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When a solution of polyanionic chains is placed in contact with a polycationic brush, the polyan-

ions adsorb into the brush. We investigate the influence of the charge sequences of the free
and bound species on the thermodynamics of polyelectrolyte adsorption. As model systems, we
consider free and brush polyelectrolytes with either block or alternating charge sequences, and
study the adsorption process using coarse-grained Langevin dynamics with implicit solvent, ex-
plicit counterions, and excess salt. Free energy, internal energy, and entropy of adsorption are
computed using umbrella sampling methods. When number of polyanions exceed the number of
polycations, the brush becomes overcharged. Free chains adsorb most strongly when both free
and tethered chains have a block charge sequence, and most weakly when both species have an
alternating sequence. Adsorption is stronger when the free polyanion has a block sequence and
the tethered polycation is alternating than in the reverse case of an alternating free polymer and a
tethered block copolymer. Sequence—dependent effects are shown to be largely energetic, rather
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than entropic, in origin.

1 Introduction

Complex coacervation is a liquid-liquid phase separation phe-
nomenon wherein oppositely charged polyelectrolytes phase
separate into a polyelectrolyte-rich phase (coacervate) and a
polyelectrolyte-dilute phase (supernatant) when they are mixed
together in solution. Complexes formed by these oppositely
charged polyelectrolytes play a crucial role in many technologi-
cally and biologically important processes.1"1% For instance, com-
plex coacervates involving proteins play important roles in tar-
geted drug delivery. 114 polyelectrolyte multilayers are another
important application involving complexation between oppositely
charged polyelectrolytes.1>"18 The adsorption of alternating lay-
ers is believed to be driven by overcompensation of charge when
a new layer of polyelectrolyte is added, which leaves a net
charge that attracts the next layer of oppositely charged poly-
electrolyte.1? Simulations in such contexts have looked at the ef-
fects of chain length and sequence on the morphology of the films
that are formed.2% Recently, there has been increased interest in
understanding the role of charge sequence on the formation of
polyelectrolyte complexes, focusing largely on the complexation
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of these polyelectrolytes in solution.2122 In the present contri-
bution, we bring together these two research themes, employ-
ing coarse—grained molecular dynamics simulations of a polyelec-
trolyte brush system to investigate how charge sequence affects
adsorption of polyanions and eventual overcharging of a polyca-
tionic brush in the presence of a solution of polyanions and excess
salt.

The starting point for understanding the complexation of op-
positely charged polyelectrolytes is the Voorn-Overbeek (VO)
model,?3 which combines a Flory-Huggins expression for the en-
tropy of mixing with a Debye-Hiickel level description of elec-
trostatics to compute the free energy of the solution. Despite its
simplicity, the VO model captures the main qualitative features of
the phase diagram. Phase separation is driven by favorable elec-
trostatic interactions in the more concentrated phase, and by the
entropy gained by release of counterions, which exceeds the loss
of entropy arising from partitioning of polymers into the coacer-
vate. While the VO model is a useful starting point, it is based on
a highly simplified description of electrostatic correlations that
neglects the effects of polymer connectivity and underestimates
the importance of correlations in the dilute phase. As a result, the
VO model has been extended in various ways to take into account

these additional effects.24732

Early observations of some polyelectrolyte systems showed that
the assumption of an uncorrelated dilute phase was rather a
poor one. For instance, models were proposed to account for
pairing of oppositely charged polyelectrolytes in solution below
their critical concentration for phase separation and at low salt
concentrations.2833 Other models introduced correlations be-
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tween polyelectrolytes and their counterions to capture the en-
tropic effects of counterion release. 263034 Models based on self-
consistent field theory were also introduced to describe the effects
of charge connectivity to varying levels of approximation. 2432740
Recent works by Sing and coworkers have explored the effects
of polymer stiffness, and salt valency on a variety of polyelec-
trolyte charge sequence architectures in bulk 24142 Their re-
sults showed that the thermodynamics of coacervation is strongly
correlated to the entropic confinement of condensed counterions
along the polymer backbone, which in turn is dependent on the
backbone charge sequence.?1

