.e., in the absence of an
applied electric field) and steady-state (i.e., in the presence of the applied electric field of different
strengths) end-to-end heights and end-to end distances for PMAA brushes. (¢) Equilibrium (i.e., in the
absence of an applied electric field) and steady-state (i.e., in the presence of an applied electric field of
strength 1 V/nm) profile for the PMAA brush molecule.

Relevance of the present study

This study demonstrates that a variation in the charge density of the grafted PE brushes and
the resulting response of the counterions (to an external axial electric field) ensures a brush height
reduction by virtue of either bending (for cases of PEs with higher charge densities, e.g., PAA and
the PMAA) or tilting (for the PE with lesser charge density, i.e., PSS). Such specific PE responses
to the electric field have the potential to be employed in a myriad of applications. In the following

sections, we will try to briefly summarize a few of the possible impacts of our findings.

Counterion mediated bridging interactions is an important concept that dictates the
conformation of PE brushes and regulates the use of the PE brushes in several applications.

Bridging interactions occur when a counterion accommodates (in its solvation shell) two or more
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monomers from non-neighboring monomers. These non-neighboring monomers can be from the
same or different chains; in case they are from the same chain the interactions are denoted as
intrachain bridging, while the interactions are denoted as interchain bridging if the non-
neighboring monomers are from different chains. Higher interchain bridging is attributed to higher
frictions which hinder the applicability of the PE brushes in lubricity applications [47]. Bridging
can also dictate the ion distribution inside the PE brush layer and the surrounding solution, which
can be important in ion sensing, flow inside nanochannel, etc. Here we have checked the variation
of interchain bridging for all the cases and the results are provided in Fig. 2.7. For this calculation,
we considered all the counterions that are present inside the brush layer and checked their first
solvation shell for the O from different monomers (see Chapter 3 for the calculation details). With
the application of the electric fields, interchain bridging increases for the PAA and PMAA brushes.

On the other hand, no such augmentation of interchain bridging is observed for the PSS brushes.
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Figure 2.7: Counterion mediated interchain bridging interactions for the PAA, PMAA, and PSS
brushes in the absence and in the presence of the applied axial electric fields.
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Drummond [20] had shown that the application of the electric field can enhance the
lubrication properties of the PE layers; for example, the friction coefficient can sometimes become
almost undetectable in the presence of an external electric field. This is because of the electric-
field-mediated reduction of the PE brush height which creates a salt-water layer in between two
originally interpenetrating PE layers. In our study, too the brush height reduces for all cases; such
brush height reduction, following the principle proposed by Ref. 20, can be harnessed for better
lubrications in a nanochannel (despite the fact that our study considers the presence of an axial
applied electric field, while Ref. 20 considers a transverse electric field). Lubrication properties
might also depend on the alignment of the friction-inducing particles with respect to the applied
electric field. If a PE chain or other type of connected beads are perpendicular to the electric field,
larger friction will be induced [19, 58] as compared to the case when these connected beads are
aligned parallelly to the applied electric field. Our study shows that depending on the charge
density of the PE brushes, there can be significant differences (with respect to the direction of the
applied electric field) in the overall alignment of the PE chains: this, therefore, can significantly
alter the lubrication properties as a function of the nature of the PE brushes. PE chain stiffness can
also be important when designing a system for a lower friction coefficient. A recent study has
shown that [59] stiffer chain can be linked to lower friction. In our calculations [see Fig. 2.5(b)],
we showed that the application of the axial electric field will decrease the stiffness of the PSS
chains and increase the stiffness of PAA chains. Therefore, our findings also indicate the
possibilities of regulating friction in PE grafted systems by leveraging the electric-field-mediated
alteration of the stiffnesses of the PE chains.

Researchers [21-23] have proposed an electric field enabled method for fabricating drug

and gene carrying multilayered PE complex films (the electric field maintains a particular
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configuration of the PEs and speeds up the process). Our simulations establish that depending upon
the charge density of the PE, the electric field can enforce a particular configuration (a compressed
state or a tilted state) to the PE: this knowledge has the potential to guide researchers to design a
more efficient method of electric field enabled PE complex film fabrication.

In a soft device, a soft structure should respond to a given signal by changing its shape to
perform a specified task. Study shows that ensuring electric field actuated controlled and specified
tilting of PE molecules (constituting a PE gel) is essential in developing soft devices based on such
PE gels [24,25,55]. On the other hand, electric field driven periodic bending and shrinking is
observed in a PE gel made of PAA and Na" counterions [26]. Given that depending on the PE
charge density, we observe both of such behaviors (tilting or shrinking) in the system we study (in
fact, our results on the shrinking and bending of the grafted PAA brushes screened with Na*
counterions provide the first possible atomistically-resolved explanation of the response of the
PAA to an applied electric field), our findings will be significant for better understanding a myriad

of different soft device applications.

Justifications of using different simulation parameters

In our study, we have performed equilibrium and non-equilibrium MD simulations of systems
grafted with PE chains. It is important to discuss our computational study in the light of the
experiments and the feasibility of the parameters considered in our systems. In this section, we

will discuss a few of these important parameters and considerations.

Grafting density:

PAA chains are grafted with a grafting density of 0.05/c? (6=3.5 A, is the LJ distance

parameter of backbone carbon atoms) whereas PSS chains are grafted with a grafting density of
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0.03/c2. As the pendant group of the PAA and the PS chains are of different sizes (large benzene
group in the PSS), the same grafting density for the PAA and the PSS brushes would imply a
different degree of confinement for the two cases. To nullify any effect of the grafting density, we
have modeled the PMAA with a grafting density of 0.03/c%. The results for the PMAA (with same
grafting density as PSS) are similar to that of PAA: this indicates that the results are mostly grafting
density independent. We have also checked the density of water inside the PE to quantify the
degree of confinement (see Fig. 2.8). If we have used the same PE chains, a lower grafting density
and a consequent lesser degree of confinement would result in a higher density of water inside the
brush layer. Here, although we have used a significantly smaller grafting density for the PSS
brushes as compared to the PAA brushes, the water density is actually higher inside the PAA brush
layer (see Fig. 2.8). Such a finding implies that the strategy of considering different grafting
densities for the PAA and the PSS is reasonable and it ensures that the degree of confinement (for
the two cases) becomes comparable. Also, these grafting density values used for the PAA and PSS

chains are within the range of experimentally reported grafting densities [60,61].
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Figure 2.8: Density of water inside the PAA and PSS brush layers and in the solvent in absence of
the applied electric field.
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Electric field strength:

In our simulations, we have used electric fields in the range of 0.1 V/nm to 1 V/nm. These
electric fields are higher than that usually employed in the experiments. A few considerations will
be discussed justifying the application of such high electric fields. As we have performed all-atom
MD simulations, a high electric field is needed to observe the different results associated with the
electric field. As the trends remain the same for 0.1 V/nm and 1 V/nm, we can say that our observed

results will remain qualitatively similar even for smaller electric field strengths.

An important concern associated with the employment of large electric field strengths is that
for very large electric fields water might dissociate. The reported electric field strength value
corresponding to the initiation of water dissociation is around 2.5 V/nm and for frequent
dissociation, one needs an applied electric field of 3.5 V/nm [62,63]: these numbers are several

times higher than the highest electric field (1 V/nm) used in our simulation.

We also want to discuss the practical applicability of the high external electric field strengths
employed in our simulations. Experimental systems involving water have employed electric fields
as high as 1-5 V/nm [64]. In fact, electric fields on the order of 0.1—1 V/nm are used in several
experimental studies related to bio-polymers. For example, electric fields were calculated to be in
the range of 1-2.5 V/nm in a study where protein cytochrome ¢ was immobilized on silver
electrodes in the presence of electric fields [65]. Similarly, an electric field of 0.31 V/nm was used

for probing the electromechanics of a DNA molecule in a synthetic nanopore [66].

Fully-ionized PAA:

In our study, we tried to quantify the effect of the PE charge density on the on the electric-field

response of the PAA and PSS brushes . For this, we tried to have a similar degree of ionization for
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both the PAA and PSS molecules. PAA is a weakly dissociating polymer, and its degree of
ionization depends on the local pH, salt concentration, etc. For a pH value above its pKa (~5),

PAA is likely to be highly ionized [60], which justifies our consideration of fully ionized PAA.

2.3 Methods

Our main simulation contains, fully ionized poly (acrylic acid) (PAA), poly (methacrylic
acid) (PMAA), and poly (styrene sulfonate) (PSS) as the polyelectrolytes and SPC/E water [67]
molecules. Sodium (Na") counterions screen the PE brush charges. In addition, we add 0.2 M NaCl
salt. PAA chains are grafted with a grafting density of 0.05/c* (6=3.5 A, is the LJ distance
parameter of backbone carbon atoms) whereas PSS and PMAA chains are grafted with a grafting
density of 0.03/c%. 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. 36 (25) PAA (PSS, PMAA) PE chains are grafted on the bottom wall in a 6*6 (5*5)
array. The particle trajectories are calculated using the Velocity-Verlet algorithm, with a time step
of 2 fs. Non-bonded interactions are modeled via a shifted-truncated 12-6 Lennard Jones potential
(ULy) with a cut-off of 13A. Long range Columbic interaction is calculated using a PPPM (particle-
particle particle-mesh) algorithm [68]. The bonds and angles of water molecules are conserved by
using the SHAKE algorithm [69]. Simulations are performed in LAMMPS [70] and OVITO [71]

is used to visualize the simulation system.

We use the OPLS-AA [72] force field to model the brush molecules and employ the study
by Joung et al [73]. for calculating the potentials for the mobile ions. These vastly used parameters
for monovalent ions [73] were adjusted to the solvation free energy of ions in water and the lattice

energy of ionic crystals. OPLS force field, which is used to model the PE brush molecule, has been
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used for modeling a variety of polymer systems [74-76] and is considered as one of the most
accurate force field parameters. 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 remain consistent with the approach of

Joung et al. [73].

OPLS-AA force field, when coupled with SPC/E water, shows a very good accuracy for
capturing different facets of polymeric systems. For example, Hu et al [77] examined the different
force field parameters used for the aqueous polymeric systems and found that combination of
OPLS-AA parameters and SPC/E water model gives very good results. With regards to dynamic
properties, their calculations showed that the combination of the SPC/E model and the OPLS force
field is best in predicting water diffusivity not only in the bulk phase but also within protein crystal
[77]. Results also suggest that when coupled with the SPC/E model, ion parameters used in our
simulation fairly accurately model the dynamic behavior of the monovalent ions in aqueous
solution for a wide range of concentrations [78].

The system is first run in the NP, T ensemble (the subscript z signifies that only the system
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 [79,80]. Then, the system is equilibrated in the
NVT ensemble to obtain the correct equilibrium configuration of the system by applying the
Langevin thermostat [81]. We performed each simulation until the brush height starts fluctuating
around a constant value. Then the production period is performed for 15 ns for all the cases of the
simulations. After initial equilibration, we apply the axial electric fields under the NVT ensemble.
Again, we performed each simulation until the end-to-end height and distance starts fluctuating

around a constant value. Then the final production period is considered to be 15 ns.
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Figure 2.9: (a) Average end-to-end brush height for PAA, E=0. Autocorrelation fucntion of the end point
of PE chains for different simulations, (b) PAA and (¢) PSS.

We perform each simulation until the brush height starts fluctuating around a constant
value. In this production period, the brush height fluctuates around a constant value, confirming
the attainment of the equilibrium. In figure 2.9 (a), the average end-to-end brush height for PAA
without applied electric field over the total simulation duration is shown. The red line indicates the
variation of the end-to-end brush height during the production period. This production period is
considered to be 15 ns for all the different simulations. We checked the autocorrelation function

of the end-to-end brush height of the PE chains in this production run. The autocorrelation function

for a variable Y is given by Cy (t) = (<Y(ti;(2Y >))_(1;(;2;(Y>>), where (Y) denotes the mean value of Y.

We plot the autocorrelation function [C,(t)] for average end-to-end brush height corresponding to
the cases of different simulations [Fig. 2.9 (b) for PAA and Fig. 2.9 (c¢) for PSS]. It can be observed
that the autocorrelation functions for all the cases start fluctuating around zero very quickly, which
indicates proper statistical sampling in total 15ns production run. Also, we shall like to point out

here that we have averaged our result for the entire production period (i.e., 15 ns).

In table 2.1 have provided the breakdown of the total simulation for all simulations:

Simulation type Equilibration time | Production time Total simulation time

PAAE=0 55 ns 15 ns 70 ns
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PAA,E=0.1 V/nm 59 ns 15 ns 74 ns
PAA,E=1V/nm 52 ns 15 ns 67 ns
PSS, E=0 51 ns 15 ns 66 ns
PSS, E=0.1 V/nm 56 ns 15 ns 71 ns
PSS, E=1 V/nm 48 ns 15 ns 63 ns
PMAA,E=0 49 ns 15 ns 64 ns
PMAA,E=1V/nm 55 ns 15 ns 70 ns

Table 2.1: Variation of the simulation time for all simulations.

In Fig 2.10 we provide the Ocarboxylate-counterion radial distribution function (RDF) for the

PAA and the PMAA, and the Osuifonate-counterion RDF for the PSS. The first valley of these RDFs

is used as a cutoff to calculate the counterion distribution around the negatively charged O atom.

These cutoffs are also used to calculate the counterion mediated bridging interactions. In presence

of the electric field, there is a slight reduction in the value of the first peak for the RDFs for all the

three cases.; other values are negligibly affected by the application of the electric field.
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Figure 2.10: Ocaroxylae-counterion radial distribution function (RDF) for the PAA and PMAA and

Osuifonate-counterion RDF for the PSS.
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Force field parameter

In Fig. 2.11, we have provided partial schematic representations of the fully ionized poly
(acrylic acid) (PAA) and (poly) styrene sulfonate (PSS) molecules. Definition of these atoms and
their nonbonded parameters are given in table 2.2 (for PAA) and table 2.7 (for PSS). Bonded
parameters (bond, angle, proper and improper dihedral) are discussed in subsequent tables. Please

note that same parameters are used for PAA and PMAA.

The Lennard-Jones (LJ) potential (Uzs) used in the simulations can be expressed as:

i 12 i 6

while the Coulombic pairwise interaction (Ucowr) used in the simulation can be expressed as:

q:4;
47TEOElT'ij

%Y

H
PAA PSS

Ucour = . (2.3)

2

Figure 2.11: A partial schematic representation of the fully ionized PAA and PSS molecule. Different
types of atoms are indicated with different colors.
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In these equations, €;; is the depth of the LJ potential well between atoms i and j, o;; is the distance
between atoms 1 and j when the potential energy is zero, q; and q; are charges of the ith and jth
atoms respectively, 7;; is the distance between atoms i and j, €, is the permittivity of a vacuum

and €, the relative permittivity of the background (used as 1).

9

Atom Type Charge (e) | Mass (amu) € (Kcal/mole) o (A)
C3 (CH3) -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

H 0.06 1.008 0.03 2.50

0O (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
Continuous LJ Wall 0.00 15.00794 0.1947 3.00
(Parameters remain (LJ cut off length
unchanged for is 3.36 A)
interaction with all

atom types)

Table 2.2: Charge, mass and LJ parameters for all the different atom types of PSS

Harmonic bond style is used to calculate the potential energy for the bond which is expressed
as:

Upona = Kp(r —19)*%. (2.4)

31



Here, 1y is the equilibrium bond length and Ky is the bond stiffness. The values for r, and Ky for
all bond types (present in the PAA molecules) are provided in Table 2.3. Please see table 2.8 for

all the parameters governing the bonded potentials for the PSS molecule.

Bond Type Ky, ( Kcaf ) ro, (&)
mol. A?
C2-H 340.0 1.09
C2-Cl1 268.0 1.529
Cl-H 340.0 1.09
C3-H 340.0 1.09
C-Cl1 317.0 1.522
C1-C3 268.0 1.529
C-0 656.0 1.25
Ow-Hw - 1.00

Table 2.3: PAA bond parameters used in the simulations

The potential energy for the angle between different bonds is calculated using the following
harmonic equation:
Uangle = Ka(8 = 00)%  (2.5)
Here, 6, is the equilibrium value of the angle and K, is the angle stiffness. The values for 8, and
K. for different angles associated with the PAA and the PSS molecules are provided in Table 2.4

and Table 2.9.

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
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H-CI-C 35.0 109.5
0-C-O 80.0 126.00
C2-C1-C 63.0 111.1
C3-CI-C 63.0 111.1
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-Cl1 58.35 112.7

Table 2.4: Angle parameters for PAA used in the simulations

The potential energy for the 4-atom dihedral torsion interactions is given by

Uginedrar = %Kl[l + cos(@)] + %Kz[l —cos(20)] + %Kg[l + cos(30)] + %K4[1 — cos(40)].

(2.6)

Here, K, K2, K3 and K4 are the four Fourier coefficients for torsional interactions, and @ is the

torsional angle. Values of K1, K», K3 and K4 associated with the PAA and the PSS molecules are

provided in Tables 2.5 and 2.10, respectively.

Dihedral type K4, (Kcal/ | K,, (Kcal/ | K3, (Kcal/ | K4, (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
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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

Table 2.5: Dihedral parameters for the PAA molecules used in the simulations

The potential energy for the improper torsional dihedrals is calculated by using the harmonic
function:

Usmproper = Ki(@ — @)%, (2.7)
Here, ¢, represents the equilibrium value of the improper torsional angle and K; is the improper

torsional stiffness. Their values for the C1-O-C-O system (corresponding to the PAA molecule)

has been provided in Table 2.6. Kindly see Table 2.11 for the corresponding values associates with

the PSS.
Improper Type K; (—<al @o(deg)
' “mol.rad?
C1-0-C-O 10.5 180

Table 2.6: PAA improper dihedral parameters used in the simulations
In the following five tables the non-bonded, bond, angle, dihedral, and improper dihedral
parameters of PSS have been provided. These parameters are obtained from the OPLS-AA force

field with the modifications suggested by Qiao et al. [80].

