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Densely grafted polymer and polyelectrolyte (PE) brushes, owing to their significant abilities to
functionalize surfaces for a plethora of applications in sensing, diagnostics, current rectification, surface
wettability modification, drug delivery, and oil recovery, have attracted significant attention over the past
several decades. Unfortunately, most of the attention has primarily focused on understanding the
properties of the grafted polymer and the PE chains with little attention devoted to studying the
behavior of the brush-supported ions (counterions needed to screen the PE chains) and water
molecules. Over the past few years, our group has been at the forefront of addressing this gap: we have
employed all-atom molecular dynamics (MD) simulations for studying a wide variety of polymer and PE
brush systems with specific attention to unraveling the properties and behavior of the brush-supported
water molecules and ions. Our findings have revealed some of the most fascinating properties of such
brush-supported ions and water molecules, including the most remarkable control of nanofluidic
transport afforded by the specific ion and water responses induced by the PE brushes grafted on the
inner walls of the nanochannel. This feature article aims to summarize some of our key contributions
associated with such atomistic simulations of polymer and PE brushes and brush-supported water
molecules and counterions.

1. Introduction and background

Polymer brushes (PBs) are structures of polymer chains
attached or grafted to a surface (a solid substrate or another
polymer chain) using one of their ends." The density of this
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grafting, which dictates the space between the two adjacent
polymer chains, is typically high which compels the polymer
chains, in order to avoid overlap with the adjacent chains, to
extend away from the grafting surface.® Therefore, in the
presence of a “good” solvent, instead of a typical random coil
arrangement, the polymer chains attain the configuration of
the bristles of a toothbrush: hence they are denoted as “poly-
mer brushes”. From a thermodynamic standpoint, the for-
mation of the brush-like structure involves a complex
interplay of various factors: these include (1) a reduction in
the potential energy of the chains achieved by stretching of the
chain to prevent steric collisions; (2) the propensity of the
polymer chains to either enhance or reduce interaction with
the solvent (a characteristic that depends on the specific type of
solvent involved in the process); (3) the natural inclination of
the polymer chains to coil in a “good solvent” (or a solvent
where polymer-solvent interactions are favored), driven by the
desire to increase the entropy.’ This intricate balance between
entropy, potential energy, and polymer-solvent interactions
determines the final structure of the brushes® (of course, there
are examples where polymer brushes have formed in the air,
ie, in the absence of any solvent).® Polyelectrolyte or PE
brushes refer to densely grafted PE chains (PE chains are the
polymer chains having monomers containing charges) that
form brush-like structures in a favorable solvent.*” The exis-
tence of the charged monomers for the case of the solvated PE
brushes necessitates the presence of the counterions to neu-
tralize the charges. Therefore, for a PE brush system, in addi-
tion to the factors identified above, several other complex
interactions, such as the columbic repulsion between the
chains, counterion-distribution-dictated osmotic pressure, the
behavior of the counterions in the electrostatic field developed
in the vicinity of the PE brushes, etc., become important.® There
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are tens of publications that have carefully addressed these
interactions while modeling the configuration (height, mono-
mer distribution, etc.) of the polymer®™® and the PE
brushes.>*%’

A key feature of the polymer and PE brushes is their
excellent ability to respond to the properties of their surround-
ings. For example, a slight change in the conditions of the
surrounding solvent leads to a significant change in the height
of the polymer and PE brushes. Such a change has been
routinely employed for a variety of applications. Specifically,
for the PE brushes, given the importance of parameters such as
the charges of the brush monomers, the presence of counter-
ions, etc., it becomes possible that several types of environ-
mental stimuli (e.g:, pH of the surrounding liquid medium,
nature and concentration of the screening counterions, etc.)
can be manipulated to regulate the properties and behaviors
of the PE brushes. Such responsiveness to environmental
stimuli has been routinely employed for a variety of
applications involving the polymer and the PE brushes. Some
of such notable applications of the polymer and PE brushes
include their use in modifying the wetting®® and adhesive®®
properties of surfaces, preparing antifouling®® and antimicro-
bial surfaces,®' functionalizing nanochannels and nanopores
for sensing®” and current rectifications,* membrane engineer-
ing for water filtration,® making artificial joints or
biolubrication,** functionalizing nanoparticles for applications
such as drug®® and gene delivery,’” water harvesting,*® emul-
sion stabilization,®® and oil recovery.*® Fig. 1 schematically
summarizes some key applications of the PE brushes.

While there is a lot of flexibility in synthesizing PE brushes
for a specific application, it remains a challenge to predict its
exact behavior in each setting due to a large number of
microscopic and environmental variables that regulate such

i

Fig. 1 Different applications of the PE brushes: manufacturing efficient membranes for water filtration; artificial cartilage development (bio-lubrication);
surface modification for fabricating ultra-low frictional surfaces; colloid stabilization; anti-fouling surface manufacturing; synthesizing capsules for

targeted drug delivery.
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behavior. These variables include the molecular weight of the
polymer chains, polydispersity,*’ chemical composition of the
chains, solvent type,** solvent-monomer interactions,** screen-
ing counterion valence,** counterion structure, the position of
the functional group in the chain (side chain or main chain*>*9),
pH of the solution,?” temperature of the system, concentration
and type of the added salt (in addition to the screening
counterions), etc. Moreover, additional complexities arise due
to the highly non-linear inter-dependence of these different
variables. For example, how the salt concentration affects the
height of the PE brushes depends on the grafting density, i.e.,
whether the PE brushes are in the osmotic or semi-osmotic
regime, and if the added salt reduces the osmotic pressure.’®
This same osmotic pressure governs the nanoconfinement-
induced reversal of the charges of the PE brush layer, i.e., for
cases where the PE brushes are grafted on the inner walls of a
nanochannel.*>° Considering all these aspects, it is clear that
the behavior of the PE brushes and the mechanisms dictating
their functions depend on the complicated interplay of various
factors and there have been extensive efforts to understand
such brush behavior by employing theoretical modeling, experi-
ments, and molecular dynamics (MD) simulations (primarily
coarse-grained MD simulations). The challenge is that a fully
rigorous understanding of the PE brush behavior is intricately
connected to our thorough understanding of the behavior and
the properties of the brush-supported counterions and solvent
(primarily water) molecules. Such an understanding necessi-
tates conducting all-atom MD simulations of the PE brushes;
however, there has been very little effort in conducting such all-
atom MD simulations. Acknowledging this significant gap,
the present research group has pioneered the use of all-atom
MD simulations for capturing the behavior of PE brushes and
brush-supported counterions and water molecules. This feature
article will provide a focused review of the findings from such
studies on all-atom MD simulations of polymer and PE brushes
(by both the present research group and other research groups).

The PE brush systems have been explored through theore-
tical modeling, experiments, and computational approaches. In
theoretical modeling, the goal is to get an idea of the structure
of the PE brushes by obtaining some macroscopic quantity
such as the brush height and monomer distribution. There are
notably two approaches for such theoretical modeling: scaling
calculations®®*'>° and field theory-based calculations [i.e., the
calculations based on the strong stretching theory (SST) or the
self consistent field theory (SCFT)].*°®® In both the approaches,
the free energy of the overall brush system is first expressed in
terms of the various parameters such as the Kuhn length, the
number of monomers per chain, grafting density, and most
importantly the quantity that will carry structural information
of the PE brush system (namely, the brush height for the
scaling calculations and the monomer density distribution for
the SCFT approach). Subsequently, the free energy is mini-
mized to find the value (or expression) of that quantity.*
Though such approaches have gained some success in repro-
ducing some of the experimentally observed brush properties,
there are several drawbacks (associated with the assumptions
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made) while expressing the functional form of the free energy.
Under such circumstances, a lot of information, such as
counterion-mediated  bridging,®” mechanism dictating
counterion-polymer binding,*® solvent behavior inside the
brush (e.g., water-water hydrogen bonding inside the brush
layer,®®”" or alterations of water structure inside the brush
layer’>”?), etc. cannot be extracted.

There have been extensive experimental studies on polymer
and PE brushes, and they have often been used as benchmarks
for testing various theories. Different experimental techniques
have been employed for probing the configuration (e.g., height)
of the PE brushes. For example, Helm et al. employed X-ray
reflectometry to establish that the brush height scales as ¢~ */*
(where ‘¢’ denotes the concentration of the added salt) in the
salted brush regimes.”* Neutron reflectometry (NR) is another
valuable tool for probing the PE brush structures since NR is
capable of determining structures at length scales of 0.1-
200 nm at solid-liquid interfaces.”” Using NR, Yu et al. have
demonstrated that there can be a significant change in the
height of the polystyrene sulfonate (PSS) brushes in the
presence of multivalent counterions (Mg>", Ca®, Ba**).”® The
review article by Kilbey and Ankner has discussed a host of
other important measurements on PE brushes that have been
conducted with the NR.”” Ellipsometry has been also used to
investigate the equilibrium structure of the PE brushes.”® For
example, Hinrichs et al. employed ellipsometry for quantifying
the pH-dependent changes in the configuration of the mixed
PE brushes consisting of polyacrylic acid and poly-2-vinyl
pyridine chains.”® Quartz crystal microbalance with dissipation
(QCM-D) monitoring has been used to probe the dynamic
processes (e.g., the response of the PE brushes to different
adsorbing proteins®®) associated with the PE brushes. The
QCM-D also allows for precise quantification of the water loss
during the collapse of the brush layer and in the process
facilitates the monitoring of the brush behavior in response
to different ionic environments.*® Recently, Ji et al. employed
the QCM-D technique to investigate the swelling of anionic
(PSS) and cationic [poly(2-(methacryloyloxy)ethyl) trimethylam-
monium chloride] (PMETAC) brushes.?' Surface force appara-
tus (SFA) and atomic force microscopy (AFM) techniques have
also been used to investigate the interaction of the PE brushes
with different types of surfaces. A detailed discussion of using
these surface force measurement techniques for quantifying
the brush properties can be found in the review article by Xu
et al.’® Unfortunately, just like theoretical investigations, these
experimental methodologies also often fail to capture different
processes (resolvable at the atomistic scale) dictating the beha-
vior of the brushes and the associated brush-solvent and
brush-ion interactions.

In contrast to the theoretical and experimental studies,
simulations (which are primarily particle-based simulations)
have been able to provide much more details about the PE
brushes and the interactions of such brushes with their sur-
roundings (the solvent and the ions). The most widely explored
simulation approaches are the coarse-grained (CG) simula-
tions, where a monomer or group of monomers is considered
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as a single particle which is called the ‘“coarse-grained” bead.
The bead-solvent and bead-bead interaction potentials are
parameterized to reproduce the structural properties of the
polymer brushes. The advantage of using the CG simulations
is that such coarse graining of multiple particles into a single
bead smoothens the potential energy landscape, and therefore,
longer timescales can be reached, and bigger systems can be
simulated. Using such coarse graining approaches, several
studies have probed into the structure of the polymer and PE
brushes,®® and have also investigated the role of charge
fraction,®* ion types,®” the presence of electric fields,®® etc. into
the behavior of the brushes. While extremely powerful, a
significant limitation of this approach is that it cannot
capture the atomistic details and, therefore cannot elucidate
the mechanisms for the unique observed properties that each
type of brush displays. To capture such details, researchers
must use all-atom MD simulations where each particle
represents an individual atom of such a system. Additionally,
in such an all-atom MD simulation framework, individual
atoms of all the water molecules as well as all the counterions
are explicitly modeled, thereby enabling a much more detailed
picture of the PE brush-supported counterions and water
molecules.

As discussed above, the properties of the PE brushes are
governed by factors that have complex inter-relationships
between them. One such complex relationship is the interplay
between the properties of the brush-supported water mole-
cules, PE functional groups (or the chemical composition of
the PE chains), and the counterions screening the PE charges:
such complex relationships can neither be explored through
coarse-grained MD methods (that “coarsens” out the consid-
erations of individual atoms of the PE chain and often models
the water molecules implicitly), nor through experiments (due
to the small system size and the difficulty of controlling the
experimental parameters). Moreover, it is not straightforward
to identify the correct parameters (associated with the proper-
ties of the brush-supported water molecules and counterions)
that should be probed to get the desired information about the
solvated PE brush system. However, these atomistic details
about the PE brush system (e.g:, the behavior and the properties
of the water molecules interacting with the PE brushes) are
critical for our better understanding of the brush behavior and
functioning. For example, one possible mechanism of anti-
fouling activity of some specific brushes is that these brushes
often induce a structured water layer, which prevents non-
specific protein adsorption on these brushes.®” Similarly, poly-
zwitterionic brushes are used to fabricate superoleophobic
surfaces by utilizing the ability of these brushes to interact
highly favorably with the water molecules, thereby enabling the
oil molecules to slip along the brush-grafted surfaces.*® More-
over, the ultra-low friction observed in skeletal joints may be
attributed to the existence of a water film on cartilage surfaces,
which is stabilized by zwitterionic phospholipids.®® All-atom
MD simulations become essential to probe the behavior of such
brush-supported water molecules with specific accounting of
the effect of the individual atoms of the PE chain. This feature
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article focuses on our group’s contributions as well as contri-
butions from other groups to such all-atom MD simulations for
unraveling the properties of polymer and PE brushes and
brush-supported water molecules and counterions.

The rest of this feature article is organized as follows. In
Section 2, we describe the typical workflow of all-atom
MD simulation modeling of polymeric systems, simulation
procedures, and typical softwares used for carrying out the
simulations. In Section 3, we explore the all-atom MD
simulation-driven findings of uncharged polymer brushes
grafted on diverse types of surfaces. In Section 4, we delve into
the all-atom-MD simulations revealing the behavior of anionic
PE brushes grafted to a single surface or the walls of a
nanochannel (in the presence of an eternal electric field or an
externally imposed pressure gradient). Section 5 is dedicated to
summarizing the all-atom MD simulation investigations of
cationic brushes. In Section 6, we discuss some of our
recent efforts in combining machine learning approaches
with all-atom MD simulations for better understanding the
properties of brush-supported water molecules. Finally, in
Section 7, we conclude and identify the future scope of this
research topic.

