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ABSTRACT

All atom Molecular Dynamics (MD) simulations of planar Na'-counterion-neutralized
Polyacrylic Acid (PAA) brushes are performed for varying degrees of ionization (and thereby
varying charge density) and varying grafting density. Variation in the PE charge density (or
degree of ionization) and grafting density leads to massive changes of the properties of the PE
molecules (quantified by the changes in the height and the mobility of the PE brushes) as well as
the local arrangement and distribution of the brush-supported counterions and water molecules
within the brushes. The effect on the counterions is manifested by the corresponding variation of
the counterion mobility, counterion concentration, extent of counterion binding to the charged
site of the PE brushes, water-in-salt-like structure formation, and counterion-water-oxygen radial
distribution function within the PE brushes. On the other hand, the effect on water molecules is
manifested by the corresponding variation of water-oxygen-water-oxygen RDF, local water
density, water-water and water-PE functional group hydrogen bond networks, static dielectric
constant of water molecules, orientational tetrahedral order parameter, and water mobility.
Enforcing such varying degree of ionization of weak polyelectrolytes is possible by changing the
pH of the surrounding medium. Thus, our results provide insights into the changes in
microstructure (at the atomistic level) of weak polyionic brushes at varying pH. We anticipate
that this knowledge will prove to be vital for the efficient design of several nano-scale systems

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

Charge bearing polymer molecules or polyelectrolytes (or PEs) are undoubtedly one of
the pillars of modern-day material science due to their widespread use in day-to-day life. PEs are
used for synthesizing a variety of materials ranging from gels'” to solutions*® to blends’”. One
of the most intriguing architectures involving PEs is the “brush-like” form, where one end of the
individual PE chain is grafted to a substrate. When grafted in close proximity to each other in a
good solvent, the PE chains tend to stretch in the direction perpendicular to the substrate in order
to avoid monomer-monomer contacts and reduce electrostatic repulsion between the charged

segments and in the process attain such “brush-like” configuration. PE brushes find use in a
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multitude of applications such as nanofluidic energy conversion'™'', biosensing'*", colloidal
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stabilization'’, oil recovery'®, drug delivery'®"’, etc. This has inspired several theoretica

28-37 38-47
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computationa as well as experimenta studies to probe the structure and configuration of

PE brushes.

One of the most exciting prospects about PE brushes is their ability to respond to changes
in the surrounding medium like solvent quality, pH, salt concentration, etc. This structural
transition of the brushes in response to their environment renders a sense of “smartness” to PE
brush grafted interfaces, and forms the basis for several applications such as nanomechanical

49-50

48 . . .
gates™, current rectifiers” ', etc. One key reason for the responsiveness of weak polyanionic or

polycationic PE brushes is a change in the degree of ionization of the titration sites. This is
typically induced by variation in the pH of the surrounding medium, shifting the equilibrium of
the acid-base reaction responsible for charging of the PE chains. Several studies have

investigated the effects of changes in degree of ionization (and thereby the charge density) of

51-55 56-59

PEs in solution as well as PE brushes’™”. However, most of these studies have focused on

the overall structural changes (macrostructure) of the PE molecules rather than the changes
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occurring at the atomistic length scales (microstructure). Recently, we published the first
molecular dynamics (MD) simulation study probing the local arrangement of counterions and
water molecules within the planar PE brushes using an all-atom framework®. In the current
manuscript, we take a similar approach to probe the changes in the microstructure of densely
grafted Polyacrylic acid (PAA) brushes with varying degree of ionization. The charges on the
brushes are neutralized by adding an appropriate number of Na' counterions to the system
(depending on the degree of ionization). A 3-site SPC/E model® is used to explicitly resolve the
water molecules. Analysis of the microstructure of the brushes is anticipated to provide us
fundamental insights into their behavior and thereby envision new applications of PE brushes in
the fields of nanotechnology and tribology.

Our paper is organized in the following sections. We begin with a detailed description of
our MD simulation setup. Subsequently, we present our results for the brush height and chain
mobility, followed by the local arrangement and distribution of the counterions and water
molecules respectively. The effect on the counterions is investigated by quantifying the brush-
induced changes in counterion concentration, condensation, solvation structure (and the resultant
propensity to form water-in-salt like structure®), radial distribution function (RDF), and
mobility. On the other hand, the effect on the water molecules is identified by probing the
corresponding brush-induced changes in the water-oxygen-water-oxygen RDF, water-water and
water-PE functional group hydrogen bond networks, water mass density, static dielectric
constant, orientational tetrahedral order parameter®, and mobility. The results demonstrate
massive impact of the changes of the degree of ionization as well as the grafting density. Given
that such variation in the degree of ionization can be brought about by the corresponding changes

in the pH of the surrounding medium, the findings shed light to the possible impact of the pH-
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responsiveness of densely grafted brushes on its properties as well as the properties and
distributions of the brush-supported counterions and water molecules in an unprecedented
atomistically resolved fashion. In section S1 of the Supporting Information (SI), we provide a

relationship between the pH and degree of ionization of the PAA brushes.
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SIMULATION DETAILS