Atom Type Charge (e) | Mass (amu) € (Kcal/mole) d (A)
C2 -0.12 12.011 0.066 3.50
H1 0.06 1.008 0.03 2.50
Cl 0.055 12.011 0.066 3.50
C4 -0.115 12.011 0.070 3.55
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C5 -0.115 12.011 0.070 3.55
C6 -0.115 12.011 0.070 3.55
H2 0.115 1.008 0.03 242
C7 -0.44 12.011 0.070 3.55

S (S03) 1.48 32.065 0.25 3.55

O (S03) -0.68 15.999 0.17 2.96
C3 -0.18 12.011 0.066 3.50
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
Continuous LJ Wall 0.00 15.00794 0.1947 3.00
(Parameters remain (LJ cut off length
unchanged for is 3.36 A)
interaction with all

atom types)

Table 2.7: Charge, mass and LJ parameters for all the different atom types of PSS

Bond Type Ky, ( Kcaf ) ro, (A)
mol. A?
C2-H 340.0 1.09
C2-C1 268.0 1.529
Cl1-H 340.0 1.09
Cl-C4 317.0 1.51
C4-C5 469.0 1.40
C5-H2 367.0 1.08
C5-C6 469.0 1.40
C6-H2 367.0 1.08
C6-C7 469.0 1.40
C7-S 340.0 1.77
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S-O 700.0 1.44
C3-H 340.0 1.09
C3-C1 268.0 1.529
Ow-Hyw - 1.00
Table 2.8: PSS Bond parameters used in the simulations
Angle Type K, ( Kcal ) 0y(deg)
mol.rad?
H1-C2-H1 33.0 107.8
C1-C2-Cl1 58.35 112.7
C1-C2-H1 37.5 110.7
C2-C1-H1 37.5 110.7
C2-C1-C2 58.35 112.7
C2-C1-C3 58.35 112.7
C3-Cl1-H1 37.5 110.7
H1-C3-H1 33.0 107.8
C1-C3-H1 37.5 110.7
H1-C1-C4 35.0 109.5
C2-C1-C4 63.0 114.0
C3-C1-C4 63.0 114.0
C1-C4-C5 70.0 120.0
C5-C4-C5 63.0 120.0
C4-C5-H2 35.0 120.0
C4-C5-Co6 63.0 120.0
C6-C5-H2 35.0 120.0
C5-C6-H2 35.0 120.0
C5-Co6-C7 63.0 120.0
C7-C6-H2 35.0 120.0
C6-C7-Co6 63.0 120.0
C6-C7-S 85.0 119.4
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C7-S-0 74.0 107.2
O-S-O0 104.0 119.0
Hw-Ow-Hyw - 109.47
Table 2.9: PSS angle parameters used in the simulations
Dihedral type | K4, (Kcal/ | K, (Kcal/ | K3, (Kcal/ | K,, (Kcal/
mole) mole) mole) mole)

C2-C1-C2-C1 1.30 -0.05 0.20 0.0
H1-C2-C1-C2 0.0 0.0 0.30 0.0
H1-C2-C1-H1 0.0 0.0 0.30 0.0
C1-C2-C1-C3 1.30 -0.05 0.20 0.0
H1-C2-C1-C3 0.0 0.0 0.30 0.0
H1-C3-C1-C3 0.0 0.0 0.30 0.0
HI1-C1-C3-H1 0.0 0.0 0.30 0.0
H1-C1-C2-C1 0.0 0.0 0.30 0.0
H1-C2-C1-C4 0.0 0.0 0.462 0.0
C1-C2-C1-C4 0.0 0.0 0.0 0.0
H1-C3-C1-C4 0.0 0.0 0.462 0.0
H1-C1-C4-C5 0.0 0.0 0.0 0.0
C2-C1-C4-C5 0.0 0.0 0.0 0.0
C3-C1-C4-C5 0.0 0.0 0.0 0.0
C1-C4-C5-Co6 0.0 7.25 0.0 0.0
H2-C5-C4-Cl1 0.0 7.25 0.0 0.0
C4-C5-C6-H2 0.0 7.25 0.0 0.0
C4-C5-C6-C7 0.0 7.25 0.0 0.0
H2-C5-C6-H2 0.0 7.25 0.0 0.0
C7-C6-C5-H2 0.0 7.25 0.0 0.0
C5-C4-C5-H2 0.0 7.25 0.0 0.0
C6-C5-C4-C5 0.0 7.25 0.0 0.0
C6-C7-C6-H2 0.0 7.25 0.0 0.0
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C5-C6-C7-C6 0.0 7.25 0.0 0.0
C5-C6-C7-S 0.0 7.25 0.0 0.0
H2-C6-C7-S 0.0 7.25 0.0 0.0
C6-C7-S-0O 0.0 0.0 0.0 0.0
Table 2.10: PSS dihedral parameters used in the simulations

Improper Type K; (moz.mdz) po(deg)
C5-C5-C4-C1 10.5 180

C6-C4-C5-H2 10.5 180

C7-C5-C6-H2 10.5 180

C6-C6-C7-S 10.5 180

Table 2.11: PSS improper dihedral parameters used in the simulations
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2.4 Conclusion

In this chapter, we have demonstrated the effect of the monomer charge of PE brushes on
the conformational change as a result of external electric field. We have considered two different
pendant groups; carboxylate (PAA and PMAA) and sulfonate (PSS), carboxylate having a higher
charge density. The axial electric field reduced the total end-to-end brush height for all PE brushes,
interestingly, the end-to-end distance tells a different story. For PAA and PMAA, the end-to-end
distance decreases with the application of an external electric field; this indicates a bending of the
PE chains (bending is also visible from the brush profile). On the other hand, with the application
of the applied axial electric field, the end-to-end distance of the PSS brush remains similar, the
average chain profile shows that the brush tilts along the electric field. Stronger interaction of
highly charged carboxylate monomer and counterion initiates an asymmetric ion distribution; this
is associated with the electric field driven asymmetric migration of the counterion-monomer
complexes, which results in bended brush conformation. For PSS, weaker monomer-counterion
interaction implies that PE chains can be affected by the electric field independently and move
along the direction of the electric field. The cumulative distribution function of counterion around
PE chains, average brush profile, similarity analysis of chain supports our findings. This study will

expand our understanding of PE under external field which can also influence future innovations.
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Chapter 3. Quantification of Mono- and Multivalent Counterion-
mediated Bridging in Polyelectrolyte Brushes+

Abstract: Multivalent counterion-induced bridging interactions have been identified as the key
mechanism of drastic collapse of the height of polyelectrolyte (PE) brushes. In this chapter, we
employ all-atom molecular dynamics (MD) simulations to quantify the bridging interactions in PE
brushes for counterions of different sizes and valences. We identify that unlike the current notion,
bridging interactions are not the sole function of the counterion valence. Rather the bridging
interactions depend on the fraction of counterions (of a given type) that get physically condensed
on the PE backbone as well as the size of the counterion solvation shell. These mechanisms ensure
that certain monovalent counterions demonstrate much stronger bridging interactions than that
witnessed for certain divalent and trivalent counterions, while certain counterions of identical
valences show drastically different bridging. We argue that these counterion-specific bridging
interactions eventually enable not only the significant reduction of the PE brush height in presence
of certain multivalent screening counterions, but may also give rise to scenarios where the brush
height reduction for certain monovalent counterions is larger than certain divalent and trivalent
counterions. This latter observation contradicts the experimental findings where the multivalent
counterions invariably led to a larger decrease in the height of the PE brushes: we argue that this
discrepancy stems from the fact that in our simulations we only consider densely grafted and short
(and hence less flexible) PE brushes that hinder the formation of different laterally inhomogeneous
structures (like pinned micelles and cylindrical bundles) that would have led to a larger brush

height reduction (in experiments, which invariably consider longer and less densely grafted

** Contents of this chapter is published in Macromolecules as Pial, T. H.; Sachar, H. S.; Das, S. Quantification of
mono- and multivalent counterion-mediated bridging in polyelectrolyte brushes, Macromolecules 2021 54, 4154.
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brushes, the formation of such inhomogeneous structures are primarily responsible for larger
brush height reduction in presence of multivalent counterions). Finally, we also probe the dynamic
properties of the counterions (i.e., their time-dependent displacements) and their bridging

interactions (i.e., lifetime of bridging interactions).
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3.1 Introduction

Polyelectrolyte (PE) brushes, representing the “brush”-like configuration attained by a layer of
densely grafted PE molecules in a good solvent [83], are known to have wide applications in
sensing, current rectification, drug delivery, oil recovery, etc. [15-18,84-86]. The employability of
the PE brushes in these applications stem from the fact that their structural properties, which in
turn regulate these applications, can be tuned in response to numerous parameters such as the
degree of polymerization, grafting density, solvent quality, concentration and nature of the
counterions (that screen the charges on the PE backbone), concentration and nature of the added
salts, etc. Ion specific effects (associated with the screening counterions and the added salts),
namely the effects dictated by the sizes and valences of these ions, are found to be very important
in different PE systems. For example, smaller ions lead to more compact PE structure [30-32].
Coarse-grained molecular dynamics (CGMD) simulations attributed this behavior to the smaller
excluded volume effect of the smaller ions as well as the stronger interactions between the charged
PE monomer and the smaller ions [30-32]. On the contrary, recent experiments on PE brushes
demonstrated that larger divalent screening counterions lead to smaller PE brush height [33,34]:
this points to the fact that ion-size-dependent trend of the size/compactness of the PE system may
be more complicated than the simplified excluded-volume-effect-driven phenomenon arousing the

need to better understand the interactions between a specific PE and a specific ion.
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A more interesting observation, associated with the PE brush height, is made with respect to
the influence of the valence of the screening counterion: PE brush layers are found to collapse in
the presence of multivalent (divalent or higher valent) counterions, while such collapse does not
occur for the case of monovalent counterions [33,34,47,87-94]. Motivated by the relevance of
multivalent ions in the biological and other applications, there has been a tremendous interest to
understand the mechanism of such multivalent-counterion-induced collapse of the PE brushes. It
was initially hypothesized that replacement of monovalent counterions with multivalent
counterions led to a reduced osmotic pressure of the counterions resulting in the formation of a
compact brush [94]. Recently, however, it has been suggested that multivalent counterion mediated
“bridging” is responsible for favorable interaction between like-charged polyelectrolytes, which
in turn leads to collapse of the PE brush layer [47, 93-96]. This bridging interaction, which is
characterized by two or more like-charged atoms being inside the solvation shell of a particular
counterion, has been mainly attributed to the presence of multivalent counterions. Interestingly, in
addition to these studies, there are also studies that report favorable interactions between like-
charged systems even in presence of monovalent counterions. For example, anionic surfactants
adsorb at negatively charged mica in presence of Cs* (Ref. 35) and K* (Ref. 36) counterions. These
interactions, while not identified or quantified specifically, appear to be equivalent to bridging
interactions. Along with such apparent contradiction where even monovalent counterions appear
to induce bridging interactions, a comprehensive quantitative understanding of the counterion-
mediated bridging for different types of counterions has been missing. Such an understanding,
which will pinpoint not only the different factors that regulate the bridging but also the relative
contributions of the different types of bridging (e.g., interchain versus intrachain bridging) for

different types of counterions (including monovalent counterions), will eventually enable
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designing PE systems that can be manipulated more easily for different purposes.

In this chapter, we have employed all-atom MD simulations to quantify and dissect the
counterion-induced bridging for different screening counterions (varying in sizes and valences) in
a densely grafted PE brush system with short PE brushes. In addition, in order to observe the effect
of an external salt we have simulated two sets of systems: with no salt and with 0.4 M concentration
of added chloride salt of the corresponding screening counterions. Our findings confirm the
occurrence of three types of interactions: nearest neighbor condensation, intrachain bridging, and
interchain bridging. We identify the relative occurrences of these three interactions in PE brush
system with screening counterions of different sizes and valences. We further establish that even
monovalent counterions can trigger substantial amount of bridging. Furthermore, we identify that
the presence/absence of condensed (on PE backbone) counterion (and the manner in which they
screen the PE charges) and the size of the solvation shell of the counterions govern these specific
counterion-size and counterion-valence dependent bridging behavior. We also establish that such
specific counterion-valence-dependent bridging behavior ensures that the brush height for the case
of certain monovalent counterions can be smaller than that with certain specific divalent and
trivalent counterions. Therefore, we contradict the accepted notion (derived from experimental
findings) that multivalent counterions will always reduce the brush height much more significantly
than the monovalent counterions. We argue that this discrepancy in the counterion-valence-
dependence of the PE brush height stems from the fact that in our simulations we only consider
densely grafted and short (and hence less flexible) PE brushes that hinder the formation of different
laterally inhomogeneous structures (like pinned micelles and cylindrical bundles) that would have
led to a larger brush height reduction. On the contrary, experiments are conducted with much

longer and less densely grafted brushes, where these inhomogeneous structures are present and are
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primarily responsible for larger brush height reduction in presence of multivalent counterions.
Finally, we also probe the dynamic properties of the counterions within the PE brush layer. We
demonstrate the effect of the counterion type on the time-dependent mean-squared displacements
of the counterions within the brush layer and quantify the lifetime of the bridging interactions as a

function of the type of counterions.

3.2 Results and Discussions

In our system [shown in Fig. 3.1(a)], fully ionized Polyacrylic acid (PAA) chains (H[-CH2-
CH(COO-)-InCH3) are used as the PEs and explicitly modeled SPC/E water (67) molecules act as
the solvent. Different screening counterions, namely Li*, Na*, Cs*, Mg?*, Ca®", Ba?*, Y**, La** are
separately considered to neutralize the polyelectrolyte (PE) segmental charge. No external salt was
added in the system in one case. Consideration of such an external salt-free system is essential to
eliminate the effect of salt induced osmotic pressure, thereby ensuring that one can solely focus on
the effect of the size and valence of the screening counterions in triggering the bridging
interactions. Additionally, we have conducted simulations for another system, where we have
considered a 0.4 M concentration of added salt (which is the chloride salt of same counterions as
the screening counterions). This implies that for the case with Li" screening counterions, we added
a 0.4 M concentration of LiCl salt, for the case with Mg?* screening counterions, we added a 0.4
M concentration of MgCl salt, and so on. For both set of systems (with and without the added
salt), PE chains are grafted with a grafting density of 0.05/c® [6=3.5 A is the Lennard Jones (LJ)
distance parameter of the backbone carbon atoms of the PE chains]. Each chain has 49 backbone
carbon atoms (24 repeating units). Further details about the simulation have been provided in the

Methods section.
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Brush Height

We first study the end-point brush height for each type of screening counterion: we obtain
a non-monotonic variation of the brush height as a function of counterion size and valence [see
Fig. 3.1(b)], although the brush height variation for different counterions is small in all our
simulations. This small variation can be attributed to the considerations of high grafting density as
well as shorter PE chains (on account of computational resource constraints). The high grafting
density ensures that the excluded volume of the PE chains is more dominant than the electrostatic
effect, which leads to a lesser freedom for the PE brushes to change their configurations [96]. It is
also known that shorter chains are relatively stiffer than longer chains [97,98]. This reduced
flexibility of our simulated brushes can be inferred from the high persistence length (ranging from
11.8 Ato 15.71 A) of the simulated brushes for the cases of different counterions with and without
the added salt (please see table B2 and associated discussion in Appendix B). For more densely
grafted and stiffer PE brushes, the brush heights do not change very significantly on varying the
type of counterions. Furthermore, due to the fact that the brushes are densely grafted and stiffer,
we only observe homogeneous collapse and not heterogeneous collapse. Yu et al. [93] had
demonstrated that PE brushes, in presence of multivalent counterions, might undergo
heterogeneous collapse (this refers to the collapse of the brush height in presence of the formation
of heterogeneous structures, similar to pinned micelles and cylindrical bundles). Also, besides this
small variation in the brush height for different types of counterions, most interestingly, for Mg,
Ca”', and La®" counterions, the brush height is greater than that with monovalent counterions. This
contradicts the current notion that the multivalent counterions always lead to a much larger
decrease in the PE brush height as compared to the monovalent counterions [47,93]. Given that

the total charge of the added counterions should be equal to the total charge of the PAA brushes,
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the number of multivalent counterions is always less than the number of the negatively charged
atoms of the PAA brushes. This leads to an incomplete neutralization of the local PE charged
monomers (i.e., these monomers are surrounded only by the water molecules and not the
counterions), although in total the brush layer is rendered charge neutral; accordingly, there arises
local monomer-monomer repulsion, which hinders the multivalent-counterion-driven brush height
reduction. As already pointed out, a higher grafting density and stiffness (because of the short
chains) hinders the formation of different laterally inhomogeneous structures (like pinned micelles
and cylindrical bundles [99]), which would have helped the brushes to be more charge neutral and
have smaller thickness. Later in the paper, we will see that neutralization by bridging helps some
counterions to render shorter brushes. Even with the added salt (0.4 M concentration of the chloride
of the corresponding counterions), this trend of the end-to-end brush height as function of the
valence of the counterions (as described above) remains similar (please see appendix B). The
added salt reduces the brush height slightly (as compared to the no-salt case) for all the counterions
considered here. The presence of the added salt creates an additional osmotic pressure outside the
brush in the bulk, which leads to this slight brush height reduction (as compared to the no-salt
case), although this overall trend where the brush height can be larger for certain multivalent
counterions (e.g., Ca?’, Mg?*, and La*") as compared to the brush height for monovalent
counterions, is not altered. From these results we can infer that this trend where the multivalent
ions invariably reduce the brush height as compared to the case with monovalent ions is only true
for sufficiently long, flexible, and less densely grafted brushes that are typically studied in
experiments [93]. For example, in experiments [93] one uses PE chain with degree of
polymerization in the order of 1000 monomers grafted with a grafting density of 0.1 to 0.025

chain/nm? in a highly grafted scenario, while in the present case, degree of polymerization is 24
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and grafting density is 0.408 chain/nm?. Furthermore, in the CG MD calculations corresponding
to this experiment, a persistence length of 2.3 A was considered; on the other hand, the persistence
length calculated in our simulations ranged from 11.8 A to 15.71 A. Such long and less stiff PE
chains considered in the experiments led to the formation of laterally inhomogeneous structures
like pinned micelles and cylindrical bundles, which in turn led to a significant multivalent-
counterions-driven brush height reduction; for shorter and densely grafted brushes (as considered
for our simulations), where the formation of these inhomogeneous structures are prevented, this
trend may get reversed for certain choices of multivalent and monovalent counterions. Below, we
shall discuss the effect of the bridging in this overall height reduction of the brushes and the manner
in which the counterion-dependence of the bridging explains this non-monotonic trend in the

variation of the brush height with the valence of the counterions.
Bridging Interactions

To check the presence of the bridging, we define the first solvation shell of a counterion
by taking the first valley of the Ocarboxylate-counterion radial distribution function (RDF) (Ocarboxylate
refers to the oxygen atoms of the COO" functional group of the PAA monomers). These RDFs
corresponding to all the counterions are provided in the appendix B. If there is one or more
Ocarboxylate from the PE monomer inside the first solvation shell of a counterion, we consider this
counterion to be condensed on the PE chain. We categorize this condensed counterion in three
groups following Yu et al. [93]: counterions contributing to (1) nearest neighbor condensation, (2)
intrachain bridging, and (3) interchain bridging. If the Ocarboxylate atoms inside the solvation shell
of a counterion are from a single monomer or from two neighboring monomers of a particular PE
molecule, we identify it as the occurrence of “nearest neighbor condensation”. If Ocarboxylate atoms

are from two different non-neighboring monomers, the corresponding counterion is identified to
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trigger intrachain bridging (if the monomers belong to the same PE chain) and interchain bridging
(if the monomers belong to the different PE chains). These definitions are schematically
represented in Fig. 3.1(c). In Fig. 3.1(d), the relative extent of different bridging contributions for
different counterions (or the number of counterions of a particular type that contribute to any of
the three phenomena described above) has been provided. This is the central result of this chapter.
Our results confirm that bridging is not a strictly counterion-valence-driven phenomenon and it
does not increase monotonically with an increase in the counterion valence. For each type of
studied counterion there is a substantial amount of intrachain bridging. What is more interesting is
interchain bridging: it ranges from almost being negligible for Mg?* counterions to being 27% for
Na® counterions. In fact, for monovalent counterions, we find that at least a small amount of
interchain bridging is present for a wide range of counterion sizes (i.e., for Li*, Na', and Cs"). Very
interestingly, however, despite some noticeable variation in the amount of interchain and
intrachain among the different types of monovalent counterions, we find relatively less difference
among the corresponding brush heights. For the case of monovalent counterions, there is a parity
(approximately) in the number of counterions and charge-bearing monomers inside the brushes,
which ensures efficient screening of the monomer charges even in the absence of
interchain/intrachain bridging. Thus, the impact of inter/intrachain bridging on the local
neutralization of monomers is relatively small for the case of monovalent counterions; accordingly,
the extent of variation in the brush height for the cases of different monovalent screening
counterions is relatively less even though there is a significant variation in the extent of bridging

(interchain and intrachain) corresponding to these different monovalent counterions.
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Figure 3.1: Snapshot, brush height and bridging interaction. (a) Snapshot (truncated from the top) of
the simulation system. Green circles are the counterions. Other circles are atoms of PE. Green small
dots indicate water. (b) End-to-end PE brush height for different counterions for the case of no added
salt. The error bars in the plot are obtained from the fluctuations of the average brush height over the
period in which the data is produced. (c) Schematic of different types of bridging. Purple circles
indicate counterions, while the surrounding gray dashed circles indicate the first solvation shells of
these counterions. It can be seen that oxygen atoms from water (teal circles) and carboxylate of PE
(golden circles) are inside the solvation shell of a counterion. (d) Percentage of counterions
participating in different types of bridging for different types of counterions for the case of no added
salt
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For smaller divalent counterions like Mg?* and Ca?", there is almost no interchain bridging
and only Ba?* demonstrates 22% interchain bridging. Accordingly, the brush height is very similar
for the cases corresponding to Mg?" and Ca*" counterions but much smaller for the case of Ba**
counterions. Finally, for trivalent counterions, both interchain and intrachain bridging are more
pronounced for Y>* counterion than La** counterion, leading to much reduced brush height for the
case corresponding to Y>* counterion as compared to the case corresponding to La** counterion.
Such non-monotonic bridging interactions will be discussed later. The brush height closely follows
these trends in intrachain and interchain bridging interactions since enhanced bridging interactions
enable a counterion to neutralize a greater number of negative monomers of the PE chain, which
in turn reduces the monomer-monomer repulsion and therefore lowers the brush height. Therefore,
the brush height is smallest for the cases of Ba?>" and Y** counterions among the studied cases of
divalent, and trivalent counterions, respectively stemming from the fact that interchain and
intrachain bridging interactions are maximum for these particular ions (among the ions of specific
valence). As has been already pointed out earlier, for the case of multivalent counterions, the
number of brush-trapped counterions is significantly lower than the number of charge-bearing
monomers of the grafted PE chains. This leads to an incomplete neutralization of the monomer
charges at the local length scales. As a result, there is an increase in the magnitude of
intersegmental repulsions associated with the PE chains, thereby leading to an enhanced brush
height. Therefore, for such cases, the interchain and intrachain bridging serve as a much more
dominant mechanism (as compared to the case of monovalent counterions, where an approximate
parity in the number of counterions and charge-bearing monomers inside the brushes ensures an
efficient screening of the monomer charges even in the absence of interchain/intrachain bridging)

to mitigate the issue of incomplete neutralization of the PE segments by screening a greater number
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of charge-bearing monomers, which can reduce the electrostatic repulsion between the PE
segments. That is why we observe a considerable reduction in the PE brush height (with either
divalent or trivalent screening counterions) with increasing contribution of interchain and

intrachain bridging interactions in the divalent and trivalent counterions.