2. Steps in all-atom md simulations of
polymer and polyelectrolyte brushes

This feature article focuses on our studies as well as studies of
other research groups on the all-atom MD simulations of
polymer and PE brushes. In atomistic simulations, the first
and often the easiest step is creating the topology of a mono-
mer which defines the relative positions of the monomers and
their bond connectivities.’® Subsequently, the entire polymeric
system is built by replicating the monomers accordingly. The
most crucial stage involves selecting the appropriate force
fields from a myriad of options.’® Each force field is character-
ized by a distinct set of parameters and, at times, by diverse
functional forms for the different terms. These force fields
provide the total potential energy of the system as a function
of the atomic coordinates. The force fields are parameterized to
reproduce some target variables such as hydration-free energy,
coordination number, enthalpy of vaporization, etc. of the
standard polymeric systems.”> Some common forcefields for
simulating polymeric systems are OPLS-AA,°>> AMBER,™
CHARMM,”> GROMOS,*® etc. The functional form of a typical
forcefield (used for simulating polymeric systems), represented
through the overall energy of the system (Ual), has been
described in eqn (1)—(7) below.

Utotal = ULJ + Ucoul + Usona t UAngle * Ubihedral T UImpropery

1)
e \'2 5.\ O
— e | ([ 22L) (22
ULJ_46”[(’;/) ("z;‘) } ®)
iqj
Ucou = 3)

4neieoryy’
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Ugsond = Kb,ij(rl'j - rO,lj)Zy (4)
Unngle = Ka, 5O — 0o,42)°, (5)
1 1
Ubihedral = zKl [1 +cos(¢)] + §K2[1 — cos(2¢)]
1 1 ©)
+ 5[(3[1 +cos(3¢)] + §K4[1 —cos(4¢)],
Uimproper = g'jkl(l//_lpo)z' (7)

In the above equations, Uwal, Urys Ucouly Usonds Uangles
Upihedral, aNd Urmproper respectively denote the total energy of
the system, total energy due to the non-bonded Lennard-Jones
(L)) interactions, total energy due to the non-bonded Coulom-
bic interactions, total energy due to the bonded interaction,
total energy due to angular interactions between three succes-
sively bonded atoms, total energy due to torsional (or dihedral
interaction) interaction between four successively bonded
atoms, and total energy due to torsional interaction between
four atoms that are not successively bonded (or improper
interaction). Also, ry, €1, €, €5, 045 GQijy Kby, Toip Kajiwr O
Oo,ijk» K1/2/3/2 , Kijras Wo, and i respectively denote the distance
between atoms i and j, the relative dielectric constant of the
medium, the absolute dielectric constant of the medium, the
energy depth of the LJ interactions between atoms 7 and j, the
distance between atoms i and j where the LJ interaction energy

View Article Online
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is zero, charge of atom i/j, stiffness of the bond between atoms i
and j, equilibrium length of the bond between atoms i and j,
stiffness of the angular bond between atoms i, j, and k, the
angular distance between atom i, j and k, the equilibrium value
of the angle between atoms i, j, and k, the Fourier coefficients
for modeling the dihedral potential, dihedral angle, the tor-
sional stiffness of the improper interaction associated with the
atoms 1, j, k, and [, equilibrium value of the improper angle
between atom i, j, k and [, the improper angle between atom i, j,
k and [ In Fig. 2, we show the profiles of these different
potentials as functions of the input parameters.

Many research groups including ours use the OPLS-AA
forcefield to model polymeric systems.’”°° To explicitly model
the solvent water there are many kinds of models: SPC, SPC/E,
TIP4P, TIP3P, etc. The water models are generally parameter-
ized to reproduce the following experimental quantities: static
dielectric constant, self-diffusion coefficient, thermal expan-
sion coefficient, and isobaric heat capacity.’®® The original 3-
point water models (TIP3P, SPC models) were parameterized to
perfectly reproduce the geometry of a water molecule. However,
they were not designed to handle long-range interaction forces,
and therefore, while simulating water in bulk, they lead to
water with much greater densities. Both TIP3P and SPC models
also predict the bulk water to be less structured than that
suggested by experiments.’®® In 4-point water models (e.g.,
TIP4P model), on the contrary, there is an extra site where

(a) (b) © g, i
@ o O=~0 || oo
= )
rij_’
T I
l'ij—b
(CY) O]
Ka ijk ]‘
) i~ Q
3 3 S
£

Bo,ijk
Oijre —>

D —

Yo

Y —

Fig. 2 Graphical representation of the functional form of different potentials. (a) Schematic of the possible variation of the Lennard Jones (LJ) potential,
ULy (between atoms i and j), with r;; (distance between atoms j and j). (b) Schematic of the possible variation of the non-bonded Coulombic interaction
potential, Ucou (between atoms i and j), with r; (distance between atoms i and j). (c) Schematic of the possible variation of the bonded interaction
potential, Ugong (between atoms i and j), with r; (distance between atoms i and j); we also identify K, 5, which is the stiffness of the bond between atoms i
and j, and rg 5, which is the equilibrium length of the bond between atoms i and j. (d) Schematic of the possible variation of the potential associated with
the angular interactions (Uangie) between three successively bonded atoms (i, j, k) with 0 (angular distance between atom i, j and k); we also identify K, ji.
which is the stiffness of the angular bond between atoms /, j, and k, and 0 jx which is the equilibrium value of the angle between atoms i, j, and k.
(e) Schematic of the possible variation of the potential associated with the torsional (or dihedral) interaction, Upinedral between four successively bonded
atoms with ¢ (dihedral angle). (f) Schematic of the possible variation of the potential associated with the torsional interaction, Uimproper, between four
atoms that are not successively bonded (or improper interaction) with y (improper angle between atoms i, j, k and [); we also identify Kj, which is the
torsional stiffness of the improper interaction associated with the atoms i, j, k, and (, and o, which is the equilibrium value of the improper angle between
atoms i, j, k and (.
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the charge of the oxygen atom is placed for better modeling of
electrostatic potential without compromising the geometry.
However, simulating such four-point water models requires
much more computational time. Among the three-point water
models, Mark and Nilson demonstrated that the SPC/E water
model predicts the most accurate dynamics and structure of the
water molecules.'®? In our simulations, we use the SPC/E water
model, which is also known for its excellent compatibility with
the OPLS-AA forcefield. For modeling the interactions between
the counterions and other elements of the system one can use a
host of force-fields: e.g., force fields devised by Jensen and
Jorgensen,'® Aqvist,'”* Roux,'” Smith and Dang,'°® and
Joung and Chetham.'®” These force fields are parameterized
by reproducing the results for the hydration-free energy of
the ions, ion-water radial distribution functions (RDFs), ion—-
water energetics, etc. For our studies, we use the Joung
and Chetham ion model, which is parameterized with
the hydration-free energy and ion-water interaction energy as
well as with the lattice energy and lattice constants of the
salt."®” This forcefield (for the ions) is also parameterized with
the SPC/E water model and is used for a vast variety of
polymeric systems that are modeled using the OPLS-AA
forcefield."**"1°

After selecting the appropriate forcefields (for the polymeric
systems, water molecules, and the counterions), energy mini-
mization is performed to obtain a reasonable starting geometry
where there is no overlap of particles. Subsequently, the all-
atom MD simulations are carried out. At the beginning of the
simulations, often the pressure and temperature are equili-
brated to the chosen pressure and temperature by using a
desired barostat and a desired thermostat, respectively. While
several types of different thermostats and barostats can be
used, Nosé-Hoover barostat and thermostat are often preferred
due to their abilities to better describe the diffusive properties
as well as to keep the correlated motions unhindered.''! For
faster equilibration, sometimes a Langevin thermostat is also
used.®” During the simulations, the system density and

Structure generation
Purpose: Creating the initial
structure or atomic structure of the
system.

Energy minimization
Purpose: Remove overlap of
particles to get a more reasonable
starting configuration
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temperature are checked regularly in order to ascertain that
the system has reached the desired state. Moreover, the prop-
erty associated with the slowest dynamics (in our case, the PE
brush height®?) is periodically checked to ensure that it has
converged and does not vary significantly over time. After
equilibration has been completed, the production run is
started. In order to ensure that enough sampling has been
conducted during the production cycle, the production time
length is compared with the correlation time of the slowest
property (PE brush height for our simulations). If the size of the
production run is much greater than the correlation time of the
slowest property, it is assumed that the system traversed is in
its allowable domain in the phase space and therefore the
sampling is sufficient. For example, in our all-atom MD
simulation-based investigation of the properties of the cationic
PMETAC brushes and the brush-supported water molecules
and counterions, the correlation time for the brush height is
1 ns, while we conduct the production run for 12 ns.

In Fig. 3, we provide a flow chart summarizing the key steps
(and their purposes) employed for all-atom MD simulations of
polymer and PE brush systems.

3. Findings from all-atom MD
simulations of uncharged polymer
brushes

Depending on the chemical composition of the monomers,
uncharged polymer brushes can show a wide range of different
properties such as thermos-responsiveness,'** hydrophobicity,'**
antifouling behavior,""* biocompatibility,"*” etc. Since there is no
net charge on the polymer chains, the chemical functional groups
of the polymer chains play a vital role in determining the proper-
ties exhibited by such brushes. Some widely used uncharged
polymer brushes are poly(N-isopropyl acrylamide) or PNIPAM,
which is known for their thermos-responsive properties;''® poly-
ethylene oxide or PEO, known for their biocompatibility

L

Equilibration
Purpose: Bringing the system to
correct thermodynamic state
(temperature and pressure)

Production run
Purpose: Performing sampling.

Analysis
L Purpose: Extracting useful

information from the raw data.

Fig. 3 Flow chart summarizing the key steps (and their purposes) employed for all-atom MD simulations of polymer and PE brush systems.

6098 | Chem. Commun., 2024, 60, 6093-6129

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc01557f

Open Access Article. Published on 23 de maig 2024. Downloaded on 6/2/2026 20:16:12.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

ChemComm Feature Article
n CHjz (I:Hs
0 NH /\/}/ S$i—O
\[\O 4 (lJH3
H,C CH,4
PNIPAM PPO PDMS

Fig. 4 Chemical structures of the monomers of the polymers of some of the commonly used uncharged polymer brushes.
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properties''” as well as their ion-conducting properties (leveraged equilibrium properties of various types of polymer brushes,
in fabricating solid polymer electrolytes™®); polypropylene oxide in this section, we shall mainly discuss the studies of some
(PPO);"*® polydimethylsiloxane (PDMS);"*° etc. The chemical struc-  selected research groups. These studies will include one of our
tures for the monomers of some of these different uncharged studies and some other studies of a few different groups: these
polymer chains have been provided in Fig. 4. Although there studies have been carefully selected so that they can serve as

are several coarse-grained MD simulations and all-atom MD representatives of all the sub-categories of studies related to this
121-123

simulation studies investigating the equilibrium and non- line of investigation.
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Fig. 5 (a) Distribution of the polymer volume fraction (a measure of monomer density) for the PEO brushes grafted on a gold surface for different
grafting densities. (b) Hydrogen-bonded water fraction autocorrelation function for the PEO brushes grafted on a gold surface for different grafting
densities. (c) Number of PEO-water and water—water hydrogen bonds inside the brush the PEO brush layer for different grafting densities. (d)
Distribution of the volume fraction of different components (PEO and THF), plotted as functions of the distance from the grafting surface, for the PEO
brush layer grafted on a gold surface and solvated by the THF solvent. All parts of the figure have been reprinted with permission from Dahal, U.; Wang, Z.;
Dormidontova, E. E., Hydration and Mobility of Poly(ethylene oxide) Brushes, Macromolecules, 2017, 50(17), 6722-6732. Copyright (2017) American
Chemical Society.
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An all-atom MD simulation study on surface-grafted PEO
brushes by Dahl et al.’*® is a representative example of all the
relevant studies of all-atom MD simulations of polyethylene-
based polymer brushes. Dahl et al.'*® investigated how various
static, dynamic, and hydration characteristics of the PEO
brushes grafted on a gold surface varied with the grafting
density. Their findings showed that at low grafting densities,
the PEO brushes were fully hydrated, except for near the grafted
end, where the PEO brushes absorbed to the gold surface due to
a more favorable PEO-gold interactions than the PEO-water
interactions. This result could be confirmed by noting a very
high value of the polymer volume fraction near the surface for
low grafting densities [see Fig. 5(a)]. However, at higher grafting
densities, due to the excluded volume effect of the PEO
brushes, this phenomenon was no longer observed. At such
high grafting densities, the hydrogen bond lifetime inside the
PEO brush layer, on account of the corresponding low volume
fraction of water and limited water diffusion (inside the brush
layer), increased drastically as compared to that in the bulk PEO
solution: this was confirmed by a lower decay rate of the
hydrogen-bonded water fraction autocorrelation function [see
Fig. 5(b)]. Moreover, Dahl et al. also observed that the number
of the PEO-water and water-water hydrogen bonds decreased
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with an increase in the grafting densities [see Fig. 5(c)]. They
also investigated the response of the PEO brushes (grafted on a
gold surface) to mixed tetrahydrofuran (THF)-water solvent.
They observed that due to the favorable THF-gold interactions,
the THF molecules formed a thin layer near the gold substrate.
However, due to the strong PEO-water interactions and weak
PEO-THF interactions, the THF molecules remained mostly
excluded from the interior of the PEO brush layer. This result
could be confirmed by noting the volume fraction distribution
of the PEO and the THF [see Fig. 5(d)].

One of the most widely studied thermo-responsive polymers
is PNIPAM (poly-(N-isopropylacrylamide)). Solutions of PNIPAM
exhibit a lower critical solution temperature (LCST) of approxi-
mately 305 K (32 °C) with respect to water. This implies that the
aqueous solution of PNIPAM undergoes a phase separation
above 305 K (i.e., above the LCST point). The polymer is soluble
in water below LCST and becomes less soluble above LCST. An
example of a fundamental study on PNIPAM brushes is by Lee
et al., where they investigated the de-swelling mechanism of the
PNIPAM brushes using all-atom MD simulations.'” Their
analysis revealed that above the LCST point, the co-ordination
number of the carbon atom of the isopropyl group of the
PNIPAM decreased, followed by a decrease in the coordination
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(a) Co-ordination number of the carbon (of the —CHs group), nitrogen, and oxygen (of the C—0O group) of PNIPAM monomers. (b) Number of

hydrogen bonds formed by the nitrogen and oxygen (of the C=0O group) of PNIPAM. (c) Gibbs free energy of hydrated PNIPAM brush for different
temperatures. (d) Potential energy of hydrated PNIPAM brush for different temperatures. All parts of the figure have been reprinted with permission from
Lee, S. G.; Pascal, T. A.; Koh, W.; Brunello, G. F.; Goddard, W. A.; Jang, S. S., Deswelling Mechanisms of Surface-Grafted Poly(NIPAAM) Brush: Molecular
Dynamics Simulation Approach, The Journal of Physical Chemistry C, 2012, 116(30), 15974-15985. Copyright (2012) American Chemical Society.
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(or hydration) number of the oxygen and the nitrogen atoms of
the PNIPAM monomer [see Fig. 6(a)]. The polar groups and
atoms (namely the oxygen and the nitrogen atoms) of the
PNIPAM monomer can form hydrogen bonds with the sur-
rounding water molecule. Their analysis revealed that only the
oxygen atom lost its ability to form the hydrogen bonds with the
surrounding water molecules with temperature [see Fig. 6(b)].
Moreover, they found that above the LCST point, the free energy
of the system decreased significantly [see Fig. 6(c)], which
indicated a phase separation (from hydrophillic to hydrophobic
transition). Lee et al. further argued that since the potential
energy of the system continued to increase with temperature
[see Fig. 6(d)], the decrease in the free energy was due to an
increase in the entropy, and therefore, the phase separation
process of PNIPAM was entropically driven.

