Colloid and Polymer Science (2020) 298:21-33
https://doi.org/10.1007/500396-019-04579-2

ORIGINAL CONTRIBUTION

The effects of grafting density and charge fraction

®

Check for
updates

on the properties of ring polyelectrolyte brushes: a molecular

dynamics simulation study

Qing-Hai Hao'

- Li-Xiang Liu" - Gang Xia' - Li-Yan Liu' - Bing Miao?

Received: 18 July 2019 /Revised: 20 October 2019 / Accepted: 21 October 2019 /Published online: 9 November 2019

© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Using molecular dynamics simulations, the flexible ring polyelectrolyte chains tethered to a planar substrate and immersed in good
solvents are investigated systematically. Two sets of simulations are performed to explore the effects of grafting density and charge
fraction, respectively. Both the monovalent and trivalent counterions are considered. The height of the brush H follows a scaling
relation with grafting density (~o,”) and charge fraction (~f"). The values of the exponents are different from those of the linear
counterparts. Through a careful analysis on the distributions of monomers and counterions, pair correlation functions of monomer-
monomer and monomer-counterion, as well as the fractions of trivalent counterions in four states, the equilibrium structures of the
ring PE brushes are examined in detail. Furthermore, a brief comparison with the ‘equivalent’ linear brush is carried out. Also, our
results can serve as a guide for improving the performance of ring polyelectrolyte brushes as unique surface modifiers.

Keywords Molecular dynamics simulation - Ring polyelectrolyte brushes - Grafting density - Charge fraction

Introduction

Tethering of polyelectrolyte (PE) chains to the planar or
curved surface can yield PE brush, which is considered as
one of the most promising approaches for tuning surface prop-
erties [1-3]. Indeed, PE brushes are important in a variety of
application fields, such as colloid stabilization [4], drug deliv-
ery [5], lubrication [6], and stimuli-responsive surfaces [1].
Particular interests focused on the structural and dynamic
properties of brushes formed by linear PE chains in the past
decades. PE brushes with nonlinear molecular architectures
(comb-like, star-like, branched, and ring polymers) have been
addressed only recently, and studies in this field are still in
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progress. Among these nonlinear topologies, ring (non-
catenated) polymers, due to the intrinsic absence of chain
ends, have been shown to demonstrate unique physical char-
acteristics and remarkable performances compared to their
linear counterparts [7]. Understanding the topological effects
ofring PE brushes would pave the way for the development of
new strategies for surface protecting and open up unrevealed
opportunities in material science.

In contrast to the most commonly explored linear PE
brushes, only a few theoretical [8—10], experimental
[11-16], and simulation [17-26] studies of ring brushes have
been reported to date. Most of them focused on the brushes
formed by uncharged ring polymers. For example, Cao et al.
[8] investigated the surface forces between telechelic polymer
coating substrates by employing a polymer density functional
theory (PDFT). It was reported that linear and ring brushes
exhibited a similar scaling behavior for the brush thickness;
however, a significant difference was observed in terms of the
brush morphology, especially for the segment densities close
to the brush edge. By means of the analytical self-consistent
field (ASCF) approach, Borisov and co-workers [9] investi-
gated the structure and lubricating properties of polymer
brushes formed by a neutral intra-molecular macrocycle with
an equal long linear fragment grafted to a planar surface at
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implicit and good solvent conditions. It was predicted that the
cyclization-induced weaker interpenetration of sliding brushes
might enhance their performance as lubricants, which has
been confirmed by molecular dynamics (MD) simulations of
ring polymer brushes [17]. Very recently, using lattice self-
consistent field (LSCF) calculations, Qiu et al. [10] reported
the first systematic study of planar ring homopolymer brushes
immersed in an explicit and athermal solvent. Their results
clearly shown that ring brushes were nearly, but not complete-
ly, identical to the ‘equivalent’ (half the chain length and dou-
ble the grafting density) linear brushes. However, for two
identical and opposing brushes, ring brushes usually had
smaller interpenetration thickness than the equivalent
linear analogs.

Experimentally, using a simple drop coating method, Li
et al. [11] reported the preparation of planar surfaces bearing
loop and linear triblock copolymer chains. The results from
quartz crystal microbalance with dissipation (QCM-D) protein
adsorption experiments demonstrated that the loop brushes
exhibited a more enhanced antifouling performance over the
linear counterparts with similar grafting density. Yu and co-
workers [12] compared physical properties and bio-interfacial
behaviors of gold surfaces tethered cyclic polystyrene brushes
with those of the linear polystyrene brushes. It was observed
that the denser and more compact ring brushes facilitated ab-
sorption of larger proteins while suppressed adsorption of
smaller ones. Recently, Benetti and coworkers synthesized a
series of ring brushes by the ‘grafting-to’ technique, such as
one poly-2-ethyl-2-oxazoline (PEOXA) on titanium oxide
(TiO,) surfaces [13, 14], different mixtures of loops and linear
tails, ring PEOXA brushes on TiO, surfaces [15], as well as
PEOXA ring brushes on oleic acid-stabilized Fe;O4 nanopar-
ticles [16]. As shown in their review paper [7], compared to
the linear brushes, ring brushes exhibited a higher repulsive
force against compression, reduced the amount of physically
absorbed proteins, and enhanced the steric stabilization.