MD simulations were conducted using an all-atom framework. We considered 36
Polyacrylic acid (PAA) chains having N=49 backbone Carbon atoms. Each chain was end-
grafted on a 6 X 6 square lattice by fixing one of their terminal Carbons in the x-y plane (z=0).
Each chain consisted of 24 functional groups that could exist either in the protonated state
(COOH) or the deprotonated state (COO"). The degree of ionization of the brushes f (ratio of
deprotonated functional groups to total number of functional groups) was varied from no charge
(7=0) to completely ionized (f=1) in steps of 0.25 i.e. /=0, 0.25, 0.5, 0.75, 1. For a given degree of
ionization, 24*f functional groups were randomly ionized along the length of each chain. An
equal number of Na™ counterions were added in the simulation box to ensure charge neutrality
(see Figure 1 for a snapshot of the brushes and counterions). No external salt was added to the
system (salt-free brushes). 3-site SPC/E water molecules®' were used as the explicit solvent. Two
different values of brush grafting densities o, = 0.1/6> and 0.2/c> (where 6=3.5 A is the LJ
distance parameter for backbone Carbon atoms) were probed. Enough water molecules were
added to ensure that the simulation box height was always greater than or equal to 1.5Nc to
eliminate finite size effects. Continuous LJ and reflective walls were placed at the bottom and
top of the simulation box respectively to prevent counterions and water molecules from leaving
the system. All simulations were performed on the MD platform LAMMPS® (Large-scale
Atomic/Molecular Massively Parallel Simulator).

We used the OPLS-AA force field* to model the brushes. All bonded (bonds, angles,
dihedrals, impropers) and non-bonded parameters (charge, LJ diameter, LJ well-depth) were
taken from the OPLS database and provided in section S2 of the Supporting Information. A

shifted truncated 12-6 Lennard Jones (LJ) potential with a 13 A cut-off was used to model short-
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range interactions. The LJ parameters for the Na" counterions were taken from Joung et al®. LJ
interactions between dissimilar atoms were calculated using geometric mixing rules, with the
only exception being interactions between Na' counterions and water molecules. These
interactions were modeled using the Lorentz-Berthelot mixing rules (similar to Joung et al®). A
modified Particle-Particle Particle-Mesh (PPPM) solver®® was used to calculate long-range
electrostatic interactions with periodic boundary condition in the x and y directions, and fixed
boundary condition in z direction.

Our initial configuration consisted of an array of counterions placed adjacent to fully
extended PAA chains. Water molecules were added throughout the simulation domain. The
SHAKE algorithm®” was used to fix the bonds and angles of the SPC/E water molecules. Firstly,
the system was run in a NP, T (the subscript z indicates that only the simulation box height is

68-69 -
in order to

allowed to change) ensemble using the Nosé-Hoover thermostat and barostat
obtain the correct height of the simulation domain. The system temperature and pressure were
maintained at 300K and 1 atmosphere respectively. The relaxation time for temperature and
pressure were set to 0.1 ps and 1 ps respectively. This was followed by equilibration in the NVT
ensemble using the Langevin thermostat’’. The temperatures of the PE chains and the mobile
species (water molecules and counterions) were separately maintained at 300K with a relaxation
time of 0.1 ps for the thermostat. The atomic trajectories are calculated using the velocity-Verlet
integrator with a time step of 2 fs. We monitored the autocorrelation function for average end-
point height of the brushes <z.> to check for equilibration. The equilibration times as well as the

autocorrelation time scale for all simulations are provided in section S3 of the Supporting

Information. A production run of 2 ns was performed for each case and the coordinates of each
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atom were dumped at intervals of 200 fs and 1000 fs in separate files. The open source software

OVITO"' was used for visualization of the atomic trajectories.
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Figure 1: Snapshot depicting the partially ionized PAA brushes (/=1/2) for 0'g=O.1/c52. The black

spheres represent the Na'" counterions while other colors represent the different atom types of the

PAA chains. Water molecules are not shown explicitly to improve visualization.
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RESULTS AND DISCUSSION

PE Molecules: Brush Height and Chain Mobility
Figure 2 plots the end-to-end brush height (<z.>) for various degrees of ionization (f) and

grafting densities (g,) of the PAA brushes. For a given value of g;, we observe only a slight

increase in the brush height with the degree of ionization (f) due to enhanced electrostatic
repulsion between the chain segments as the effective charge of the brush segments increases
with an increase in f. The brush height begins to saturate at higher values of f. Using coarse-
grained MD simulations, Hao et al’® also reported a weak increase in the brush height with
respect to the degree of ionization for planar ring PE brushes at high grafting densities in
presence of monovalent counterions. An increase in the grafting density implies that the brushes
are forced to stretch out more in a direction perpendicular to the grafting surface, enforcing a
larger value of the end-to-end brush height for a larger g, for a given f.