The above-discussed studies considered planar polymer
brushes, ie., polymer chains grafted to planar surfaces.
Depending on the curvature and the chemical nature of such
substrates, the brush-like architecture can exhibit different
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properties. An important case where the substrate curvature
plays a critical role is the case of spherical polymer brushes, i.e.,
when polymer brushes are grafted on the outer surface of a
solid sphere. A related study is by Dahl et al.,'”® where the
authors explored the effect of surface curvature and polymer
chain length on the chain conformation and hydration proper-
ties of spherical PEO brushes, i.e., PEO brushes grafted on the
outer surface of spherical gold nanoparticles [see Fig. 7(a)]. At
first, by observing the structural features of the spherical PEO
brush system, Dahl et al.'*® argued that the mushroom-to-
brush transition criterion for planar brushes failed to identify
the conditions under which the grafted polymer chains form
spherical brushes. They also observed that as the length of the
PEO chains increased (from 12 monomers to 45 monomers),
less free water molecules were available inside the brush layer,
as confirmed by the faster decay of the free water fraction for
longer chains [see Fig. 7(b)]. However, even though the amount
of free water molecules decreased, the long PEO chains
remained perfectly solvated since the solvation water molecules
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(a) A snapshot of the atomistic model of the spherical PEO brushes, i.e., PEO brush layer grafted on gold nanoparticle for the case where the

number of monomers of the polymer chains is 36. (b) Distribution of free water fraction from the center of the gold nanoparticle as functions of the
number of monomers (N) of the PEO chains. N = 12, 20, and 45, with the corresponding PEO chains being denoted as PEO12, PEO20, and PEO45, have
been considered. (c) Hydrogen bonds per PEO repeat unit (or monomer) for different PEO chain lengths (N). (d) End tail mobility of the PEO chains for
different PEO chain lengths (N). In (c) and (d), N = 12, 20, 36, and 45, with the corresponding PEO chains being denoted as PEO12, PEO20, PEO36, and
PEOA45, have been considered. All parts of the figure have been reprinted with permission from Dahal, U.; Dormidontova, E. E., Chain conformation and
hydration of polyethylene oxide grafted to gold nanoparticles: curvature and chain length effect, Macromolecules, 2020, 53(19), 8160-8170. Copyright
(2020) American Chemical Society.

This journal is © The Royal Society of Chemistry 2024 Chem. Commun., 2024, 60, 6093-6129 | 6101


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc01557f

Open Access Article. Published on 23 de maig 2024. Downloaded on 6/2/2026 20:16:12.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

were not affected. This indifference in the number of solvation
water molecules with the length of PEO chains was inferred by
observing that the PEO-water hydrogen bonds per unit mono-
mer remained constant with the chain length [see Fig. 7(c)].
Moreover, Dahl et al.'®® found that the end mobility of the
polymer chains strongly depended on the chain length. Longer
polymer chains had greater mobilities than the shorter chains.
The chain mobility was measured using the time dependent
orientational order parameter [represented as Cyyy in Fig. 7(d)].
A faster decay of Ci,;; indicated a greater mobility. Dahl et al.
also proposed that their findings will have a significant impact
for designing medicines for targeted drug delivery as high end-
chain mobility prevented protein adsorption.

Another important class of brush-like polymeric structure is
polymeric bottlebrushes, where the polymer chains are grafted
on a backbone polymer chain. Therefore, the bottlebrush
polymeric structure consists of a polymeric backbone and
polymeric (typically of a different polymer than the backbone
polymer) side chains. There are many coarse-grained MD
simulation studies investigating the role of sidechains,'®® graft-
ing densities (of the side chains on the polymeric backbone),"*°
solvent type"*" and other design parameters on the structure of
the bottlebrush polymers (BBPs). Dormidontova and co-
workers conducted one of the first extensive all-atom MD
simulation study of a bottle-brush polymeric system with PEO
side chains.'®® However, that particular study did not exten-
sively quantify the properties of the BBP-supported water
molecules. To address that gap, we employed all-atom MD
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simulations and investigated the structural and hydration
properties of poly(methyl methacrylate)-g-poly(2-ethyl-2-
oxazoline) (PMMA-g-PEtOx) BBPs [the schematic has been
shown in Fig. 8(a)] for varying side and main chain
lengths.”®® Our results revealed that the radius of gyration
(Ry) of the BBPs scale with the length (or the number of
monomers) of the side chains (Nsc) as Ry ~ Ngc for longer
side chains (with o = 0.52-0.58 for all values of the size of the
backbone or Ngg), whereas R, ~ Nb¢ for shorter side chains B=
0.36 for smaller Ny and 8 = 0.0 for larger Ngg) [see Fig. 8(b)]. In
terms of unraveling the behavior of the BBP-supported water
molecules, specifically our study identified a wide variety of
properties of the BBP-supported water molecules with explicit
accounting of the role of the individual atoms of the BBP
system in regulating these water properties. From Fig. 8(c),
we observed that as the side chain length is increased, the BBP
transitioned from a rod-like shape to a sphere-like shape,
confirmed by the corresponding decrease in the anisotropy
factor (x”). This factor x* is a parameter that varies from 0 to 1
where x> = 1 represents a perfect rod-like state, whereas k> = 0
represents a sphere-like architecture. As the sidechain length
increased, the number of water molecules per unit monomer
(or average hydration per monomer) decreased [see Fig. 8(d)].
To explain this trend, we calculated the solvent accessible
surface area and obtained the number of monomers in the
interfacial region (Nscint). We observed that the ratio between
the monomers at interfacial region and the total number of
monomers (Nscint/Nscror) decreased with an increase in the

PEtOx Sidechain - z
Nge ™ =30 08
./‘\"\ { S =) o Ngg=21 058 =
i
\ o N o 3
| I ) o Ngg=25 : ~ 08
A / c ! | '3 X
> +Y ‘
=) > 04
® 4 -
5 ¢+ 0.52 Loz
3" ¥ °
o ¢ ’ { [ & 2 0
o c
7] <
3
5" t
g ¥
PMMA Backbone x© ] 0.36
PMMA-g-PEtOx i e
5 10 15 20 25 30
NSC
E 65 1.05
16
s . il - u-Ngg=15
i (@@ e T e
g . ~ 4 - 095 .. =W =88 NN 10
355 N . o o9 ] B \+ Ngg=25 12 Npg=25 Ny 715
-9 N Sie © 085 ey ~ : ——Ny=25 N =20
g° ] \i 2 ol N 4’ N ¥ = —
R s i R ko ~-~—:§~ 4 =
o ~ig, Sg----- E ] r4 Mg o /_.1, -"
.E- . g 0.7 i . L 2 54 06
': ¢ \\\!'/ --x Z o065 N s B
) E 4 ~**
E o = | 02
B
2 0.55 |
s 10 15 20 25 5 10 15 20 25 2 15 1 05 0s
N
N !

Fig. 8

(a) Schematic of the PMMA-g-PEO. The monomer structure of the PMMA backbone and the PEO side chain have shown explicitly. (b) Variation of

the radius of gyration (Ry) of the BBPs with Nsc (size of the side chains) and Ngg (size of the backbone chains). (c) Variation of the anisotropy factor («?)
with Nsc for different values of Ngg. (d) Variation of the average hydration per monomer with Nsc for different values of Ngg. (€) Variation of the fraction of
monomer at the interface (Nscint/Nsctot) With Nsc for different values of Ngg. (f) Probability distribution function of the tetrahedral order parameter
(q) for the BBP-supported water molecules for different values of Nsc and Ngg = 25. All parts of the figure have been reprinted with permission from
Akash, T. S.; Ishraaq, R.; Das, S., All-Atom molecular dynamics simulations of uncharged linear polymer bottlebrushes: effect of the brush sizes and the
number of Side-Chain monomers, Langmuir, 2024, 40(6), 2946-2956. Copyright (2024) American Chemical Society.
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Fig. 9 Chemical structures of the monomers of the negatively charged
PEs commonly used as anionic PE brushes.

side chain length [see Fig. 8(e)]. The interfacial monomers had
more access to water molecules. Therefore, as the side chain
length increased, the relative amount of the interfacial mono-
mers became less and more monomers moved towards the
interior of the chains, where water was scarce. This also
explained why the average hydration number per unit mono-
mer decreased with an increase in the side chain length. We
also examined the tetrahedral structure of the BBP-supported
water molecules by calculating the tetrahedral order parameter
(q) of these water molecules. The parameter g quantifies the
extent to which the water molecules organize themselves in a
tetrahedral manner owing to the hydrogen bonding. A value of
q approaching 1 indicates a higher degree of structural order
among the water molecules, suggesting that they are closer to
conforming to the ideal tetrahedral arrangement. In other
words, the closer g is to 1, the more pronounced is the
tetrahedral structure of the water molecules. Our investigations
revealed that the tetrahedral structure of the BBP-supported
water molecules decreased with an increase in the side chain
length [see Fig. 8(f)]. The water molecules that are supported by
the interfacial monomers were more structured, since these
water molecules were exposed less to the confinement-induced
disruption that occurred in the interior of the BBP system.
Therefore, given the fact that the fraction of the interfacial
monomers decreased with an increase in the side chain length,
the fraction of more structured water molecules decreased with
an increase in the side chain length, eventually ensuring a
decrease in g parameter with an increase in the side chain
length.

4. Findings from all-atom MD
simulations of charged anionic
polyelectrolyte brushes

Anionic PEs are the PEs that have negatively charged functional
groups. Therefore, the counterions required to neutralize PE

This journal is © The Royal Society of Chemistry 2024

View Article Online

Feature Article

brushes are cations. The negatively charged functional groups
can be present along the main backbone of the polymer chain
or on the side groups of the polymer chain. Moreover, these
functional groups typically tend to ionize in basic environments
(i.e., in solutions with high pH values). Some common anionic
polyelectrolyte chains that have been studied as PE brushes
include PMAA (poly methacrylic acid),’** PAA (poly acrylic
acid),”*> PSS (poly styrene sulfonate),"*®* PSPMA (poly(3-sulfo
propyl methacrylate)),”*” etc. (please see Fig. 9 for the chemical
structure of the monomers of each of such negatively charged
PE chains). In the first part of this section, we shall discuss our
papers on the configuration of the anionic (mostly PAA)
brushes and the brush-supported counterions and water mole-
cules. In the second part, we shall discuss our papers on the
transport in nanochannels grafted with such PAA brushes.

4.1 Configuration of the anionic (mostly PAA) brushes and
the brush-supported counterions and water molecules

We were among the first groups to develop an all-atom MD
simulation model for capturing the behavior of anionic PE
brushes and the microstructure of the PE brushes (i.e., the
behavior and the properties of the brush-supported counter-
ions and water molecules) [see Fig. 10(a)]."*®* We studied the
poly-acrylic acid (PAA) PE brushes screened by the Na* counter-
ions with the solvating water molecules being modeled expli-
citly (using the SPC/E water model). The PE brush height
obtained from the simulations was found to follow the scaling
predictions for the brush height for the PE brushes in the non-
linear osmotic regime [see Fig. 10(b)]. More importantly, we
discovered a WISE (water-in-salt-electrolyte)-like behavior of the
counterions condensed on the PE brushes. WISE systems,
typically used as battery electrolytes, are characterized by very
large salt concentration (in the range of tens of molals)."*® The
typical salt used in WISE systems consists of a small cation and
a large anion (e.g., LiTFSI salt). The concentration of salt in
WISE systems is so large that the weight and the volume of the
salt outweighs that of water and some of the water molecules in
the solvation shell of the cation get replaced by the large anion.
Such a situation is desirable as it ensures a favorable migration
of the anions towards the electrode in presence of an applied
electric field, which in turn contributes to the improved per-
formance of the batteries in which such WISEs are used as
electrolytes. Like in the WISE systems, for this case too (studied
in ref. 138), we found that the water in the solvation shell of the
brush-supported counterions (Na') got replaced by the func-
tional groups (COO™) of the PE brushes [see Fig. 10(c) and (d)].
The resulting weight and volume of this Na'-COO~ “salt” could
outweigh the weight and volume of water [see Fig. 10(e)],
triggering a WISE-like behavior. Also, the large confinement
effect and the electrostatic and dipole interactions ensured a
significant reduction in the mobility (quantified by very small
MSD or mean square displacement values) of the brush-
supported Na' ions and the brush-supported water molecules
inside the brush layer [see Fig. 10(f) and (g)].

In another all-atom MD simulation study,"*° we explored the
effect of the charge fraction or the finite degree of ionization (f)
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(a) MD simulation snapshot showing the set up for the all-atom MD simulation of the PE (PAA) brushes. (b) Simulation results for the PAA brush

height as functions of the grafting density (o4) and polymer size (N). The dotted line gives the scaling prediction for the brush height in the non-linear
osmotic brush regime. (c) Schematic showing the onset of the WISE-like behavior, where the water (Oater) Of the solvation shell of the PE-bound
counterions are replaced by the PE functional groups (Ocarboxyiate) to form the Na*—RCOO™ “salt”. (d) Results confirming this replacement. (e)
Confirmation of the onset of "WISE"-state as the Na*—RCOO™ “salt” outweighs the water by weight and volume. (f) and (g) MSD plots confirming the
reduced mobility of (f) brush-supported counterions and (g) brush-supported water molecules. All the parts of the figure have been reproduced with
permission from Sachar, H. S.; Pial, T. H.; Desai, P. R.; Etha, S. A.; Wang, Y.; Chung, P.; Das, S., Densely grafted polyelectrolyte brushes trigger “Water-in-
Salt”-like scenarios and ultraconfinement effect, Matter, 2020, 2(6), 1509-1521. Copyright (2020) Elsevier B.V.

of the Na'-counterion-screened PAA PE brushes (f=0 and f=1
respectively represented the cases of uncharged and fully
ionized or fully charged PAA brushes) on the brush height,
the WISE-like behavior of the PE-bound counterions, and the
mobility of the brush-supported Na* ions and water molecules.
As the degree of ionization rose, the electrostatic repulsion
between the polyethylene (PE) chains intensified, leading to an
increased stiffness. Consequently, the brush height within the
system experienced an increase [see Fig. 11(a)], accompanied by
a reduction in the mobility of the PE chains (i.e., the mobility of
the backbone carbon atoms) [see Fig. 11(b)]. Moreover, the
increase in the degree of ionization enhanced the Na*-COO™~
attraction, which increased the replacement of water molecules
(in the hydration shell of the Na" screening counterions) by the
COO™ functional group [see Fig. 11(c)]. Moreover, with an
increase in f, the water-COO™ interactions increased (owing
to the polar nature of the water molecules); as a consequence,
the tetrahedral water structure was more disrupted, and we
found a value of the tetrahedral order parameter (g) that was
further deviated from unity [see Fig. 11(d)]. Please note that
g = 1 corresponds to the perfect tetrahedral water structure,
while g becomes progressively smaller than unity as the water
structure becomes more and more deviated from the perfect
tetrahedral structure.