On the other hand, simulations of the unique properties of
neutral ring brushes have been recently highlighted. For in-
stance, using MD and Monte Carlo (MC) off-lattice models,
Binder and coworkers [18, 19] first investigated the anoma-
lous structure and the chain dynamics in neutral ring (non-
catenated) brushes and compared results with those of the
‘equivalent’ linear brushes. Milchev and Binder [20] studied
the adsorption of oligomers and linear flexible macromole-
cules into a planar brush formed from neutral ring polymers
by MC simulations. It was reported that the concentration
profiles of oligomers and linear polymers in ring brushes dem-
onstrated little difference from those in the linear brushes. Wu
and coworkers [21] investigated the static and dynamic prop-
erties of neutral ring polymer chains tethered to a flat substrate
at various grafting densities and chain lengths in good solvents
by MD simulations. In a following paper, they extended the
MD simulations to the planar brushes formed by multi-cyclic
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chains where each chain consisted of a sequence of small
identical rings [22]. Employing non-equilibrium MD simula-
tions, Erbas and Paturej studied [17] the friction between un-
charged ring polymer brush bilayers sliding through each oth-
er in an implicit and good solvent. They pointed out that both
the friction force and the normal pressure of ring brushes were
nearly half of those of the ‘equivalent’ linear counterparts.
Very recently, Liu and coworkers [23] presented a simulation
study on the nonwettability of a flat surface grafted with neu-
tral loop polymer chain. Both the monodispersed loops (loops
with the same length) and polydispersed loops (loops with
different lengths) were considered, which were helpful to en-
hance the nonwettability of the surface. Additionally, Spontak
et al. [24-26] conducted a series of simulation works to inves-
tigate the properties of double tethered neutral macromole-
cules to an impenetrable surface, which demonstrated similar
loop topology with the ring brushes. The effects of grafting
density and chain length on the static conformational proper-
ties and dynamic relaxation behaviors under good solvent
condition were analyzed. It was reported that the existence
of a second grafting point generated little influence on the
segments near the chain origin, but promoted the overall coil
localization close to the interface.

Ring PE chains, such as synthetic polymers and biopoly-
mers, are common. However, less attention has been paid on
the ring PE brushes up to the present. Fabricated by means of
an intermediate azide-bearing monolayer, the lubricating
properties of surface grafted positively charged polysaccha-
rides were investigated by colloidal probe lateral force micros-
copy [27]. It was suggested that the complex loop-train-tail
structure significantly enhanced the load-bearing properties of
the dextran film. Noting that, for charged tethered ring chains,
the topological effects by cyclic charged macromolecules
would broaden the tuning potential of the interfacial proper-
ties, which might be a dominant factor in the reduction of
frictional forces and the enhancement of surface antifouling.
In this work, we present the first systematic study of non-
catenated ring PE brushes grafted on a flat surface and im-
mersed in an implicit and good solvent by means of MD
simulations. The effects of grafting density, counterion va-
lence, as well as charge fraction on the equilibrium structures
of the ring PE brushes are examined in detail. Our theoretical
work helps to reveal the unique physical-chemical properties
of ring PE brushes originated from the long-range Coulomb
interactions.

Simulation details

Simulations of planar ring PE brushes are performed using
coarse-grained Kremer-Grest bead-spring model [28]. Three
basic units, length o, mass m, and energy ¢, are employed in
our simulations. Other units are derived from these basic ones.
The PE chain is modeled as a ring formed by Ng connective
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beads with diameter o. The ring chains are anchored to a flat
neutral substrate to form a regular 6 x 6 square grid. Each
charged segment of ring PE chain carries a negative electrical
charge —e. Positive charged counterions (monovalent or triva-
lent) are added to a simulation box for keeping electroneutral-
ity. The simulation box has dimensions L, x L, x L., where L,
=150 is fixed during our simulations. L, and L, are adjusted to
fulfill our desired grafting density o, = 36/L.L,. The grafting
surface is located at z = 0. A nonselective and impenetrable
surface is located at z = L, to prevent counterions from escap-
ing. Periodic boundary conditions are enforced in the x and y
directions.

The pairwise excluded volume interactions between any
two beads are modeled by a truncated-shifted Lennard-Jones
(LJ) potential

= 6 C)() + ()] =

0 r>r
(1)

where 7 is the distance of any two beads. € = 1.0kgT (k3 is the
Boltzmann constant and 7 is the absolute temperature) is the
interaction strength regardless of bead type. The cutoff dis-
tance 7, = 2'"° is the same for all the pairwise interactions. The
choices of parameters of € and r,, correspond to good solvent
conditions for the polymer backbone.

The bonds are maintained by the finite extension nonlinear
elastic (FENE) potential [28]

2
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where Kgyring = 30.0e/0 and Ry, = 1.50 are the spring constant
and the maximum bond length, respectively. This attractive
FENE potential coupled with the excluded volume interaction
(LJ potential) can prevent the bonds to penetrate each other.
Moreover, whether the ring topology is conserved during the
whole simulation process is crucial for our simulation results.
Besides the FENE potential of the ring chains, we also mon-
itor the topological information of the tethered ring PE chains.
Once a bond length exceeds the maximum length or the ring
topology is not conserved during the run, the simulation pro-
cess will be interrupted immediately. Furthermore, the time
step size is chosen rationally to ensure the ring topology con-
served throughout the simulation on the basis of existing sim-
ulation literature [28].

The Coulomb potential is employed to describe the elec-
trostatic interactions between charged beads with the charge
valences g; and g; and separated by the distance »

UCnul(r) = kBT (3)
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r

where /3 is the Bjerrum length Iz = ez/agsrkBT (g and ¢, are
the vacuum permittivity and the relative dielectric constant of
the implicit solvent). Note that the Bjerrum length in solutions
is about 2~5 times of distance between charged residues along
polymer backbone for many synthetic PEs and
biomacromolecules [29], we select a typical value Iz = 30,
which has been widely used in the literatures [30-32]. The
long-range part of the Coulomb potential is calculated by
means of the particle-particle particle-mesh (PPPM) algorithm
[33]. To calculate the electrostatic interaction of the 2D peri-
odic system, an empty volume with thickness of 3L, is
inserted along z-direction [34].