Fig. 2 also points that the brushes always remain in the swollen state for all values of f,

/

since <zg>>> £ (where £ =0, /% is the lateral separation between adjacent chains). This behavior

g

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

In a previous publication®, we demonstrated that our all-atom MD-simulation predicted
variation of the endpoint brush height (for the fully ionized brushes) with grafting density could
73-75

be excellently recovered from the scaling laws of the non-linear osmotic brush regime

However, in the present paper, the variation of the end-to-end brush height with respect to the

10
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degree of ionization does not follow the scaling results of the non-linear osmotic brush regime.
The scaling law massively overpredicts the change in brush height with respect to the degree of
ionization (see section S4 in the Supporting Information). In fact, the mismatch between the
scaling theory and the MD simulation results increases for lower degrees of ionization. This
could be due to the lack of the consideration of excluded volume interactions between the PE
segments in the scaling law of the non-linear osmotic brush regime, which becomes increasingly
important at lower degrees of ionization. In fact, at high grafting densities (like the ones studied
in the current paper), the excluded volume interactions dominate, and the brush height becomes

almost independent of /'(like an uncharged polymer brush).

11



Figure 2: Variation in the end-point brush height with degree of ionization for different grafting

densities.

Soft Matter

+ag=o.2/02 .

—I—Ug=0.1/02

0 0.25 0.5
f

12

0.75

1

Page 12 of 57



Page 13 of 57

Soft Matter

Figure 3 quantifies the mobility of the PE brushes as a function of the degree of
ionization. Accordingly, in Fig. 3(a) we plot the mean squared displacement (MSD) of the
backbone Carbon atoms (numbered sequentially from 1 to 49 with 1 being the grafted Carbon
atom and 49 being the non-grafted terminal Carbon atom) at t=100ps for different degrees of
ionization and 0'g=0.1/02. We can clearly observe the stratification in the mobility of the
backbone Carbon atoms, with an increase in the mobility along the length of the chain (away
from the grafting site). This behavior is expected, as the effect of the topological constraint due
to grafting diminishes as one moves away from the grafting site. We see a sharp increase in the
MSD of the last few Carbon atoms (near the non-grafted chain end) for all values of degree of
ionization. This is due to a reduction in the steric effects from neighboring chains near the non-
grafted chain ends. The thermal fluctuations near the chain ends cause different chains to attain
different vertical heights and hence reduce the steric effects near the chain ends. The MSD of
backbone carbon atoms decreases with an increase in the degree of ionization. This can be
attributed to an enhancement in the average number of counterions condensed per PE chain. The
condensed counterions form a sheath around the PE chains, like a jacket around a cylinder. The
columbic repulsion between the condensed counterions of neighboring chains restricts the
motion of the PE segments and thereby reduces the MSD of backbone atoms. Similar trend is
observed at t=50ps (see section S5 in the Supporting Information). On the other hand, an
increase in the grafting density forces the PE brushes to be even closer to one another enforcing a
reduced mobility (or a smaller MSD) of a particular Carbon atom for a given f [compare the
findings of Figs. 3 and S7].

Figure 3 (b) depicts the MSD of the non-grafted terminal Carbon atoms of the PE chains

for different degrees of ionization and 0'g=O.1/c52. The slope of the MSD-vs-time curve decreases

13
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due to the topological restrictions resulting from chain connectivity. Here too, we observe a
reduction in the MSD with an increase in the degree of ionization and an increase in the grafting
density (for reasons as explained before). Similar observations were made for the middle Carbon

atom (the 25" Carbon atom) of each chain (see section S5 in the Supporting Information).
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Figure 3: (a) Stratification of the mean squared displacement (MSD) of backbone carbon atoms
of the PE chains for various degrees of ionization at t=100ps for 0'g=O.1/02, (b) MSD of the non-
grafted terminal Carbon atom of the PE chains for various degrees of ionization for 0'g=O.1/c52.
The result for the larger grafting density (ag=0.2/02) is provided in Fig. S7 in section S7 in the

Supplementary Material.
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Counterions: Local Arrangement and Distribution