Several other groups have also performed simulations on other
closely related systems such as adsorption of charged proteins
onto polyelectrolyte brushes. 133543746l Strong adsorption of the
charged proteins to the polyelectrolyte brush is found even when
both the brush and protein have the same net charge*Z or when
two polyelectrolytes possessing the same charge mix in bulk.4®
When the charge ratio of the polyelectrolytes in solution differs
from unity, a net charge may be present on the complexes, which
is often referred to as “overcharging” of the complex. Shklovskii
and co-workers proposed a model for this phenomenon where
overcharging of complexes is primarily driven by the elimination
of the free chain electrostatic self-repulsion energy upon complex-
ation. The excess charge tends to be spread out over the whole
complex in the condensed phase, lowering the electrostatic en-
ergy.42">1'While the complex formation at a charge ratio of unity
is driven by counterion release — an entropic effect, the overcharg-
ing of the complexes is driven by change in electrostatic correla-
tion energy upon adsorption.

In the present contribution, we consider how charge sequence
affects the adsorption of polyanions into a polycation brush, with
an emphasis on the overcharging of the brush. Specifically, we
explore how different charge sequences in the tethered (brush)
and untethered (free) polyelectrolytes affect the strength of ad-
sorption and the distribution of charges within the brush. To an-
swer these questions, we consider two different types of charge
sequences: (i) diblock copolymers, in which the charged groups
are all contained within a single block of the polyelectrolyte; and
(ii) alternating copolymers, for which charged and uncharged
groups alternate along the backbone. We employ coarse-grained
Langevin dynamics simulations of a polyelectrolyte model in the
presence of excess salt to compute both the composition and
charge of the brush as a function of the total amount of free
polyanion in the system for all four possible combinations of iso-
mers. Since one polyelectrolyte species (the polycation) is con-
strained to be within the brush, there is an asymmetry between
the two types of polyelectrolyte, apart from any difference arising
from different charge sequences. The system we examine here
is distinct from prior work on layer-by-layer deposition, in which
both polyelectrolyte species have generally been taken to have
the same type of charge sequence.2%4> In order to understand
more deeply the thermodynamics of the adsorption process, we
use umbrella sampling simulations to calculate the free energy
of adsorption, and simulations with an added step potential to
calculate the change in internal energy due of adsorption of poly-
electrolytes. We thus elucidate the relative importance of changes
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of entropy and internal energy upon adsorption, which have not
been measured in previous simulation works.

2 Methodology

2.1 Description of the System Setup and Systems Studied

Figure [1j(a) provides a schematic representation of the bead-
spring polyelectrolyte model used in this work. Each free polyan-
ion consists of 15 negatively charged beads and 15 neutral beads.
For an alternating polyanion, the charged and neutral beads al-
ternate along the chain. For a block polyanion, the beads are
arranged into a single charged block and a single neutral block.
In order to minimize the effect of the wall, each tethered poly-
cation is a chain of 40 beads that contains a spacer block of 10
neutral beads (with the terminal bead tethered to the surface) fol-
lowed by a section containing 15 charged and 15 neutral beads
that may either alternate or be arranged in blocks. A tethered
block polycation thus consists of a tethered block of 25 neutral
beads (including the spacer block) connected to a block of 15
charged beads, with the charged block at the free end of the poly-
mer. A tethered alternating polycation instead consists of a spacer
block of 10 neutral beads attached to a segment of 30 alternating
charged and neutral beads, in which the bead at the free end is
charged. The neutral bead in contact with the wall is free to move
in the x and y direction, but is constrained to the wall by setting
the z-component of the force and velocity to zero and constraining
the z-coordinate. Although grafted monomers are allowed to tra-
verse in the x — y plane, they do not show any tendency to clump
under the conditions used here (see Fig. S1 of the Supplemental
Material).