To explain such non-monotonic bridging contributions, we study the distributions of the
counterions within the PE brush layer for different counterions. Accordingly, in Fig. 3.2(a), we
depict the probability density distribution [p(r)] of finding the nearest Ocarboxylate atom at a distance
r from a given counterion. For all types of counterions, the distance of the first peak in the
corresponding probability density distribution closely resembles the size of the counterions, as
elucidated in Table B.1 in appendix B. For those counterions (e.g., Li*, Na*, Ca**, Ba*", and Y*"),
where there exists only a single peak in their p(r), given the fact that the location of this peak is
very close to the size of these counterions, we can infer that these ions condense almost fully on
the PE backbone. Interestingly, for Cs*, Mg?" and La** counterions, second peaks in their p(r) are
observed [see inset of Fig. 3.2(a)]. Therefore, we can infer that a fraction of these counterions
(Cs*, Mg’* and La*") physically condense on the PE chain, while the remainder of these
counterions remain non-condensed. The distances of the locations of these second peaks in the
p(r) of these ions (Cs*, Mg?*, and La®") are close to distance of location of the second peak in the
corresponding (i.e., the case with these counterions) Ocarboxylate-Hwater RDF (or the distance of Hwater
or hydrogen of the water molecule from the Ocarboxylate 1n the second solvation shell of Ocarboxylate)
[see Fig. 3.2(b)]. As a result, these ions (Cs*, Mg?*, and La*") will be able to replace some of the
Huwater atoms from the second solvation shell of the Ocarboxylate atom; this will imply that these
counterions will be able to neutralize COO™ by replacing some Hwater from the second solvation

shell of the Ocarboxylate atom. Therefore, these counterions screen the PE charges by a combination
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of physical condensation on the PE backbone and screening the charge from a non-condensed state

by replacing some Hywater atoms at the location of their (counterions’) second solvation shell.
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Figure 3.2: Counterion distribution around PE. (a) Normalized probability distribution [p(r)] of finding
the nearest Ocarboxylae atom around different counterions within the PE brush layer. Region around the
second peak (occurring for the cases of Cs’, Mg?*, and La*") has been magnified in the inset. (b)
Ocarboxylate-Hwater RDF for system with different counterions. (¢) The cumulative distribution function
(cdf) [cdf(r) = for 4mr? p(r)dr] for different counterions. The results are for the case of no added salt.
(d) Schematic showing Ocamoxylae from different PE chains in the second solvation shell (shown in
yellow) of a non-condensed (Cs*, Mg?*, and La*") counterion (shown in yellow circle). These Ocarboxylate
in the second solvation shell of these counterions are too far from each other to take part in any bridging
interactions. These Ocarboxylate in the second solvation shell of these counterions are too far from each
other to take part in any bridging interactions.
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In figure 3.2(c), we plot the cumulative distribution function (cdf) [100] obtained by integrating
the probability density over a sphere of radius r. This provides the overall probability for the case
of no added salt of finding the nearest Ocarboxylate atom within a distance r from a given counterion.
For counterions that have only one clear peak in p(r) (e.g., Li*, Na*, Ca**, Ba*’, and Y*"), cdf
becomes equal to unity at the “r” value that corresponds to the location of the single peak [see Fig.
3.2(a)], providing further demonstration that these counterions screen the PE charges entirely by
condensation on the PE backbone. On the other hand, for Cs*, Mg?*, La** cdf is less than unity at
the location of the first peak [of their p(r)] and becomes unity only at that » value where the second

peak [of their p(r)] ends.

The above results indicate that unlike Li*, Na*, Ca®", Ba?", and Y*" ions, a large portion of
the Cs", Mg?*, La>" ions are not fully condensed on the PE backbone at a distance equal to the size
of these ions. Interestingly, the cases of Cs*, Mg?*, La** ions correspond to the lowest bridging
interactions for their corresponding valences. To trigger the bridging interactions, Ocarboxylate from
different monomers need to be inside the first solvation shell of a counterion that has already
condensed on a PE chain. On the other hand, counterions that are not entirely condensed on the
PE chain [i.e., some of the Cs*, Mg?*, La*" counterions] can accommodate Ocarboxylate from non-
neighboring PE monomers in these counterions’ second solvation shell [see Fig. 3.2(d)] and ensure
that charges of some of these PE monomers are already partially neutralized by these non-
condensed counterions in their second solvation shell. Possible replacement of Hyater atoms from
the second solvation shell of the Ocarboxylate atom by these counterions (see above) will aid in such
neutralization. Under these circumstances, Ocarboxylate atoms from non-neighboring monomers have
a lesser tendency to enter the first solvation shell of a condensed Cs*, Mg?*, and La*>* counterion

(i.e., that fraction of Cs*, Mg?", and La** counterions that are condensed on the PE backbone). Of
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course, this partial neutralization of the monomer charge by these non-condensed Cs*, Mg?*, and
La** counterions in these counterions’ second solvation shell will ensure that the monomers remain
far apart, which in turn will hinder bridging interactions. To confirm this, we have calculated the
probability of having Ocarboxylate from different PE chains in the second solvation shell of Mg**
(this is similar to the interchain bridging, but using the second valley of the RDF as cutoff distance
instead of the first valley). We have found that 53% of the non-condensed Mg?" counterions have
Ocarboxylate from different PE chains, while 31% of the condensed Mg*" counterions have Ocarboxylate
from different PE chains. This confirms that in the process of neutralizing the PE charge by the
non-condensed counterions (from their second solvation shell), it is ensured that a significant
number of monomers remain far apart so that they cannot participate in bridging interactions. This
explanation is schematically shown in Fig. 3.2(d).

Other than having the ability to condense on the PE chain, another important factor
determining the bridging is the counterion solvation number. Counterion solvation number
indicates how many O atoms (from water or charged carboxylate) are present inside the first
solvation shell of the counterion. When counterion size increases, their solvation shell gets larger
which can accordingly accommodate a greater number of oxygen atoms, leading to a larger
solvation number. This variation in the counterion solvation number, for both the cases of the
counterion inside the brush layer as well as the counterion in the bulk (i.e., outside the brush layer),
as a function of the nature of the counterion, has been provided in Fig. 3.3. The counterion
solvation numbers in the bulk water are in good agreement with previous findings [101-107]. It
can be further observed that the counterion solvation number inside the brush layer is similar to
the counterion solvation number in bulk for the different types of counterions considered here.

However, a key difference is that while in the bulk the counterions are solvated or neutralized by
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the water, inside the brush layer some of the Ocarboxylate replace water molecules from the
counterion solvation shell. This replacement of water in the solvation shell of a counterion by
Ocarboxylate, Which is analogous to the “water in salt” phenomena [108], is observed inside the brush
layer for all the different types of counterions considered here (see Fig. 3.3). In this context, it is
useful to discuss the favorable entropy changes associated with such replacement of water
molecules from the counterion solvation shell by Ocarboxylate inside the PE brush layer. Water
molecules lose considerable entropy while solvating the counterions, thereby reducing the free
energy of the system. Thus, a greater number of water molecules participating in the solvation
process (i.e., being present inside the first solvation shell of a counterion) is unfavorable to the
system from an entropic point of view. Therefore, such replacement of water molecules from the
counterion solvation shell by Ocarboxylate inside the PE brush layer will imply the release of water
molecules from their ‘solvation duties’ inside the grafted PE layer (with the carboxylate oxygen
atoms, which do not undergo significant change in their mobilities as they enter the counterion
solvation shell, serving as their replacements) in an attempt to further reduce the free energy of the
PE brushes-counterion-water system. The release of each water molecule can contribute
approximately —1kgT to the total free energy of the system, thus signifying the important role
played by the entropic effects in conjunction to the enthalpy mediated screening of the PE
functional groups (via counterion condensation).

When the counterions can be condensed on the PE chain, the counterion size and the
consequent counterion solvation number become important factors for dictating the bridging
interactions. For example, when the counterion size and the consequent solvation number are
small, a lesser number of O atoms can be present inside the first solvation shell of a counterion,

which in turn hinders the formation of a bridge. For example, Li"and Na" ions are both condensed
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on the backbone of PE chain [see Fig. 3.2(a) and the associated discussions]; however, as its
solvation shell cannot accommodate enough O atoms to form more bridges, there is a lesser chance
for Li" ion to form bridging interactions. On the other hand, for Na" counterion, which can
accommodate a greater number of O atoms, bridging is enhanced. In Fig. 3.3, the solvation from
Ocarboxylate (Opg) is similar for Li" and Na". However due to the smaller solvation shell of the Li"
ion, the Ocarboxylate present within the Li* ion solvation shell is only from the same or nearby
monomers; accordingly, we do not see significant bridging interaction for the case of Li* ion. On
the other hand, a larger solvation shell (larger total solvation number) makes it possible for the Na*
ion to bring Ocarboxylate from non-neighboring monomers and therefore trigger a more pronounced
bridging interaction. This same larger total solvation number helps Cs* to bring Ocarboxylate from
non-neighboring monomers and form bridge. Here it should be mentioned that this solvation
number is calculated for all the counterions inside brush layer; therefore, the non-condensed
counterions also contribute to the lesser number of Ocarboxylate SOlvation number for Cs*. The same
scenario plays out for divalent counterions: Ca** and Ba®". The ability to accommodate a greater
number of O atoms from non-neighboring monomers makes Ba>" ion, with a larger solvation shell,
more capable of supporting the bridging interactions as compared to the Ca*>* ion (having a smaller
solvation shell). For the trivalent counterions, such larger solvation shell (and hence a larger
solvation number) driven enhanced bridging is possible for La>" counterions. Therefore, a higher
solvation number helps to trigger substantial bridging interactions in Cs* and La** counterions
despite these ions not having condensed fully on the PE backbone. Therefore, very interestingly,
for Cs" and La®" ions, there are two countering factors, where one factor (presence of non-
condensed counterions) hinders bridging, while the other factor (larger sizes of the ions) aids in

bridging.
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Figure 3.3: Solvation number of different counterions. “Orowr’” represents the solvation number of the
counterions inside the PE brush layer. “Orow” is constituted by the combination of Owater (the number of
water molecules in the first solvation shell of the counterion) and Opg (number of Ocarboxylate atoms inside
the first solvation shell of the counterion). Finally, “Opux” represents the solvation number of the same
counterions in the bulk.

Dynamics of the Counterions

Finally, we want to observe the dynamic behavior of the counterions inside PE brush layer.
From previous all-atom MD simulation studies on PE brushes [100,108], it is known that the
mobilities of the counterions inside the PE brush layer get significantly reduced in comparison to
their bulk mobility values due to the steric effects and the electrostatic attraction from the PE
molecules. This is reflected in a significant reduction of the mean square displacement (MSD)
values of the counterions within the brush layer as compared to their MSD values in the bulk. Here
we want to study to what extent these MSD values vary for different counterions. Fig. 3.4(a) shows
that with increasing valence, MSD of the counterions inside the PE brush layer reduces, which can
be attributed to the stronger binding of the larger-charged counterions to the PE. As Cs" is not fully

condensed and some of them are not bound to the PE, they can move more freely than the
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counterions that are completely bounded to the PE; as a result, the averaged MSD for the Cs" ion

is much larger (the result is shown in the inset).

We have also probed the dynamic relaxation time of the bridging interactions of the
counterions [see Fig. 3.4(b)]. For this analysis, we chose three counterions with highest interchain
bridging interactions: Na*, Ba**, and Y>*. This dynamic interaction is quantified by calculating the
average residence time of an interchain bridge. This residence time [R(t)] is calculated from the

time correlation function defined as:

Np
RO =30 00 +D. G
i=1

Here 6; is the Heaviside unit step function (if one counterion forms an interchain bridge with few
Ocarboxylate and maintains the same bridging interaction, 6; =1; otherwise, 8; =0), Nj, is the number
of counterions forming inter-chain bridging, and ¢, is the initial time step. If some Ocarboxylate atoms
were present outside the bridge for less than 20ps, we did not consider it as bridge breaking. R(t) =
1/e can be taken as the relaxation time of the bridging interaction. It can be observed that with
increasing valence, the bridges become more stable and they decay or break much less frequently.
Stronger interactions between the PE and counterions with higher valence make the residence time
of the bridge much larger [see Fig. 3.4(b)]. This behavior agrees with previous literature [109]
which suggested that relaxation in a system with trivalent counterions is much slower than

monovalent counterions.
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Figure 3.4: Dynamics behavior. (a) MSDs of the different counterions inside the PE brush layer. MSD for
the Cs" counterion is shown in the inset for better visualization. (b) Bridge residence time correlation
function for three different counterion. Relaxation time is shown by the purple line. The results are for the
case of no added salt.
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Figure 3.5: The results for the case with an added salt. (a) End-to-end brush height for different
counterions. (b) Percentage of counterions participating in different types of bridging for different types
of counterions. The results are for the case when there is an added salt (0.4 M concentration of the
chloride salt of the corresponding counterions).
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Discussion

Here the two main results (the PE brush height and the percentage of counterions
participating in different types of bridging interactions) for simulations with 0.4 M concentration
of the chloride salt (of the corresponding counterions) is presented. It can be observed that the
trends of the brush height and bridging interaction remain almost same as the simulations without

salt.

Finally, we want to paint a generic picture from our analysis on the role of the counterion
valence and size on the overall bridging interactions and the resulting changes in the brush height.
Counterion valance and size are indeed two of the most important parameters for determining the
bridging interactions and thereby significantly affecting the brush height. With increasing valance,
the number of counterions required to neutralize the charged monomers decreases. As a result, the
effect of counterion mediated bridging on the brush height becomes more important. In other
words, for a given extent of counterion-mediated bridging interactions, the variation in brush
height for monovalent counterions is modest while multivalent counterions produce much larger
differences in brush height. Size of the counterions dictates their tendency for condensation on the
PE chains as well as their solvation number. These two factors, on the other hand, dictate the
overall extent of the bridging interactions. For example, an incomplete condensation enforces the
PE monomers to remain far apart, thereby hindering the bridging interactions. Counterion
condensation on the PE chains also depends on the specific interactions between the monomers
and counterions. For example, counterion condensation on the sulfonate group (a common pendant
group for PE chains is the sulfonate group) can be considerably different from condensation on
the carboxylate group as the charge density of these two pendant groups is different. Furthermore,

solvation number of the counterions increases with their size, and a higher solvation number helps
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to create more bridging interactions. Larger size and higher solvation number of the counterions
can lead to a smaller brush height if the counterions can condense on the charged monomers (by
replacing water molecules in the first solvation shell of the PE functional groups). However, this
behavior is not exhaustive: for example, counterion and monomer specific energetics as well as
the structure of the complex formed by the counterions, monomers and water molecules (with all
of these depending on the counterion size and valence) can also be important factors in dictating
the brush height.

The effect of the excluded volume (EV) interactions and ion solvation [110] of the
counterions as well as the phobicity/philicity (of the polyelectrolytes) to the solvent on the
conformations of free PEs and PE brushes have been extensively explored by coarse grained (CG)
MD simulations. It is critical, therefore, to place the key findings of our all-atom MD simulations
in the context of these CG MD simulation results. For example, for free PE chains, CG MD
simulations have revealed that increasing the size of the counterions leads to a higher value of the
radius of gyration of the PE chain [31,32]. When the counterion size becomes very large as
compared to the PE monomer size (i.e., the case of bulky counterion), the counterion-PE Coulomb
interactions become weaker and the large EV effects of the bulky counterion makes the chain
swollen. On the other hand, CG simulations show that smaller counterions interact with the PE
chains more strongly leading to a denser chain. CG simulations have also revealed similar ion-
size-dependent effects even for the PE brushes. It is found that a smaller counterion leads to a
compact brush structure compared to the larger counterion [30]. In these studies, the EV effect was
found to be important as the range of the ratio (a./a,,) of the size of counterion (o) to the size of
the PE monomer (o,,,) lay between 0.5 to 3. On the contrary, when one considers only metal ions,

this ratio o./a,, becomes very small as the size of the metal ions are very small compared to the
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monomer molecules. For such cases, therefore, as revealed by CG MD simulations, ion-specific
interactions between the metal counterions and the PE brushes became critical with relatively less
influence of the ion EV interactions [33,34]. One such ion-specific interaction is ion solvation
effect: a combination of the counterion size and the counterion charge (or valence) dictates the
extent of solvation of that ion and to what extent the ions can successfully interact with the PE
brushes. A combination of experiments and CG MD simulations established that valence
dependent ion-specific interactions with the PE brushes eventually triggered the generation of
laterally inhomogeneous structures like pinned micelles and cylindrical bundles for the case of
certain multivalent counterions leading to a drastic brush height reduction for such multivalent
counterions [92]. For our case of all-atom MD simulations, we too are able to explicitly capture
the ion-specific interactions of the metallic (hence very small and with negligible EV interactions
effects) screening counterions with the PE brushes. However, unlike experiments and CG
simulations, we consider PE brushes that are very densely grafted and are significantly shorter
(and hence less flexible). Accordingly, we do not encounter the occurrences of the inhomogeneous
structures that would have led to a significant brush height reduction: therefore, for our case, the
brush height varies non-monotonically with the counterion valence and is dictated by the ion-

specific bridging interactions.

Similar to the role of counterions, the role of the solvent in causing the changes in the
configurations of the PE brushes have been studied in details. For example, Ref. 111,112
delineated the effect of poor solvent in generating various morphologies in collapsing (forming
different types of aggregates) PE brushes. Interestingly, recent analysis by Jackson et al. [92] has
compared the multivalent-counterion-mediated brush collapse versus the poor-solvent-mediated

brush collapse. It was found that counterion can form ordered brush structure and has a global free
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energy minimum, whereas disordered and metastable free energy minimum is observed in poor
solvent condition. This ordered and global free energy minimum can be a result of multivalent
counterion mediated bridging. Work presented in this chapter does not probe the effect of the poor
solvent in brush height reduction; however, it will be a very interesting study to compare the
mechanism and the energetics of the multivalent-counterion-mediated versus poor-solvent-
mediated densely grafted and short (stiff) PE brushes resolved in an all-atom MD simulation

framework.