MD simulations are carried out in a canonical ensemble
(constant number of beads N, volume V, and temperature 7)
using the open-source software LAMMPS [35]. The constant
temperature is maintained by coupling the system to a
Langevin thermostat [33, 35]. The motion of any bead i is
governed by the Langevin equation

dzl”i(t)
dr

di"i(t)
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where the mass m = 1.0 is identical for all types of beads. F; is
the total deterministic force of other beads interacted with the
ith beads. £ = 0.143m/7 (1= (mo?/)"? is the standard LJ time
unit) is the friction coefficient. F,X(7) is the random force of the
ith bead, which is related to the friction coefficient £ by the
fluctuation-dissipation theorem <F,—R(t)~F_,-R(t')> = 6mkgT0,0(t-
t"). The temperature is set as 7 = 1.0. The velocity
Verlet algorithm with a time step Az = 0.0057 is employed
to integrate the equations of motion, which is reasonable for
the coarse-grained model of polymer brushes [28, 36, 37].
Initially, the PE chains, in extended configurations, are per-
pendicular to the tethered surface. Monovalent or trivalent
counterions are homogeneously dispersed in the simulation
box. The system is equilibrated for 3 x 10° time steps. Two
operations are employed to ensure that the system reaches the
equilibrium state. On one side, during the equilibration run,
we monitor the time evolutions of the thermodynamic quan-
tities (temperature, energy, and pressure) as well as the struc-
tural parameters (brush height and radius of gyration) to en-
sure that the parameters have reached a steady-state regime.
On the other side, the autocorrelation function Cy(#) of the
brush height is calculated, which can be defined as [38]

(OH (1)0H(0))

O

H (1) = H(1)~(H) (5)

where H refers to the brush height and is defined in Equation 6.
For clarity, the Cy(#) of the two typical grafting densities (o, =
0.0025, 0.1) with different charge fractions in the presence of
monovalent and trivalent counterions are plotted in Fig. 1.

As depicted in Fig. 1, all the autocorrelation functions de-
cay to zero at £ < 5007 (10* time steps), which is much shorter
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than the time of the equilibrated run (3 x 10° time steps).
Therefore, it is acceptable that the system is not in kinetical
trap state [39]. Then, a production run is performed for 4 x 10°
time steps. A snapshot from simulations is saved every 2 x 10°
time steps and 2001 configurations are collected for analyzing
the properties of ring brushes by our programs.

Results and discussions
The effect of grafting density

Grafting density is one of the most important parameters that
could be controlled during the ring PE brush synthesis process
[7]. Firstly, the effect of grafting density on the equilibrium
structures of the ring PE brush is characterized by the height of
the brush, which can be defined as

e Zfézzpm (z)dz

6
I pm(2)dz ©

where p.,,(z) is the distributions of the monomers along the z-
axis direction. And the mean-square radius of gyration in the
z-direction perpendicular to the grafting surface can also be
calculated by

R :%é <<Zi_z€m)2>1/2 = 1 % % <<Zi_zj)2>1/2 (7)

— A2
N= =1 j=1

where z; is the z-component of the ith monomer position vec-
tor and z,,, refers to the center of mass of the tethered PE
chains along the z-direction. The ring PE brush height and
the radius of gyration in the z-direction as a function of the
grafting density are plotted in Fig. 2 a and b.

At low grafting densities of o, < 0.01, the distance between
grafting points of ring chains is large enough that the brush
layer consists of individual chains, which is in the so-called
‘mushroom’ regime with monovalent counterions. The brush
height and the z-component of radius of gyration are almost
constant in the presence of monovalent counterions (see filled
squares in Fig. 2a, b). However, they show a slight decrease
with increasing the grafting density in the presence of the
trivalent counterions (see filled circles, upper, and down

@ Springer

triangles in Fig. 2a, b). The conformations of individual chains
in a mushroom regime are determined by intra-chain electro-
static interactions, which will be analyzed in Fig. 6. Trivalent
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Fig. 2 The heights of the ring PE brushes (a) and the z-component of the
radius of gyration (b) as a function of the grafting density. ¢ Replot of H
versus Ry, at different grafting densities. The filled square denotes the
case of chain length Ny = 100 and charge fraction f= 0.5 with monovalent
counterions. The filled circle represents the case of Ng = 100 and /= 0.5
with trivalent counterions. The filled upper triangle indicates the case of
Ny =100 and f'= 1.0 with trivalent counterions. The filled down triangle
indicates the case of Ng = 60 and /= 1.0 with trivalent counterions
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counterions can induce the grafted ring PE chains to shrink,
which is mainly due to the deduction of osmotic pressure
arising from the replacement of monovalent counterions by
trivalent ions and the so called ‘bridging’ mechanism (the
ability of one trivalent ion to binding three charged segments).
The multivalent ion induced brush collapse was also observed
in the linear PE brushes [30, 40].