Inasmuch as the wall is not charged, the problem formulation
does not depend on the choice of whether the tethered chains
are polycations and the free chains are polyanions, or the re-
verse. Without loss of generality, we chose the “free" chains to
be polyanions and the tethered chains to be polycations. Note
that the polyanions are all “free” only in the sense that they are
not tethered to the wall, though some or all of these chains may
be physically adsorbed to the brush. For each charged polyelec-
trolyte bead in this system, there is an oppositely charged coun-
terion bead, in addition to excess salt ions. Figure [I((b) provides
a snapshot of the resulting system after equilibration. All beads
have the same size ¢ and mass m, but the size of free ion beads
have been reduced in Figure [1|(b) to clearly depict the polyelec-
trolyte chains.

Figure [I[(¢) displays a schematic illustration along with the
corresponding nomenclature for the four different configurations
employed in this study. For instance, the top right panel of Fig-
ure[I|(c) depicts a case wherein the polycation brush possesses a
block architecture whereas the free polyanion possesses an alter-
nating architecture. The nomenclature for such a configuration is
then Block-Alter, where the former part of the nomenclature cor-
responds to the charge sequence in the polycation brush and the
latter part corresponds to the charge sequence in the free polyan-
ions. The description of a tethered polycation as “alternating”
refers only to the arrangement of the last 30 beads, since all teth-
ered chains contain a spacer block of 10 neutral beads with the
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Fig. 1 (a) Schematic illustration of the polycationic brush and polyanions in solution. All the polyanions consist of 15 negatively charged beads (red)
and 15 neutral beads (cyan), with this particular “free” macromolecule being an alternating polyanion. The polycations contain a spacer block (shown
in magenta) with one end connected to a grafted monomer (dark yellow). Other end of the spacer block is connected to a terminal segment which
comprises 15 positively charged beads (orange) and 15 neutral beads (blue), with this particular brush being formed by block polycations; (b) Snapshot
of the simulation box. Color coding identical to part (a) is utilized here as well. The ions, both excess salt and the polyelectrolyte’s counterions,
are reduced in size for clarity. Snapshots are obtained using Visual Molecular Dynamics (VMD) software;%2 (c) Schematic illustration of the four
configurations utilized in this study. The corresponding nomenclature for each configuration is also given in the schematic. The solid line depicts
the grafted surface. In (a) and (c) the number of beads shown in the schematics do not correspond to the actual number of beads employed in our

simulations.
first bead connected to the wall.

2.2 Simulation Technique

To avoid bead-bead overlap, all non-bonded particles in the
system interact through a repulsive Weeks-Chandler-Anderson
(WCA) potential (Uwca),

de [QIZ_Q6+1] <21
Uwea = OWCA (r) (r) 4 r=~ TG D)

where ewca and o represent the interaction parameter between
the particles and the diameter of the particles, respectively. We
use energy and length units in which ewca = 1.0, and o = 1.0. All
simulations are performed at a reduced temperature®3 7 = 1.

Bonded beads within each polymer interact through a FENE
bonded potential with a non-zero rest length,
2
,
()]
Ro

UreNE = 4€FENE {(%) v (g)6+ l} - K—R(%ln
(2)

r 4 202
with K = 30, Ryg = 1.6 0, and eggng = 1.5. The first term of the
bonded potential accounts in Eq. [2| accounts for the non-bonded
interactions between bonded monomers. To avoid double count-
ing, the non-bonded potential (Eq. [1) is excluded for these 1-2
interactions. Further, a harmonic cosine angle potential (Uy), in
addition to the non-bonded potential, is applied to all polymer

beads separated by two bonds,
Ug = k(1 +cos0), 3)

with ¥ = 3.