3.3 Methods

We simulated 36 fully charged Polyacrylic acid (PAA) chains grafted in a 6*6 (x*y) array.
Different counterions, namely Li", Na®, Cs", Mg?", Ca?", Ba®*", Y**, La’>" were separately
considered (as screening counterions) to neutralize the polyelectrolyte (PE) segmental charge in a
solvent of explicitly modeled SPC/E water [67]. Continuous Lennard Jones (LJ) and reflective
walls were placed at the bottom and the top of the simulation box respectively to prevent mobile
ions and water molecules from leaving the simulation system. The particle trajectories were
calculated using the Velocity-Verlet algorithm, maintaining a time step of 2 fs. Non-bonded
interactions were modelled as the sum of a shifted-truncated 12-6 Lennard Jones potential (Ury)
where the cut-off was 13A. To calculate the long-range Columbic interactions, PPPM (particle-
particle particle-mesh) algorithm [68] was used. The bonds and angles of water molecules were
conserved with the help of the SHAKE algorithm [69]. Periodic boundary conditions were applied
in x and y directions, while the fixed boundary condition was incorporated in z direction.
Simulation system height was more than No (6=3.5 A is the LJ distance parameter of backbone
carbon atoms of the PE chains) in all simulations. Simulations were performed in LAMMPS [70].

OVITO was used to visualize the simulation system [71].
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After creating the initial configuration, the system was first run in the NP, T ensemble (the subscript
Z means that only the system height was allowed to change) to obtain the correct simulation box
height at 300 K and 1 atm, by applying the Nosé-Hoover thermostat and barostat [79,80].
Subsequently, the system was equilibrated in the NVT ensemble to obtain the correct equilibrium
configuration of the system by applying the Langevin thermostat [79]. We performed each
simulation until the brush height starts fluctuating around a constant value. After equilibration, we
performed the production run for 12ns. For visualizing this brush height in equilibration and

production, we plotted the time evolution of end-to-end brush height after NP, T for the case of
Ba®* as an example (please see Fig. 3.6). We also checked the autocorrelation function of the end

point of PE chains in the production period: the autocorrelation function started fluctuating around

zero very quickly which indicates proper statistical sampling in total 12ns production run.
We have calculated the end-to-end brush height using the following equation:
H=(Z)—-2Z,. (3.2

Here H is the end point brush height, Z; is the position of the free end backbone carbon of the i
chain, Z, is the fixed position of the grafted backbone carbon. Bracket indicates that this is

averaged over the full production period.

We have used OPLS-AA force field [72] to model the interaction parameters for the PAA
chains. The bonded and non-bonded parameters for the PAA chains were taken from the OPLS
database. The Lennard Jones (LJ) parameters for the monovalent counterions were taken from the
work of Joung and Cheathan [73]. Parameters for multivalent counterions were employed from Li
et al. [113,114]. These parameters are very accurate for monovalent and multivalent ions in an

aqueous system. These parameters have been calibrated with hydration free energy of the ions and
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they match accurately with quantum calculations for respective van der Waals distance. Of course,
for ions with increased charges this accuracy decreases slightly. For example, with increased
charges slight inaccuracy sets in the ion—oxygen distance (IOD) prediction because of the
polarizability of highly charged ion. The highest error estimated is 8.9% for Y**. These errors are
tabulated in Ref. [73,113,114]. In the context of using all-atom model for multivalent counterions
with PE, there are also recent studies that have successfully employed OPLS-AA and homemade
nonpolarizable force field for probing the effect of multivalent ions in ionic liquid system
[115,116]. We have checked the effect of polarizability of Y>* on overall brush height, bridging
interaction, and counterion condensation condensation to the PE chain by incorporating 12-6-4 1j
parameters [114]. These results are given in Appendix B. We see a very little variation in brush
height and bridging interactions. We also find that all of the Y** is condensed to the PE chain,
although the condensation distance is slightly increased. So, we can say that our consideration of

non-polarizable force-field has little effect on the results resented in this chapter.

To visualize equilibration, we have plotted the end-to-end brush height at different time for
the case of Ba®* screening counterion (with added salt) as an example [see Fig. 3.6(a)]. We have
checked this equilibration for all the simulations. The red region in the plot in Fig. 3.6(a) indicates
the production period, i.e., the time period that is utilized to generate the results. In this production
period, the brush height fluctuates around a constant value, confirming the attainment of
equilibrium. This production period is considered to be 12 ns for the simulations for all cases of
counterions both in absence and presence of the added salt (see Table 3.1). We also checked the

autocorrelation function of the end point of PE chains in this production run. The autocorrelation

function for a variable Y is given by Cy(t) = (<Y(t)<;<:>))_(i$i;<y)>), where (Y) denotes the mean

value of Y. We plot the autocorrelation function for average end-point brush height
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C,(t) corresponding to the cases of different screening counterions for the case of with and without

the added salt (i.e., 0.4 M concentration of the chloride salt of the corresponding counterions) in

Figure 3.6 (b, ¢). It can be observed that the autocorrelation functions for all the cases start

fluctuating around zero very quickly, which indicates proper statistical sampling in total 12ns
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Figure 3.6: Simulation equilibration check. (a) Time variation of the End-to-end brush height for the case
of Ba®" screening counterion in presence of the added salt. In this plot, the green part indicates equilibration
period, while the red part production period. Autocorrelation function of the end point of PE chains for the

cases of different screening counterions for the case of (b) without salt and (¢) with salt (0.4 M concentration
of chloride salt of the corresponding counterions).
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production run. Also, we shall like to point here that we have averaged our result for the entire
production period (i.e., 12 ns).

In table 3.1 have provided total simulation time breakdown for all simulations:

Simulation type Equilibration time | Production time Total simulation time
Li" (without salt) 28 ns 12 ns 40 ns
Na"* (without salt) 30 ns 12 ns 42 ns
Cs" (without salt) 22 ns 12 ns 34 ns
Mg?" (without salt) 29 ns 12 ns 41 ns
Ca?" (without salt) 31 ns 12 ns 43 ns
Ba?" (without salt) 36 ns 12 ns 48 ns
Y3 (without salt) 43 ns 12 ns 55 ns
La** (without salt) 29 ns 12 ns 41 ns
Li" (with salt) 50 ns 12 ns 62 ns
Na" (with salt) 36 ns 12 ns 48 ns
Cs" (with salt) 48 ns 12 ns 60 ns
Mg?" (with salt) 40 ns 12 ns 52 ns
Ca?" (with salt) 50 ns 12 ns 62 ns
Ba?" (with salt) 50 ns 12 ns 62 ns
Y3 (with salt) 52 ns 12 ns 64 ns
La** (with salt) 40 ns 12 ns 52 ns

Table 3.1: Simulation time scale for the simulations corresponding to different counterions
without and with the added salt (0.4 M concentration of chloride of the corresponding counterions)
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The Lennard-Jones (LJ) potential (UL,) used in the simulations is expressed as:

oy 12 oii 6

while the Coulombic pairwise interaction (Ucow) used in the simulation is expressed as:

qiq;
471'60611‘[]"

Ucou = (3.4)

In these equations, €;; is the depth of the LJ potential well between atoms i and j, g;; is the distance
between atoms i and j, g; and q; are charges of the it" and jt" atoms, 1; ; 1s the distance between

atoms i and j, € is the permittivity of vacuum and €; the relative permittivity of the background
(taken to be 1). Geometric mixing rules were used for calculating the LJ interactions between the
different atom types. For mobile-ion-mobile-ion and mobile-ion-water interactions, we used the
Lorentz-Berthelot mixing rules to be consistent with Joung et al. [73] and Li et al. [113,114].

In Fig. 3.5, we have provided a schematic representation of the fully ionized Polyacrylic
acid molecule. Parameters required for egs. 3.3 and 3.4 for atom mentioned in figure 3.7 is shown

in Table 3.2.

Figure 3.5. A partial schematic representation of the fully ionized PAA molecule. Different atom types
are indicated with arrows. Polyelectrolyte’s (PE’s) repeating unit is indicated with the shaded box.
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Atom Type Charge (e) | Mass (amu) € (Kcal/mole) o (A)
C3 (CHas) -0.18 12.011 0.066 3.50
C2 (CH») -0.12 12.011 0.066 3.50
Cl (CH, Attached -0.16 12.011 0.066 3.50
to COO-)

C (COO0O-) 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

Li 1.00 6.941 0.3367344 1.4094
Na 1.00 22.99 0.3526418 2.1595
Cs 1.00 132.9 0.0898565 3.6010
Mg 2.00 24.305 0.00417787 2.294955
Ca 2.00 40.078 0.04560206 2.7083
Ba 2.00 137.327 0.23380842 3.2518
Y 3.00 88.906 0.02759 2.5996
La 3.00 138.91 0.09454 2.903
Cl -1.00 35.453 0.012785 4.83
Continuous LJ Wall 0.00 15.00794 0.1947 3.00
(Parameters remain (LJ cut off length
unchanged for is 3.36 A)

interaction with all

atom types)

Table 3.2: Charge, mass and LJ parameters for all the different atom types

Harmonic bond style is used to calculate the potential energy for bond:

Ubona = Kp(r — 7”0)2-

(3.5)

Here, 1, is the equilibrium bond length and Ky is bond stiffness. The values for r, and K, for all
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bond types are provided in Table 3.3.

Bond Type K, ( Laf ) To, (A)
mol. A?
C2-H 340.0 1.09
C2-C1 268.0 1.529
Cl-H 340.0 1.09
C3-H 340.0 1.09
C-Cl 317.0 1.522
C1-C3 268.0 1.529
C-O0 656.0 1.25
Ow-Hyw - 1.00

Table 3.3: Bond parameters used in the simulations

The potential energy for the finite angle between different bonds is calculated using the
following harmonic equation:
Uangle =K, (0 - 90)2- (3.6)

Here, 6, is the equilibrium value of the angle and K|, is the angle stiffness. The values for 8, and

K, for different angles are provided in Table 3.4.

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
O-C-O0 80.0 126.00
C2-C1-C 63.0 111.1
C3-C1-C 63.0 111.1
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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-Cl 58.35 112.7

Table 3.4: Angle parameters used in the simulations

The potential energy associated with the 4-atom dihedral torsion interactions is given by

Uginedral = %Kl[l + cos(@)] + %Kz[l —cos(20)] + %Ks,[l + cos(30)] + %K4[1 — cos(40)].

(3.7)

Here, K;, K,, K3, and K, are the four Fourier coefficients for torsional interactions, and @ is the

torsional angle. Values of K, K,, K3, and K, are provided in Table 3.5.

Dihedral type K4, (Kcal/ | K,, (Kcal/ | K3, (Kcal/ | K4, (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
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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-CI1-C2-Cl1 0.0 0.0 0.30 0.0
H-C3-C1-C 0.0 0.0 -0.10 0.0

Table 3.5: Dihedral parameters used in the simulations

The potential energy associated with the improper torsional dihedrals are modelled using
the harmonic function:
Usmproper = Ki(@ — @)?.  (3.8)
Here, ¢, represents the equilibrium value of the improper torsional angle and K; is the improper

torsional stiffness. Their values for the C1-O-C-O system is provided in Table 3.6.

Improper Type Ki( Kcal ) @o(deg)

mol.rad?

C1-0-C-O 10.5 180

Table 3.6: Improper dihedral parameters used in the simulations
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3.4 Conclusion

In this chapter, we have employed all-atom MD simulations to quantify the counterion-
dependent bridging interactions in PE brushes for the first time: our results confirm that incomplete
condensation and lower solvation number (for smaller counterions) lead to reduced bridging
interactions. Non-condensed counterions help to neutralize the PE monomers in its second
solvation shell, which hinders the bridging interaction. On the other hand, lower solvation numbers
imply lesser space to accommodate different Ocarboxylate in the first solvation shell of a counterion,
which also hinders bridging interactions. These more involved factors, rather than the previously
hypothesized counterion valence, dictate bridging. Accordingly, we witness bridging interactions
even for cases of monovalent counterions, which in turn leads to more augmented brush height
reduction for certain monovalent counterions as compared to some cases of multivalent
counterions. This observation is in contradiction to the experimental findings where the
multivalent counterions invariably led to a larger decrease in the height of the PE brushes. We
explain this discrepancy by noting that in our simulations we only consider densely grafted and
short (less flexible) PE brushes that ensure that the reduction in brush height does not occur through
the formation of different laterally inhomogeneous structures like pinned micelles and cylindrical
bundles; on the contrary, in experiments, which invariably consider longer and less densely grafted
brushes, these inhomogeneous structures are formed and dictate the brush height reduction (and
hence causes a significantly high degree of brush height collapse) in presence of multivalent
counterions. Finally, we argue that this study will be a good indicator of what might happen
qualitatively in other PE brush systems. For example, for Polystyrene Sulfonate (PSS) PE brushes,
sulfonate acts as the negatively charged group and the partial charge for Osuifonate 1s different from

that of Ocarboxylate. Accordingly, the condensation of counterions on the PE chain will change
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altering the counterion-dependent bridging interactions quantitatively, although the qualitative
effect of the counterion size and valence (and the corresponding charge density) in affecting the

bridging interactions should be similar to that proposed in our results.
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Chapter 4: Overscreening, Coion-Dominated Electroosmosis, and
Electric Field Strength Mediated Flow Reversal in Polyelectrolyte
Brush Functionalized Nanochannels™™

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

there is an EOS transport: this EOS transport, unlike the standard EOS transport that occurs due

*** Contents of this chapter is published in ACS Nano as: Pial, T. H.; Sachar, H. S.; Desai, P.R.; S. Das, Overscreening,
Co-lon-Dominated Electroosmosis, and Electric Field Strength Mediated Flow Reversal in Polyelectrolyte Brush
Functionalized Nanochannels, ACS Nano 2021 15, 6507.
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to the imbalance of the coions and counterions, occurs since a larger residence time of the water
molecules in the first solvation shell of the counterions (Na') ensures a water transport in the
direction of motion of the counterions. The net effect is the reversal of the direction of the EOS

transport by merely changing the strength of the electric field.
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4.1 Introduction

In nanofluidic transport of liquids, ions, and (bio)particles, application of electrokinetics span
a large range of disciplines from geoscience [117], energy engineering [118, 119], sensing and
separation [120, 121], gating of ions and liquids [122,123] to advancing biomimetic and
bioinspired engineering [ 124, 125]. Electroosmotic (EOS) flow, a type of electrokinetic transport,
can be generated in a micro-nanochannel by applying an external electric field to drive the ion-
containing (electrolyte) liquids. In some practical scenarios, the direction of EOS flow inside the
nanochannel (positive or negative, relative to the applied electric field) needs to be manipulated in
a way that enhances mixing, reaction, separation, and printing [37-41]. Previous research has
shown that one needs to modify the system’s overall environment to get a modified flow behavior.
For example, changing the sign of the zeta potential or the surface charge density of the channel
wall [126, 127], or controlling the buffer pH value [128] may help to control the EOS flow
direction in some simplified systems. Reversed and patterned flows inside a nanochannel can also
be induced by suitable surface modifications [129, 130]. These experimental studies have been
supplemented by atomistic simulation studies on modulating nanochannel EOS flows by changing
the surface charge density or hydrophobicity of the channel wall [131, 132]. All of these
modifications eventually change the mobile ion distribution in the nanochannel, which in turn
leads to different flow directions inside the nanochannel. Therefore, in order to control the
direction of the EOS transport in a nanochannel by merely changing the strength of the driving
electric field, one needs to trigger a situation where the ion distribution (or more generally, the
mechanism that drives the EOS transport) gets altered by the variation in the strength of the electric

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

Surfaces grafted with polyelectrolyte (PE) brushes [83] are well-known for their
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responsiveness to different environmental stimuli and have been used in a myriad of applications
like 10n and bioanalayte sensing [ 14, 133], fabrication of ionic diodes [48, 134], nanofluidic current
rectification [84, 85], oil recovery [18], targeted nanoparticle-based delivery [16, 17] etc. Such
grafting with PE brushes has also enabled functionalizing nanochannels for applications in sensing
and current rectification. The applied axial electric field will invariably cause an EOS transport in
such brush-grafted, electrolyte-solution filled nanochannels given the fact that the charged brushes
develop their own mobile ion distribution around them neutralizing their charges and this ion
distribution respond to the applied electric field. In fact, the response of the PE brushes to the
applied electric field and the resulting changes in the morphology of the brushes and the associated
ion distribution makes it possible to significantly influence the EOS transport in brush-grafted
nanochannels. Despite its tremendous potential, EOS flow in PE-brush-grafted nanochannels has
not been well studied in an atomistically-resolved scale. Along with a few simplified continuum
studies [42, 43] there are only a handful of MD simulation studies available for liquid transport in
brush-grafted nanochannels [44-46, 135]. However, none of these studies have considered an all-
atom description of the brushes and solvent molecules, which can be important in obtaining the
appropriate brush, water and ion behavior in PE brush grafted system, and therefore providing an
atomisticially-resolved description of such EOS transport in brush-functionalized nanochannels

[108].

In this chapter, we have studied the EOS transport in nanochannels functionalized with PE
brushes in an all-atom MD setup that couples the PE brush system with an external electric field.
We first discover that for zero to intermediate electric field strengths the large confinement
enforces an overscreening effect, which implies the presence of greater number of counterions

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

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

4.2 Results and Discussions

In our system [shown in Fig. 4.1(A)], fully ionized Polyacrylic acid (PAA) chains (H[-
CH-CH(COO")-InCH3) are used as the polyelectrolytes and explicitly modeled water molecules
act as the solvent. Sodium counterions (Na" ions) are added to neutralize the PE segmental charge.
In addition, 0.1 M NaCl salt is added to the system. All other details associated with the simulation
are provided in method section. For driving the flow in the PAA-brush-grafted nanochannel, we
applied electric field whose strengths ranged from 0.1 to 1 V/nm in axial (or x) direction. While
such large electric fields are not routinely employed in experiments [136-138], it is possible to

generate electric fields in the range of 1-5 V/nm for certain applications [139]. In fact, several

80



experimentally probed biological problems involving proteins and DNA have considered electric
fields in the order of 0.1-1 V/nm. For example, there have been studies probing the behavior of
protein cytochrome ¢ immobilized on silver electrodes in the presence of electric fields that were
calculated to be in the range of 1-2.5 V/nm [65]. Similarly, Heng et al. probed the electromechanics
of a DNA molecule in a synthetic nanopore in the presence of an electric field of 0.31 V/nm [66].
Furthermore, such large electric fields are needed for the typical MD simulation studies [44-46]
for suppressing the thermal noise in order to increase the signal-to-noise ratio. It is also interesting
to note here that the threshold value of the electric field strength that triggers the initiation of the
water ionization has been reported to be around 2.5 V/nm and the ionization becomes more
frequent around an applied electric field of 3.5 V/nm [62, 63], which is several times higher than
the electric field strength (0.1-1 V/nm) considered in our simulations. When an electric field E is
applied to the system, a force of g;E acts on the atom i having a charge of q;. In figure 1(B), we
depict the electroosmotic (EOS) velocity profiles (i.e., the velocity profiles of the water molecules)
as a function of the applied electric field. The following key results emerge: (1) for smaller
magnitude of electric fields (|E|=0.1, 0.5 V/nm), the EOS flow occurs in the direction opposite to
the applied electric field (negative x direction or the direction in which the coions move, see later),
(2) for larger electric field (|JE|=1 V/nm), the direction of the EOS flow is reversed, i.e., water flows
in the same direction as the applied electric field (positive x direction or the direction in which the
counterions move, see later), and (3) for all the electric fields, the EOS flow occurs primarily
outside the brushes, while the flow inside the brushes is very small. These EOS velocity profiles,
therefore, confirm a coion-dictated EOS flow for small electric fields (the standard EOS flow is
invariably counterion-dictated) and an electric field strength driven reversal in the direction of the
EOS flow profile (usually the EOS flow increases in strength, but never reverses, with an increase

in electric field strength). In the rest of this chapter, we shall try to identify the fundamental factors
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responsible for such highly non-intuitive EOS transport in brush-functionalized nanochannels.

0 2 4
Velocity (m/s)

Figure 4.1: (A) A schematic of the PE brush grafted nanochannel system. (B) Velocity of the water
(solvent) molecules along the system height for different electric fields.