In another study, we again employed all-atom MD simula-
tions and explored the role of the large confinement effect
triggered by the densely grafted PE brush layer in altering

the water-water and water-PE hydrogen bond (HB)
strengths.*" Specifically, we considered the case of the
6104 | Chem. Commun., 2024, 60, 6093-6129

Na'-counterion-screened PAA brushes. The results confirmed
a significant reduction in the strength of the water-water and
water-PE HB strength with an increase in PE brush grafting
density (i.e., an increase in the brush-imposed confinement
effect) [see Fig. 12(a)]. We explained such an occurrence from
the fact that the joint probability distribution of the water-
water donor-acceptor pairs for the water molecules inside the
PE brush layer [see Fig. 12(c)] was much closer (as compared to
the joint probability distribution of the water-water donor-
acceptor pairs for the water molecules in the bulk [see
Fig. 12(b)]) to the random joint probability distribution. This
ensured that water molecules inside the brush layer needed a
much-reduced amount of work to reorient themselves from a
state of random distribution to their equilibrium probability
distribution: this reduced the water-water HB energy. Physi-
cally, this could be explained by a breakdown of the water ring
structure [see Fig. 12(d)] inside the brush-imposed confine-
ment, confirmed by the presence of a larger number of smaller
rings (or rings with lesser number of water molecules) within
the brush layer [see Fig. 12(e)].

In a different study from our group,"*> we employed all-atom
MD simulations to investigate the effect of temperature on the
PE chain, water molecules, and counterions for the Na'-
counterion-screened PAA brush system. Our findings revealed
that the brush height decreased with temperature [see
Fig. 13(a)], stemming from the fact that at elevated tempera-
tures both water-water and water-PE hydrogen bonds get
disrupted due to a greater thermal energy [see Fig. 13(b)].
A disruption in the PE-water hydrogen bonding made the

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 (a) Variation of the height (z.) of the Na*-counterion-screened PAA PE brushes with degree of ionization (f) for two different values of the PE

brush grafting density. (b) MSD of the backbone carbon atoms of the PAA PE brushes for different degrees of ionization of the PAA brushes for a grafting
density (o) of 0.1/6° chains per nm? (o = 3.5 A). (c) Change in the composition of the solvation shell of the brush-supported Na*™ counterions with the
degree of ionization of the PAA brushes (for a4 = 0.1/62 chains per nm?). (d) Variation in the probability of the tetrahedral order parameter (q) of the water
molecules with the degree of ionization (f) of the PAA brushes (for a4 = 0.1/672 chains per nm?). All the parts of the figure have been reproduced from
Sachar, H. S.; Pial, T. H.; Chava, B. S; Das, S., All-atom molecular dynamics simulations of weak polyionic brushes: influence of charge density on the
properties of polyelectrolyte chains, brush-supported counterions, and water molecules, Soft Matter, 2020, 16(33), 7808-7822. Copyright (2020) Royal

Society of Chemistry (UK).

PE-solvent interactions unfavorable, and as a result, the PE
chains of the brush system collapsed leading to a reduced
brush height [see Fig. 13(a)]. We also found that the self-
diffusion coefficient of water molecules (Dy,) is lower inside
the brush layer (a larger grafting density leads to a greater
reduction) for all temperature values [see Fig. 13(c)]. We
applied the Arrhenius equation to model the change in the
diffusion coefficient with temperature, and from that, we
calculated the activation energy, E,, using the relationship
Dy, = Dy, exp (fli—a]) (where Dy, is the prefactor whose value
depends on the frequency of diffusion attempts and kpT is the
thermal energy). The activation energy gives a measure of the
average energy barrier a water molecule needs to overcome to
perform diffusion. We found that the activation energy

This journal is © The Royal Society of Chemistry 2024

increased with an increase in the grafting density [see
Fig. 13(d)], indicating an increase in the hindrance to the
diffusion of the water molecules inside the brush layer. As
the grafting density increased, there was a greater number of PE
chains and counterions for a given volume inside the brush
layer. These charged species created hinderance for water
molecules to move freely which caused an increase in the water
activation energy with the grafting density. Finally, in Fig. 13(e),
we showed that the counterion mobility (quantified by the
corresponding MSD-vs.-time plot) increased with an increase
in temperature (due to the enhanced thermal motion) and a
decrease in the grafting density (due to a reduced brush-driven
confinement effect at a lower grafting density).

Other than investigating the effect of the PE degree of
ionization, PE grafting density, and system temperature, we

Chem. Commun., 2024, 60, 6093-6129 | 6105
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Chemical Society.

employed all-atom MD simulations to study the role of the
valence of the screening counterions in determining the PAA
brush structure.®” The existing understanding of the effect of
the counterion valence is that the brush height decreases
linearly with the counterion valence due to a corresponding
increase in the PE chain bridging effects. However, our simula-
tion results did not confirm these findings. Rather, our find-
ings revealed a non-monotonic behavior of the brush height
with the counterion valence [see Fig. 14(a)]. Moreover, some
PAA brushes that are screened by multivalent counterions
(Mg?*, Ca**, La®") were found to have a greater height than
the PAA brushes that were screened by the monovalent (Li",
Na', Cs") counterions [Fig. 14(a)]. This phenomenon could be
explained by the fact that a fewer number of multivalent
counterions were required to charge neutralize the PE brush
layer as compared to the number of monovalent counterions
needed to neutralize the PE brush layer charges. Therefore,
inside the brush, not all segments of a PE chain got equally
neutralized. As a result, local monomer-monomer repulsion
arose, which caused some multivalent-counterion-screened
brushes to exhibit higher brush height than monovalent-
counterion-screened brushes. In experiments, on the other
hand, these locally non neutralized segments were screened
by forming various structures (pinned micelles, cylindrical
bundles etc.). The discrepancy with experiments can be
resolved by noting the fact that in our simulations we consid-
ered only short stiff brushes, which cannot form these

6106 | Chem. Commun., 2024, 60, 6093-6129

structures since we were exploring a different regime in our
study. We also explored how each counterion contributed to
various forms of bridging. There are three kinds of bridging
inside the PAA brush structure: (a) nearest neighbor condensa-
tion (b) intra-chain bridging (c) inter-chain bridging. If the
Ocoo- atoms (oxygen atoms of the carboxylate group of the PAA
chain) residing inside the solvation shell of a counterion were
from a single monomer or from two neighboring monomers of
a particular PE molecule, we identified it as the occurrence of
“nearest-neighbor condensation”. If Ocoo- were from two
different non-neighboring monomers, the corresponding coun-
terion is identified to trigger intrachain bridging (if the mono-
mers belonged to the same PE chain) and interchain bridging
(if the monomers belonged to the different PE chains), [see
Fig. 14(b) for schematic]. Fig. 14(c) shows the relative occur-
rences of different types of bridging for different kinds of
counterions: this result confirmed that that intra/inter chain
bridging was not a strict function of counterion valence. For
monovalent counterions (Li*, Na*, Cs"), there were equal num-
ber of COO™ functional groups as the counterions. Therefore,
the extent of local monomer-monomer repulsion due to impro-
per screening was less. As a result, the brush height varied less
with the type of bridging interaction for the case of monovalent
counterions (Li*, Na*, Cs"). However, for divalent (compare
Mg>*, Ca>* and Ba®") and trivalent counterions (compare Y>*
with La®") the brush height strictly followed the extent of
bridging. In other words, for brushes screened by such

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 (a) Variation in the average height of the Na*-counterions-screened PAA brushes with temperature for grafting densities of ¢4 = 0.1/6° and g =
0.2/6. (b) Variation in the number of water—water and PE—water hydrogen bonds (inside the PE brush layer) with temperature for different grafting
density values. (c) Variation of the water diffusion coefficient with temperature for the water molecules in the bulk and inside the brush layer (results have
been provided for two separate values of the brush grafting density). (d) Variation of the activation energy (for self-diffusion) of the water molecules under
different degrees brush-induced confinement characterized by different values of the grafting density (o4). o5 = O refers to the case of the water
molecules in the bulk. (e) Variation in the counterion mobility (quantified by the corresponding MSD-vs.-time plot) with temperatures and PE brush
grafting densities. All parts of the figure have been reprinted with permission from Sachar, H. S.; Chava, B. S.; Pial, T. H.; Das, S., All-Atom molecular
dynamics simulations of the temperature response of densely grafted polyelectrolyte brushes, Macromolecules, 2021, 54(13), 6342—-6354. Copyright

(2021) American Chemical Society.

counterions (divalent or trivalent), the brush height showed the
largest reduction for the case where the counterion-induced
intra/inter chain bridging effect was the largest [see Fig. 14(a)
and (c)].

The reason for which the different counterions exhibited
different extents of bridging can be explained by observing how
they condensed on the brush. For this purpose, we calculated
the probability density distribution (p(7)) for finding an Ocoo
atom around the counterion at a distance r from the counterion
[see Fig. 14(d)]. From that figure, it can be observed that Li,
Na“, Ca®*, Ba®>", Y>" has a single peak, which suggested that
these ions fully condensed on the PE brush. However, Cs*, Mg>*
and La" have two peaks which suggested that not all counter-
ions were condensed on the PE chains. Moreover, the position
of the second peak of the probability density distribution
function for these ions matched with the second peak of
Ocoo-—Hy, radial distribution function (H,, denotes one of the
hydrogen atoms of a water molecule) [compare Fig. 13(e) and
14(d)]. This finding suggested that some of these counterions
(Cs*, Mg>" and La") neutralized the PE chains by replacing the
water molecules from the second solvation shell of the COO™
functional group instead of condensing directly on the PE
chains [see Fig. 14(f) for schematics]. As result, these uncon-
densed Cs*, Mg”>* and La" counterions failed to trigger any
significant bridging interactions, which caused only a weak

This journal is © The Royal Society of Chemistry 2024

reduction in the height of the brushes that are screened by
these ions.

We also found that the extent of bridging depended on the
size of the counterion solvation shell. Counterions with large
solvation shells were able to accommodate a greater number of
water oxygen atoms. Inside the brush layer, the oxygen atoms of
water were replaced by Ocoo- and so a bigger solvation shell
enabled the accommodation of more Oggo-: this increased the
propensity to induce bridging [see Fig. 14(g)]. This explains why
the Na" ion exhibited a higher degree of bridging as compared
to the Li" ion. A similar conclusion could be drawn when
comparing Ca®" and Ba®* ions. Additionally, the large amount
of bridging interactions triggered by Cs" and La* counterions
(despite being weakly condensed) could be attributed to their
large solvation shells.

After investigating the structural features of the anionic PE
brush systems (namely the Na'-counterion-screened PAA
brushes) for different design parameters (grafting density,
valences of the screening counterion, PE charge fraction), and
environmental conditions (temperature), we employed all-atom
MD simulations for studying the response of the anionic PE
brush layer in presence of different perturbations. In one of
our studies,"*® we investigated the difference in the response
of the PAA and PSS brushes to an applied axial electric
field. Our results indicated that the PAA brushes undergo a

Chem. Commun., 2024, 60, 6093-6129 | 6107
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Fig. 14 (a) Average PAA brush height screened by counterions of different valences. (b) Schematic diagram respectively (from left to right) showing the
nearest neighbor, intrachain, and interchain bridging interactions. (c) Quantification of the nearest neighbor condensation effects and intrachain and
interchain bridging effects as a function of different types of screening counterions. This quantification has been made by identifying the fraction of
counterions participating in these interactions. (d) Normalized probability distribution [p(r)] of finding the nearest Ocarpoxyiate atom around different
counterions within the PE brush layer. The region around the second peak (occurring for the cases of Cs*, Mg?*, and La®*) has been magnified in the
inset. (€) Ocarboxylate=Hwater (Hwater is the hydrogen atom of the water molecule) RDF for the system with different counterions. (f) Schematic showing
Ocarboxytate atoms (shown in yellow) from different PE chains in the second solvation shell (shown by a yellow annular region) of a non-condensed (Cs™,
Mg?*, and La**) counterion. (g) Solvation number of different counterions. “Ooal” represents the solvation number of the counterions inside the PE brush
layer. "Oiotal” is composed of the combination of Oyater (NUuMber 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, “Opuy” represents the solvation number of the same counterions in the bulk. All
the parts of the figure have been reprinted with permission from Pial, T. H.; Sachar, H. S.; Das, S., Quantification of mono- and multivalent Counterion-
Mediated bridging in polyelectrolyte brushes, Macromolecules, 2021, 54(9), 4154-4163. Copyright (2021) American Chemical Society.

bending-driven response to the electric field [see Fig. 15(c)],
which leads to the simultaneous reduction of the end-to-end

for this variation in response (between the PAA and PSS
brushes) to the applied electric field can be understood by

brush height and the end-to-end distance [see Fig. 15(a)].
Fig. 15(b) shows a schematic of the end-to-end height and the
end-to-end distance of a grafted PE chain. On the other hand,
the PSS brushes, in response to this axially applied electric
field, undergoes tilting [see Fig. 13(c)], which leads to a sig-
nificant decrease in the end-to-end brush height, but a slight
increase in the end-to-end distance [see Fig. 15(a)]. The reason

6108 | Chem. Commun., 2024, 60, 6093-6129

noting how the counterions are distributed around the specific
PE chains (the PAA chains versus the PSS chains) when the
electric field is applied. Such specific behavior of the counter-
ion distribution is determined by the charge density of the PE
brushes. PAA chains have large charge densities; accordingly, in
presence of the applied electric field there is a left-right
asymmetric distribution of the counterions around the PAA

This journal is © The Royal Society of Chemistry 2024
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Fig. 15 (a) Variation of the end-to-end height and end-to-end distance of the PAA and the PSS brushes for different values of the applied axial electric
field. (b) Schematic representation of the end-to-end and end-to-end distance of the grafted PE chains. (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. (d) Na*
counterion distribution as function of the location of the carboxylate oxygen atom of the PAA brushes at equilibrium (E = 0) and under steady state
condition (E = 1V nm™). (e) Schematic confirming the bending driven reduction of the brush height for the PAA brushes. (f) Na* counterion distribution
as function of the location of the sulfonate oxygen atom of the PSS brushes at equilibrium (£ = 0) and under steady state condition (E = 1V nm™3).
(g) Schematic confirming the tilting driven reduction of the brush height for the PSS brushes. All parts of the figure have been reprinted with permission
from 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, 55(7), 2413-2423. Copyright (2022) American Chemical Society.