The system is periodic in the x and y dimensions, but finite in
the (vertical) z—dimension, with a simulation box size of 530 x
530 x 1200. The particles are constrained to remain within the
box by repulsive wall potentials that diverge at z=0and z=L, =
120.0 o,

g 260
Uyan = 1 @
0 1

with g, = 0.5. The terminal bead of the spacer block of each
tethered chain is constrained to lie in the plane z =0.50.

All the charged monomers and the free ions are assigned
charges of +1. The dielectric constant of the implicit solvent is
chosen so as to give a Bjerrum length equal to o, the range of
the pair interaction. The particle-particle-particle mesh (P3M)
method is used to compute electrostatic interactionsS#55 with
parameters chosen to give a maximum relative error of 10~ in
forces. A slab geometry‘lz;I is used to account for non-periodicity
in the z—dimension, in which the periodic unit cell used in the
computation of electrostatic forces is taken to be 3 times longer
in the z direction that the length of the region to which the parti-
cles are confined.

The simulation system contains 64 tethered polycation chains
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(Npc = 64) for all cases considered in this work. We have simu-
lated cases in which the number of free polyanion chains N, is
16, 32, 48, 64, 80, and 100. For each charged bead of the poly-
mer, there exists a counter-ion of the opposite charge. All our sim-
ulation systems thus correspond to a dissociated polyelectrolyte
with fixed salt concentration. All simulations reported here con-
tain 1020 excess salt ions (510 of each sign) in addition to the
counterions required to neutralize the polyelectrolyte charges.
For each value of N,,, we obtained data for all 4 possible com-
binations of block and alternating architectures, i.e., block-block,
block-alternating, alternating-block and alternating-alternating,
where the first part of the notation refers to the polycation brush
and the latter part refers to the polyanions in solution. Simu-
lations are performed using the LAMMPS®Z package for at least
1.8 x 107 time steps using a time step between 0.005 — 0.01 in
Lennard-Jones units and the equations of motion are evolved us-
ing a Langevin dynamics integrator with a damping factor of 7.0
(typical values lie between 1 and 10) in reduced units.>3

The extent of overlap between neighboring tethered polymers
can be estimated by comparing the average area per tethered
molecule X to the square of the height % of the tethered layer. The
maximum brush extension is chosen to be the z coordinate value
where the brush density decays to 95 % of its maximum value. For
the simulations presented here, £ ~ 4462, while h ~ (22-27)o,
giving #2/Z ~ 10. In these simulations, the tethered layer is thus
a rather weakly overlapping polymer brush.

2.3 Quantification Measures

2.3.1 Number of Adsorbed Polyanions

To quantify adsorption, we need the average number of polyanion
chains that are adsorbed into the brush of tethered polycations.
For this purpose, we consider a polyanion chain to be adsorbed if
at least one of its monomers (charged or neutral) is within a pre-
scribed cut-off distance (r.) of any polycation brush monomer,
excluding the neutral beads connecting the charged monomers
to the grafted surface. In the context of atomistic simulations,
the cut-off distance is conventionally chosen as the position of
the first minimum of the radial distribution function of the enti-
ties of interest. However, owing to the level of coarse—graining
in our simulations, we do not see any distinct minimum in the
polyanion-polycation radial distribution function (see Fig. S2).
Hence, we choose a cut-off r. = 1.50 o slightly larger than the
range of the pair interaction. The number of adsorbed chains is
found to be relatively insensitive to the choice of of cut—off for all
distances r. < 2.0 o.