With increasing the grafting density, a crossover from
‘mushroom’ regime to ‘brush’ regime occurs. One can expect
that the height of brush and the z-component radius of gyra-
tion will increase with the increase of the grafting density, and
the excluded volume effect becomes important in the brush
regime. Wu and coworkers [21] reported that the thickness of
neutral ring polymer brushes behaved a scaling law of
H~0g0'27 in good solvent, rather than H~ag”3 for a linear
polymer brush. Furthermore, the strong linear PE brush was
found to have the same scaling behavior as the neutral brush in
the so-called osmotic brush regime [41]. For o, > 0.025 in the
brush regime, the lateral inhomogeneous patterns of the brush
layers (see Fig. 4c, e) formed in the low grafting density are
broken, uniform layer morphology can be observed, and the
scaling exponents are calculated only for these homogenous
ring PE brushes. The brush thickness also follows the scaling
relationship H~o,” in the brush regime. The scaling exponent
v = 0.24 in the presence of monovalent counterions (filled
squares in Fig. 2a) is slightly lower than that of the linear PE
brush (v = 1/3). And the value of scaling exponent in the
presence of monovalent counterions is close to that of the
neutral ring brush (v = 0.27) predicted by Wu and coworkers
[21], which indicates that the electrostatic screening effect of
monovalent counterions is pronounced and the ring PE brush
behaves like a neutral brush. However, the adding of trivalent
counterions induces a larger scaling exponent for ring PE
brushes. Specifically, the scaling exponent increases with the
charge fraction for fixed chain length N = 100, that is, v =
0.53 for /= 1.0 (filled circles in Fig. 2a) and v = 0.42 for = 0.5
(filled upper triangles in Fig. 2a). We can understand this
feature by analyzing the bridging effect of trivalent counter-
ions. The ring chains are inclined to form the pinned-micelle
structures induced by the strong electrostatic absorption of
trivalent counterions to the charged residues. The micelle-like
structures aggregate more tightly with the increase of
charge fraction, which yields to a lower brush height
for high charge fraction in the low grafting densities.
The evolution of brush height with grafting density cor-
responds to a larger scaling exponent for the high
charge fraction in the presence of trivalent counterions
for the high grafting density conditions. The scaling
exponent v = 0.50 for Nz = 60 (see filled down triangles in
Fig. 2a) is slightly lower than that of Ny = 100 for fixed f=1.0.
As shown in Fig. 2b, the z-component of radius of
gyration demonstrates a similar power laws R,,~0," to
that of the brush height.

According to the ‘Alexander picture’ [42] of a neutral poly-
mer brush, one can conclude that /4 « R,, under good solvent
conditions. For the ring PE brushes, we re-plot H vs. Ry,
focusing on the effects of grafting density at fixed chain length
and charge fraction of tethered ring PE chains, which is shown
in Fig. 2c. It is observed that the height of the ring PE brushes
exhibits a linear profile with R,,, which is similar to the linear
polymer brushes. Furthermore, the slope of the linear profile
can be affected by the chain length, which is irrespective to the
counterion valence and charge fraction of the ring backbone.

The distribution profile of monomers as well as counterions
in the z-direction perpendicular to the grafting surface is one of
the central properties of the ring PE brush. Based on the MD
trajectory data, the distribution profiles of monomers and coun-
terions along z-axis are calculated. Two series of typical distri-
bution profiles are plotted in Fig. 3, namely, one is o, = 0.0025
(the mushroom regime and see Fig. 3a, b), and the other is o, =
0.1 (the brush regime and see Fig. 3c, d), respectively. In the
case of low grafting density, a pronounced peak profile is ob-
served in the presence of trivalent counterions regardless of
charge fraction (red and blue curves in Fig. 3a), which corre-
sponds to collapsed mushroom morphology induced by the
‘bridging” mechanism of multivalent ions. Also, the width of
the main peak becomes slightly narrower with the increase of
charge fraction, which coincides with the evolution of the
brush height with charge fraction in the low grafting densities
shown in Fig. 2a. In the case of monovalent counterions, the
electrostatic correlation effect is absent and the ring PE brush
adopts a relative more swollen structure due to the hydrophilic
solvents (black curve in Fig. 3a). As shown in Fig. 3b, almost
all trivalent counterions are confined in the brushes because of
the strong attraction between charged residues and trivalent
ions, which is also evidenced by the low value of fractions of
free trivalent counterions shown in Fig. 6a. However, part of
monovalent counterions can move outside of the brush due to
the translational entropy of counterions. In the case of the brush
regime, the ring PE brushes are in a stretched state because of
the excluded volume effect originated from the high grafting
density, which is more pronounced in the presence of mono-
valent counterions (see Fig. 3¢). An oscillated profile especial-
ly for the monovalent case can be observed for small z region,
which can be attributed to the excluded volume effect of
grafting surface. Furthermore, the variation of p,(z) near the
brush periphery in the trivalent counterions is steeper than that
of the monovalent counterions, which is beyond the strong
stretching limit of the self-consistent field theory pn(z) =
1—(z/H)2 [43, 44]. As one can expect, the distribution profiles
of counterions in the brush regime (see Fig. 3d) resemble the
profiles of the monomers (see Fig. 3¢).

In order to investigate the lateral phase separation of ring
PE brushes induced by the trivalent counterions at low
grafting densities, we calculate the distributions of time-
averaged monomer (left panels) and counterion (right panels)
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density projected onto the xy plane (a top-down view), which
are plotted in Fig. 4. Only the cases of charge fraction f= 1.0
and chain length Ny = 100 are provided, which corresponds to
the solid upper triangles in Fig. 2a. As shown in Fig. 4a, owing
to the large distance between neighboring ring chains at o, =
0.0025, the ring PE brush adopts an isolated chain morpholo-
gy, where the high density points correspond to the grafting
sites. With increasing grafting density, the pinned-micelle
morphologies are formed at o, = 0.005 (see Fig. 4c) and o,
= 0.0075 (see Fig. 4e), that is, a number of ring PE chains
aggregate together to form a micelle, where the chains are still
tethered onto the substrate (referred as ‘legs’). Furthermore,
the characteristic size of the heterogencous pattern gets larger
with increasing grafting density. These lateral phase separa-
tion structures induced by multivalent ions under good solvent
conditions have also been reported for the linear PE brushes
[30, 45-47]. For further increasing the grafting density, the
lateral heterogeneous pattern disappears, that is, system forms
the uniform layer morphology in the brush regime. Because of
the strong electrostatic attraction between polyions and triva-
lent counterions, almost all trivalent counterions are con-
densed onto the polymer backbone, which leads to the similar
lateral distributions (right panels) with those of monomers for
fixed grafting density.