PE backbone [see Fig. 15(d)]. Such a scenario promotes an in their configurations. However, much less research has
unequal screening and an unequal force on the PAA functional focused on studying the fluid flow in such brush-grafted
groups, enforcing a bending response (to the applied axial nanochannels and nanopores, given the common notion
electric field) of the PAA brushes [see Fig. 15(e)]. On the other that the fluid flow in brush-grafted nanochannels is
hand, the PSS brushes are weakly charged. As a consequence, severely retarded on account of the significant brush-induced
the applied electric field causes a uniform distribution of the drag force.'*® However, in a series of recent continuum-
counterions across the brush [see Fig. 15(f)]. This ensures a calculation-based studies, we showed that the presence of such
uniform (with no left-right asymmetry) and partially brushes might lead to localization of the electric double layer
unscreened PSS PE brush layer and enforces all the brush away from the nanochannel wall, thereby enhancing the liquid
segments (without any left-right preference) to experience very transport in presence of applied or induced electric
much the same electric-field-driven force causing a tilting fields."**™"*® Motivated by these continuum studies, we
response (to the electric field) of the PSS brushes [see employed all-atom MD simulations to explore the electric-
Fig. 15(g)]. field driven liquid transport (or electroosmotic flow or EOF)
inside the PE-brush-grafted nanochannels.'>”"*>®

Initially, our investigation focused on the characteristics of
electroosmotic flow (EOF) inside nanochannels grafted with
One of the most extensive uses of the PE brushes has been their  poly (acrylic acid) (PAA) brushes, which are screened by Na*
deployment in functionalizing nanochannels and nanopores counterions."”” Additionally, we considered the presence of an
(by grafting these brushes on the inner walls of these nano- excess NaCl salt of different concentrations [refer to Fig. 16(a)
channels and nanopores), and subsequently using these nano- for a schematic of the system]. The first important finding from
channels and nanopores for applications ranging from this study was the onset of the “overscreening (OS) effect”,
biosensing** and current rectification'*® to detecting cellular which referred to the presence of a greater number of counter-
content™® and fabricating nanofluidic diodes."*” Most of these ions inside the brush layer than needed to neutralize the
applications rely on the changes in the ionic current (typically charges of the brush layer. These extra counterions (cations)
in presence of an applied electric field) that occur with these came from the excess salt that was present in the bulk solution.
brushes undergoing environmental-stimuli-driven alterations This phenomenon was captured by calculating excess of the

4.2 Liquid transport in nanochannels grafted with anionic
brushes

This journal is © The Royal Society of Chemistry 2024 Chem. Commun., 2024, 60, 6093-6129 | 6109
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positive charges Ae = (e, — e_) inside the brush and in the
brush-free bulk [see Fig. 16(b)]. In Fig. 16(b), e, and e_ indicate
the total number of positive charges (Na") and negative charges
(CI" and PE charges), respectively. The positive value of Ae
inside the brush layer (for smaller electric fields) indicated that
there were a greater number of Na® counterions inside the
brush layer, whereas the negative value of Ae in the bulk
indicated that the Cl™ ions were in excess in the bulk [see
Fig. 16(b)]. We argue that Na* from the brush free bulk entered
inside the brush due to the high osmotic pressure inside the
nanochannel. Because of the overscreening, therefore, there
were greater number of Cl™ ions (or coions) in the bulk region
[see Fig. 16(c)]. As a result, when low-strength electric field (E =
0.1 Vnm™', 0.5V nm ') was applied, the EOF occurred in the
direction of the motion of the Cl™ ions (co-ions), that is in the
negative x direction [see Fig. 16(f)]. This led to a most remark-
able situation where the EOF was occurring under the dom-
inating influence of the coions.

We next considered the situation for the case of an
enhanced electric field (E = 1 V nm™"). For this enhanced
electric field, there was a reduction in the height of the PAA
brushes on account of the bending of the PE chains [see
Fig. 16(e)]. The reduction of the brush height squeezed the
extra Na' ions (i.e., the excess Na' ions that were triggering the
OS effect inside the brush layer) out from the interior of the
brush layer into the brush-free bulk. As a consequence, there
was no longer any OS of the brush layer and there were an equal

6110 | Chem. Commun., 2024, 60, 6093-6129

number of coions and counterions in the brush-free bulk [see
Fig. 16(b) and (d)]. Under such circumstances, the EOF did not
occur on account of any number difference between the coun-
terions and coions. Rather, the EOF occurred by virtue of the
fact that in the presence of this enhanced electric field, the
residence time of the water molecules inside the solvation shell
of the Na* ions was greater than the residence time of the water
molecules inside the solvation shell of the Cl™ ions [see
Fig. 16(g)]. As a result, in presence of nearly identical velocities
of the Na" and Cl~ ions at this enhanced electric field strength
[see Fig. 16(h)], water got transported more in the direction of
the motion of the Na* ions. In other words, we recovered the
classical case of the EOF occurring in the direction of the
motion of the counterions. Of course, such a situation also
implied that there occurred a reversal in the direction of the
EOF by mere alteration of the strength of the electric field (at
weaker electric fields, the EOF was driven in the direction of the
coion motion, while at larger electric fields, the EOF occurred
in the direction of the counterion motion). Interestingly, how-
ever, the EOF at higher electric fields was not due to the
difference in the number of counterions and coions; rather it
was caused by the difference in the water residence time
between the solvation shells of the Na" and Cl~ ions.

The findings of our previous study prompted us to investi-
gate the EOF behavior inside the PAA-brush-grafted nanochan-
nel for separate cases where the PAA brushes were screened
with counterions of different valences (Na*, Cs*, Ca®", Ba**, and

This journal is © The Royal Society of Chemistry 2024
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Y**")."*® Additionally, for each of these individual cases, we
considered an added salt which is the chloride salt of the
corresponding screening counterions. For example, for the
cases where the screening counterions were Na', Ba®, and Y**,
we considered the added salt as NaCl, BaCl,, and YCl;. Our
simulation-driven findings revealed that the overscreening (OS)
effect depended on the valence and the size of the screening
counterions. Fig. 17(a)-(e) shows the charge contributions of
different counterions (Gcounterions) and their coions (Gcoions)
inside the brush and the brush-free bulk region of the nano-
channel for three different values of the applied electric field
(E=0,0.1Vnm ', and 1 V nm ). The expressions for gcoions
and Gcounterions Nave been provided in eqn (8) and (9), respec-

A
tively. The net charge per coion is (7q
Ncoion_tot
expression for Ag has been provided in eqn (10). In eqn (8)-

(10) Neounteriony Zeounterionsy Neoion and Zcoion I‘ESPeCtiVEIY denote

) , where the

This journal is © The Royal Society of Chemistry 2024

the number of counterions, the valence of the counterions, the
number of co-ions, and the valence of the coions.

QCoions = |Ncoionzcoion|7 (8)

qcounterions = |Ncounterionzcounterion|y (9)

Aq = |Ncounterionzcounterion| - |Ncoi0nzcoion|' (10)
Aq

Fig. 17(f) plots the value of

A coion_tot
implied that there is a greater number of coions in the

. A negative value of

Neoion_tot
bulk than counterions, which suggested that a greater number

of counterions (than needed to screen the brush charge) were

present inside the brush layer, i.e., there was OS inside the PAA
Aq

coion_tot

implied that there was no OS inside the PE brush layer.

brush layer. For the same reason, a positive value of
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Fig. 17(f) shows that for all the electric field strengths, there wss
no OS for the case of the PAA brushes screened with the Cs*
counterions [see Fig. 17(f)]. On the other hand, for all values of
the electric fields, there was OS for the case of the PAA brushes
screened with the Ca®" and Y*" ions. Finally, for the case of the
PAA brushes screened with the Na* and Ba®" counterions, there
was OS of the brush layer for £ =0, 0.1 Vnm™ ", while there was
no OS of the brush layer for E=1V nm™". Upon comparing Na*
with Cs* [refer to Fig. 17(a) and (b)] and Ca>* with Ba®" [refer to
Fig. 17(c) and (d)], it was apparent that larger counterions
tended to reside more outside the brush region, as compared
to smaller counterions. This led to a larger charge contribution
of the counterions, Gcounterions, Within the brush region for
smaller counterions. This result justified why larger counter-
ions of a given valence demonstrated a lesser tendency to show
0S. Also, for E=0V nm ™", the value of gcounterions in the brush-
free bulk region was much higher for monovalent counterions
than multivalent counterions [see Fig. 17(a)-(e)], which implied
that counterions with higher valence preferred to stay inside
the brush more and demonstrated an enhanced OS effect.
Multivalent or smaller ions possessed higher charge densities,
leading to greater enthalpic gains when they condensed within
the brush layer. Furthermore, larger counterions tended to have
larger solvation shells, resulting in more solvation shell water
molecules becoming entrapped within the brush layer as
counterion condensation increased. Consequently, larger coun-
terions faced an additional entropic penalty to remain within
the brush layer. This explains why Cs* had a higher tendency to
remain outside the brush as compared to the Na' ions (for PAA
brushes screened with Cs” there was never any OS, but for PAA
brushes screened with Na' ions there was OS except for E=1V
nm™ '), while Ba** ions showed a greater tendency to stay
outside the brush than the Ca®" ions (hence there was no OS
for the PAA brushes screened with Ba®>" counterions for larger E
values, while there was OS for the PAA brushes screened with
Ca** counterions for all E values).

When the electric field is applied, we observed the above-
discussed anomalous trends on the degree of OS for the cases
where the PAA brushes were screened with different types of
ions. For the case of the PAA brushes screened with the Na" and
Ba®" ions, the OS effect decreased with an increase in electric
field strength: this was manifested by a gradual increase in the

Agq

coion_tot
with our previous findings that counterions leave the brush at
high electric fields because of the reduction of space available
inside the brush layer caused by a bending of the grafted PAA
chains [manifested as a progressive reduction in the height of
the PAA brush layer with an increase in the strength of the
applied electric field; see Fig. 18(a)]. Very interestingly, for the
case of the PAA brushes screened with the Ca** and Y**
counterions, the reverse happened: with an increase in the
strength of the electric field, the OS effect strengthened as more
counterions got inside the brush from the bulk region [see
Fig. 17(f)]. To explain this behavior, we calculated the binding
free energy of the counterions with the PE chains [see

value of [see Fig. 17(f)]. This observation was in line

6112 | Chem. Commun., 2024, 60, 6093-6129
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Fig. 18(b)]. The binding free energy of Na“ and Ba®" was very
low, explaining why they could easily leave the PE brush layer
when high electric field was applied. Cs™ ion had the lowest
binding free energy and as a result did not demonstrate OS at
any value of the applied electric field. Moreover, the binding
free energy of Y** and Ca®" was comparatively much higher
than the other two ions. Therefore, these two ions did not easily
leave the PE brush at high electric field. When electric field is
applied, therefore only the co-ions leave the brush layer (due to
the PE bending driven decrease in the brush height) for the
case of the PAA brushes screened with the Y’ and Ca®" ions. As
a result, with increasing electric field, the net positive charge
inside the brush layer increased, which caused the OS effect for
the PAA brush layer screened by these two ions (Y** and Ca®") to
increase with the increased electric field.

Such different responses of the counterions to the applied
electric field of different strengths resulted in the nanochannel
EOF of different magnitudes and directions [see the velocity
profiles in Fig. 18(c) and (d)]. Since Cs" ions remained mostly in
the brush-free-bulk region, the EOF velocity was the highest
inside the Cs'-ion-screened PAA brush grafted nanochannel
and was in the direction of the motion of the counterions (i.e.,
from left to right) for all values of the electric field strength [see
Fig. 18(c) and (d)]. At high electric field strength (E=1Vnm™ "),
there was no OS for the PAA brushes screened with the Na" and
Ba”* counterions; accordingly, for these cases the EOF occurred
in the same direction in which the motion of the counterions
occurred [see Fig. 18(d)]. However, there was OS for the cases of
(1) PAA brushes screened with Ca®>" and Y** counterions for all
values of the applied electric field strengths and (2) PAA
brushes screened with Na“ and Ba®" counterions for small
value of electric field strengths. Hence for these cases, there
was an excess of coions in the brush-free bulk; this coupled
with very weak flow inside the brush layer, led to an EOF in the
direction of motion of the coions [see Fig. 18(c) and (d)].

Equally interesting as the nanofluidic EOF is the pressure-
driven transport in a charged nanochannel. The charged nano-
channel triggers an electric double layer (EDL), where there are
more counterions than coions. Accordingly, when a pressure-
driven flow is employed in such a nanochannel, this charge
imbalance of the EDL is migrated downstream and the result-
ing current is known as the streaming current. Such down-
stream migration ensures that there are more counterions than
coions at downstream location. This will lead to the generation
of an electric field, known as the streaming electric field. The
product of this streaming current and the streaming electric
field is the electrokinetic power generated in the process. More
interestingly, this induced streaming electric field will always
drive an induced EOF from right to left, ie., against the
direction of the background pressure-driven transport. For
example, for a positively (negatively) charged nanochannel,
the counterions are anions (cations); accordingly, the stream-
ing electric field will be from right to left (left to right), and
hence the induced EOF that will be triggered by the interaction
of this electric field with the excess of charges within the EDL
[these excess charges are positive (negative) for a negatively

This journal is © The Royal Society of Chemistry 2024
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Fig. 18 (a) Variation of the height of the PAA brushes screened with different counterions for different values of the applied electric fields (E = 0, 0.1V

nm~% and 1V nm™Y). (b) Free energy of binding of a single counterion to the PAA brushes (for E = 0) as a function of the counterion position r with respect
to the PAA chain for the cases of the PAA brushes screened with different counterions. (c) and (d) EOF in nanochannels grafted with PAA brushes and
screened with different types of screening counterions for (c) £ = 0.1V nm™and (d) £ = 1V nm™2. For all the cases, the system contains 0.1 M of the
chloride salt of the cation that is the screening counterion. All the parts of the figure have been reprinted with permission from Pial, T. H.; Das, S., Specific
ion and electric field controlled diverse ion distribution and electroosmotic transport in a polyelectrolyte brush grafted nanochannel, The Journal of
Physical Chemistry B, 2022, 126(49), 10543-10553. Copyright (2022) American Chemical Society.