Quantification of the Extent of Counterion Condensation

In addition to the description of the change in the concentration as well as the transverse
distribution of the PE-brush-supported counterions as functions of the grafting density and
degree of ionization [see Figs. S5(a,b) and S6(a,b) and section S6 in the Supplementary
Information], we intend to provide a more thorough understanding of the behavior, properties,
and distributions of the counterions within the brushes as functions of /. Accordingly, in Figure
4(a), we depict the probability density [p(r)] of finding the nearest Ocarbocylate atom at a distance r
from a given counterion within the brushes for various degrees of ionization and g,=0. 1/0°. This
result will help to quantify the extent of counterion condensation on oxygen atoms of the COO
groups (Ocarbocylate atoms) of the PAA brushes. For all combinations of f, we observe a peak in
the probability density at 1~0.645 (2.24 A). This value is very close to the LJ diameter of Na"
counterion (2.1595 A), indicating counterion condensation. The peak value of probability density
increases with degree of ionization, leading to a reduction in the probability density for higher
values of r. This indicates a reduction in the average distance between the counterions and the
nearest Ocarbocylate atom (manifesting, as expected, in higher counterion condensation) with an
increase in f or an increase in the charge of the PE brushes. A similar trend is observed for
0'g=0.2/cs2 [see Figure S8(a)].

Next, in Figure 4 (b), we plot the cumulative distribution function (cdf) by integrating the

probability density over a sphere of radius r [cdf(r) = [ Or 4mr2p(r)dr]. This gives us the overall

probability of finding the nearest Ocarboxylate atom within a distance r from a given counterion.
We observe that the cdf plateaus at a distance of r~0.750 for all degrees of ionization and

grafting density (depicted by black dashed line in the cdf plots). The value of the cdf at r=3.2 A

16
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or 0.914 ¢ (radius of the first solvation shell of Na") corresponds to the fraction of counterions
condensed on the Ocarboxylate atoms. We see a larger cdf plateau value corresponding to a larger f
(or larger ionization), which is a consequence of the larger peak values in the probability density
distribution [see Figure 4(a)]. A similar trend is observed for 0'g=0.2/cs2 [see Figure S8(b)].

Figure 4(c) depicts the percentage of condensed counterions within the PE brush layer for
various degrees of ionization and grafting densities. Most of the counterions (>90%) are
condensed for the explored parametric range. We observe that the percentage of condensed
counterions decreases for lower degrees of ionization. This is because the entropic cost of
binding counterions to Ocarboxylate atoms increases with a reduction in the degree of ionization. As
a result, some of the counterions are able to break free of the enthalpically favorable electrostatic
binding with the Ocarboxylate atoms in order to reduce the net free energy of the system. In a recent
coarse-grained MD study, Hao et al’® also reported a decrease in the fraction of free
(uncondensed) counterions with increasing degree of ionization for linear as well as ring PE
brushes. We observe that the percentage of condensed counterions is typically larger at a higher

grafting density, with the only exception at /=0.5.

17
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Figure 4: (a) Normalized probability distribution of finding the nearest Ocarpoxylate atom around
Na" counterions within the PE brush layer for 0'g=0.1/c52 and (b) the cumulative distribution
function (cdf) for scenario depicted in (a). In (a) and (b), results are shown for different degrees
of ionization. (c) The percentage of counterions (present within the PE brush layer) condensed

on Ocarboxylate atoms for different degrees of ionization and grafting densities.

18



Page 19 of 57

Soft Matter

Quantification of “Water-in-Salt” Like Behavior

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

Here we quantify the similar water-in-salt-like scenarios as a function of the degree of
ionization of the PE brushes and the grafting density. Accordingly, in Figures 5(a) and (c), we
depict the solvation structure of the counterions within the PE brushes for different degrees of
ionization and grafting densities. Inside the brushes, the solvation water of the counterions
(Oxygen of water molecules or Owager atoms to be specific) can be partially replaced by
Ocarboxylate atoms (Oxygen of COO™ group), Ocarbonyl atoms (double bonded Oxygen of COOH
group) as well as Onydroxy1 atoms (single bonded Oxygen of COOH group). Such a replacement of
the solvation water by the Ocarbonyl OF Onydroxyl atoms, which is not relevant for the case of fully
ionized PE brushes®, is only relevant when the PE brushes are only partially ionized and
contains non-dissociated COOH group. The contribution of Ocarbonyt and Omydroxyt atoms in
replacing the water from the solvation shell of counterion is much smaller than that of Ocarboxylate
atoms, for all degrees of ionization. This happens because the carboxylate group (COO") has a
net negative charge whereas the oxygens on the carboxylic acid group (COOH) only carry partial
charges (carboxylic acid group is neutral as a whole), thereby ensuring a much larger attraction
between the carboxylate group and the counterions as compared to that between the oxygen of