2.3.2 Energy of Adsorption

The energy of adsorption was measured by performing simula-
tions in which a repulsive bias potential is used to exclude 5 la-
beled polyanions from the polymer brush, and computing the dif-
ference between the average energy obtained from biased and un-
biased simulations (no external bias potential) of otherwise iden-
tical systems. In these biased simulations, an additional repulsive
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potential of the form

2 < Zbrushs

Ubias = )

{kbias (Zbrush —2)

2> Zbrush»

is applied to each monomer in each of the five particular polyan-
ions. Here kpjas and z,,,,, are parameters, for which we choose
kias = 1 kT /0 and zp,,sn = 40 o. This value for z,,, is chosen to
be significantly greater than the average brush height of approx-
imately 15 o in order to guarantee that excluded chains do not
interact with any tethered chains. These biased simulations were
performed for polyanion concentrations N, € {32,48,64,72}, and
for each of the four isomer combinations.

The difference between the average energy of the biased and
the unbiased simulations is denoted by AUy. The corresponding
difference in the average number of adsorbed polymers is denoted
by AN. Results for these quantities are displayed in Fig. S3(a) of
the supplemental material. The incremental change in internal
energy per additional adsorbed polymer, denoted by AU, is com-
puted by evaluating the ratio AU /AN.

Figure S3(b) displays the difference AN in the average num-
ber of adsorbed chains between the biased and unbiased simula-
tions. When the number of graft chains, Ny, is greater than the
number of free chains, N4, almost all chains are adsorbed except
those which are prevented from doing so by the bias potential. In
these cases, AN is almost exactly equal to the number of polyan-
ion chains that are excluded from the brush by the bias potential.
When N,./Npe > 1, however, the difference AN is controlled by
the change in the chemical potential of the unlabeled polyanions
that is caused by the exclusion of the five labeled polyanions from
the brush. This results in a difference AN that becomes very small
when the number of remaining unlabeled free polyanions sub-
stantially exceeds the number of tethered polymers, both because
the extent of adsorption becomes a slowly varying function of free
copolymer concentration in this region, and because the number
of labeled chains excluded from the brush eventually becomes a
small fraction of the average number of free polymers. For the
same reason, AUy also becomes very small in this limit. This
leads to a very large numerical uncertainty in our results for AU
at large values of Njq/Npc. As a result, we are able to obtain sta-
tistically meaningful results for AU only over a very limited range
when N, /N, is greater than unity.

2.3.3 Free Energy and Entropy of Adsorption

Umbrella sampling simulations have been performed to compute
the free energy F,(z) of a molecule whose center-of-mass is con-
strained to lie a distance z from the wall.*82% In these simu-
lations, a harmonic bias is applied to the z-coordinate of the
center of mass of one randomly chosen polyanion. Positions of
the minima of these harmonic potentials were chosen to ensure
overlap between the distribution of center of mass positions (see
Fig. S4(c) of the supplemental material). Simulations were per-
formed using constraining potentials within minima at z = 5, 8,
10, 12, 14, 16, 18, 22, 26, 30, 32, 34, 38, 42, 46, 50, and 54
using a force constant value of 0.4 kgT /c?. Examples of the re-
sulting constrained free energy F.(z) for N, = 32 and Ny, = 80
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are shown as a function of z in Figs. S4(a) and S4(b) respec-
tively. To generate the initial configurations of umbrella sam-
pling, a steered molecular dynamics simulation®? is performed by
pulling one chain with a constant force. The resulting free energy
from the umbrella sampling simulations is calculated using the
Weighted Histogram Analysis Method (WHAM)©L using the open-
source code provided by the Grossfield 1ab.2 Further details on
the parameters utilized for simulations are given in Sec. S5 of
the Supplementary Material. All bias calculations are performed
using the COLVARS module®® within the LAMMPS package.

The average free energy of adsorption, denoted by AF, is de-
fined by a Boltzmann-weighted average

_ Jo? AF () exp (—BAF. (2))dz
Iy exp (—BAF, (2)) dz
where B = 1/kgT, and AF,(z) is defined as the difference between

the constrained free energy F.(z) for a given z and that in the bulk,
and L is a cutoff length.