We first study the distribution of the coions (resulting from the added salt) and counterions
(resulting from the added salt and charge neutralizing counterions) inside and outside the brush
layer for different electric field strengths. We clearly find that for no or small electric fields, there
is an overscreening effect within the brushes, quantified by the presence of a larger number of
counterions than needed to screen the PE charges [see Fig. 4.2(A) and Table 4.1]. 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. 4.2(A) and Table 4.1]. This is also evident

from the spatial distribution of the coions and counterions for |E| = 0.1 V/nm [see Fig. 4.2(B)].
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The significantly larger concentration of the Cl” ions (coions) in the bulk ensures that net direction
of the motion of the solvent will be in the direction of the motion of the coions, leading to the case
of coion-dominated EOS transport for lower applied electric field. For a larger electric field, i.e.,
|E| =1 V/nm on the other hand, we find a significant reduction in the overscreening effect within
the PE brush layer, leading to an almost equal number of coions and counterions within the brush-

free bulk [see Figs. 4.2(A, C) and Table 4.1].
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Figure 4.2: Overscreening in nanochannel. (A) Excess of the positive charges Ae = (e" — ¢7) inside
brush and in brush-free bulk as a function of the electric field. e" and e” indicate total number of positive
charges (Na") and negative charges (Cl and PE charges) respectively. Number density of ions in the
system for electric field strength of (B) 0.1 V/nm, and (C) 1 V/nm. In the insets of (B) and (C), the
number density of ions (having the same unit as the main figure) near the bulk region have been zoomed.
Please see Fig. C.4 (A) for the ion number distribution for |£|=0.5 V/nm.

In order to understand such non-intuitive electric field mediated disappearance of the
overscreening effect, which will also affect the direction of the EOS transport, we study the
response of the PE brushes to the electric field. We find that there is an overall reduction in the
vertical end-to-end brush height with an increase in the electric field strength [see Fig. 4.3(A)].
Previously, Netz showed the unfolding of a PE globule to a rod-like chain under applied electric

fields [28, 140]: this knowledge will help us to explain brush height reduction with electric field.
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In these studies [28, 140], without an electric field, the PE is neutralized by counterions to form a
PE-counterion globule. Applied electric filed tends to orient the counterion distribution around the
PE and a net dipole-moment is induced in the PE-counterion complex in the direction of the electric
field. This finite dipole moment (which also indicates a polarization) tends to orient a coil or unfold
a globule to a rod-like chain that aligns in the direction of the electric field [28, 140]. In this study,
COOr are the functional groups of the PAA PE molecule, which are neutralized by the counterions.
We first obtain the probability of finding a counterion around the oxygen atoms of the COO" groups
[see Fig. 4.3(B) and appendix C]. For the case of |[E|=1 V/nm, the counterions prefer to localize on
the positive side (X > 0; note that E is directed from X < 0 to X > 0) of these oxygen atoms.
However, no such direction-dependent preference is observed for the case where no electric field
is applied. This electric field mediated orientation of O-Na" ion-pair indicates that we enforce a
directional dependence of the charge distribution, which is similar to the induced dipole moment
identified previously [28, 140,141]. Therefore, we can infer that this aligned ion-pair will try to
align the brush in the applied electric field direction. To verify this, we study the probability
distribution of monomer in x and y directions: for that purpose, we consider the position of grafted
carbon atom as center (0,0) and count the number of backbone carbon atoms in x and y directions
around (0,0). We can see that in the x direction, monomers become sparser which means they
become aligned in x direction [see Fig. 4.3(C, top)], while no such change is observed in the
probability of finding monomer in the y direction [see Fig.4. 3(C, bottom)]. Therefore, we can
infer that due to the electric field driven alignment of the ion pairs in x direction, polymers tend to

be aligned in the x direction, which eventually reduces the brush height in z direction and increases
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Figure 4.3: Brush height reduction. (A) End to end brush height as a function of applied electric field.
(B) Na“ion distribution contour around an O" of COO  for |E| = 0 and |E| = 1 V/nm. Colorbar indicates
concentration from low to high (blue to red). (C) Probability distribution of finding a backbone carbon
in x and y direction under different electric field strength. (D) An illustration showing the electric
field induced reduction in brush height also causing an increase in the volume of the brush-free region
(shown in purple). In (D), dashed lines and circles represent PE chains and counterions, respectively.




the effective volume of the brush-free region [shown schematically in Fig. 4.3(D)]. As a
consequence, there is a lesser available volume for the ions within the brush layer, enforcing a
squeezing-out (or exclusion) of primarily most of the overscreening causing counterions (and a
few coions, especially for very large |E|, see Table 4.1) from within the brush-layer to the bulk:
this explains the reduction in overscreening (or attaining a parity in the number of coions and
counterions within the brush-free bulk) with an increase in the strength of |E]|.

In addition to the difference in the ion concentration distributions, the electric field
dependent velocities of the Na* and CI ions are also important for quantifying the electric field
dependent EOS flow profiles. Fig. 4.4(A) and appendix C establish that the velocity of the CI ions
is larger than the velocity of Na' ions at low electric field strengths (|E|=0.1, 0.5 V/nm), while at
larger electric field (JE|=1 V/nm) the velocity of the two ions are similar [see Fig. 4.4(B)]. Previous
studies have shown that at low electric field strength, the mobility of CI ions is higher than the
mobility of the Na” ions [142] and this difference in the mobility reduces on increasing the electric
field strength. This justifies the significantly larger velocities of the Cl” ion for |[E|=0.1, 0.5 V/nm
and similar velocities of the CI" and Na' ions for |E|=1 V/nm. Results from experiments [143] are
also consistent with our MD simulation predictions for smaller |E| values. This higher velocity
coupled with a larger concentration of CI" for smaller |E| also drives the EOS flow along the

direction of the coion at low electric field strengths.
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Figure 4.4: Velocity profiles of ions for (A) |E| = 0.1 V/nm and (B) |E] =1 V/nm.
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We finally quantify the strength of the dynamic interaction of the water molecules with the
ions: such quantification is essential to pinpoint the extent to which the overall flux of the ions
(which is a combination of its concentration and the mobility/velocity) dictates the EOS velocity
of the water. This dynamic interaction is quantified by calculating the average residence time of a
water molecule (oxygen atom) within the first solvation shell of ion [which closely resembles
interaction strength (hydration free energy)] [144]. The residence times [R(t)] are calculated from
the time correlation function defined as:

R(D) = 1-Z0 0,60t +1). (4.1
Here 6; is the Heaviside unit step function (if one water molecule i resides inside the first solvation
shell of an ion, ; =1; otherwise, 8; =0), N}, is the number of water molecules in the first solvation
shell (the radial distribution functions needed for calculating solvation shell size have been
provided in the appendix C), and ¢, is the initial time step. This residence time is averaged for all
ions in the bulk and over 50 different initial time steps. Fig. 4.5 shows that for both small and large
electric fields, the residence time of water in the first hydration shell of the Na* ion is much larger
than that of the CI” ion, which implies that the water molecules reside for much longer within the
Na' solvation shell allowing the Na" ions to drag the water molecules with them for much longer.
On the other hand, for C1 ion, where this timescale is smaller, water can diffuse out of the solvation
shell of the CI" ion much faster, and can be dragged for lesser time. Therefore, for large field
strengths where both the bulk concentration as well as the velocities are very similar for the Na*
and CI ions, this significantly larger residence time for the Na' ion ensures that the water
molecules will preferentially move in the direction in which the Na* ion moves: accordingly, we
find that the EOS flow is counterion-dictated. On the other hand, for smaller electric field strengths,
the larger bulk concentration and velocity of the CI” ions overwhelm the effect of smaller residence
time leading to the water transport and the EOS flow to be coion-dictated. Finally, the very small
EOS velocity inside the brushes [as compared to the bulk region, see Fig. 4.1(B)] can be explained
by noting that the motion of the counterions inside the brush layer is severely hindered due to the
fact that the positive counterions are bound to the negatively charged PE chains by strong
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electrostatic forces and the fact that the densely grafted brushes exert a large confinement effect
on the brush-supported counterions and water molecules [108]. To explain further, such a large
electrostatic attraction between the counterions and the PAA brush molecules ensures that a very
large portion of the counterions is condensed on the charged PAA chains, and accordingly, the
motion of these condensed counterions is restricted by the motion of the densely grafted PAA
chains. Such condensation of ions on charged polymer chains is also known to dictate the mobility
of ions in polyelectrolyte gels [145]. Also, as elucidated in our previous study, for densely grafted
PAA brushes a large confinement effect is triggered due to a strong steric hindrance effect: as a
result, there is a large reduction in the freedom of movement of the ions and water reducing their

mobilities within the brush layer [108].
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Figure 4.5: Residence time correlation function for both ions for (A) |[E| = 0.1 V/nm and (B) |[E| =1
V/nm.

Generality and reasoning of overscreening
From the previous subsection, it is clear that the overscreening is the main phenomenon that
drives the coion-dominated flow and subsequent electric field strength mediated flow reversal.

Before probing the detailed mechanism dictating the occurrence of overscreening, it is useful to
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Z (A)

probe the generality of the overscreening phenomenon. To check this generality, we have
performed a few more simulations with PE brush grafting density, salt concentration, and PE
brushes that are different as compared to those studied and discussed in the previous section. The
main flow simulations discussed so far is performed in a nanochannel grafted with PAA PE
brushes with a grafting density of 0.05/02 (with Na" screening counterions) in presence of 0.1 M
NaCl added salt. We have considered three more systems by varying the grafting density (grafting
density of 0.03/0%), concentration of the added salt (0.2 M of added NaCl salt), and the nature of
the PE brushes [nanochannels grafted with Poly-methacrylic acid (PMAA) brushes)]. The details
of these simulations can be found in method section. For all these three cases, we have observed
overscreening (as confirmed by the ion number density distributions provided in Fig. 4.6 and
values reported in Table 4.1). The confirmation of overscreening for these three cases as well as
the overscreening for the case reported in the previous subsection establish that the overscreening
in a PE brush grafted nanochannel is indeed a generic phenomenon that occurs (with the added

NaCl salt) for different PE brush grafting densities, salt concentration, and PE brush type.
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Figure 4.6: lon distribution profiles for (A) System i [the nanochannel grafted with PAA PE brushes
with a grafting density of 0.03 /6% (with Na* screening counterions) in presence of 0.1 M NaCl added
salt], (B) System ii [the nanochannel grafted with PAA brushes with a grafting density of 0.05/6?
(with Na* screening counterions) in presence of 0.2 M NaCl added salt], and (C) System iii [the
nanochannel grafted with PMAA PE brushes with a grafting density of 0.05/0? (with Na* screening
counterions) in presence of 0.1 M NaCl added salt.] In each of the subfigures (A-C), the ion
distribution in the bulk is shown in the inset of these subfigures.
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To understand the mechanisms responsible for overscreening, we have performed
simulations for two more systems. In the first one, PAA brushes are grafted to a single interface
(i.e., not a nanochannel) with significantly large bulk volume [see figure 4.7 (A)]. In the second
simulation, the nanochannel is grafted with PAA brush layers with Cs" ions acting as screening
counterions and 0.1 M CsF as the added salt. Details of these two simulations can be found in
method section. For the ease of explaining in this section, we are referring the main simulation of
the previous section with nanoconfinement and NaCl salt as system N1, the system without
nanoconfinement as system N2, and the system with nanoconfinement, Cs* as screening

counterions, and CsF as the added salt as system N3.

To quantify overscreening, we have calculated the number of positive and negative charges
(including the charges of the co-ions and counterions as well as the charges of the PE brushes) for
all the main simulation (system N1), the simulation discussed for showing generality of the
overscreening (i.e., systems i-iii), simulation without nanoconfinement (system N2) and

simulation with CsF salt (system N3). In the following table, these values are provided.

Main Syst. | Syst. | Syst. [0.03/0% | 0.2M | PMAA | No CsF
Simulation N1 N1 N1 Grafting Salt Brush nano- Salt
Syst. N1 (E= (E= (E=1 density Syst.ii | Syst.iii | confin Syst.
(E=0 0.1 0.5 | V/nm) Syst. i ement N3
V/nm) V/nm) | V/nm) Syst.
N2
Total 4320 4320 | 4320 | 4320 2010 2880 2880 2880 864
negative
charges
from PE
brush
Positive 4441 4437 | 4427 | 4365 2091 3032 2964 2922 862
charges
inside
brush-layer
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Negative 4423 4423 | 4420 | 4367 2086 3022 2955 2944 865
charges
inside

brush-layer

Table 4.1: Number of charges inside the PE brush-layer for all cases.

Figures 4.7(B) and 4.7(D) illustrate the ion distribution profiles for systems N2 and N3.
No overscreening is observed in these two cases, which indicates that the presence of
nanoconfinement and the types of coions and counterions play critical roles in determining

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

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

for the system N1.

The osmotic pressure (IT) can be simplistically expressed as I1 = NkzT /V, where N is the
number of non-interacting species and V' is the volume where the species are present. For the case
of nanochannel grafted with the PE brushes, the bulk volume (i.e., the volume where the brushes
are absent) is significantly small. Accordingly, if all the added salt ions (or V) remain confined in
this small bulk volume (V), the osmotic pressure will become very large. Therefore, in order to
grafted reduce this large osmotic pressure inside the bulk (with a small volume), some of the salt

ions tend to migrate and localize inside the brushes, which is also helped by the fact that all the
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Z (A

salt in the nanochannel bulk is in close proximity to the brush layer (on account of the nanochannel

induced confinement). This will be true for both the systems N1 and N3. On the other hand, for

system N2, where there is no nanochannel and the bulk is significantly more extended, the osmotic

pressure in the bulk is not large enough to enforce a migration of the salt ions towards and inside

the PE brushes which is not in close proximity to most of the ions. Therefore, in system N2,

overscreening is not observed in the absence of nanoconfinement.
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Figure 4.7: Understanding overscreening. (A) Simulation snapshot of the simulation without any
confinement where PE brushes are grafted to a single interface (system N2). (B) lon distribution profile for
the system without confinement (system N2) (Y axis is truncated after 100 A). (C) Free energy curves of Na*
and CI ions with Z coordinates of the ion serving as the reaction coordinates. These free energies are obtained
from the simulation with nanochannel and NaCl salt (system N1). Here, Z=0 roughly indicates the interface
of brush layer and brush-free bulk. For the curve corresponding to the Cl ion, the size of the error bar is less
than the line thickness. (D) Ion distribution profile for system N3 (nanochannel grafted with PAA brush
layers with CsF as added salt). (E) RDF of Na* and Cs* with O™ of carboxylate group. (F) RDF of H and Cs*
with O of carboxylate group. The location of the first peak of the O- Cs* RDF is indicated with dashed line
[Y axis is truncated after g(r)=1.5].
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As discussed above, for both systems N1 and N3, osmotic pressure in the bulk will drive
some salt ions from the bulk to inside the brush layer. The size of the Na" ion is smaller than the
CI" and the size of the Cs" is distinctly larger than the F~ ion. Accordingly, there will be a much
larger tendency of the Na* ions than CI', and F~ions than Cs" to migrate from the bulk to within
the PE brush layer. For example, the solvation radii of the different ions considered here are as
follow: 3.76 A for Na*, 3.84 A for CI°, 4.52 A for Cs", 3.33 A for F-. This size-based larger tendency
of the Na" and F ions to enter the PE brush layer is effectively a size-based exclusion (or steric
effect). The third and final issue, which also depends on the relative sizes (and hence the charge
densities) of the Na* and Cs" ions (although this is not a size-based exclusion effect), is related to
what extent the Na* and Cs" ions neutralize the O™ of the COO" group, i.e., form the -COO'Na" or
—~COOCs" ion pair. Formation of such ion pair, induced by the attraction between opposite
charges, is of course energetically very favorable. Larger the extent of this neutralization, larger
will be the favorability of the cations (that have entered the PE brush layer) to remain (in a
stabilized configuration) within the brush layer. In this regard, we first computed the percentage
of .COO" groups neutralized by the Na* ion for system N2 (i.e., without nanoconfinement). In
order to do so, we considered the O of COO™ and checked if one or more Na" ions were present
inside the first solvation shell of this O or not. We found that around 80% of the O atoms of COO-
are neutralized with the help of Na" ions, while the remaining O™ atoms were fully surrounded by
the hydrogen of water (Hwater). On the other hand, in the PE-brush-grafted nanochannel case with
NaCl as the added salt (i.e. system N1), 95.3% of the O atoms of the COO- were neutralized by
Na" ions. From these two observations, we can infer that in an equilibrium, while it suffices if 80%
of the O atoms of COO" are neutralized by the Na" ion, availability of higher number of Na" ions

within the PE layer makes it feasible for some of these Na" to replace the H of water and themselves
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neutralize the O atoms of the COO-. The larger charge density of the Na' ions ensures that such
replacement (and the subsequent formation of the COO-Na' ion pair) is energetically more
favorable. All these factors eventually ensure that the PAA brush layer grafted on the inner walls
of the nanochannels can have more cations (in a stable configuration) than it requires for being in
an equilibrated state, and eventually causes the overscreening. To observe this energy favorability
of Na" ions within the PE brush layer, we have performed two free energy calculations for system
N1. From the free energy curves, we can see that it is distinctly more favorable for the Na" ion to
remain inside the brush layer [see Fig. 4.7(C)]. It is also clear that, energy favorability of the Na"
ion is more around a COO" functional group (present at Z=-5 A and Z=-16A), as confirmed by the
presence of the local minima in the plot for these Z values. On the other hand, for CI” ion no such
energy favorability is observed inside the brush layer. Obviously, such free energy calculations
also confirm the tendency of the Na* to accumulate within the PE layer in concentrations that is
much more than that needed to screen the PE charges, which in turn leads to the occurrence of the

overscreening effect.

In this context, we also study what happens for the system N3, where the cations are the
Cs"ions. Cs" ions are found to neutralize only around 53% of the O of COO" of the PE brush layer.
Two factors are responsible for it with both being related to the size of the Cs™ ions. Cs* ion is
larger than Na* ion. As a result, much lesser amount of Cs* ions can enter the PE brush layer (being
driven by the osmotic pressure in the bulk), as discussed above. Secondly, again due to the large
size of the Cs" ions, the first peak of the O-Cs rdf (radial distribution function) is very far from the
location of the peak of the O-Na rdf [see Fig. 4.7(E)]. More interesting is the fact that the first peak
of the O-Cs rdf occurs at a distance (from O of the COO-) that is similar to the distance (from O

of the COO-) where the second peak of the O-Hyater rdf occurs [see Fig. 4.7(F)]. Therefore, if
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anything, Cs" ion will only be capable of replacing the Hyater from the second solvation shell of O
of COO". This implies that Cs* ions are unable to replace the neutralizing Hwater of the first
solvation shell of the O atoms of COO". The energy gain associated with replacing the neutralizing
Hyater from the second solvation shell by Cs” ions is significantly smaller than the energy gain
associated with replacing the neutralizing Hyater from the first solvation shell by the Na" ions,
stemming from the fact that Hwater in the first solvation is much more tightly bound to the O of
COO'. So, the possible energy favorability associated with the Cs* ions remaining localized (via
electrostatic attraction) within the PE brush layer is significantly smaller as compared to the Na*
ions remaining localized (via electrostatic attraction) within the PE brush layer. Accordingly, a
significantly more number of Na' ions can be present within the PE brush layer thereby leading to
eventual overscreening, while the number of Cs* ions that can remain localized within the PE

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

We want to conclude this section with a discussion on the effect of the degree of ionization
of the PAA brushes on the possible overscreening effect. It is known that PAA is a weakly
dissociating polymer, although its degree of ionization depends on several parameters like the pH
of the solvent, the concentration of the added salt, etc. For example, at a pH value that is above its
pKa (~5), PAA is likely to be highly ionized [60], which will be similar to what is considered in
our study. On the other hand, in a prior all-atom MD simulation study [100], we showed that the
extent of Na” counterion condensation in the PE brush remained very high even for weakly ionized
PAA brushes. For example, even with f=0.25 (where f is the ratio of the deprotonated functional
groups to the total number of functional groups of the PAA chains; therefore f=0 implies a neutral
PAA brush, while f=1 implies a fully ionized PAA brush), we found that more than 90% of the

counterions were condensed on the PAA chains [100]. Such a large extent of counterion

95



condensation will imply that even for weakly ionized PAA brushes, -COO'Na" interactions (in
presence of Na' screening counterions) will make a significant contribution to the overall free
energy of the system. As discussed above, such a strong counterion-(PE-functional-group)
interaction is a major driver of the overscreening effect. Therefore, we believe that even for the
case of a nanochannel grafted with weakly ionized PAA brushes, the strong -COO™Na" interactions

will ensure that there will be overscreening effect within the PAA brush layer.