the COOH and counterions. This enhanced attraction allows the COO™ group to show a much
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larger tendency to bind strongly with the counterion and in the process lead to a much more
effective replacement of the solvation water of the counterion. Of course, the replacement of
water molecules always occurs in a way that preserves the total solvation number of the Na"
counterions (~6). The contribution of Ocarboxylate atoms increases with f; whereas that of Ocarbony
and Opmydroxy atoms decreases with f. This is simply due to the increase in the ratio of ionized
groups (COQO") to protonated groups (COOH) at higher degrees of ionization. The total number
of water molecules within the first solvation shell (» <3.2 A) of Na" ions shows different trends
with respect to the degree of ionization, depending on the grafting density. At lower grafting

density (g, = 0.1/0?), the number of solvation water molecules first decreases with f

(0.25<£<0.5) and then becomes almost invariant with /(0.5<f<1). However, this invariance is not
witnessed at high grafting density (o, = 0.2/0?), where the number of solvation water
molecules monotonically decreases with the degree of ionization. An increase in the Ocarboxylate —
Na' coordination number with degree of ionization for PAA chains in solution was also reported
in Ref. 51. This is consistent with the increase in number of Ocarboxylate atoms within the first
hydration shell of Na® ions with £, shown in Figures 5 (a) and 5(c). The average solvation
number of Na” ions within the brushes is a resultant of the contributions from the condensed as
well as the uncondensed Na' counterions. The solvation structure of the condensed and
uncondensed counterions for g, = 0.1/0? is compared and discussed in Fig. S15 and section S8
in the Supplementary Material.

Figures 5 (b) and (d) depict the mass and volume ratios of the “salt” to water molecules
within the PE brushes for various degrees of ionization and grafting density. Very similar to our
previous paper™, in our system, the “salt” is formed by the counterions and the charged PE

segments. Therefore, the Na' counterions act as the cations and the ionized monomers [-CH;-

20
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CH(COQ)-] act as the anions. As expected, the “salt” to water ratios (by mass and volume)
increase monotonically with the degree of ionization since larger f implies the presence of a
larger number of ionized segments (-COQO") that can form the “salt” with the counterions. For the
higher grafting density (g, = 0.2/0%), we observe that both the mass and volume ratios cross 1
at approximately f/=0.5. Thus, beyond f=0.5, the “salt” supersedes water by both mass and
volume, giving rise to water in salt like scenarios. However, such a scenario is not witnessed for
the lower grafting density (o, = 0.1/0?), where the mass ratio remains less than 1, even at full
ionization of the brushes (/=1). This is because of the smaller counterion concentrations (and

hence “salt” concentration) witnessed at lower grafting density (see Fig. S5).
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Brush-induced Variation of the Counterion-water-oxygen Radial Distribution Function (RDF)

Figures 6 (a) and (b) plot the Na" - O,, RDF (O, represents Oxygen of water molecules)
of counterions within the brushes for various degrees of ionization and grafting densities. We
also provide the Na' - O, RDF in bulk for comparison. The height of the peak corresponding to
the first solvation shell of the counterions reduces inside the brushes (compared to bulk). This is
due to the partial replacement of water molecules within the first solvation shell of the
counterions by Ocarboxylate, Ocarbonyl aNd Otydroxyl atoms.

At a higher grafting density (g, = 0.2/0%) [see Fig. 6(b)], the height of this peak,
corresponding to the first solvation shell, reduces monotonically with an increasing degree of
ionization. This can be explained as follows: Firstly, there is a reduction in the number of water
molecules within the first solvation shell of the Na’ counterions with an increase in f [see Fig.
5(c) and the related discussions]. Secondly, the overall density of water within the brushes itself
increases with the degree of ionization (see section on mass density of water and Figure 9). This
reduces the height of the peak even further as the RDF is normalized with respect to the overall
density of water within the brushes.

At a lower grafting density (o, = 0.1/0?), the height of this peak, corresponding to the
first solvation shell, initially decreases with an increase in the degree of ionization (0.25<f<0.5).
Again, this is due to the depletion of water molecules within the first solvation shell of Na" in
this range of 1 (0.25<f<0.5) [see Fig. 5(a)] coupled with an increase in the overall density of
water molecules (within the brushes) with /. However, beyond f=0.5, the number of water
molecules within the first solvation shell of the counterions becomes almost invariant of the
degree of ionization (increases very slightly with increase in f) [see Fig. 5(a)]. Of course, the

water density within the brushes still increases with f. The resultant of these two effects is that
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the peak heights corresponding to the first solvation shell of Na" become very close and vary
non-monotonically with respect to f for 0.5</<1.