AF

; ©)

The dominant contribution to either the numerator or denom-
inator AF in Eq. [f] arises from the region near the minimum
of AF.(z). The integrand within the numerator of Eq. [6] decays
rapidly to zero within a few o. As a result, AF is insensitive to
the exact value chosen for Ly. We have chosen L to be the sum
of the maximum brush extension (/;) and five times the Debye
length (Ap).

The Debye length Ap in reduced units is calculated using

4me? e
Ap = (MBT ;n.fz§> : 7
Here, ¢, is reduced dielectric constant, e is the elementary charge,
Jj is an index for species of free ions (counterions and excess salt),
n; and z; are the concentration and valence (£1) of species j,
respectively, and the sum is taken over species of free ions. For
the parameters chosen in this study, Debye length for a polymer
free system (N,, = Npc =0) is ~ 5.1c and that when the num-
ber of polyanions and polycations (N,,/N,. = 1) is ~ 3.00. Fig-
ures S5(a) and S5(b) display the maximum brush extension and
the Debye length respectively, for all the cases studied.

To compare with experiments, we note that the ratio between
the steric diameter o, to the Debye length Ap is approximately
0.3. Our simulations thus correspond to an experimental system
with 0.3 - 0.7 M sodium chloride solution in water (average steric
diameter of 0.588 nm and an experimentally measured Debye
length of approximately 0.5 nm) 4.

The entropy of binding per chain, denoted by AS, is given by
the difference
—AS=(AF —AU)/T . 8)

Here, AF is the average binding free energy defined in Eq.[f]and
AU is the change in internal energy per chain due to adsorption.
Values for AS were obtained only for those values of N, at which
we were able to compute accurate values of AU.
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Fig. 2 Ratio (fuds = Npa,adsorbed/Npc) Of the number of polyanion chains
bound to the polyelctrolyte brush to the total number of polycation chains
in the system as a function of the ratio (N,./N,.) of the total number of
polyanion to polycation chains. The orange dotted line corresponds to
the linear relationship f,4; = Npa /Ny, that is obtained if all the polyanions
are adsorbed. Error bars are smaller than the symbol size.

2.3.4 Charge within the Brush Region

We compute the charge density ¢(z) as a function of distance from
the grafted surface using

I
q(x) = Y i j(2)qj, 9
J=0

where I;,n; j(z), and ¢; represent the total number of species
(ions and polymers), number concentration of monomers of each
species at a distance z from the grafted surface, and the charge per
monomer on the corresponding species respectively. Correspond-
ing concentrations of all polycation and polyanion monomers
(charged and neutral) are denoted by pp.(z) and pp,, respec-
tively. To compute the overall bound charge Q;, within the brush,
initially we define the “brush region” as the region bounded be-
tween the grafted surface and the plane where the concentration
of the polycations p,. within the brush falls to 5 % of its maximum
value. The net charge within the brush region is then calculated
using

Op= /OZC q(z)dz, 10)

where z. denotes the z coordinate of the plane wherein p,. falls
to 5 % of its maximum value.

3 Results and Discussion

3.1 Ratio of Adsorbed to Tethered Polyanions

We begin our discussion of the influence of charge sequence by
considering the extent of adsorption. Let f,,, denote the ratio of
the number of adsorbed polyanion chains to the total number of
tethered polycation chains. In what follows, we will refer to a
brush as "undercharged" when f,;; < 1 and "overcharged" when
faas > 1. By this definition, a brush is said to be overcharged if
the charge associated with adsorbed polyanions is greater than
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that required to compensate the charge of the tethered polyca-
tions, and "undercharged" if the charge of the polycations is in-
stead compensated in part by an excess of small anions in and
near the brush.

Figure [2| displays f,4s plotted versus the ratio N,,/Np. of the
total number of polyanions in the system (adsorbed and free)
to the total number of tethered polycations. In this plot, a line
fads = Npa/Npc of slope 1 (shown by the dashed orange line)
corresponds to a situation in which all of the polyanions are ad-
sorbed. A value of f,;; = 1.0 corresponds to a situation in which
the number of adsorbed polyanions exactly matches the number
of tethered polycations. Error bars show standard deviation due
to statistical errors® computed by a methodology described in
Sec. S7 of the supplemental material.