Experimental relevance of the present study

Charge inversion or overscreening is observed in experiments involving silicone
nanochannels [146,147] in presence of large concentrations of salts with multivalent ions.
Overpopulation of multivalent counterions in the Stern layer adjacent to nanochannel wall causes
the overscreening. On the other hand, in our study we have observed this overscreening with
monovalent counterions, where the interplay of the presence of a strong nanoconfinement and the
presence of the densely grafted charged PE brushes create an environment that force an
accumulation of more than required counterions within the PE brush layer and triggers
overscreening. Also, in these studies [146,147], this overscreening scenario cannot be altered by
the application of electric field, while in our study we can make the overscreening disappear at
significantly larger electric field. A recent experiment, coupled with DFT calculations on
protein—spherical nucleic acid conjugates, showed that above a certain salt concentration, a
monovalent cation (Rb") can overcompensate the negative charges of the DNA molecules (densely
grafted on gold nanoparticles), thereby causing an overscreening-like scenario [148]. This study,
along with our all-atom MD simulation results demonstrating overscreening in presence of
monovalent Na" screening counterions, suggest that explicit solvent all-atom MD simulations and

quantum calculations can potentially play an important role in furthering our understanding of the
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overscreening of local charges of polyelectrolyte molecules even in presence of monovalent
counterions.

It is well known that in a nanochannel due to the surface charge of the wall, there will be
an electric double layer or an EDL and hence an imbalance in the number density of the positive
and negative ions within the EDL: in presence of an applied electric field, the mobile ions are
transported and this imbalance ensures that the water molecules are transported in the direction of
the migration of the ions that are larger in number within the EDL. For our case, at low electric
field strengths, the presence of the overscreening effect within the PE brush layer implies that the
coions are excess in number in the bulk and hence the EOS transport, in presence of the applied
electric field, occurs in the direction of migration of the coions. Therefore, for this case, we indeed
find that the EOS (electroosmotic) motion occurs due to the imbalance in the number of coions
and counterions, albeit for the classical scenario the EOS transport primarily occurs due to the
excess of counterions within the EDL. On the other hand, for larger electric field, the overscreening
within the PE brush layer becomes negligible and there is equal number coions and counterions
within the bulk: under such circumstances, the EOS transport occurs (in the direction of migration
of the counterions) due to the larger residence time of water molecules within the counterions (Na*
ions) than the coions (Cl 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 10~° m?/(Vs) for
experiments [137, 138, 149] while that computed for our simulations (for large electric field

strength of 1 V/nm) is ~ 5.5 X 1072 m?/(Vs).
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Also, in an experimental setup, there can be a reservoir of solution connected to a
nanochannel and water and ions can move from the nanochannel to the reservoir and vice versa.
To check the effect of reservoir in the overscreening scenario, we have performed one more
simulation where the nanochannel is connected to two reservoirs at its two ends. We find that the
density of coions are larger within the bulk, confirming the occurrence of overscreening within the
PE brush layer of the nanochannel even when the nanochannel is connected to two reservoirs on

its two ends (figure 4.8). Details of the simulation can be found in the method section.
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Figure 4.8: Nanochannel with reservoir. (A) Simulation setup of the PE brush grafted nanochannel with
the nanochannel being connected to two reservoirs at its two ends (system 7). (B) Ion distribution profile
in the nanochannel. Yellow shaded region in (A) is considered for calculating the ion distribution profile
[reported in (B)] within the nanochannel.

4.3 Method

Our main simulation contains [shown in Fig. 4.1(A)], fully ionized Polyacrylic acid (PAA)
chains (H[-CH2-CH(COO")-]nCH3) as the polyelectrolytes and SPC/E water molecules [67].
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 0.05/0% (0=3.5 A, is the LJ distance parameter of
backbone carbon atoms). This grafting density of PAA chains is within the range of experimentally

reported [60] grafting densities of 0.12-2.15 chain/nm? (in the chain/nm? unit, the grafting density
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considered for our case is 0.408 chain/nm?). Each chain has 49 backbone carbon atoms. Purely
repulsive walls are placed at the top and the bottom of the system to prevent the mobile ions and
water molecules from escaping the system. 90 PE chains are grafted on each wall in a 15%6 (x*y)
array. The particle trajectories are calculated using the Velocity-Verlet algorithm, with a time step
of 2 fs. Non-bonded interactions are modelled as the sum of a shifted-truncated 12-6 Lennard Jones
potential (Ury) with a cut-off of 13A. Long range Columbic interaction is calculated using a PPPM
(particle-particle particle-mesh) algorithm [68]. The bonds and angles of water molecules are
conserved by using the SHAKE algorithm [69]. Our simulation system consists of a total of
277340 atoms. Dimensions in X, y, and z directions are 23.5 nm, 9.4 nm, and 12 nm respectively.
Periodic boundary conditions are applied in x and y directions while the fixed boundary condition
is incorporated in z direction. Simulations are performed in LAMMPS [70] and OVITO [71] is

used to visualize the simulation system.

The system is first run in the NP, T ensemble (the subscript z signifies that only the channel

(A) (B)

Figure 4.9. Schematic showing thermostated region and atomic structure. (A) A schematic of the PE
brush grafted nanochannel system. Left shadowed section indicates the thermostated solvent region. (B)
A schematic representation (not to scale) of the fully ionized PAA molecule. Atom types are indicated
with arrows. Polyelectrolyte’s (PE’s) repeating unit is indicated with the shaded box.

99



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 [79,80]. 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 [81]. After initial equilibration, we have applied the
electric field under the NVT ensemble to remove the heat dissipated due to the flow. NVT is
applied only in the direction perpendicular to the axial electric field and to avoid a flow profile
bias, we have removed bias velocity with the help of a binning method employed in a direction
perpendicular to the flow field. For more caution, only polymers are thermostatted in the entire
system, this mimics the experimental scenario where temperature can be controlled form the outer
surface. Only, the water molecules and mobile ions in the extreme left quarter of the simulation
domain (in the x-direction) were thermostatted as depicted in figure 4.9(A). These simulations are

performed for 8 ns to get steady-state velocity profile followed by a 12 ns production run.

We have used the OPLS-AA [72] force field to model the brush molecules and employed
Joung et al. [73] for calculating the potentials for the mobile ions. These vastly used parameters
for monovalent ions were adjusted to the solvation free energy of ions in water and the lattice
energy of ionic crystals. OPLS force field, which is used to model the PE brush molecule, has been
used for modeling a variety of polymer systems such as hydrocarbons, proteins, rubbers, [74-76]
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.

Applied electric field might add additional complexities in the atomic interactions between

various species, thereby raising concerns about the validity of the force field. Applied electric field
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introduces electroosmotic flow inside the PE brush grafted nanochannel; so, accuracy of water
model under electric field is important to consider. Saitta et al [62] showed that characteristic order
parameters changed by less than 2% under electric fields of up to 2 V/nm. We also haven’t
observed significant change in the atom distribution (e.g.; RDF) in the electric field of up to 1
V/nm. Shafiei et al. [150] also checked the effect of polarizability of water model under the
influence of the applied electric field. They performed simulations with SPC/E (nonpolarizable),
SWM4-NDP (polarizable), and BK3 (polarizable) water models. All these models show
qualitatively similar behavior for hydrogen bonds and static and kinetic properties of other order
parameters. Diffusivity of water in presence of an electric field also shows qualitatively similar
behavior, although SPC/E slightly overestimates the diffusivity in very large electric field. These
studies suggest that our use of SPC/E water model as explicit solvent is accurate under the range

of electric field strengths that we have considered.

To calculate free energy calculations in our main simulation setup [results shown in Fig.
6(C)], aNa" ion and a CI ion located inside the brush layer have been chosen. These two ions are
pulled out from brush layer to the bulk by specifying the reaction coordinate in Z direction that
varies by 1 A in every successive reaction coordinate. For Na* and CI" ions, 26 and 18 reaction
coordinates are considered, respectively. These ions were constrained to their windows by a
harmonic potential with spring constant of 5 kcal/mol.A2. All these simulations lasted for 2 ns and
the data collected from the last 1.5 ns was used for analysis. The axial positions of the sample
molecules were outputted every 20 fs and the weighted histogram analysis method (WHAM) [151,

152] was used to analyze the data generated from umbrella sampling.

The Lennard-Jones (LJ) potential (UL,) used in the simulations is expressed as:
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oy 12 oii 6

while the Coulombic pairwise interaction (Ucow) used in the simulation is expressed as:

qi4q;j
Ucou = —— (4.2)

4TMEGE Ty
In these equations, €;; is the depth of the LJ potential well between atoms i and j, 0;; is the distance
where the LJ potential between atoms i and j, q; and q; are charges of the it" and j"* atoms, 7; j1s
the distance between atoms 1 and j, €, is the permittivity of vacuum and €, the relative permittivity
of the background (taken to be 1).
The values for these parameters [required for egs. (4.1,4.2)] for all atom types, shown in Fig.

4.9(B), have been summarized in Table 4.2.

o

Atom Type Charge (e) | Mass (amu) € (Kcal/mole) o (A)
C3 (CH3) -0.18 12.011 0.066 3.50
C2 (CH) -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

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
Continuous LJ Wall 0.00 15.00794 0.1947 3.00
(Parameters remain (LJ cut off length
unchanged for is 3.36 A)
interaction with all

atom types)

102



Table 4.2: Charge, mass and LJ parameters for all the different atom types

Harmonic bond style is used to calculate the potential energy for bond:

Here, 1y is the equilibrium bond length and Ky is bond stiffness. The values for 1 and K, for all

Ubona = Kp(r — 7’0)2-

bond types are provided in Table 4.3.

(4.3)

Bond Type K, ( Laf ) To, (A)
mol. A?
C2-H 340.0 1.09
C2-C1 268.0 1.529
Cl-H 340.0 1.09
C3-H 340.0 1.09
C-Cl 317.0 1.522
C1-C3 268.0 1.529
C-O0 656.0 1.25
Ow-Hyw - 1.00

Table 4.3: Bond parameters used in the simulations

The potential energy for the finite angle between different bonds is calculated using the
following harmonic equation:
Uangle = Ka(8 — 65)*. (4.4)
Here, 6, is the equilibrium value of the angle and K, is the angle stiffness. The values for 8, and

K. for different angles are provided in Table 4.4.

Angle Type K, ( Kcal 0o (deg)
Y *mol.rad?

H-C2-H 33.00 107.8

H-C2-Cl1 37.5 110.7

C2-C1-H 37.5 110.7

C1-C3-H 37.5 110.7
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H-C3-H 33.00 107.8
H-C1-C 35.0 109.5
0-C-O 80.0 126.00
C2-CI-C 63.0 111.1
C3-C1-C 63.0 111.1
Hw-Ow-Hw - 109.47
C2-CI1-C2 58.35 112.7
C2-C1-C3 58.35 112.7
C1-C-O 70.0 117.0
C3-CI-H 37.5 110.7
C1-C2-Cl 58.35 112.7

Table 4.4: Angle parameters used in the simulations

The potential energy associated with the 4-atom dihedral torsion interactions is given by

Uginedrar = %Kl[l + cos(@)] + %Kz[l —cos(20)] + %K3[1 + cos(30)] + %K4[1 — cos(40)].

(4.5)

Here, K, K2, K3 and K4 are the four Fourier coefficients for torsional interactions, and @ is the

torsional angle. Values of K1, K», K3 and K4 are provided in Table 4.5.

Dihedral type K4, (Kcal/ | K,, (Kcal/ | K3, (Kcal/ | K4, (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-Cl 1.30 -0.05 0.20 0.0
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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

Table 4.5: Dihedral parameters used in the simulations

The potential energy associated with the improper torsional dihedrals are modelled using
the harmonic function:
Uimproper = Ki(@ — 90)*.  (4.6)
Here, ¢, represents the equilibrium value of the improper torsional angle and K; is the improper

torsional stiffness. Their values for the C1-O-C-O system is provided in Table 4.6.

Improper Type K (—Xeat @o(deg)

i (mol.radz)
C1-0-C-0 10.5 180

Table 4.6: Improper dihedral parameters used in the simulations

Below we describe the key parameters used for modeling the PMMA brushes:All the force
field parameter of the PMAA brush is taken from OPLS database. A schematic of the PMAA
monomer is given in figure 4.10. The difference with PAA is that, one H connected to the C

(connected to COO-) is replaced with a methyl group.
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Figure 4.10: A schematic of the PMAA monomer. The replacing methyl group is shown with a
rectangular box.

To check the generality of the overscreening, we have performed a few more simulations
with grafting density, salt concentration, and PE brushes that are different as compared to those
studied and discussed in the main paper. Key specifics of these new simulations are listed below:
System i: A nanochannel grafted with PAA polyelectrolyte (PE) brushes with a grafting density
of 0.03/0? (with Na" screening counterions) in presence of 0.1 M NaCl added salt. To conduct
these simulations 80 PE brushes were grafted in an 8*5 array. Other parameters of the simulations
remain same as that of the main simulations reported in our main paper.

System ii: A nanochannel grafted with PAA polyelectrolyte (PE) brushes with a grafting density
of 0.05/0% (with Na" screening counterions) in presence of 0.2 M NaCl added salt. To conduct
these simulations, 120 PE brushes were grafted in a 10*6 array. Other parameters of the
simulations remain same as that of the main simulations reported in our main paper.

System 1iii: A nanochannel grafted with Polymethacrylic acid (PMAA) brushes with a grafting
density of 0.05/02 (with Na' screening counterions) in presence of 0.1 M NaCl added salt. To
conduct this simulation, 120 PMMA PE brushes were grafted in a 10*6 array. Other parameters

of the simulations remain same as that of the main simulations reported in our main paper.
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As discussed in the result and discussion section, in an experimental setup, there can be a
reservoir of solution connected to a nanochannel. To check the effect of reservoir in the
overscreening scenario, we have performed one more simulation as shown in figure 4.8(a). In this
system, the nanochannel grafted with PAA brushes (with a grafting density of 0.05/02 and having
with Na* ions as screening counterions and an added 0.1 M NaCl salf) 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 the two reservoirs). Initially the salt ions are distributed randomly in the
nanochannel and in the reservoirs. A total 156 brushes are grafted in the nanochannel. The changes

in the brush height and ion distributions are monitored to check for equilibrium.
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4.4 Conclusion

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

will also enable designing nanodevices with a better and easy control over the associated flows.
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Chapter 5: Counterion Specific Ion Distribution and Electroosmotic
Flow in a Polyelectrolyte Brush Grafted Nanochannel

Abstract: _Controlling ion distribution in a PE (polyelectrolyte) brush grafted nanochannel is
central to the use of such channels in energy generation, sensing, current rectification, etc. Here,
we have performed all-atom molecular dynamics (MD) simulations to understand the ion
distribution inside a PE brush grafted nanochannel for counterions (screening the PE charges) of
different valences and sizes. We probe the cases where the PE (fully charged Polyacrylic acid)
brushes are screened by Na*, Cs*, Ca’*, Ba*", and Y’* counterions: for each of these cases, we
consider an added salt with CI ion as coion and the same corresponding cation as the counterion.
We have found that counterion valence and size dictate the number of ions present in the brush-
free bulk. Counterions with a greater valence and a smaller size prefer to remain localized inside
the brush layer as compared to counterions with a smaller valence and a larger ionic radius. We
have also found that there are invariably more coions (Cl) in the bulk than counterions (for
counterions such as Na*, Ca’", Ba**, Y**): this is a manifestation of the overscreening (OS)
behavior. On the other hand, the monovalent nature, as well as the larger size of the Cs" ion
ensures that the number of Cs' remains higher than the CI ions inside the brush-free bulk:
therefore, there is no OS behavior for the case of the Cs" ions. For all these different types of
counterions, we have explained the corresponding ion distribution behaviors by discussing the
electrostatic interactions and entropy changes associated with the presence of the counterions
inside and outside PE brush layer. We have also found that the application of a large electric field
(E=1 V/nm) alters the ion distribution in a nanochannel grafted with PE brush neutralized with
Na*, Ba*" counterions. The electric field enables few counterions to leave the brush layer and go

to the bulk: this makes the OS of the PE brush layer disappear and the number of counterions in
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the bulk more than the number of coions. For smaller electric fields (E=0.1 V/nm), these effects
are not evident for the nanochannel grafted with PE brush neutralized with Na*, Ba** counterions.
On the other hand, no such electric-field-mediated disappearance of OS is observed (for any value
of the electric field) for the case of nanochannel grafted with PE brushes screened by Ca’" and
Y** ions; we attribute this to the very strong attachment of these two types of counterions to the
negatively charged monomers (which enforce them to remain attached to the PE brush molecules
even in the presence of the strong applied electric field). These specific ion distributions ensure
that in presence of an applied electric field strength of 0.1 V/nm, there is coion-dominated
electroosmotic (EOS) flow for the case of PE-brush-grafted nanochannel with PE brushes
screened with Na*t, Ca’*, Ba®", and Y’" counterions (and having the added chloride salt with the
corresponding cation). For the same reason, at E=1 V/nm, there is counterion-dominated EOS
flow for for the case of PE-brush-grafted nanochannel with PE brushes screened with Cs*
counterions (and having the added CsCl salt). On the other hand, the disappearance of the OS
effect and the presence of a greater number of counterions inside the brush-free bulk ensures that
at E=1 V/nm, EOS flow in PE-brush-grafted nanochannel become counterion-dominated (and
hence the flow direction is reversed) for the case of Na*, Ba’" screening counterions. Finally,
there is no change in EOS flow direction at E=1 V/nm for the case of Cs* counterions (i.e., the
flow still remains counterion-dominated) and the Ca’* and Y>* ions (i.e., the flow still remains

coion-dominated).
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5.1 Introduction

Over the past couple of decades, nanochannels have attracted significant attention from
scientist and engineers because of their immense potential for novel nanoscale applications [153-
156]. In a nanochannel, the channel height is typically below 100 nm, which introduces new
nanoscale phenomena that would be unattainable in a larger channel. Functionalizing
nanochannels (for example, by grafting the inner walls of the nanochannel with polyelectrolyte
(PE) brushes), can be utilized (by leveraging the environmental-stimuli responsiveness of the PE
brushes) for applications such as bioanalayte sensing [14, 131], fabrication of ionic diodes [48,
135], nanofluidic current rectification [84, 85], oil recovery [18], targeted nanoparticle-based
delivery [16, 17], etc. Most of these applications rely on the manner in which the PE brushes
interact with the mobile ions (e.g., ions serving as counterions screening the PE brush charge as
well as the ions of the added salt) present inside the nanochannel leading to unique ion distributions
inside the nanochannel dictated by the valence and size of these ions.

When electrolytes come near a charged surface, free ions (of charges opposite to that of
the charged surface) from the electrolyte try to neutralize the charged surface and form an electric
double layer (EDL) [157]. Under such circumstances, the charge within the EDL is always
expected to be of the same sign as that of the charged surface where the EDL has been induced.
Sometimes when these oppositely charged ions are multivalent in nature, there is an
overcompensation of this screening of the surface charge and the result is a charge within the EDL
that is the opposite sign to that of the surface charge. This phenomenon is known as charge
inversion and the overcompensation caused by the multivalent counterions is known overscreening
(OS). Although historically OS has been attributed to be caused by multivalent counterions only,

evidence of monovalent (Rb") counterion mediated OS has recently been found through
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experiments and quantum simulations [148]. Our recent study also shows that a nanochannel
grafted with PE brush can create an ideal environment for monovalent-counterion-induced OS
effect [see chapter 4].