The Na™ - O,, RDFs plotted in Figure 6 have contributions from both condensed and
uncondensed counterions. In Fig S16 and section S9 in the Supplementary Material, we discuss

the variation of the Na" - O,, RDF for uncondensed Na" ions (for g, =01/ 0?) to shed light on

the differences between the hydration of condensed and free (uncondensed) counterions within

the brushes.

24
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8 10 12

8 10 12

Figure 6: Na' - O,, (O,, represents Oxygen of water molecules) RDF within the PE brush layer

for various degrees of ionization for (a) 0'g=O.1/<52 and (b) 0'g=O.2/02. Bulk Na" - O,, RDF is also

provided for comparison (dashed line).
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Mobility of the counterions within the PE brushes

Our previous all-atom MD simulation paper had identified a significant reduction in the
mobility (quantified through the corresponding mean squared displacements or MSDs) of the
counterions within the densely grafted PE brushes owing to the large confinement effect
introduced by the densely grafted brushes as well as the strong electrostatic attraction between
the completely ionized PE brushes and the counterions®. Here we study the effect of the varying
degree of ionization on the counterion mobility. For that purpose, in Figure 7 we depict the MSD

of the Na" counterions within the brushes for different degrees of ionization and 0'g=0.1/02. The

slope of the MSD-vs-time curves decreases with time and the MSD eventually saturates to a
constant value. This indicates that the counterions are unable to diffuse freely. This happens due
to a combination of electrostatic binding with the PE segments and brush-induced
nanoconfinement. For a given grafting density, the counterion mobility increases with decrease
in the degree of ionization due to a decrease in the percentage of bound counterions (see section
on counterion condensation and Figure 4). Bound counterions are condensed on the Ocarboxylate
atoms and lose much of their mobility due to strong columbic interactions. The counterion

mobility is much smaller at a higher grafting density (o, = 0.2/0?) due to enhancement in the

percentage of bound counterions (typically) and a stronger brush induced confinement [compare

the findings of Figs. 7 and S9 in the Supplementary Material].
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Figure 7: Mean squared displacement (MSD) of Na" counterions within the PE brush layer for

various degrees of ionization for g,=0. 1/c%. The result for the larger grafting density (Ug=0.2/62)

is provided in Fig. S9 in section S7 in the Supplementary Material.
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Water: Local Arrangement and Distribution

Brush-induced Variation of the water-oxygen-water-oxygen Radial Distribution Function (RDF)

Figure 8 depicts the O,, — Oy, (water-oxygen-water-oxygen) RDF of water molecules
inside the brushes for various degrees of ionization and a4=0. 1/6°. Oy — O,, RDF of bulk water is
also provided for comparison. The peak height corresponding to the first solvation shell increases
drastically within the uncharged brushes (/=0) as compared to bulk. This is because the overall
density of water molecules within the uncharged brushes is significantly smaller as compared to
bulk (see section on mass density of water and Figure 9) and the RDF is normalized with respect
to the overall water density.

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

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

The Oy, — Oy RDF within the brushes plotted in Figure 8 has contributions from both
bound and free water molecules. A water molecule present inside the first solvation shell of a

Na" jon (r < 3.2 A) is considered to be bound. Otherwise it is considered as a free water
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molecule. The O, — Oy, RDFs for both bound and free water molecules are plotted separately for
comparison in Figure S17. This will help to explain the differences between the local structure of

the bound and free water molecules within the brushes.
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Figure 8: O,-O,, RDF of water molecules within the PE brush layer for various degrees of

1onization for agzo.l/cz. Bulk Oy-Oy RDF is also provided for comparison. The result for the
larger grafting density (Ug=0.2/02) is provided in Fig. S10 in section S7 in the Supplementary

Material.
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Water density within the PE Brushes

In Figure 9, we plot the local mass density of water molecules as a function of the z

coordinate (z=0 is the grafting plane) for various degrees of ionization (f) and 0'g=0.1/c52. The
result for the higher grafting density (ag=0.2/02) is shown in Fig. S11 in the Supplementary

Material. The water mass density drastically decreases within the brushes as compared to that in
the bulk, as has been reported in our previous paper™. Interestingly, inside the brushes, the mass
density of water increases with f for both the grafting densities. Two factors are at play here. On
one hand, increasing the degree of ionization leads to a significant increase in the number of
counterions trapped within the brushes, as evident by the much larger values of counterion
concentration for such degrees of ionization (see Figure S5). For example, the counterion
concentration for g, = 0.2/0% at f=1 is 18.33 m i.e., there is 1 counterion for approximately
every 3 water molecules. Such a massive increase in counterion concentration leads to steric
effects ensuring that there is lesser space available for the water molecules. On the other hand, an
increase in the degree of ionization increases the number of water molecules required to solvate
the counterions. Thus, more water molecules get trapped inside the brushes to cater to the
solvation requirements of the counterions.