In order to illustrate the correlation effect of trivalent coun-
terions on the properties of the ring PE brushes, we further
calculate the fractions of free (14e), nearest neighbor conden-
sation (¥)xnc), intra-chain bridging (¥1ap), and inter-chain
bridging (¢1gp) trivalent counterions as a function of grafting
density, which has been demonstrated schematically in Fig. 5.
Specifically, the cutoff distance R, = 26 (marked with a dash
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circle in Fig. 5) is taken for constructing the neighbor list of
each trivalent counterion, which corresponds to the cutoff dis-
tance of the pairwise interaction between monomers and
counterions in good solvents.

The dependence of fractions of trivalent counterions on the
grafting density is plotted in Fig. 6 for different chain lengths.
Specifically, the competition between the translational entropy
of counterions and the charged residue-counterion electrostat-
ic attraction determines the free or condensed states of the
trivalent counterions. The condensed counterions appear as
three states, namely, nearest neighbor condensation, intra-
chain bridging, and inter-chain bridging. The role of nearest
neighbor condensation counterions is mainly to renormalize
the polyion charge to a smaller effective value. The intra-chain
and inter-chain bridging counterions induce an effective at-
tractive interaction between polymer segments, manifesting
the electrostatic correlation effect.

As shown in Fig. 6a, the fraction of free trivalent counter-
ions is almost constant in o, < 0.05, which is independent of
the grafting density. Increasing charge fraction from /= 0.5 to /'
= 1.0 yields a relative high local charge density of the ring PE
brush and drives more trivalent counterions to condense onto
the polymer backbone, inducing a smaller value of ¢, for f=
1.0 (see the filled circles and triangles in Fig. 6a). Moreover,
the value of ¥g. is irrespective with the ring chain length. For
0y > 0.05, the fractions of free counterions decrease gradually
to zero with increasing grafting density. Furthermore, the evo-
lution of g With the grafting density can be understood
from the Manning theory [48, 49]. In the Manning theory,
the fraction of free counterions g iS given as Ygee = b/
(q.fTg), where b = 1.0 is distance of two neighboring
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Fig. 4 Top-down view of ring PE
brush (left panels) and trivalent
counterions (right panels) density
profiles for charge fraction
f=1.0 and chain length

Ng =100 at different grafting
densities. a, b o, = 0.0025,

¢, d o, =0.005, e, f o, =0.0075

o
o
o
o
o
124

monomers in one chain and g. is the counterion valence. Note
that /5 = 3.0 in our simulations, we find ¢ge. = 0.22 and 0.11
of trivalent counterions according to the Manning theory,
which correspond to charge fractions of /= 0.5 and f'= 1.0,
respectively. For low grafting densities 0, < 0.05 shown in
Fig. 6a, 1qee = 0.28 and 0.13 are observed for f'= 0.5 (solid
squares) and /= 1.0 (solid circles and triangles), respectively,
which is in good agreement with the Manning theory. For the
large grafting densities of o, > 0.05, the v, decreases to zero
and deviates from the Manning theory, which can be
attributed to the fact that Manning’s condensation theory
is defined for an infinitely long PE chain of rod shape in the
infinite-dilute limit.

As depicted in Fig. 6b, almost half of trivalent counterions
are in the nearest neighbor condensation state and remain un-
changed in o, < 0.05, which is regardless of the grafting den-
sity and charge fraction. And the value of ¢nnc decreases to
zero with increasing the grafting density. For the trivalent
counterions in the bridging state, the intra-chain bridging frac-
tions decrease roughly linearly (see Fig. 6¢), which leads to a
rapid increasing profile of the ¥ (see Fig. 6d). The relative
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high charge density of charged residues in the case of high
grafting density promotes one trivalent counterion to bind
three charged monomers, which is referred as the electrostatic
correlation. And the three monomers belong to different ring
PE chains with a high probability, which corresponds to a
large value of the inter-chain bridging fraction (see Fig. 6d).
Furthermore, the fractions of trivalent counterions in both
intra-chain and inter-chain states for /= 0.5 are lower than
those of /'= 1.0 for a fixed grafting density.

In order to further investigate the effect of grafting density
on the structuring of ring PE brushes, we calculate the pair
correlation functions (PCF) of monomer-monomer and mono-
mer-counterion. Only two densities are shown in Fig. 7 for
clarity, which correspond to the mushroom regime (oy =
0.0025; Fig. 7a, b) and the brush regime (o, = 0.1; Fig.
7c¢, d). For the low grafting density, representing the individual
mushroom structure, the PCFs of monomer-monomer have a
pronounced intra-chain correlation as shown in Fig. 7a. The
amplitude of the primary peak and the long-range sub-peak
becomes larger slightly for high charge fraction and short
chain length (the dark cyan curve). Because of the strong
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Fig. 5 Schematic for classifying

trivalent counterions into four ! .