Ion distribution inside a nanochannel can dictate how the electrolyte solution will respond
to an applied electric field [158]. Electric field imparts force to the charged ions; in response, the
ions, depending on their charges, move along or opposite to the direction of the electric field. These
ions can carry water in their solvation shells: therefore, their motion in presence of the applied
electric field eventually leads to an electroosmotic (EOS) flow of the solution (as long as there is
an imbalance in the extent to which the positive and negative ions, on the basis of the disparities
in their numbers or their interactions with the water, can carry the water molecules with them). As
the PE brush has the potential to control the ion distribution in a nanochannel, it can also control
the strength and direction of the EOS flow. As we know from our previous studies (chapter 2 and
4) that an electric field can modify the brush structure and ion distribution for Na" counterions; it
is possible that the electric field modifies the ion distribution for other ions also. So, understanding
the PE-brush-supported ion distribution for different screening counterions and how they change
under an electric field can be vital for understand the electroosmotic flow in a PE brush grafted
nanochannel for cases where the PE brushes are screened with counterions of different sizes and
valence.

In this chapter, we employ all-atom molecular dynamics simulations to study the ion
distribution in PE brush grafted nanochannels for the case where counterions of different valences
screen the PE brush charge. Our aim is to identify the manner in which the counterion size and
valence dictate the ion distribution (especially the OS effect) inside the brush-grafted nanochannel.

Therefore, we probe the cases where the PE brushes are screened by Na®, Cs*, Ca?", Ba?>*, and Y**
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counterions: for each of these cases, we consider an added salt with Cl" ion as coion. Our
simulations show that ion distribution in a PE brush grafted nanochannel strongly depends on
counterions size, valence, and more importantly on the philicity of the counterions to the PE layer.
We have also discussed the occurrences of overscreening for Na*, Ca®*, Ba®", Y** counterions and
lack of it for Cs”. We have discussed possible enthalpic and entropic contributions coming from
counterion-PE interactions, counterion solvation size, etc. We have also found that electric fields
can alter the ion distribution for Na*, Ba?>* counterions. Our study shows that EOS flow direction
follows the relative density of coion and counterions in the brush-free bulk; overscreening leads
to coion-dominated flow and otherwise counterion-dominated flow. We plan to include free energy

calculation at the end of this project.

5.2 Results and Discussion

Equilibrium ion distribution in a PE brush grafted nanochannel

We have considered fully ionized Polyacrylic acid (PAA) chains (H[-CH2-CH(COO")-]nCH3)
as the polyelectrolytes and explicitly-modeled water molecules act as the solvent in our
nanochannel (shown in Fig. 5.1). Different screening counterions, namely Na®, Cs*, Ca?", Ba®",
Y3" are separately considered to neutralize the PE’s negative charges. We have also added 0.1 M
concentration of chloride salt (which is the chloride salt of same counterions as the screening
counterions). This implies that for the case where the PE brushes are screened by the Na* (Ca*")
screening counterions, we have considered the addition of 0.1 M NaCl (CaCl) salt, and so on. PE
chains are grafted with a grafting density of 0.05/c? [6=3.5 A is the Lennard Jones (LJ) distance

parameter of the backbone carbon atoms of the PE chains] with each chain having 49 backbone

carbon atoms (24 repeating units). 25 chains are grafted one a given wall of the nanochannel in a
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5x5 (X xY) array. Further details about the simulation have been provided in the Methods section.

Figure 5.1: Snapshot of the simulation system studying in this chapter (shown here for Na") Blue circles
are the counterions and reds are coion. Other circles are atoms of PE. Green small dots indicate water.

The main focus of this chapter is to understand the ion distribution inside a nanochannel
consisting of a single layer of grafted PE brushes on each of its opposing walls. In figure 5.2, we
have plotted the counterion and coion distribution inside the nanochannel for different cases of
added counterions (and corresponding added salt). Counterions remain mostly localized inside the
brush layer (in order to neutralize the negative charges of the PE brush layer): this can be observed
by noting a larger number density of counterions inside and near brush layers. The propensity of
counterion to stays inside the brush layer creates a depletion of counterion in the brush free bulk.
In an ideal bulk (without any influence coming from nearby environment), the number density of
coion and counterion should be same. Interestingly, the figures in the insets of Fig. 5.2(a-¢), show
that such coion and counterion parity is not present. It can be also observed that density in the bulk
is also not similar for all the ions considered in this study.

We have calculated the averaged number density of coion and counterion in the bulk,

shown in figure 5.3 (a). It can be seen from the bar-plot that that the number density in the bulk is
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decreasing with an increase in the valance. One can also understand the effect of counterion size;

increasing the counterion size, for counterions of given valence, increases the number density in

the bulk.
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Figure 5.2: Mobile ion distribution in the simulation systems for different counterions. Counterion type
is given in the legend. lon distribution near bulk regions is shown in insets.

So, why number density in the brush free bulk behaves this way? Broadly, two possible
things can control the number of ions inside the brush layer. Firstly, we are decreasing the number
of counterions (needed to neutralize the same amount of PE brush charges) when we are increasing
its valance. When the required number of counterions to neutralize the negative charges is high
(e.g., for monovalent counterions); they create a higher osmotic pressure inside the brush layer.

As the osmotic pressure is higher for monovalent ions, they create a scenario that prevent the
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excess ions from entering the brush layer. This higher osmotic pressure is suggested to be one of
the reasons for higher brush height for monovalent salt. Also, counterion loses entropy when they
enter the brush layer as they get attracted to the PE monomer electrostatically. This electrostatically
attracted (to the PE monomer) state of the counterion is entropically less favorable as compared to
its state where it is more mobile and solvated by water molecules in the brush-free bulk. As
monovalent counterions are higher in numbers inside the brush layer, the loss of entropy that they
suffer (by remaining electrostatically attracted to the charged PE monomers) is much more than
that suffered by the multivalent counterions. These effects combine to ensure that as compared to
multivalent counterions, a greater number (or percentage) of monovalent counterions prefer to
remain within the brush-free bulk.

Second, increasing the valence and decreasing the size of a counterion increases its charge
density. Higher charge density indicates that a counterion can remain bound to the PE monomer

more strongly. As a result, they are more prone to stay inside the brush layer. Here, Cs" stays in
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Figure 5.3: (a) Average number density of ion in the brush free bulk. (b) Difference in charges
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the bulk more than any other counterions. In our previous study we have shown that because of its
very low charge density, Cs" ion doesn’t condense to the PE chain fully. Their lower charge density
makes them less favorable to the PE chains, as compared to other counterions. Size and valance
can also influence the entropic effects (associated with the water in the solvation shell of the ions).
Cs" ion has a larger solvation shell as compared to Na* ion (similarly Ba®" has a larger solvation
shell then Ca" ion): as a result, Cs* has more water in its solvation shell than Na* (similarly for
Ba®" ion has more water in its solvation shell than the Ca®" ion). If Cs" wants to stay inside the
brush layer, the water bound to its solvation shell will also be trapped inside the brush layer. Such
trapping means that more water will lose entropy inside the brush layer, making such trapping
unfavorable. This effect, therefore, also contributes to larger counterions (with larger solvation
shell) showing a greater propensity to stay in the bulk.

As entropy can be an important contributor in dictating ion distribution, we would like to
explain the influence of entropy in details here. Counterions are added to the system to neutralize
the PE charges. Outside the brush layer, the counterions are solvated by water: these solvation
shells of the ions (with the ions being in the brush-free bulk) can be formed and broken quickly.
Also, these counterions and solvated water can occupy different possible locations and
orientations; accordingly, they have a greater probability to occupy different states when the
counterions are outside the brush layer. On the contrary, when a counterion gets condensed to the
PE chain, it loses its probability to occupy different states and its motion is essentially dictated by
the motion of the PE chain or monomers. This restricted motion of the counterion leads to an
entropic loss when the counterion enters the brush layer. When one increases the valence of
counterions, the number of counterions required to neutralize the PE charges reduces. As a result,

a fewer number of multivalent counterions will lose their entropy when they are inside the PE layer
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and condensed to the PE chains. This entropic contribution (or lesser entropic penalty) is found to
drive the replacement of monovalent counterions by multivalent counterions in a PE brush layer
[159]. Accordingly, a greater number of monovalent counterions prefer to remain in the bulk with
the multivalent counterions remaining within the brush layer and solvating the PE chains. This
entropic argument is also used to discuss (qualitatively and quantitively) the cases of other systems
[160] where ion condensation on PE chains is important: for example, entropic contribution is
found to dictate the ion condensation in cationic and anionic chains in a PE melt and can lead to
the formation of coacervates [161].

We have also tried to quantify the inequality in the number density of counterions and
coions by plotting the net charge (Ae) in the brush free bulk (figure 5.3(b)). This net charge is
normalized by number of added coion in the salt. We can see that, except for Cs”, the net charge
in the brush free bulk is negative for all ions considered here. Negative charges in the brush free
bulk tells us that there are more coion in the bulk than counterions. As the total system is charge
neutral, it also means that there are more counterions inside the brush layer than it needed to
neutralize negative PE charges. This phenomenon is called as overscreening (OS). Our simulation,
therefore, suggests that there will be OS in a PAA brush grafted nanochannel for Na*, Ca**, Ba*",
and Y** ions We are clearly not seeing any OS for Cs'. These differences in the charges can also
be visualized from the insets of figure 5.2.

We can see that Cs" is showing large |Ae /N, | compared to other ions. From figure 5.3(a),
we know that Cs™ has the highest number density in the bulk, so the high |Ae/ngy;| is coming
from a large number of ions. On the other hand, the number density is very low in the bulk for
multivalent ions; this implies that OS inside the PE brush layer is triggered by only a small number

of ions present in the bulk. For multivalent ions, the bulk is composed of higher ratio of coion to
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counterion number which is enough to create significant overscreening effect. In fact, there are
almost no Y** counterion in the bulk (figure 5.2 (e)) and the number of Ca?" is also very low in the
bulk (figure 5.2 (c)).

Na‘, Ca?", Ba*", and Y>" are highly attracted to charged PAA monomers and they get fully
condensed to the O of the monomer [see Chapter 3]. This condensation to the PE can be thought
similar to the formation of Stern layer; layer of counterions trying to neutralize the surface charges.
When the charge density is high (high valance, smaller size), counterions can overcompensate the
initial surface charge, or for our case, PE brush charge. On the other hand, Cs" ion doesn’t condense
to the PE monomer fully and a large portion of the Cs" ions can neutralize the PE monomers by
having them in the second solvation shell. Neutralizing by second solvation shell means that a
large portion of the Cs™ counterions don’t stay inside the brush layer and they remain in the brush
free bulk. This excess Cs* ion overwhelm the number of added CI" in the bulk, which means no
overscreening for the case of PE brushes being screened by the Cs" counterion and having CsCl

as the added salt.

Electroosmotic flow in a PE brush grafted nanochannel

Simulation systems remain almost similar to the previous section. Instead of 25, 60 chains
are grafted in one layer of the nanochannel in a 12x5 (X x Y) array as shown in figure 5.4. We
have applied electric fields of strengths 0.1 and 1 V/nm in the axial (or X) direction. When an
electric field E is applied to the system, a force of g;E acts on the atom i having a charge of gq;.

Further details about the simulation have been provided in the Methods section.
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Figure 5.4: Snapshot of the simulation system (shown here for Na®). Blue circles are the
counterions and reds are coion. Other circles are atoms of PE. Green small dots indicate water.

We started our analysis by looking into the ion distributions inside the nanochannel. The
average number density of ions in the bulk (averaged over coions and counterions) is shown in
figure 5.5 (a). The number density in equilibrium remains similar to that of the previous section
(figure 5.3 (a)); increasing valence and decreasing size of the counterion reduces the ion number
density in the bulk. Interestingly, when an axial electric field is applied, ion density in the brush-
free bulk increases. The application of an electric field decreases the PE brush height inside the
nanochannel (shown in chapters 2 and 4). This reduction of the brush height squeezes out the ions
from inside the brush layer to the brush-free bulk: this leads to higher ion density in the bulk. Ton-
specific interactions (like we discussed in chapter 2: ion-monomer dipole under external electric
field, etc.) can also influence the overall density change in the bulk by controlling how many

counterions are able to leave the counterion-monomer complex.
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Figure 5.5: (a) Average number density of ion in the brush free bulk. (b) Difference in charges
(normalized by the number of CI ions present in the system) , in the brush free bulk layer. A
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We have quantified the inequality in the number density of counterion and coion, as a
function of the applied electric field, by plotting the net charge (Ae) in the brush-free bulk (figure
5.5(b)). This net charge is normalized by the number of added coion in the salt. Similar to section
5.2.1, we are seeing overscreening for Na*, Ca?*, Ba>*, and Y>" ions (particularly for small electric
field strength of 0.1 V/nm) and no overscreening for Cs'. However, for a larger electric field (E=1
V/nm), the OS disappears and Ae becomes positive for Na* and Ba®" ions. It is also elucidated
that Ae/ng,;; increases for the case of Na®, Cs*, and Ba?" ions with the application of applied
electric field. This indicates that more counterions are going to the brush-free bulk than coions.

2+ Y3+

On the other hand, Ae /ng,;; decreases for Ca more coions are released from the brush layer

than counterion. These two types of behavior can be discussed from the electrostatic interaction

2+ Y3+

perspective. Ca”", show the strongest attachment to the PE monomers because of their high

valence and smaller size. As they are very strongly attached to the PE monomer, even the strongest
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possible applied electric fields are not strong enough to disrupt their strong attachment. Because
of this, we do not see much Ca?*, Y*>* ions leaving the brush layer. Instead, a few coions leave the

brush layer and go to the bulk, which eventually decreases the Ae /ngg;¢-
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Figure 5.6: Velocity of the water (solvent) molecules along the system height for (a) E = 0.1 V/nm and
(®)E=1V/nm.

Along with changing the ion distributions inside the nanochannel, the electric field also
introduces an electroosmotic (EOS) flow. We have plotted the EOS velocity inside the
nanochannel in figure 5.6. We can see that the EOS flow follows the trend in the ion distribution
in the brush-free bulk. EOS is coion-dominated for Na*, Ca?", Ba?*, and Y*" ions and counterion
dominated for Cs* when the applied electric field is 0.1 V/nm. Na*, Ca**, Ba**, and Y** shows
overscreening in this electric field. As the numbers of coions are higher in the bulk for these
simulations; more waters will be present in the solvation shells of coions. As coions move in the
opposite directions to the applied electric field, the solution will also move in the opposite to the
electric field direction. The opposite is true for Cs* ion: a higher number of Cs" makes flow in the

same direction as the applied electric field. When the electric field is changed from 0.1 to 1 V/nm,
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the flow direction for Na* and Ba?* changes from coion-dominated to counterion-dominated, since
the OS disappears at this electric field strength for these two types of counterions [see Fig. 5.5(b)].
As the number of counterions increases in the bulk, the solutions follow the direction of
counterions. As no such ion distribution alteration is observed for Ca®>* and Y>*, flow is still in the
direction opposite to the applied electric field.

Finally, the velocity is almost zero inside the brush layer for Na*, Ca*’, Ba**, and Y**. A
finite velocity is observed inside the brush layer only for Cs’. We have seen in chapter 3, Cs" is
not fully condensed in the PE chain. As a portion of Cs" is not strongly condensed (on the PE brush
layer) and is able to move relatively freely, they can respond to the applied electric field
independently (i.e., without following the behavior of the PE brushes). This independent motion
of the Cs" ions introduces a finite velocity even inside the brush layer. On the other hand, other
counterions are strongly bound to the PE monomer: as they cannot move independently inside the
brush layer, the flow is almost negligible inside the brush layer.

We have calculated the free energy of counterion binding to PE monomers: such free
energy calculations can provide valuable information about ion distributions and their
modifications under applied electric field. Umbrella sampling is used to calculate the free energy
of counterion binding to PE monomer. A PE chain with 6 monomers is grafted to a surface: the
PE chain is neutralized by different counterions (please see a partial snapshot of the system in
figure 5.7). We have selected a monomer and a counterion condensed on the corresponding
monomer. We kept the backbone carbon atom of the monomer fixed in its position and moved the
counterion away from it. The free energy curves are provided in figure 5.7. Y** ion shows the
highest energy penalty to leave the PE chain: in other words, Y>" ion shows the maximum energy

favorability in its condensed state (on the PE backbone). Ca*" ion also shows a larger free energy
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favorability (as compared to Na*, Cs*, and Ba?* ions) in remaining condensed on the PE backbone.
This free energy curves support the findings reported in Fig. 5.5(b): the large energy favorability
of the Y>" and Ca?' ions in remaining condensed on the PE backbone implies that the applied
electric field is not sufficient to make the Y>" and Ca®* ions to leave the PE, and therefore, there is
no electric-field-driven reversal of the overscreening behavior for the case of PE brushes screened

by Ca?" and Y>" ions.
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Figure 5.7: (Left) Snapshot of the simulation system used in free energy calculation. Blue circles show
counterions (this particular system is for Ca®"), red circle is the counterion which is displaced to perform
the umbrella sampling. (Right) Calculated free energy as a function of the counterion reaction coordinate
for different counterions.

5.3 Methods

We simulate fully charged Polyacrylic acid (PAA) chains grafted in two opposing layers.
Different counterions, namely Na*, Cs*, Ca*", Ba®*, Y>" are separately considered (as screening

counterions) to neutralize the polyelectrolyte (PE) segmental charge in a solvent of explicit SPC/E
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water [67]. In addition, we add 0.1 M Chloride salt in the system. PE chains are grafted with a
grafting density of 0.05/0% (6=3.5 A, is the LJ distance parameter of backbone carbon atoms).
This grafting density of PAA chains is within the range of experimentally reported [60] grafting
densities. 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 atoms from escaping the system. The particle
trajectories are calculated using the Velocity-Verlet algorithm, with a time step of 2 fs. Non-
bonded interactions were modelled as the sum of a shifted-truncated 12-6 Lennard Jones potential
(Uy) with a cut-off distance of 13A. To calculate the long-range Columbic interactions, PPPM
(particle-particle particle-mesh) algorithm [68] is used. The bonds and angles of water molecules
are conserved with the help of the SHAKE algorithm [69]. 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 [70] and OVITO is used to visualize the simulation
system [71].

Counterions, coions and waters are randomly distributed in the system. After creating the
initial configuration, the systems are first run in the NP, T ensemble (the subscript Z means that
only the system height in Z direction is allowed to change) to obtain the correct simulation box
heights at 300 K and 1 atm with the help of Nosé-Hoover thermostat and barostat [79,80].
Subsequently, the systems are equilibrated in the NVT ensemble to obtain the correct equilibrium
configuration by incorporating the Langevin thermostat [81]. Each simulation is performed until
the brush height starts fluctuating around a constant value. After equilibration, we performed the
production run for 20ns. We also checked the autocorrelation function of the end point of PE chains
in the production period: the autocorrelation function started fluctuating around zero very quickly

which indicates proper statistical sampling in total 20ns production run [figure 5.7].
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We have used OPLS-AA force field [72] to model the interaction parameters for the PAA
chains. The bonded and non-bonded parameters for the PAA chains were taken from the OPLS
database. The Lennard Jones (LJ) parameters for the monovalent counterions were taken from
Joung and Cheathan [73]. Parameters for multivalent counterions were employed from Li et al.
[113,114]. These parameters are very accurate for monovalent and multivalent ions in an aqueous
system.

In this production period, the brush height fluctuates around a constant value, confirming
the attainment of equilibrium. This production period is considered to be 20 ns for the simulations
for all cases of counterions both in absence and presence of the added salt (see Table 5.1). We also

checked the autocorrelation function of the end point of PE chains in this production run. The

autocorrelation function for a variable Y is given by Cy(t) = (<Y(t)<;(2)_(z(12;(y)>), where (Y)

denotes the mean value of Y. We plot the autocorrelation function for average end-point brush
height C,(t) corresponding to the cases of different screening counterions in Figure 5.8. Given

autocorrelations are shown for the simulation performed for section 5.2.1.

Figure 5.8: Autocorrelation function of the end point of PE chains for different simulations.

Same procedure is followed for the simulations of electroosmotic flow also. After initial
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equilibration, we have applied the electric field under the NVT ensemble to remove the heat
dissipated due to the flow. Only polymers are thermostatted in the entire system, this mimics the
experimental scenario where temperature can be controlled form the outer surface. Each non-
equilibrium simulation is performed again until the brush height starts fluctuating around a new

modified value. After equilibration, we performed the production run for 20ns.