In systems with Ny, /Npe < 1, we find that essentially all of the
polyanion chains in our simulation are adsorbed, as indicated by
collapse onto the line f,;; = Npu/Npc. This strong binding to an
undercharged brush is primarily driven by the gain in entropy
arising from counterion release, as discussed in Sec.|3.2

In systems with N,,/N,. > 1, the fraction f,; slightly ex-
ceeds 1, indicating slight overcharging, but f,,, remains less than
Npa/Np, indicating that some excess polyanions remain free.
In this regime, f,;, increases slowly with increasing number of
polyanions. Most polyanions added in excess of the number re-
quired to neutralize the brush thus remain free. Notably, the de-
gree of overcharging in this regime, as quantified by the differ-
ence f,q4s — 1, depends on chain architecture. The strongest ad-
sorption occurs when both the polycations and polyanions have
a block architecture. The weakest adsorption occurs when both
types of chain possess an alternating architecture. The two cases
in which one type of chain has a block architecture and the other
is alternating fall between these extremes. Slightly stronger ad-
sorption is obtained in the the Alter-Block case of an alternating
tethered polycation and a block polyanion then for the Block-Alter
case of a block polycation and an alternating polyanion.

3.2 Thermodynamics of Adsorption

To clarify the thermodynamic origins of the observed behavior, we
consider the behavior of the free energy of adsorption AF (Eq.[6)),
and the energy and entropy change upon adsorption, denoted by
AU and AS respectively. Figure [3|displays the adsorption free en-
ergy AF as a function N, /N for all four combinations of charge
sequence. For the two cases with N, /Ny < 1, AF is strongly neg-
ative (at least 10 kgT') for all four cases, implying strong binding.
Since the probability of adsorption depends exponentially on AF,
this is consistent with the conclusion that nearly all polyanions
are adsorbed in this regime, as shown in Fig.[2| By measuring AF,
we can see, however, that while binding is strong for all charge
sequences for N,,/N,. < 1, the binding free energy is largest for
the Block-Block charge sequence and smallest for the Alter-Alter
charge sequence, with the other two cases intermediate between
these extremes. In systems with N, /N < 1, the Block-Block case
is signficantly more strongly bound than the other three cases.
In systems with N,,/N,. > 1, the binding energies for all four
sequences are weaker (3 —6 kgT), but the order of different se-
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Fig. 3 Adsorption free energy AF as a function of the ratio between the
number of polyanions to polycations in the system N,,/N,.. Error bars
are smaller than the symbol size.

quences is the same for systems with N, /N,. < 1, consistent with
our observations regarding the sequence dependence of the mag-
nitude of f,4;.

We compute the energetic and enthalpic penalties to the free
energy to determine (i) the origins in the differences in the free
energy for different charge sequence; and (ii) whether adsorption
is energetically or entropically driven. Figure [ shows the en-
ergy change AU associated with adsorption and the correspond-
ing gain in entropic free energy TAS = AU — AF, both of which
are plotted versus Npq/Np.. Several trends become clear upon
inspection of these graphs.

Focusing first on the sequence dependence of the energy and
entropy, we note that the dependence of the entropic contribution
TAS on Ny, /Ny is almost the same for all four cases, whereas the
magnitude of the energy of adsorption is significantly different
for different combinations of charge sequences. The differences
between the free energies of adsorption for different cases thus
arise primarily from difference in the adsorption energy AU. Val-
ues of AU in each case depend rather weakly on N,/N,., but
differ significantly with respect to charge sequence. The ordering
of the magnitudes of binding energy for different cases is con-
sistent with the ordering observed for the total free energy. The
largest binding energy is obtained for the Block-Block case and
the smallest for the Alter-Alter case. The differences in adsorp-
tion free energy and resulting strength of adsorption in different
cases thus seem to arise primarily from differences in elecrostatic
binding energy, rather than from differences in entropy.