states in the ring PE brush, that is, s
the free state, the nearest neighbor
condensation state, the intra-chain
bridging state, and the inter-chain
bridging state. The filled green
rectangle represents the grafting
surface. Purple beads correspond
to the grafting points. Blue beads
refer to the monomers. Red beads
indicate to the trivalent
counterions

electrostatic attraction between the charged monomers and
trivalent counterions, the PCFs of monomer-counterion dem-
onstrate a more pronounced nearest-neighbor correlation peak
than that in the presence of monovalent counterions (see Fig.
7b). Furthermore, the height of the primary peak in gp,.(7),
located at » = 1.1, becomes more pronounced for the high
charge fraction and short chain length (the dark cyan curve
in Fig. 7b). For the high grafting density o, = 0.1, both the
intra-chain correlations in g,,,(7) (see Fig. 7¢) and the nearest-
neighbor correlation in g,,.(r) (see Fig. 7d) become weaker
compared with those in the low grafting density, which can be
understood from the uniform layer structure of the ring PE
brushes induced by high tethering density.

The effect of charge fraction

The charge fraction of the grafting PE chains is an important
factor to determine the structure of the brushes. In this section,

Near neighbor
condensation

@NO)

bridging

(EB)

for fixed grafting densities (low grafting density o, = 0.0125
as well as high grafting density o, = 0.1), the effects of charge
fraction of tethered ring PE chains with chain length Ng = 100
in the presence of monovalent and trivalent counterions are
studied. Furthermore, the ‘equivalent’ linear counterparts of
ring PE chains are also considered for comparison. The
heights of the brush as a function of charge fraction are
displayed in Fig. 8.

As shown in Fig. 8, the height of the ring PE brush is given
by H~f", where f is the charge fraction of the tethered PE
chains. In the case of monovalent counterions, the height of
the brush increases with the increasing of charge fraction. The
exponents v = 0.18 and 0.16 for the low and high grafting
densities, respectively (see the solid squares and circles in
Fig. 8), which are almost independent of the grafting density.
In the presence of trivalent counterions, the dependence of the
height of the ring PE brush on the charge fraction demon-
strates distinct scaling relations. Namely, the height of the

Fig. 6 The fractions of free (a), 1.0 1.0
nearest neighbor condensation L a L b —— N =100&/=0.5
(b), intra-chain bridging (c), and 0.8 08 —.—NR=100&f=1.0
inter-chain bridging (d) trivalent I I A a .
counterions as a function of s 0.6 - 9 0.6 - N6 &10
grafting density N 0.4 i NG 0.4 i
0.2 0.2 -
0.0 bt ol el 0.0-"' . ol
1E-3 0.01 0.1 1E-3 0.01 0.1
o o
g g
1.0 1.0
Le td
0.8 | 0.8 |-
20.6 - = 0.6
Ny L = I
04 > 04
0.2 0.2 -
0-||| " il " PR 0-||| " P | " PR | "
1E-3 0.01 0.1 1E-3 0.01 0.1
% %
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Fig. 7 The pair correlation 1600 1600
functions of monomer-monomer H a 3 b
Zmm(7) and monomer-counterion 1200 1200 L
Zmc(r) for the low grafting density 3 +H1&f=0.5&N, =100 3
0, = 0.0025 (upper panels) and = 800 — +3&f=0.5&N, =100 = 800
high grafting density o, = 0.1 g L —— +3&/=1.0&N,=100 %“ L
(lower panels) %0 400 | +3&f=1.0&N, =60 400 -
g
g
g
o0

brush decreases with the increasing of charge fraction at low
grafting density (v = — 0.19 and see filled down triangles in
Fig. 8), which can be attributed to the enhancing electrostatic
bridging of multivalent ions originated from high charge frac-
tion. Even under good solvent conditions, the effective attrac-
tion of polyions originated from electrostatic correlation can
lead to a relative compact configuration of the brush with
increasing the charge fraction. This collapse of brush induced
by enhancing electrostatic correlation in good solvent was also
observed in our simulation work of linear spherical PE
brushes [31]. Whereas at high grafting density, the excluded
volume effect is dominant, the brush exhibits a uniform, ex-
tended morphology, and the brush height is almost irrespec-
tive with the charge fraction (v = 0.01). Furthermore, the scal-
ing law of the ‘equivalent’ linear PE brushes is also depicted
in Fig. 8 with open symbols, and the similar scaling fashion

Fig. 8 The heights H of the

can be observed with the corresponding ring PE brushes.
According to the predictions of the scaling analysis [41], the
brush height scales with the charge fraction as H~f"* in the
osmotic brush regime for the linear PE brushes. We observe
that the exponent of the ring PE brushes is affected by the
grafting density and counterion valence. This is different from
the results of the scaling method.

In order to reveal the effect of charge fraction on the ring
brush morphologies, the distributions of monomers and coun-
terions along the z-direction are also calculated. For clarity,
only two charge fractions are provided in Fig. 9, that is, low
charge fraction f= 0.1 (left panels) and high charge fraction f'=
1.0 (right panels). In the cases of low charge fractions, the
distributions of monomers are almost identical for high
grafting density o, = 0.1 (see red and blue lines in Fig. 9a),
which are independent of the counterion valence. This is the

+1&o-g =0.0125

brushes as a function of charge

fraction of tethered chains for ring 40
PE brushes and the linear ones.
The filled symbols correspond to 30

the ring PE brushes with the chain
length Ny = 100. The open
symbols represent the linear