To calculate free energy calculations in our main simulation setup a condensed counterion
have been chosen. This ion is pulled out from the chain to the bulk by specifying the reaction
coordinate in Z direction that varies by 0.5 A in every successive reaction coordinate. These ions
were constrained to their windows by a harmonic potential with spring constant. Generally, all
these simulations lasted for 4 ns and the data collected from the last 3 ns was used for analysis.
We have checked the probability near reaction coordinates and ensured than every possible
position is sampled. The axial positions of the sample molecules were outputted every 20 fs and
the weighted histogram analysis method (WHAM) [151, 152] was used to analyze the data

generated from umbrella sampling.

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

oy 12 oii 6

while the Coulombic pairwise interaction (Ucow) used in the simulation is expressed as:

qi4q;j
Ucou = —— (5.2)

471'60617‘”'
In these equations, €;; is the depth of the LJ potential well between atoms i and j, g;; is the distance
between atoms i and j, g; and q; are charges of the it" and j'* atoms, 7; ; 1s the distance between

atoms i and j, €, is the permittivity of vacuum and €, the relative permittivity of the background
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(taken to be 1). Geometric mixing rules were used for calculating the LJ interactions between the
different atom types. For mobile-ion-mobile-ion and mobile-ion-water interactions, we used the
Lorentz-Berthelot mixing rules to be consistent with Joung et al. [73] and Li et al. [113,114].

In Fig. 5.9, we have provided a schematic representation of the fully ionized Polyacrylic

acid molecule. Parameters required for egs. 5.1 and 5.2 for atom mentioned in figure 5.8 is shown

Figure 5.9. A partial schematic representation of the fully ionized PAA molecule. Different atom types
are indicated with arrows. Polyelectrolyte’s (PE’s) repeating unit is indicated with the shaded box.

in Table 5.1.
Atom Type Charge (e) | Mass (amu) € (Kcal/mole) o ()
C3 (CHas) -0.18 12.011 0.066 3.50
C2 (CH») -0.12 12.011 0.066 3.50
Cl (CH, Attached | -0.16 12.011 0.066 3.50
to COO-)
C (COO0O-) 0.70 12.011 0.105 3.75
H 0.06 1.008 0.03 2.50
0O (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
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Cs 1.00 132.9 0.0898565 3.6010

Ca 2.00 40.078 0.04560206 2.7083

Ba 2.00 137.327 0.23380842 3.2518

Y 3.00 88.906 0.02759 2.5996

Cl -1.00 35.453 0.012785 4.83

Continuous LJ Wall | 0.00 15.00794 0.1947 3.00

(Parameters remain (LJ cut off length
unchanged for is 3.36 A)
interaction with all

atom types)

Table 5.1: Charge, mass and LJ parameters for all the different atom types

Harmonic bond style is used to calculate the potential energy for bond:
Upona = Ky (r — 1) (5.3)
Here, 1, is the equilibrium bond length and Ky is bond stiffness. The values for r, and K, for all

bond types are provided in Table 5.2.

Bond Type Kcal 1o, (A)
K, ( )
mol. A

C2-H 340.0 1.09
C2-C1 268.0 1.529
Cl-H 340.0 1.09
C3-H 340.0 1.09
C-C1 317.0 1.522
C1-C3 268.0 1.529
C-O0 656.0 1.25
Ow-Hw - 1.00

Table 5.2: Bond parameters used in the simulations

The potential energy for the finite angle between different bonds is calculated using the
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following harmonic equation:

Here, 6, is the equilibrium value of the angle and K|, is the angle stiffness. The values for 8, and

Uangle = Kq(0 - 90)2-

K, for different angles are provided in Table 5.3.

(5.4)

Angle Type K. ( Kcal Bo(deg)
mol.rad?

H-C2-H 33.00 107.8
H-C2-C1 37.5 110.7
C2-Cl1-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-O0 80.0 126.00
C2-C1-C 63.0 111.1
C3-C1-C 63.0 I11.1
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-Cl1-H 37.5 110.7
Cl1-C2-C1 58.35 112.7

Table 5.3: Angle parameters used in the simulations

The potential energy associated with the 4-atom dihedral torsion interactions is given by
Uginearat = 3 Ki[1 + cos()] + 2 K,[1 — cos(28)] + 2 K3[1 + cos(30)] +5 Ky[1 —

cos(49)]. (5.5)

Here, K;, K;, K3, and K, are the four Fourier coefficients for torsional interactions, and @ is the

torsional angle. Values of K;, K,, K3, and K, are provided in Table 5.4.
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Dihedral type Ky, (Kcal/ | K5, (Kcal/ | K3, (Kcal/ | Ky, (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
Cl1-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 5.4: Dihedral parameters used in the simulations

The potential energy associated with the improper torsional dihedrals are modelled using the

harmonic function:
Uimproper = Ki(p — (po)z- (5.6)
Here, ¢, represents the equilibrium value of the improper torsional angle and K; is the improper

torsional stiffness. Their values for the C1-O-C-O system is provided in Table 5.5.
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Table 5.5: Improper dihedral parameters used in the simulations
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Improper Type

Ki(

Kcal
mol.rad?

)

®o(deg)

C1-0-C-O

10.5

180




5.4 Conclusion:

In this chapter, we show how ions are distributed in a polyelectrolyte brush grafted
nanochannel by using all-atom molecular simulation. We consider Na*, Cs*, Ca*", Ba*", Y**
counterions and found a clear trend of ion density in the bulk between two layers of PE with
counterion size and valence. Counterion with higher valance and smaller size prefer to stay inside
the PE brush layer more, so a depletion of ions in the bulk is observed. We also see overscreening
is happening in the nanochannel except for Cs'. Incomplete condensation of Cs" in the PE chains
explains this behavior. This overscreening for Na*, Ca**, Ba?*, and Y>* counterions manifest a
coion-dominated electroosmotic flow in 0.1 V/nm electric field. High electric field of 1 V/nm
diminishes the overscreening for Na™ and Ba®*, as a result, counterion-dominated electroosmotic

2*Y3" counterions

flow is observed. No such alteration of ion distribution is observed for Ca
because of stronger electrostatic interaction between PE monomer and Ca?*, Y>* counterions. So,

we discover that flow is always coion-dominated for Ca**, Y** counterions.
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Chapter 6: Conclusion and Future Scope

In this dissertation we employ atomistic simulations to study how polyelectrolyte brushes

respond to two most important stimuli; (a) type of counterions that screen the charges of the PE

brushes and (b) external electric fields. We also elucidate how these responses can modify ion

distribution around polyelectrolytes and as a result, electroosmotic flow in nanochannels grafted

with such brushes. In this chapter, we discuss the major contribution of this work to the existing

body of knowledge.
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» Probe how axial electric field changes the conformation of a PE brush layer. We find the

critical role of the PE monomer’s charge density (more specifically the strength of the
monomer-counterion complex) in dictating the bending or tilting mediated brush height
reduction in presence of the applied electric field. Condensation of counterions to PE
chains (for the case when the charge density of the PE monomer is high) limits the
independent movement of the PE chains or counterions, resulting in a bending of the PE
chains. On the other hand, mutually independent responses of the PE monomer and the
counterions (for the case when the charge density of the PE monomer is small) ensure the
tilting of the PE brushes opposite to the applied electric field. This newly found
understanding of PE brushes response to axial electric field can be very useful for
explaining previously observed results in PE grafted systems.

Simulate the PE brushes neutralized with counterions of different valences and sizes. We
found that bridging of two or more negative monomers, mediated by counterions, is not a
sole function of the counterion valence; rather it is combination of the counterion size and
valence. We study how counterion condensation to the PE chain, possibility of firm second

solvation shell, and solvation shell size affect the bridging interactions. We also discuss



how these bridging interactions behave dynamically. This study, therefore, refines the
generally perceived notion of valence dependent bridging interaction and brings counterion
size in the limelight.

» How grafted PE brush control ion distribution inside a nanochannel, how electric field
changes the ion distribution, how electroosmotic flow behaves near PE brush? We answer
these questions in chapter 4. We find PE brushes neutralized with Sodium ions can
introduce overscreening inside the nanochannel and electric field can modify this ion
distribution by controlling the brush height, and counterion-monomer interaction.
Electrostatic flow direction reversal from coion-dominated to counterion-dominated can
be achieved by merely changing the electric field strength. We discuss the effect of the
time of water residence in the ion solvation shell and the electrophoretic mobility of ions
in governing the overall electroosmotic flow. This study presents new understanding in the
theory of overscreening and electroosmotic flow in PE-brush-functionalized nanochannels.

» Probe the distribution of ions in a PE brush grafted nanochannel where counterions of
different valence and sizes neutralize the PE charges. We found that smaller counterions
with high valence prefer to stay inside the PE brush layer more than the counterions of
larger size and smaller valence. Proper condensation of counterion to the PE chains helps
to introduce overscreening in the nanochannel. We also find that the applied electric field
can alter the overscreening behavior inside the nanochannel if it can break the effect of the
monomer-counterion interaction. Various ion distributions associated with different

counterions eventually lead to a broad range of electroosmotic flow behavior.

Most importantly, this dissertation shows the importance of accounting of the chemical details

for understanding the behavior of the PE brush systems. So far, coarse-grained simulations, along
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with theoretical calculations, have served as the main tool to understand the PE brush grafted
system. Throughout this thesis, we show the importance of accounting for the chemical details of
PE monomer, ions, water, monomer-ion solvation structure, ion dynamics, charges, and sizes of
different atoms. Consideration of these granular details can help to unravel novel and intriguing
scientific phenomena, which help to move forward overall soft matter research.

Finally, this dissertation raises important questions and shows future directions. New ideas and
understandings obtained from this dissertation can transfer to other soft charged systems. One can
expect systems such as polyelectrolyte gels, coacervates, etc. to demonstrate interesting ion
dependent behaviors (for situations where granular chemical details of the different components
of the system are been accounted for) and this thesis can be a good guide for initiating such
research. Secondly, pH of the solution can control different aspects of a PE brush grafted system;
for example, it can control the charge density in the PE by controlling degree of ionization.
Understanding the effect of solution pH can be very helpful for greater atomistic quantifications.
Third, the study of positively charged or cationic brushes (this thesis has only considered anionic
brushes), which can introduce diverse PE-water interactions and PE-counterion solvation
structures, and can responds to perturbations differently, can be a topic of significant interest.
Fourth, our thesis can serve as the foundational basis for probing in an all-atom framework the
behavior of poly-zwitterionic PEs which consists of a combination of an anionic and a cationic
group (and therefore is expected to manifest a myriad of different ion condensation and bridging
behaviors). Finally, the different fundamental analyses conduced in our thesis point to the
possibilities where an all-atom understanding of the behavior of PE brushes can be leveraged to

design devices with better lubrications, energy generation, motion control capabilities.
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Appendix A

Effect of the added salt in the electric-field-response of the PE brushes

In chapter 2, we have made the following inference: in presence of the applied axial electric
field, the counterion distribution around an oxygen of a respective monomer (Ocarboxyiate OV
Osuifonate) of the PE dictates the conformation of the PE layer. Given that the brush conformation
is a result of this local arrangement of ions, instead of global, the effect of salt concentration (on
the brush configuration) should be minimal as long as the majority of the salts ions remain within

the brush-free bulk.

Here we provide simulation results that attempt to investigate what happens to the salt ions
in presence and in absence of the applied axial electric field and in the process attempts to test the
above idea (i.e., majority of the salts ions remain within the brush-free bulk). In our simulations,
we have 864 counterions (Na' ions) to neutralize the anionic brush (for the case of PAA brushes).
We have also added 0.2M NaCl salt which corresponds to 170 Na" and 170 CI ions. In Fig. Al
we present the ion distributions in the simulation system. Fig. A1(a) shows that there are very few
CI 1ons inside the brush layer both in the presence and in the absence of the applied electric field.
In Fig. Al(b), we quantify the variation of the net charges (4,) for the entire domain (for this
purpose, we also account for the local charges of the PE brush molecules), i.e., both inside the
brush layer and inside the brush-free bulk. We find nearly perfect electroneutrality in the brush-
free bulk both in presence and in absence of the applied electric field. There are as many as 170
Na" and 170 CI" ions from the salt and we find A;~ 3 in the bulk (confirming this near perfect
electroneutrality) in presence of the applied electric field. Given that almost all of the CI ions from
the salt is within the brush-free bulk, this near electroneutrality in the brush-free bulk implies that

almost all the Na" ions added from the salt must also remain within the brush-free bulk (i.e., these
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Na" ions from the salt will rarely enter the brush layer either in presence or in absence of the
electric field). Therefore, we can infer that given that the majority of the salt ions remain within
the brush-free bulk and do not enter the PE brush layer, the salt concentration will have
insignificant effect in determining the configuration of the PE brush molecules in the presence of

the applied electric field.
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Figure Al: (a) Mobile ion distribution along simulation box height. Left axis shows the number density
and right axis shows number of ions in a slab of 5 A along the Z axis in the simulation box. Number
densities as well as the total number of Cl" ions inside and near the brush layer are zoomed in the inset.
The inset axes have the same units as main figure. (b) Variation of the net charge A=
Total number of postive charges — Total number of negative charges inside and
outside the PE brush layer. In consideration of the total number of charges, we account for the charges
of the PE brushes, counterions, and salt ions. Perfect electroneutrality would imply Ag= 0. Both the
figures provide the results for the PAA brushes. Shaded vertical lines in part (a) indicate the average
brush height.
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Appendix B

Some important supporting information related to chapter 3 is presented here.

Ion distribution properties
As mentioned in the chapter 3, we have used the first valley of the Ocarboxylate-counterion radial
distribution function (RDF) as the cutoff value for the bridging. Here we are presenting these RDF

for different counterions.
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Figure B.1: Ocamoxylaic-counterion radial distribution function (RDF)

We have discussed in the main chapter first peaks in the probability density distribution (p(r))
follows the LJ size of the respective counterions. Here we are tabulating the values of the locations

of first peak in p(r) and the LJ size of each counterions.

Counterion type First peak in p(r) LJ radius
Li 1.84 1.4094
Na* 23 2.1595
Cs® 2.88 3.6010
Mg?* 1.84 2.294955
Ca* 2.24 2.7083
Ba®" 2.64 3.2518
Y 2.08 2.5996
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La*" 2.32 2.903

Table B.1: First peak in p(r) and size of different counterions (all in Angstrom)
Persistence length:

We have used worm like chain (WLC) model to calculate the persistence lengths of the PE

molecules in the “brush”-like state. According to the WLC model [162]

P
_L\ I
L(l—e P)

Where (R?) is the average of end-to-end distances if the PE chains over the production period, P

(R?) = 2PL|1— (B.1)

is the persistence length, and L is the contour length.
The persistence lengths for the PE brushes for different simulations corresponding to the

different screening counterions in presence and in absence of the added salt are tabulated in table

B.2.
Counterion Type P (&), without salt P (A), with salt
Li 14.5 13.1
Na* 14.3 12.4
Cs' 14.2 12.9
Mg?* 15.3 15.5
Ca?* 15.5 15.71
Ba’" 14.15 14.01
Y3 12.8 11.8
La** 15.2 15.01

Table B.2: The persistence lengths of the PE brushes in the presence of the different counterions
without and with the added salt (0.4 M concentration of the chloride of the corresponding

counterions) for different simulations
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Polarizability:

To check the effect of polarizability, we have performed a simulation with Y*>* counterion using

12-6-4 1j parameter [114]. In figure B.2 we show the brush height, interchain bridging and CDF.
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Figure B.2: Effect of polarizability of Y** counterion.

Appendix C

In this appendix, few important results and discussion related to chapter 4 is discussed.

Brush properties:

In Figure C.1(A), we have plotted the transverse backbone carbon distributions as a function
of the applied electric field. These distributions are analogous to the monomer distribution profile.
This figure elucidates the reduction in brush height and the increase in monomer density with an
enhancement in the strength of the applied electric field. Average brush profiles are shown in
Figure C.1(B). This plot shows that as there is a very small flow inside the brush layer, which
creates a negligible drag, and hence there is no significance tilt along the electric field. Other than

tilting in a particular direction, brushes become sparse along x direction, which is depicted in
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chapter 5.
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Figure C.1: Brush behavior in different electric field. (A) Backbone carbon distribution profiles with
different applied electric field. pyo® is the normalized number density of backbone carbon. (B)
Average backbone carbon profile of the brush under different electric field strengths.
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Figure C.2: O"-Na" ion-pair (or the PE-brush-counterion) contour for different strengths of the axial
electric field.
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O-Na" ion-pair (or the PE-brush-counterion) contours, contributing to the brush height reduction,
are shown in Figure C.2. An increase in the PE-functional-group-counterion polarization with an

increase in the electric field can be observed from this figure.

Water Distribution:

Water (solvent) densities for three cases (i.e., cases with different values of the applied electric
field) are shown in Figure C.3. It can be observed that, when brush height gets reduced (with
increasing electric field), the density of water inside the brush layer gets reduced too. It also
indicates that at a larger electric field strength, water molecules gets squeezed out of the brush

which carries ions.
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Figure C.3: Water density distribution along the z axis for different axial electric field strengths.

Ionic Properties:
Distribution and velocity profiles of both the ions at an electric field strength of 0.5 V/nm are

plotted in Figures C.4(A) and C.4(B), respectively. Here along with the higher concentration of
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coions in the bulk, the velocity of coions are also greater than the velocity of counterions: this
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Figure C.4: (A) Number density of ions in the system for |[E|=0.5 V/nm. Number density near the bulk
region is zoomed in the inset. (B) Coion and Counterion’s velocity profile at |[E[=0.5 V/nm.

8 . 4 .
i —0.1 V/nm —0.1 V/nm
61 - 0.5 V/nm 3t = 0.5 V/nm
w1 V/am -1 V/nm
H -
w4 5 2

2 \/st—'—v 1t V\/\‘———‘

0 J 0 j A :

0 5 10 0 5 10
r(A) r(A)
(A) (B)

6 . ’ :
—0.1 V/nm
= 0.5 V/nm

4 =1 V/nm

=0

2 4

00 5 10 0 5 10

r(A) r(A)
(©) (D)

Figure C.5: (A) CI-H, (B) CI-O, (C) Na'-H, and (D) Na*-O RDF in bulk region for different strengths
of |[E|=0.5 V/nm for different strengths of |E|.

144



helps to drive the solvent in the negative directions (i.e., the direction of the motion of coions).

Therefore, we obtain a coion-dictated EOS transport.

In Figure C.5 we show the different radial distribution functions (RDF) between O and H
of water with CI" and Na" ions in the bulk region. It can be observed that the application of an
external electric field does not have any measurable effect on the RDF. We have used the first
minima of these RDF as the solvation shell radius to calculate the residence time autocorrelation

function. These radii values are tabulated in Table C.1:

RDF type CI-H CI-O Na™-H Na*-O

Radius (A) 3.00 3.84 3.76 3.20

Table C.1: Solvation shell radius from RDF

In Figure C.6, we depict the residence time autocorrelation function for |[E[=0.5 V/nm. Here

too, the time scale for water leaving the first solvation shell of ion is higher for Na™.
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Figure C.6: Residence time autocorrelation function in the bulk region for [E|=0.5 V/nm.
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Counterions present inside the PE brush layer are not fully solvated by the water molecules.
On the contrary, some of the water molecules of the first solvation shell of the ion are replaced by
the O (oxygen atoms) of the negatively charged monomers of the PE chains. Therefore, the
solvation number (Ootar) 0f the counterions is made up by the contribution from water (Owater) and
O of the COO" (Ocarboxylate) groups of the PAA brushes. Such a phenomenon was observed in our
previous all-atom MD simulation study that considered PAA brushes in presence of Na®
counterions but in the absence of any confinement. Here we study this phenomenon for the cases
of nanoconfined PAA brushes in presence of either Na* or Cs" counterions and report the solvation
number of the counterions (Oxal) and the corresponding contributions from water (Owater) and O

Of the COO_ (Ocarboxy]ate) (See table C2)

Counterion type Orotal Owater Ocarboxylate
Na* 6.03 2.88 3.15
Cs® 9.26 7.84 1.42

Table C.2: Solvation number analysis of Na* and Cs" inside brush layer.
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