(positively) charged nanochannel] will always be from right to
left. This induced EOF opposing the pressure-driven flow
eventually leads to a decrease in the net volume flow rate. This
reduction is quantified by expressing the net flow as a pure
pressure-driven flow with an increased viscosity: this effect is
classically identified as the electroviscous effect. There have
been a significant number of studies (including several by us)
that have studied such nanofluidic electrokinetic energy gen-
eration and electroviscous effect."®*™®* In fact, through a series
of recent continuum-calculation-based papers, we have
explored the effect of functionalizing nanochannels with PE
brushes in the electrokinetic energy generation in the presence
of a background pressure-driven liquid flows.>>*>*1%°
Motivated to explore in atomistic details this intriguing
problem of nanofluidic electrokinetic energy generation in

This journal is © The Royal Society of Chemistry 2024

the presence of a pressure-driven liquid transport, we con-
ducted all-atom MD simulations of pressure-driven transport
in nanochannels grafted with Na*-screened PAA brushes in the
presence of added NaCl salt.'*® Fig. 19(a) provides an MD
simulation snapshot of the problem, while Fig. 17(b) and (c)
provide the coion and counterion distribution across the nano-
channel for two values of the applied pressure gradients.
Fig. 19(b) and (c) confirm that even under the presence of the
applied pressure gradients there is an excess of coions in the
bulk, which is tantamount (as has been explained previously) to
the occurrence of the OS inside the PE brush layer. Fig. 19(d)
and (e) provides the overall flow profile and the distribution of
the number density difference between the counterions and
coions for these pressure gradient values. In Table 1, we
summarize the magnitudes of the overall volume flow rate,

Chem. Commun., 2024, 60, 6093-6129 | 6113
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(a) MD simulation snapshot showing the pressure-driven flow in nanochannels grafted with Na*-screened PAA brushes in presence of added

0.1 M of NaCl salt. (b) and (c) Number density distribution of the counterions (Na* ions) and coions (Cl™ ions) with the density distribution in the bulk
magnified in the inset for (b) VP = —1 MPa nm~tand (c) VP = —2 MPa nm™1. Here VP denotes the applied axial pressure gradients. (d) and (e) Overall
distribution of the velocity field (blue curve) and the number density difference distribution (red curve) for (d) VP = —1 MPa nm " and (e) VP = —2 MPa
nm~. For all the cases, we consider a grafting density of og = 0.05/0,. All the parts of the figure have been reprinted with permission from Sachar, H. S.;
Pial, T. H.; Sivasankar, V. S.; Das, S., Simultaneous energy generation and flow enhancement (Electroslippage effect) in polyelectrolyte brush
functionalized nanochannels, ACS Nano, 2021, 15(11), 17337-17347. Copyright (2021) American Chemical Society.

Table1l Volume flow rate, streaming current, streaming electric field, and net power output obtained from the MD simulations for the pressure-driven
transport in PAA-brush-grafted nanochannels. Results have been shown for VP = —1 MPa nm~* and VP = —2 MPa nm~* and PE brush grafting density of
04 = 0.05/0,. The table has been adapted with permission from Sachar, H. S.; Pial, T. H.; Sivasankar, V. S.; Das, S. Simultaneous energy generation and flow
enhancement (Electroslippage effect) in polyelectrolyte brush functionalized nanochannels, ACS Nano, 2021, 15(11), 17337-17347. Copyright (2021)

American Chemical Society

Physical quantity

VP =—-1MPanm '

oy = 0.05/0” g = 0.05/0”

VP=—-2 MPanm !

Volume flow rate (Q) (um® s™*)
Streaming current (is) (nA)

Streaming electric field (E5) (mV nm )
Power output (Poyt) (pW)

streaming current, streaming electric field (the electric field is
negative confirming that the electric field has been induced in
the direction opposite to the pressure-driven flow) and the
overall power output for these different pressure gradient
values. A progressive increase in the magnitude of all these
quantities with an increase in the magnitude of the pressure
gradient can also be noted.

Given that the all-atom MD simulations will always produce
a single velocity profile, it is not possible to directly discern the
increase (or decrease) in the strength of the pressure-driven
transport on account of the induced electric field driven EOF.
However, using the MD simulation derived data for the

6114 | Chem. Commun., 2024, 60, 6093-6129

99.86 205.84

3.77 5.82
—2.38 —3.68
52.67 125.61

streaming electric field (see Table 1), the distribution of the
difference between counterion and cion number densities [see
Fig. 19(d) and (e)], and slip velocity at the interface between the
brush layer and the bulk, we can obtain the continuum predic-
tion of the induced EOF or uy [using eqn (11)]:

d2 Ug

gz T ek —na) =0.

(11)

In eqn (11), u is the dynamic viscosity, e is the electronic
charge, Es is the induced streaming electric field (obtained
from the MD simulations; see Table 1) and ny,+ — nc- is the

This journal is © The Royal Society of Chemistry 2024
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number density difference distribution [obtained from the MD
simulations; see Fig. 19(d) and (e)].

Similarly, using this slip velocity at the interface between the
brush layer and the bulk, we can obtain the continuum predic-
tion of the pressure-driven flow or u, [using eqn (12)]:

2
d“up

—VP=0.
Tiz v

(12)

In eqn (12), VP is the applied pressure gradient. Please note
that both eqn (11) and (12) are solved in presence of the slip
boundary conditions [obtained from MD simulation predicted
velocity distribution; see Fig. 19(d) and (e)].

Subsequently, the overall flow strength can be expressed as
u = up + ug, which is compared to the pure pressure-driven flow
strength u,. Both these flow profiles (u is the flow profile with
E,, while u, is the flow profile without E) are plotted in
Fig. 20(a) and (b). For all cases, we find that the overall flows
strength (u = u;, + ug) is always greater than the strength of the
pure pressure driven flow (up). In Fig. 20(c) and (d), we compare
this continuum predicted overall flow profile (u = u,, + ug) with
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40
20
0 "
0 1 2 3 4
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Fig. 20
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the MD simulation prediction flow profile, and we get an
excellent match. These results provide the most remarkable
examples, where in a pressure-driven electrokinetic transport,
there is simultaneous energy generation and flow augmenta-
tion. We denote this situation, in contrast to the electroviscous
effect, as electroslippage effect.

5. Findings from all-atom MD
simulations of charged cationic
polyelectrolyte brushes

Cationic PEs are charged polymers containing positively
charged functional groups on their main backbone or on their
side chains: PE brushes consisting of such cationic PE chains
are known as cationic PE brushes. Some notable cationic PEs
include PMETAC (poly(2-methacryloyloxy)-ethyl-trimethyl
ammonium), MePVP (poly(4-vinyl-N-methylpyridinium)),
PVBTMAC (poly(vinylbenzyl)-trimethyl ammonium), PAH
(poly(allylamine hydrochloride)), PEI (polyethylenimine),
etc.’®® (see Fig. 21). The counterion behavior and the pH

(b)
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(a) and (b) Variation of the continuum-calculation predicted flow field with Es (u = up + ug) and without Es (u = up) with the difference between

the two flow fields magnified in the inset for (a) VP = —1 MPa nm~* and (b) VP = —2 MPa nm™™. (c) and (d) Comparison between the MD simulation
predicted flow field (u7) and the continuum-calculation predicted overall flow field (ur = up + ug) for (c) VP = —1 MPa nm~tand (d) VP = —2 MPa nm™L.
Results have been shown for the PE brush grafting density of a4 = 0.05/52. All the parts of the figure have been reprinted with permission from Sachar,
H. S.; Pial, T. H.; Sivasankar, V. S.; Das, S., Simultaneous energy generation and flow enhancement (Electroslippage effect) in polyelectrolyte brush
functionalized nanochannels, ACS Nano, 2021, 15(11), 17337-17347. Copyright (2021) American Chemical Society.
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Fig. 21 The chemical structure of monomers used to synthesize different
cationic polyelectrolyte brushes. Protonated structures of PAH and PEI
(linear architecture) monomers have been shown.

responsiveness of such brushes are opposite to that of the
anionic brushes. However, unlike the majority of the widely
used anionic PE brush systems, the chemical structures of the
commonly used cationic PE brushes are much more compli-
cated and contain multiple functional groups (compare Fig. 21
with Fig. 9). Therefore, the mechanisms by which these PE
brushes interact with the surrounding (or brush-supported)
water molecules and ions are often different from those with
which the anionic PE chains interact with the corresponding
brush-supported water molecules and ions. Consequently, a
comprehensive atomistic-level investigation is necessary to
understand the prevailing physics within these cationic PE
brush systems and connect them with their overall macroscopic
properties. We are among the first groups to start such inves-
tigations using all atom MD simulations. In our study, we used
the PMETAC chains (given their widespread usage'®’) as our
canonical cationic brush system.

At first, we employed all-atom MD simulations to probe into
how the functional groups and the ions present inside the
PMETAC brush system (PMETA brushes screened with the CI™
ions) interact with the brush-supported water molecules.”
Fig. 22(a) provides the variation of the PMETAC brush height
with grafting density. Increase in the grafting density, as
expected, increases the brush height. Fig. 22(b) provides the
monomer inside the brush layer: similar to the all-atom-MD
simulation derived monomer distribution of the anionic
brushes (PAA brushes),"*® for cationic brushes, too, the mono-
mer distribution is plug-like (or nearly uniform) inside the
brush layer.

In order to understand the influence of the brushes in
affecting the surrounding water molecules, we investigated
the behavior of the brush-supported water molecules around
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three distinct entities: the {N(CHj3)s}" functional group of the
PMETA chain, C=0 (ester group) of the PMETA chain, and the
Cl™ counterions that screen the PMETA brush charges. We
found that though the {N(CH;);}" group of the PMETAC chain
has an overall positive charge, unlike a cation with high charge
density, it failed to orient the water molecules. This became
evident from the dipole moment distribution of the water
molecules around the N atom of the {N(CHj3);}" group of the
PMETAC chain: we found that the peak of this dipole distribu-
tion occurred at § = 75°, which was analogous to the behavior of
water molecules around apolar hydrophobic entities [see
Fig. 23(a)]."*®'®® The weak influence of the {N(CH3);}" group
on the surrounding water molecules could be attributed to its
low charge density due to its large size. On the other hand, the
water dipole around the ester group (C—O) of the PMETAC
chains was oriented like that around highly charged anions; in
other words, the peak of the corresponding water dipole dis-
tribution occurred at 0 = 130° [see Fig. 23(a)], which closely
resembled the scenario of the water dipole distribution around
the screening Cl™ ions [the corresponding water dipole distri-
bution peak around the Cl™ ion was found at 6 = 125° see
Fig. 23(a)]. By comparing the dipole orientation of the solvating
water molecules around the Cl~ ion and the {N(CHj;);}" group,
it could be inferred that the ClI= ion underwent a strong
hydrophillic hydration, while the {N(CHs);}" group experienced
a weak apolar-like hydration. Consequently, the water mole-
cules were attracted more strongly to the Cl™ ion as compared
to the {N(CHj3);}" group; this result was also supported by the
observation that the peak of CI"-O,, rdf was much higher than
the peak of the N'-0,, rdf [see Fig. 23(b)]. In Fig. 23(b), O is the
oxygen atom of the water molecule atom N' is the nitrogen
atom of {N(CHj);}". Furthermore, our investigations also
revealed that there was an intervening water layer between
the {N(CHj;);}" moiety and the CI~ counterion: this was identi-
fied by observing that the N"-0,, rdf rose at a smaller distance
as compared to the N*-CI~ peak [see Fig. 22(c)]. This particular
trend in the rdf further suggested that the water molecules were
closer to the {N(CHs);}" group than the Cl~ counterion. Addi-
tionally, the presence of the intervening water layer was also
supported by the fact that the peak of the N'™-O, rdf also
occurred at a smaller distance than that of the N*-Cl ™ rdf. This
intervening water layer also demonstrated high stability since
the locations of the peaks of the N'-0O,, and N'~CI ™~ rdfs did not
change with the grafting density [see Fig. 23(c)]. Such stability
of the intervening water layer could be attributed to the strongly
attached hydration shell of the Cl™ counterion, that always
acted as a barrier between the Cl™ counterion and the
{N(CHa;);}" group. Unlike the ‘water-in-salt’ like scenario [as
observed for the case of the Na'-counterion-screened PAA
brushes; see Fig. 10(c)-(e)], the functional group of the brush
({N(CH,);}") failed to expunge the water from the hydration
shell of the counterions (C1™) ions due to the strong attachment
of the water molecules (or the corresponding hydration shell)
with the CI~ ion. As a result, CI~ and {N(CHs);}" were present as
a weakly attached solvent-separated ion pair. The weak ion
pairing resulting from the mismatch of the hydration strength

This journal is © The Royal Society of Chemistry 2024
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Fig. 22 (a) Variation of the PMETAC brush height with the grafting density. (b) Variation of the dimensionless PMETAC monomer density distribution (py,

is the dimensional monomer density) along the brush height for different values of the grafting density. In both (a) and (b), the grafting density is expressed
in chains per nm? and ¢ = 3.5 A is the Lennard Jones length scale. All the parts of the figure have been reprinted with permission from Ishraag, R.; Akash,
T.S.; Bera, A. K;; Das, S., Hydrophilic and Apolar Hydration in Densely Grafted Cationic Brushes and Counterions with Large Mobilities, The Journal of
Physical Chemistry B, 2024, 128(1), 381-392. Copyright (2023) American Chemical Society.
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Fig. 23 (a) Dipole orientation of water molecules around the {N(CH3)s}" functional group of the PMETA chain, C=0O (ester group) of the PMETA chain,
and the Cl™ counterions that screen the PMETA brush charges. (b) Comparison of the radial distribution function of N*=Cl~ N*-0,, [here N* is the
nitrogen atom of the {N(CHs)s}" group and O, is the oxygen atom of the water molecule]. (c) Variation of the peak locations of the N*~Cl~ and N*-0O,,
rdfs RDF [see (b)] with grafting density. (d) Probability distribution function of the distance travelled by the Na* counterion (in the PAA brush environment)
with Cl™ counterion (in the PMETAC brush environment). (€) MSD-vs.-time variation for the Na* counterion (in the PAA brush environment) with Cl~
counterion (in the PMETAC brush environment; for this case, results have been provided for different PMETAC grafting densities). All the parts of the
figure have been reprinted with permission from Ishraaq, R.; Akash, T.S.; Bera, A. K.; Das, S., Hydrophilic and Apolar Hydration in Densely Grafted Cationic
Brushes and Counterions with Large Mobilities, The Journal of Physical Chemistry B, 2024, 128(1), 381-392. Copyright (2023) American Chemical

Society.

of {N(CH,;);}" and ClI~ further resulted in high mobility of the
counterions inside the PMETAC brush, which was confirmed by
comparing its mobility with that of the Na* counterion inside
PAA brush layer. The mobility was probed with two metrics: the
mean square displacement (MSD) and the probability distribu-
tion function (PDF) of the distance travelled by a counterion
(Dei) in 40 ps timeframe. Both of these metrics predict a
significantly high mobility of counterion (Cl~ ion) inside

This journal is © The Royal Society of Chemistry 2024

PMETAC brush system as compared to the counterion (Na'
ion) within the PAA brush system, despite the fact that Na' ion
has a much lower mass than the Cl™ ion [see Fig. 23(d) and (e)].