PE brushes with the chain

length Np =50
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Fig. 9 Monomer and counterion 120 F—
distributions versus distance from

the substrate for the low charge

fractions f'= 0.1 (left panels) and _
high charge fractions /= 1.0 tiE
(right panels). The lines represent U
the ring PE brushes with the chain

length Nk = 100 and the open

symbols stand for the linear PE

+18!Lag = 0.01I25 ]
+1&<:rg =0.1
+3&ag =0.1 7
+3&<:rg =0.0125 4
O +3&o-g =0.2 ]
O Jr?;&o'g =0.025

brushes with the chain length 0 10

N =50

representation that the excluded volume interaction induced
by high grafting density is dominant compared with the elec-
trostatic interaction of low charge fraction. For the low
grafting density o, = 0.0125, the electrostatic screening of
monovalent counterions makes the brush in a relative shrunk-
en conformation. Combined with the bridging effect, the col-
lapsed morphology is more pronounced for the system with
trivalent counterions (the dark cyan line in Fig. 9a). When the
charge fraction increases to f = 1.0, the monomers can be
distributed in the space far away from the substrate in the
presence of monovalent counterions (see black and red lines
in Fig. 9b) than those in the low charge fractions. However,
the ring PE brush in the trivalent solutions maintains a uniform
extended morphology for the high grafting density o, = 0.1
(see blue line in Fig. 9b), which indicates that the excluded
volume interaction plays a dominant role compared with the
electrostatic correlation mediated by multivalent ions.
Whereas in the low grafting density o, = 0.0125, the collapsed
brush induced by multivalent ion bridging can be observed
(the dark cyan line in Fig. 9b). The variations of distribution of
monomers induced by increasing charge fraction are consis-
tent with the height of ring PE brush shown in Fig. 8.

As shown in the lower panels of Fig. 9, the distribution
range of counterions is almost coincided with those of charged
monomers, which indicates that almost all counterions are
confined in the brush layer. Specifically, in the cases of low
charge fraction /= 0.1, it is worth noting that five peaks are
observed in turn along z-direction for the distribution of coun-
terions for o, = 0.1 (red and blue lines in Fig. 9¢). The scenario
of five peaks can be understood from the distribution of
charged residues along the ring chains, that is, there are ten
charged segments in one ring chain (chain length Nx = 100
and charge fraction f'= 0.1). The ring topology of tethered
chains induces the pair distribution of negative charge of

@ Springer

monomers, which corresponds to the five peaks of the distri-
bution profiles of counterions. Furthermore, the distributions
of monomers as well as counterions of the ‘equivalent’ linear
chains (open symbols in Fig. 9¢) are similar with those of ring
chains. In the case of high charge fractions /= 1.0 shown in
Fig. 9d, the distributions of trivalent counterions demonstrate
almost the same profiles with those of monomers plotted in
Fig. 9b; however, their magnitudes are one third of those in the
monomer distribution profiles, which result from the require-
ment of electroneutrality.

In order to reveal the influence of charge fraction on the
surface morphology of PE brushes, the lateral density distri-
butions of monomers of ring (o, = 0.0125) and linear (o, =
0.025) PE brushes with trivalent counterions are plotted in
Fig. 10. Both the low charge fraction /= 0.1 (left panels)
and the high charge fraction /= 1.0 (right panels) are provided.
As shown in Fig. 10a, there is not lateral phase separated
structures of ring PE brushes at low charge fraction /= 0.1;
however, the heterogeneous patterns of ring brush layer can be
observed at high charge fraction f'= 1.0 displayed in Fig. 10D,
which can be understood from that the increased charge frac-
tion of polyions will promote more trivalent ions to play the
intra/inter-chain bridging role in the good solvent. This charge
fraction induced lateral phase separated structures in the pres-
ence of multivalent ions can also be observed for the linear PE
brushes showed in Fig. 10 ¢ and d. Furthermore, the surface
patterns of ring PE brush (Fig. 10b) aggregate more tighter
than those of its linear counterpart (Fig. 10d), which displays
the similar trend for the double tethered neutral polymer
brushes [24-26].

In order to further characterize the structure of the ring PE
brushes induced by charge fraction, the PCFs of monomer-
monomer as well as monomer-counterion are calculated.
Similar to Fig. 9, only low charge fraction f'= 0.1 and high
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Fig. 10 Upper panels are top-
down views of ring PE brush with
the chain length Ng = 100 and
grafting density 0, =0.0125 in the
presence of trivalent counterions
at different charge fractions,
af=0.1,b f=1.0. Lower panels
correspond to top-down views of
‘equivalent’ linear PE brush with
the chain length Ny = 50 and
grafting density o, = 0.025 in the
presence of trivalent counterions
at different charge fractions,
cf=0.1,df=1.0
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charge fraction f'= 1.0 are shown in Fig. 11. The sharp intra-
chain correlation peak of g,,(7) is observed for the low
grafting densities (see Fig. 11a, b), which is regardless of
charge fraction. The inter-chain correlation becomes pro-
nounced when the charge fraction varies from 0.1 to 1.0, es-
pecially for the presence of trivalent counterions. The ordered
structure induced by multivalent ions was reported by means
of experiments and simulations [30-32], which is also ob-
served for our ring PE brushes. For the high grafting densities,
both the intra-chain and inter-chain correlations of the

monomer-monomer are weaker comparing with those of low
grafting densities, which corresponds to the homogeneous
layer morphology. As shown in Fig. 11 ¢ and d, an obvious
nearest-neighbor correlation peak of g,,,.(7) is formed in triva-
lent counterion system for the low grafting densities because
of the strong Coulomb attraction between charged residues
and multivalent ions. Moreover, the peak is more pronounced
with the increase of charge fraction for fixed grafting density.
Furthermore, correlations of monomer-monomer as well as
monomer-counterion of the ‘equivalent’ linear PE brushes

Fig. 11 The pair correlation 200 T — T 200 — T
functions of monomer-monomer r ——+1&g.=0.0125 a4 r C 1
Zmm(7) and monomer-counterion 150 - —+ & =01 7 150 - 7
Zmc(r) for the low charge fraction = ——+3&0a.~0.1
f=0.1 (upper panels) and high VE 100 - ——+3&3=0.0125 1 & 100 |- ]
charge fractions /= 1.0 (lower o0 I - 43&o =02 1 of

! . 50 2 4
panels). For clarity, the lines O +3&0 =0.025
represent the ring PE brusheswith [ [Ade===Ssannas s

the chain length Ng = 100 and the

open symbols stand for the linear 1
PE brushes with the chain
length Np =50
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are almost consistent with the corresponding ring brushes
(blue lines and open squares in Fig. 11).