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

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

brush.
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Figure 9: Transverse variation of mass density of water molecules for various degrees of

1onization for a,=0. 1/6°.
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Brush-induced Variation of Static Dielectric Constant of Water

Figure 10 plots the static dielectric constant of water molecules (normalized by its bulk

€r(0)

value), € = [er (0] Buik

within the brushes for various values of degree of ionization (f) and

grafting densities. Here €,-(0) is the dielectric constant of water molecules within the brushes at
zero frequency and [€,(0)] g 1s the dielectric constant of bulk water at zero frequency. Our
previous study had reported a significant decrease in €, within the brushes for the fully ionized

brushes®. Here we study the role of fand g in this reduction of €,.. The static dielectric constant

of water molecules was calculated using the linear response theory’® as:

1
3kpTegV

-(0) =1+ (KM?>-—-<M>?), (1)

where kgT is the thermal energy, €, is the permittivity of free space, V is the volume under
consideration and M is the total dipole moment of water molecules in volume V.

A non-monotonic variation in the dielectric constant of water with f'is observed for both
values of grafting density. There are two factors at play here. Firstly, the mass density (and hence
the number density) of water molecules within the brushes increases with the degree of
ionization (see section on mass density of water and Figure 9). This increases the dielectric
polarization density in the presence of an electric field as there is greater number of water
molecules (per unit volume) available to be polarized in the first place. Secondly, the percentage
of bound water molecules also increases with the degree of ionization. A water molecule is
considered to be bound if it is present within the first solvation shell (r < 3.2 A) of a Na"
counterion. This trend is depicted on the right axis in Figures 10 (a) and (b). An increase in the
percentage of bound water molecules decreases the dielectric constant of water due to the

inability of bound water molecules to polarize freely in the presence of an electric field.
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Clearly, the two effects oppose each other. The resultant of the two effects leads to the
observed non-monotonic variation in the dielectric constant of water (within the brushes) with

the degree of ionization. At lower grafting density (g, = 0.1/0?%), the mass density effect

dominates at lower values of f (0</<0.75), while the effect associated with the enhancement in
fraction of bound water molecules dominates at higher values of /' (0.75<f<1). This leads to an
initial enhancement in the dielectric constant of water followed by a reduction with increase in
the degree of ionization. However, we observe a completely opposite trend at higher grafting
density. For o, = 0.2/0?, we witness a decrease in the dielectric constant of water at low to
moderate degrees of ionization followed by a slight increase at high degrees of ionization.

This finding points to a most interesting scenario where a fundamental property of water
such as the static dielectric constant could be regulated in a most unique fashion within a layer

of PE brushes by tuning the degree of ionization and the grafting density of the brushes.

35



Soft Matter Page 36 of 57

. 0.2 -
S S
o 0
@ <@
S -]
Q O
@ <@
(@] (@)
E 15 02 -
o 5
(U b —
s s
=
(@]
(@]
: “ 015 @
0 025 05 075 1 0 025 05 0.75 1
f f
(a) (b)

Figure 10: Left axis- Static dielectric constant of water molecules (normalized with respect to
bulk value) within the brushes for various degrees of ionization. Right axis- Variation in the
percentage of bound water molecules within the PE brush layer for various degrees of ionization.

Results are shown for (a) g,=0. 1/6* and (b) O'g=0.2/(52 .

36



Page 37 of 57

Soft Matter

Variation of the Hydrogen-Bond Network within the PE Brushes

Figure 11 plots the transverse variation in average number of hydrogen bonds formed by
water molecules (per water molecule) (nug) for various degrees of ionization and og=0.1/02. The
transverse variation in average number of hydrogen bonds formed by water molecules with other
water molecules (per water molecule) (ngp ) is also plotted. The result corresponding to a larger
grafting density (O'g:0.2/62) is provided in Fig. S12. Water molecules can form hydrogen bonds
with other water molecules as well as the polyelectrolyte chains. Various atoms on the pendant
groups of the PAA chains can form hydrogen bonds with water molecules. These include the
Ocarboxylates Ocarbonyl, OHydroxyt and Hpydroxyt (Hydrogen of COOH group) atoms. Thus, PAA
functional groups can behave like hydrogen bond acceptors (via Ocarboxylates Ocarbonyl a0d Orydroxyl
atoms) as well as hydrogen bond donors (via Huydroxyt atoms). A hydrogen bond (between water-
water or water-PE functional group) is considered to exist if the distance between the donor and
acceptor Oxygen atoms is less than 3.4 A, the distance between the participating Hydrogen atom
and acceptor Oxygen atom is less than 2.425 A, and the angle between participating Hydrogen
atom—donor Oxygen atom—acceptor Oxygen atom is less than 30°7""%,