In our following investigation, we employed all-atom MD
simulations for exploring the effect of the counterion size and
charge density on the PMETA" brush system by changing the
screening counterions from Cl~ to I, Br~ and F.°® We
specifically selected the halide ion series as our chosen set of

Chem. Commun., 2024, 60, 6093-6129 | 6117
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counterions. (d) End chain monomer distributions of the PMETA* brushes. (e) Variation of the compressibility factor of the PMETA* brush system. In (b),
(d), and (e), results are shown for the individual cases where the PMETA™ brushes are screened by different halide counterions. (f) Schematic of two types
of bridging interactions: intrachain bridging and interchain bridging. (g) Percentage of intrachain bridging undergone by the monomers of the PMETA*
chains screened by different halide counterions. (h) Percentage of interchain bridging undergone by the monomers of the PMETA™ chains screened by
different halide counterions. All the parts of the figure have been reprinted with permission from Ishraaq, R.; Das, S., All-Atom molecular dynamics
simulations of cationic polyelectrolyte brushes in the presence of halide counterions, Macromolecules, 2024, 57(7), 3037-3046. Copyright (2024)

American Chemical Society.

screening counterions, given the fact that their sizes and
charge densities are the only variables, which eliminate the
potential effects induced by the variation in the counterion
structures.

Our results indicated an intriguing finding: the degree of
binding of the halide counterions on the {N(CH;);}" group of
the PMETA chains followed the sequence F~ < ClI” < Br~ <
I". Such a behavior can be confirmed by noting that the height
of the {N(CHj3);}"-counterion rdf peak varies in the order of
I" > Br > Cl" > F [see Fig. 24(a)]. Such a trend is highly
non-intuitive since it is expected that the counterions with a
greater charge density will bind more strongly with the
{N(CH,);}" functional group. Interestingly, this specific trend
of halide ion binding to the PMETA" chains has been noted in
experiments.®! We explained such a trend by noting the chao-
tropic nature of the iodide and the bromide ions and kosmo-
tromic nature of the chloride and fluoride ions. Chaotropic
ions (such as the iodide and the bromide ions) cause a strong

6118 | Chem. Commun., 2024, 60, 6093-6129

disruption of the surrounding water structure,"’® thereby pro-

moting a preference of these ions to leave a setting where these
ions are surrounded by water and in the process they favorably
bind to the {N(CH;);}" functional group. Since the {N(CH;)3}"
group itself exhibits chaotropic behaviour,”” the counterion
with more chaotropic nature binds to it more favorably.
Fig. 24(b) shows the probability distribution of the tetrahedral
order parameter (g) of the water molecules around the halide
counterions: this result demonstrates how these ions disrupted
the tetrahedral arrangement of its solvating water molecules. A
higher value of g indicates that the structure of the surrounding
solvating water is less disrupted by the ion. We see that the
trend of the water ‘¢’ parameter variesasF~ > CI~ > Br > 1,
i.e., water molecules are less structured around the iodide and
bromide ions, as compared to chloride and fluoride ions. This
suggested that even inside the brush environment the chao-
tropic nature of the iodide and the bromide ions and kosmo-
tromic nature of the chloride and fluoride ions prevail, which

This journal is © The Royal Society of Chemistry 2024
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explains why the degree of binding to PE chain follows I >
Br > Cl” > F.

As the degree of counterion binding increased, there was a
corresponding reduction in the columbic repulsion between
the brushes. This led to a significant decrease in the overall
brush height when the screening counterions were changed
from the F~ to I" counterions [see Fig. 24(c)]. A decrease in the
PE chain-PE chain repulsion also increased the flexibility of the
chains, which could be observed by noting an increase in the
width of the end monomer distribution [see Fig. 24(d)] as well
as the increase of the compressibility factor [see Fig. 24(e)].

The binding of the counterion with the PMETA chain occurs
with the counterion interacting with several PE segments by
forming interchain and intrachain bridging, as shown schema-
tically in Fig. 24(f). A weaker repulsion between the PE chains,
which occurred for the case where the ions were most strongly
bound to the chains enforcing a more pronounced screening of
the PE charges, enabled the chains to depreciate laterally; as a
result, the extent of intra-chain bridging increased as the
counterions were changed from F~ to I [see Fig. 24(g)]. On
the other hand, a low degree of counterion binding could only
partially screen the PE brush charges and accordingly, the PE
chain-PE chain repulsion remained high. Under such circum-
stances, the brushes became stiffer and rod-like, and therefore,
the percentage of interchain bridging increased in the order of
F~ > ClI” > Br~ > I [see Fig. 24(h)].

Besides our papers, Santos et al. also performed an all-atom
MD simulation study for probing the response of cationic
poly(dimethyl aminoethyl methacrylate) (PDMAEMA) and
poly(2-(methacryloyloxy) ethyl trimethylammonium chloride)
(PMETAC) brushes to changes in pH, solvent, and salt
types.'”! They also synthesized these brushes to compare their
MD simulation results with experiment. At first, they used atom
transfer radical polymerization (ATRP) to synthesize PDMAEMA
brushes; subsequently, they quaternized the PDMAEMA
brush to obtain the PMETAC brushes. The structures of these
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synthesized brushes were determined using elipsometry. An
important parameter that was used in this study was the
swelling coefficient, which is the ratio between the maximum
heights of the brushes in wet and dry conditions.

At first, Santos et al. investigated the swelling behaviour of
PDMAEMA for different pH conditions or protonation states. At
a high pH, the cationic PDMAEMA was deprotonated, and
therefore interacted weakly with the solvating polar water
molecules. Therefore, the brush remained in a collapsed state
(i.e., similar to the dry state) and the swelling coefficient was
close to 1 [see Fig. 25(a)]. As the pH was reduced, the degree of
protonation increased, and the monomers started to interact
favorably with the water molecules due to electrostatic interac-
tions. As a result, its swelling ratio increased with the degree of
protonation [see Fig. 25(a)].

Santos et al. also investigated the response of the PDMAEMA
(fully deprotonated) and PMETAC brushes in two different
solvents: water and cyclohexane (CHX). Due to unfavorable
interactions, PDMAEMA remained in a collapsed condition in
water; this could be inferred by noting that the corresponding
swelling coefficient was close to 1 [see Fig. 25(b)]. On the other
hand, when the solvent was changed to apolar cyclohexane,
despite remaining in a collapsed form, the swelling coefficient
of the PDMAEMA was higher compared as compared to the case
when the solvent was water. Such a scenario stemmed from the
fact that the cyclohexane interacted with the PDMAEMA
brushes more favorably, resulting in an increase in the brush
height. The PMETAC brushes also showed a collapsed confor-
mation in apolar cyclohexane. However, the PMETAC brushes
interacted much more favorably with water; as a result, in
water, the PMETAC brushes were no longer in a collapsed
configuration and the corresponding swelling coefficient of
the PMETAC brushes became very high [see Fig. 25(b)]. Finally,
Santos et al. also probed the swelling response of PMETAC
brushes on being exposed to different types of salts, namely:
NaCl, Na,SO,, NaClO,. Their study revealed that due to the
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Fig. 25 (a) Variation of the swelling coefficients for the PDMAEMA brushes as a function of the degree of polymer chain protonation/deprotonation.

(b) Variation of the swelling coefficients for the PDMAEMA and the PMETAC brushes in different solvents (water and cyclohexane). (c) Variation of the
swelling coefficients for the PMETAC brushes in the presence of sodium chloride (NaCl), sodium perchlorate (NaClO,4) and sodium sulfate (Na,SO,), and
in cyclohexane solvent (CHX). All the parts of the figure have been reprinted from Santos, D. E. S.; Li, D.; Ramstedt, M.; Gautrot, J. E.; Soares, T. A.,
Conformational Dynamics and Responsiveness of Weak and Strong Polyelectrolyte Brushes: Atomistic Simulations of Poly(dimethyl aminoethyl
methacrylate) and Poly(2-(methacryloyloxy)ethyl trimethylammonium chloride), Langmuir, 2019, 35, 5037-5049. Copyright (2019) American Chemical
Society.
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difference of structure of these salts, there was a significant
difference in response of the brushes, as was evident from the
corresponding significant variation of the swelling coefficients
[see Fig. 25(c)].

6. Machine learning methods in
exploring the properties of PE brush
supported water molecules

One of the biggest advantages of probing the PE brushes using
all-atom MD simulations has been the ability to identify the
contributions of every atom of the PE chains in regulating the
behavior of the water molecules and counterions in the vicinity
of the brushes. This includes, for example, identifying the
ability of the COO™ group of the PAA brushes to replace the
water molecules from the solvation shell of the screening Na*
ions (thereby triggering a “water-in-salt’-like response)’®’ as
well as pinpointing the ability of {N(CH,);}" functional groups
of the PMETAC brushes to trigger apolar hydration and solvent
separated ion pair [{N(CH;);}* cation and CI~ anion pair].”>
Interestingly, most of the analyses for estimating the properties
of ions and water supported by the atomistically resolved PE
brushes use the tools and conditions that have been employed
to analyze the water and ion properties in the absence of the
brushes. For example, we identify a significant decrease in the
number of water-water hydrogen bonds (HBs) inside the PAA
brush layer, as compared to the water-water HBs outside the
brush.”® For this purpose, we use the same condition (in terms
of the critical distance between the receptor and acceptor water
molecules) as that employed for determining the water-water
hydrogen bonding in the brush-free bulk. Such an approach
overlooks the possible changes in the conditions that the large
confinement effect imposed by the densely grafted PE brushes
might impose. We have recently found, as will be discussed in
this section, that employing unsupervised machine learning
(ML) algorithms on all-atom MD simulation generated data on
PE brushes enable a more rigorous prediction of such brush-
supported water properties (e.g., water-water hydrogen bond-
ing) that account for the specifics of the brush-imposed large
confinement effect.

In MD simulations, the generated output is the position and
the velocity of each atom along each axis for every timestep. The
description (thermodynamics, nonequilibrium properties, etc.)
of the total system is encoded in these 6N variables, which is a
high-dimensional dataset. Here, N denotes the total count of
atoms within the system, where each atom contributes 3
variables indicating its position along each spatial axis and
an additional 3 variables representing its velocity along these
same axes. Generally, analyzing all these variables to generate
meaningful information about the system is a tedious task.
Previously, analysis was done using collective variables (a
combination of some of these 6N variables), which were mostly
based on the intuition of the researcher."’? Different types of
machine learning (ML) techniques are very suitable for analyz-
ing such high dimensional data sets. Unfortunately, though

6120 | Chem. Commun., 2024, 60, 6093-6129

View Article Online

ChemComm

many sophisticated ML algorithms exist, there is a significant
gap between the algorithms and the field-specific applications.
For researchers unfamiliar with ML, comprehending the opera-
tions performed by these algorithms can be challenging. More-
over, deciding what should be the inputs and extracting
meaningful insights (that are application-specific) from the
outputs can prove to be equally daunting. Recently, we have
undertaken various efforts to minimize this gap; in other
words, we are trying to close the gap between the algorithms
and applications by finding ways such algorithms can be used
for soft matter systems. Our endeavor has not only helped us to
find novel ways to apply these algorithms, but also by applying
these techniques we have been able to better quantify the
properties of the brush-supported water molecules that appro-
priately incorporated the effects of the brush-imposed nano-
confinement effects.

As a first effort, we utilized the unsupervised ML technique
developed by Ceriotti et al.'’® to investigate the hydrogen
bonding characteristics of brush-supported water molecules
inside the cationic PMETA brush layer screened by the chloride
ions. The developed algorithm was primarily aimed at provid-
ing a data-driven definition of the hydrogen bond (although it
can be adapted for identifying other local chemical environ-
ments) that appropriately accounted for the confinement effect
imposed by the densely grafted PMETA brush layer. The main
features of the algorithm as well as the key findings have been
discussed below.

The initial phase of this analysis involved defining the
dataset. To construct the dataset, it was important to carefully
choose the features in line with the specific objectives of the
research. Given that the objective of this algorithm was to
recognize a particular arrangement of a group of atoms, the
selected features should capture this information. For instance,
in the scenario where identification of a bond between two
atomic species was desired, configurations from an atomistic
simulation could be processed to generate a list of distances
between pairs of atoms belonging to the two species, which
would eventually act as the ‘“features” for the analysis
approach. In our case, it was the water-water hydrogen bonds,
and accordingly, the descriptors were as follow:

v=d(O;—H;) — d(O,—H,), (13)
jt = d(0;—H;) — d(0/—H)), (14)
r = d(0/-0)). (15)

Here, a hydrogen atom is H;, the donor oxygen atom is O,,
and the acceptor oxygen is O). “d” denotes the distance
between the atoms. Consequently, in the above equations,
d(0~H,;), d(O;—H;), and d(O;—0;) respectively denote the
distance between the donor oxygen and hydrogen, the distance
between the acceptor oxygen and hydrogen, and the distance
between the acceptor oxygen and the donor oxygen.

