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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.
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properties''” as well as their ion-conducting pro