There is a significant reduction in hydrogen bonding between water molecules within the
brushes (as compared to bulk) even for the case of uncharged brushes (/=0). This is because
water molecules form hydrogen bonds with the PAA chains at the expense of water-water
hydrogen bonds. We observe that increasing the degree of ionization increases the average
number of hydrogen bonds between water molecules and PAA functional groups per PAA chain
(npB paa-water) [S€€ Fig. 11(c)]. Such an increase in water — PAA hydrogen bonding improves the
hydrophilicity of the brushes and is commensurate with the enhanced brush height at higher

degrees of ionization (see Fig. 2). In their all-atom MD study, Sappidi et al’' also observed an
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increase in the number of water — PAA hydrogen bonds with the degree of ionization of atactic
PAA chains in solution. We witness a decrease in nygp, with an increasing degree of ionization.
This can be attributed to the increase in counterion concentration within the brushes. The Na"
counterions act as structure breakers and undermine the hydrogen bond network between the
water molecules.

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

(nyp) with increasing degree of ionization (for both values of gy).
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Figure 11: (a) Transverse variation in number of hydrogen bonds per water molecule nyg with

degree of ionization for O'g=0.1/62, (b) Transverse variation in number of hydrogen bonds

between water molecules (per water molecule) nyp with degree of ionization for 0'g=O.1/02, ()

Average number of hydrogen bonds between PAA functional groups and water molecules (per

PAA chain) nyp paa-water fOr various degrees of ionization and grafting densities.
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Orientational Tetrahedral Order Parameter of Water Molecules within the PE Brushes

Figure 12 plots the probability distribution of the orientational tetrahedral order
parameter (q) of water molecules®® within the brushes for various degrees of ionization and
O'g:0.1/62. The result corresponding to a larger grafting density (0920.2/02) is provided in Fig.
S13. g=1 corresponds to a perfectly tetrahedral arrangement of water molecules. Smaller values
of q represent larger deviations from the local tetrahedral arrangement. We observe that the
presence of brushes causes a significant change in the probability distribution. This happens even
if the brushes are uncharged (/=0). The presence of brushes causes a reduction in the hydrogen
bonding (as compared to bulk) between water molecules (nyg.w), thereby significantly distorting
the local tetrahedral arrangement of water. This shifts the probability distribution towards lower
values of q within the brushes. The shift towards lower values of q is more pronounced at higher
grafting density, as the hydrogen bond network between water molecules is much more severely
affected at higher values of g, (as seen by comparing of the findings of Figs. 12 and S13).

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

the brushes.
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Figure 12: Probability distribution of orientational tetrahedral order parameter (q) of water

molecules within the PE brushes for various degrees of ionization for 0'g=0.1/02. Probability

distribution of q for bulk SPC/E water is also provided for comparison.
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Mobility of the water molecules within the PE brushes

Our previous paper had identified a significant reduction of the mobility of the water
molecules (quantified by the corresponding MSDs) within the fully-ionized PE brushes owing to
the large confinement effect induced by the densely grafted PE brushes as well as the significant
dipolar interactions between water molecules and the charged PE brushes®. Here we quantify the

water mobility within the PE brushes as functions of the degree of ionization and 0'g=0.1/c52. .

For that purpose, in Figure 13 we depict MSDs of water molecules within the brushes as a

function of time for various degrees of ionization and 0'g=O.1/02. The long-time slope of the

MSD-vs-time curves decreases with an increase in the degree of ionization and grafting density,
indicating some form of confinement effect that is hindering the water molecules from diffusing
freely. The reduction in water mobility with increasing degree of ionization can be explained via
electrostatic interactions. With an increase in f, the percentage of water molecules bound to the
counterions increases (see section on static dielectric constant of water and Figure 10). A
majority of these counterions are in turn condensed on the Ocarboxylate atoms of the PAA brushes.
In fact, the percentage of condensed counterions itself increases with f'(see section on counterion
condensation and Figure 4). As a result, the water molecules become much less mobile with
increased ionization of the PE chains.

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

confinement due to their unique topology. Secondly, the water molecules form hydrogen bonds
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with the pendant groups attached to the PE backbone. This further restricts their mobility as the
PE chains are tethered to a substrate and cannot move freely (see Figure 3). Similar trends are

observed for the case of higher grafting density, i.e., 0'g=O.2/(52 (see Fig. S14).
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Figure 13: Mean squared displacement (MSD) of water molecules within the PE brushes for

various degrees of ionization for a,=0. 1/6%.
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CONCLUSIONS

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

density of the brushes.
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All-atom Molecular Dynamics simulations are used to probe the effects of
charge density on the microstructure of polyacrylic acid brushes.