For analyzing hydrogen bonds, the data set was three-
dimensional and the values of each of these features were

This journal is © The Royal Society of Chemistry 2024
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generated from the output of our all-atom MD simulations of
the PMETAC brushes. Of course, it was a tedious task to handle
such big dataset or instances. Therefore, a specific number of
data points were selected for the analysis using the “min-max”
criterion.'”® The objective of using the min-max criterion was
to select the data points in such a way that they were spread
across the feature space in a manner such that the maximum
information about the underlying probability distribution func-
tion can be obtained with the selected number of data points.
After that, kernel density estimation (KDE) was used to connect
the data points and to generate a smooth representation of the
underlying probability density function. For this analysis, the
Gaussian kernel was used, which is represented by eqn (16),
where K, x, o, and D respectively denote the kernel function, the
variable, the standard deviation of the Gaussian, and the
dimensionality (or the number of features) of the dataset.

[§)

=D x
K(x,0) = (2n0?) 2 e 2.

9l

(16)

As the next step, a mode-seeking algorithm was used to find
the peaks of the probability density function or to find in which
areas there was a maximum density of data points. For this
purpose, the quick shift algorithm was used, as had been
suggested by Ceriotti et al.'”® The number of peaks that would
be obtained in the process would be used as the number of
Gaussians, when the Gaussian mixture model was applied on
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the data set. Subsequently, a Gaussian mixture model-based
clustering technique was used to cluster the data points.’”**"
The Gaussian mixture model attempts to model the underlying
probability distribution by fitting a function that is a combi-
nation of ‘v’ number of Gaussians. In our analysis procedure,
the number of Gaussians (n) was determined by finding the
number of peaks, as described in the previous step. The
function that represented the mixture of Gaussian is given by
eqn (17). The functional form of each Gaussian is given by
eqn (18).

n
P(x) = pkG(x|uy, i), (17)
k=1
1 Tyl
P ¢ o) R Cy YA
Gl E) = —ae /2. (18)

In eqn (17) and (18), G, Py, ux 2, and D respectively
represent the Gaussian function, the weight of each Gaussian,
mean of the Kth Gaussian, the covariance matrix of the Kth
matrix, and the dimensionality of the feature space.

After clustering the data points, various types of analysis
could be performed on the cluster to extract meaningful
information about the system. One of the clusters encapsulated
all the points that determine a water-water hydrogen bond
(HB); accordingly, the definition of the water-water HB was
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oxygen atom (Q’). (b) Identification of the distances v = d(O—H) — d(O’=H), u = d(O-H) + d(O’=H), and r = d(O’-0). (c) and (d) The distribution of (v, g,
and r) characterizing the water—water hydrogen bonding for water in (c) bulk and (d) inside the PMETAC PE brush layer. Clusters representing different
interactions have been colored differently with the clusters representing water—water hydrogen bonding identified. (e) Variation of (v, r) characterizing
the water—water hydrogen bonding for water in bulk and inside PMETAC PE brush layer with the average location (in v) of the edge of hydrogen bond
cluster identified for both the cases. (f) Normalized distribution of the water—water HBs (for water molecules in bulk and inside the brush layer) as
functions of the H-O’-0 angles. All the parts of the figure have been reproduced from Pial, T. H.; Das, S., Machine learning enabled quantification of the
hydrogen bonds inside the polyelectrolyte brush layer probed using all-atom molecular dynamics simulations, Soft Matter, 2022, 18(47), 8945-8951.
Copyright (2022) Royal Society of Chemistry (UK).
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determined by the boundaries of the cluster or the range of
values of the features.

For our first study, we used this analysis procedure to
investigate the hydrogen bonding characteristics of brush-
supported water molecules inside densely grafted PMETAC
brushes. A schematic of the water-water HB and the features
of the algorithm (v, u, r) are shown in Fig. 26(a) and (b),
respectively. We applied machine learning based analysis pro-
cedure for both: bulk water and water present inside the
PMETAC brush layer. The clustered data points are shown in
Fig. 26(c) (for bulk water) and Fig. 26(d) (water present inside
the PMETAC brush layer). We used a cutoff of u, r < 4 A to
exclude the water-water non-hydrogen bonded interactions.
There is a symmetry along v = 0 since a given oxygen atom
played a dual role, that is it acted as a “donor” in one hydrogen
bond and an “acceptor” in another hydrogen bond. The first
two clusters (or the clusters represented by the smallest values
of p) represented the hydrogen bonds, while the other clusters
represented long-ranged water-water interactions. A compar-
ison of the geometric features of the clusters (representing the
water-water hydrogen bonding) in Fig. 26(c) and (d) provided
information about the structural difference of the water-water
HBs between these two different cases (bulk water and water
inside the PMETAC brush layer). We investigated this differ-
ence in the water-water HBs between these two cases (bulk
water and water inside the PMETAC brush layer) by plotting the
data representing the hydrogen bonds in v-r space and by
comparing the position of the boundary or margin of the two
different cases [see Fig. 26(e)]. It is observed that for the water-
water hydrogen bonding for the water molecules inside the
brush layer, this boundary can be found at a much lower value
of u=d(0; — H;) + d(O; — H,;) [shown by the red line in Fig. 26(e)]
as compared to that for the bulk water [shown by the blue line
in Fig. 26(e)]. This suggested that the d(O’-H) value was getting
smaller, or the hydrogen (H) was getting closer to the acceptor
oxygen (O'). Such disruption or change in the structural proper-
ties of the water-water HBs inside the PMETAC brush layer can
also be captured by plotting the distribution of H-O'-O angle
[see Fig. 26(f)], which shows that the H-O'-O angle (defining
the water-water HBs) has a lower spread corresponding to the
water-water HBs formed by the water molecules inside the
brush than that in the bulk.

Furthermore, using the agnostic definition of water-water
HBs derived from our presented ML approach (see above), we
calculated the number of water-water HBs inside the PMETAC
brush layer across various distances from the grafting
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substrate. This number was then compared with the number
of the water-water HBs obtained by using the established
geometric definition of the HBs found in the existing literature
(see Table 2). This comparison revealed that the use of the
widely accepted definition of the water-water HBs tended to
overestimate the count of water-water HBs inside the PMETAC
brush layer.

For our next investigation, we employed the same clustering-
based ML technique on all-atom MD simulation generated data
to explore the effect of the charge density of the PE chains and
the different types of counterions on the water-water hydrogen
bonding of brush-supported water molecules inside densely
grafted PAA brushes. To investigate the effect of charge density
of PE chains, we modeled and performed all-atom MD simula-
tions on the PAA brushes with three different charge fractions
(f = 0, 0.25, and 1); here f is the ratio of the number of
deprotonated (COO™) to total (COOH and -COO™) functional
groups. Like our previous study,”® we sampled the (v, y, 7)
dataset from the all-atom MD simulation generated data set
and used the analysis technique of Ceriotti et al'”® [see
Fig. 27(a)-(d)]. As in our previous study, we see two specific
clusters (red and cyan), which corresponded to smallest values
of u=d(O;—H;)+d(O;—H;) and represented the water-
water hydrogen bonding of the brush-supported water mole-
cules. To investigate the structural features of the clusters and
compare it for the different cases, we again plotted the data of
the clusters representing the water-water HBs in the v, r space
[see Fig. 27(e)]. We see that the margins of the clusters
progressively deviated from the bulk value with an increase in
the charge fraction, f: this suggested that increasing fenhanced
the disruption of the water-water HBs inside the PAA brush
layer. The brushes that have PE chains with high f tended to
interact with the surrounding water molecules more strongly,
which disrupted the corresponding water-water hydrogen
bonding inside the brush layer. This conclusion was also
supported by the observation that the H-O'-O angles (charac-
terizing the water-water hydrogen bonding) show a progressive
increase with the charge fraction of the brushes [see Fig. 27(f)].

For quantifying the effect of the charge density of the
screening counterions (screening the PAA brush charges) on
the water-water hydrogen bonding for the brush-supported
water molecules, we employed our ML framework on the all-
atom MD simulation generated data for the three separate
cases where the PAA brushes were screened by three different
types counterions, namely Li*, Ca** and Y*" counterions. Same
as the previous case, we sampled the (v, y, r) data set from the

Table 2 The number of water—water HBs per water molecules inside the PMETAC PE brush layer along the PE brush height (or across various distances
from the grafting substrate) calculated using two approaches (existing approach and approach based on the ML framework that we have proposed).
Distances from the grafted carbon represent the slabs where we perform the averaging. The table has been reproduced from Pial, T. H.; Das, S., Machine
learning enabled quantification of the hydrogen bonds inside the polyelectrolyte brush layer probed using all-atom molecular dynamics simulations, Soft
Matter, 2022, 18(47), 8945-8951. Copyright (2022) Royal Society of Chemistry (UK)

Distance from grafted carbon 5.4 A 15.7 A 26.0 A 36.3 A
Using generally accepted definition 2.5 2.51 2.53 2.57
Using modified definition using ML based approach 2.29 2.37 2.39 2.42
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Fig. 27 (a)-(d) Distribution of (v, p, r) [see eqn (6)—(8) for the definition] characterizing the water—water hydrogen bonding for water molecules in (a)
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different values of f. For each of these cases, the edge of hydrogen bond cluster has been identified. (f) Normalized distribution of the water—water HBs
(for water molecules in bulk and inside the PAA brush layer with different f) as functions of the H-O’-0O angles. All the parts of the figure have been
reprinted with permission from Bera, A. K.; Akash, T. S.; Ishraaq, R.; Pial, T. H.; Das, S., Hydrogen bonding inside anionic polymeric brush layer: Machine
Learning-Driven exploration of the relative roles of the polymer steric effect, charging, and type of screening counterions, Macromolecules, 2024, 57,
1581-1592. Copyright (2024) American Chemical Society.
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Fig. 28 (a) Distribution of (v, r) characterizing the water—water hydrogen bonding for water molecules inside the PAA brush layer for separate cases
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Copyright (2024) American Chemical Society.

the v, r space [see Fig. 28(a)]. We observe a progressive increase
(in the v value) in the position of the cluster margin with
counterion valence (Y** > Ca** > Li*), which signified an

all-atom MD simulation data and used the machine learning-
based clustering approach. Subsequently, we plotted the cluster
representing the water-water hydrogen bonds for each case in
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increase in the disruption of the water-water HBs with counter-
ion valence. Counterions with greater valence (or charges) tend
to interact more strongly with their surrounding water which
decreased the strength of water-water HBs inside the brushes.
This conclusion is also supported by observing that the H-O'-O
angle (defining the water-water hydrogen bonding for water
molecules inside the brush layer) for the case of the PAA
brushes screened with Li" ion has smaller values as compared
to the H-O’-O angle for the case of the PAA brushes screened
with the Ca®* and Y** ions [see Fig. 28(b)].

7. Conclusions, future scope, and
challenges

This feature article discusses some key contributions of our
research group towards better understanding the behavior of
polymer and PE brushes and brush supported ions and water
molecules using all-atom MD simulations. The unique ability of
such atomistic simulations to unravel the behavior and con-
tribution of each individual atom enables us to discover a wide
variety of different phenomena taking place at the brush
grafted interface. Such phenomena include, but are not limited
to (1) the triggering of “water-in-salt”” effect by the interaction
between the counterion and the brush functional group, (2)
massive alterations in the water and ion properties (including
their mobilities, conditions determining water-water hydrogen
bonding, etc.) inside the brush layer, (3) triggering apolar
hydration effect and solvent-separated ion pairs by specific
cationic brushes, and (4) inducing coion-driven electroosmotic
flow and electroslippage effect in pressure-driven flow in nano-
channels grafted with anionic brushes.

These findings are key discoveries in our understanding of
the behavior of the PE brushes. Additionally, these findings
motivate us to look even deeper into the behavior of the
brushes in future. For example, ML is a very powerful tool,
which when employed to the vast amount of all-atom MD
simulation generated data will be able to reveal remarkable
insights on the properties of brush-supported water molecules
and ions: for example, can ML approach identify novel condi-
tions for hydration of the PE functional groups inside the brush
layer or identify conditions that ensure a gradient in ion
mobility depending on their relative locations from the brush
layer? Another important open research area is to account for
the pH-responsiveness of these brushes in a form that accounts
for the species generation and disappearance on account of pH-
induced ionization of the brush functional groups. A ReaxFF (or
reactive force field) based approach, or even better a DFT
(density functional theory) based approach might be needed
for the purpose, provided we still can simulate enough number
of monomers of the PE system to make the results credible.
Finally, the all-atom framework considered in this study will
have significant implications for studying other systems invol-
ving PE brushes (e.g., PE brushes used for regulating protein
adsorption,'”>™'7® bottlebrush systems'’®'*® used for the fabri-
cation of solid polymer electrolytes, etc.). Such an endeavor is
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definitely a near-future prospect of the all-atom MD simulation-
based investigations of the polymer and the PE brushes.

It is important to end this paper by pointing out some
limitations of these all-atom MD simulation studies on polymer
and PE brushes. The limitations of these studies are similar to
those encountered in any classical molecular dynamics (MD)
study. The first limitation pertains to the length scale: due to
computational costs, brushes with longer chain lengths are not
explored using all-atom MD simulations. These longer chains
might exhibit new regimes or reveal novel physics. Another
related issue is the grafting density. Due to computational
constraints, brush systems with low grafting densities are
seldom explored. Long chain lengths and low grafting densities
can enable the polymer chains to adopt various novel confor-
mations, such as secondary structures (pinned micelles or
entanglements),'®"'®? which might impact local water struc-
ture and ion mobility. Furthermore, the formation of structures
such as entanglements can only be captured over long-time
limits. Therefore, even if simulations were conducted with
longer chain lengths and smaller grafting densities, the existing
all-atom MD simulation framework, which typically considers a
time range of a few nanoseconds, would have failed to capture
the formation of structures like entanglements. Under such
circumstances, it might be necessary to employ enhanced
sampling techniques (such as metadynamics'®®) in order to
capture events (such as the formation of structures like entan-
glements) whose occurrences are associated with longer time
scales. Finally, the choices of the force fields employed in all-
atom MD simulations of polymer and PE brushes, is a crucial
factor in determining the accuracy of information generated.
Various force field models, including polarizable ones like the
Drude oscillator'® and fluctuating charge models,'®® can
influence the conclusions of the simulations. The use of such
polarizable force fields can become important given the sig-
nificant influence of the charges (overall charges of the PE
brushes, partial charges of several functional groups of the PE
brushes, charges of the counterions, etc.) in the simulated
system.
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