Because of the importance of the electrostatic bridging me-
diated by the trivalent counterions, we further calculate the
fractions of Ygee, UnNes YiaB, and Yygg as a function of charge
fractions. The calculation method has been demonstrated
schematically in Fig. 5. By employing the same cutoff dis-
tance R, = 21 6, the results are shown in Fig. 12. The fractions
of free trivalent counterions decrease with the increase of
charge fraction (see Fig. 12a) regardless of grafting density
and the topology of grafted chains. The increasing local
charge density induced by increasing charge fraction facili-
tates the trivalent counterions to condense onto the chain
backbone, and decreases the fraction g, Which is consistent
with the prediction by Manning theory [48, 49]. For fixed
charge fraction, the value of g of low grafting density (o,
=0.0125) is larger than that of high grafting density (o, =0.1).
And the discrepancy becomes small gradually with the in-
creasing charge fraction. As depicted in Fig. 12b, the fraction
of nearest neighbor condensation counterions decreases
monotonically with the increase of charge fraction for the high
grafting density (filled square in Fig. 12b). However, 1)xne
exhibits a non-monotonic profile as a function of charge frac-
tion for the low grafting density (filled circle in Fig. 12b). We
can understand this feature by analyzing the role of the nearest
neighbor condensation counterions, that is, the role of coun-
terions in this state is mainly to renormalize the polyion charge
to a smaller effective value. The increase of charge fraction
firstly makes the trivalent counterions condense onto the
chain, represented as the value of iync increases with the
charge fraction firstly, and then the condensed trivalent coun-
terions begin to play the role of bridging due to the decrease of

distance of charged monomers, manifested as the decrease of
the 1)xne. The fraction of intra-chain bridging counterions
(see Fig. 12¢) increases with the increase of charge fraction.
Moreover, the extent of the increase of ;o is more obvious
for the low grafting density. As shown in Fig. 12d, the frac-
tions of inter-chain bridging counterions increase linearly with
the increase of charge fraction. The slopes of the linear profiles
are independent on the grafting density. Furthermore, all the
fractions trivalent counterions of the ‘equivalent’ linear
brushes (open symbols) are almost identical to the correspond-
ing ring brushes.

Conclusions

In summary, we have performed two sets of MD simulations
to provide a systematic analysis of the planar ring PE brushes
in good solvent. In the first set, we investigate the effect of
grafting density on the surface structures of ring PE brushes.
In the mushroom regime, the brush height demonstrates a
slight decreasing trend with the increasing grafting density
in the presence of trivalent counterions. The height of the
brush and the z-component of the radius of gyration R, scale
with the grafting density as H~o0,” and R,,~0,” in the brush
regime respectively. And v is controlled by the charge frac-
tion, chain length, and counterion valence, which indicates
that these scaling laws depend on topological features.
Based on the distributions of monomers and counterions, the
multivalent ion induced collapse of the ring brushes can be
observed, especially for the low grafting densities. For the
local structuring, the PCF of monomer-monomer is calculated
to reveal the electrostatic-correlation-induced order in the

Fig. 12 The fractions of free (a), 1.0 — T — T T T T
nearest neighbor condensation ra —— =01 ] 05| b i
(b), intra-chain bridging (c), and 0.8 —@— 500125 | :
inter—chgin bridging ((!) trivalent 0.6 i = "z 0.2
counterions as a function of | - 0 =0.025 o4l i
charge fraction. The filled & 8 z
. S 04 4 X
symbols correspond to the ring |
PE brushes with the chain length 02k a
Ng = 100. The open symbols L 0.3 7
represent the ‘equivalent’ linear 0.0 L1 A PR R A TP T R B
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presence of multivalent counterions for the ring PE brushes,
even in the good solvent condition.

In the second set, we fix the grafting density, chain length,
as well as the counterion valence, and change the charge frac-
tions of the tethered ring PE chains. The effect of charge
fraction is examined and compared with those of linear PE
brushes. The brush height demonstrates a scaling law relation-
ship with charge fraction as H~f". As increasing the charge
fraction, the brush height increases for the presence of mono-
valent counterions regardless of grafting density (v = 0.16,
0.18), remains almost constant for high grafting density with
trivalent counterions (= 0.01), and decreases for low grafting
density with trivalent counterions (v = — 0.19). The calcula-
tions of the PCF of monomer-monomer and monomer-
counterions reveal that the increase of charge fraction in the
presence of multivalent counterions can induce an ordered
morphology for the low grafting densities. Whereas at high
grafting densities, the bridging correlation of multivalent
counterions is counterbalanced by the excluded volume inter-
action and electrostatic repulsion of charged segments, which
leads the ring PE brush to form homogeneous layer morphol-
ogy. The findings in this paper may be useful to understand the
unique properties of the ring PE brushes for enriching the
strategy of surface modification in materials science.
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