We focus next on the relative magnitude of the entropic and
energetic contributions to the overall binding free energy. Note
that the entropic contribution to the free energy of binding gen-
erally dominates in the case of strongly undercharged brushes,
with many more tethered chains than adsorbed chains. At the
lowest value of Ny, /N, = 0.5 studied here, the two contributions
are comparable only for the Block-Block case, for which AU ~
—15 kgT and TAS ~ 16 kgT. The entropic contribution decreases
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Fig. 4 (a) Internal energy of adsorption per chain; (b) Entropy difference
per chain between biased and unbiased systems.

steadily with increasing values of the ratio N,,/N)., however, and
nearly vanishes for N,q/Npc = 1. Adsorption is thus driven primar-
ily by entropy gain for strongly undercharged systems whereas
energy decrease is important in nearly neutral and overcharged
systems. Although a direct parallel cannot be drawn, it is interest-
ing to note that the recent study by Rathee et al.%% showed that
the association of equal number of oppositely charged polyelec-
trolytes in the bulk Bjerrum length of 1 o is energetically driven
when the polymers do not dissociate, which are seemingly at odds
with our study.

We assume that the large value of AS in systems with f,;; < 1
reflects the entropy gain arising from the release of counterions
when a polyanion is added to the brush. This increase in entropy
is primarily a result of the transfer of counterions from a region
within the brush with a relatively high concentration of counteri-
ons to a bulk solution with a much lower counterion concentra-
tion. As f,4 increases, however, the concentration of counteri-
ons remaining within the brush decreases, as small anions are re-
placed by polyanions, and the entropy gain per per added polyan-
ion steadily decreases. Consider a simple picture of this process in
which we assume that f,4, = Npa/Npc for all Ny /Ny < 1. This pic-
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tures suggests that, as N, /N, approaches unity from below, the
charge of the tethered polycations becomes almost entirely com-
pensated by the charge of the adsorbed polyanions. In this limit,
the concentration of small counter-anions within the brush should
become almost equal to that outside the brush, causing the en-
tropy gain arising from counterion release to vanish. This simple
picture is at least roughly consistent with our results, which yield
a very small value of TAS for N, /N,. = 1, for which f,, ~ 1.

Results for AU and TAS can be obtained only for a narrow
range of values of Np,/Np. > 1. This is a result of limits on
the statistical accuracy with which we can determine AU in this
regime. Over the range in which we can obtain reliable values,
however, it appears that AF is dominated in this regime by the en-
ergy change AU. The energetic contribution is particularly large
in this regime in Block-Block and Alter-Block cases wherein the
untethered polyanion is a diblock copolymer. Note that, for over-
charged systems, the adsorption energy seems to depend more
strongly upon the charge sequence of the free polyanion than on
the sequence of the tethered polycation, since very similar val-
ues of AU are obtained for the Alter-Alter (black) and Block-Alter
(brown) cases for which the free polyanions are alternating, with
a somewhat larger value for the Alter-Block (green) case. Local
correlations within a brush containing tethered alternating poly-
cations and adsorbed block polyanions are presumbably rather
similar to those within a brush containing tethered block polyca-
tions and alternating free polyanions. The greater sensitivity of
AU to the sequence of the free polymer may thus reflect differ-
ences between the electrostatic energies of free (non-adsorbed)
alternating and block polyanions more than than differences in
the nature of electrostatic correlations within the brush.

3.3 Equilibrium Polymer Conformations

In this section, we interpret the static conformations of polymers
for both overcharged and undercharged cases by computing the
density profiles of neutral and charged blocks of both polyanions
and polycations.

3.3.1 Nearly Neutral
(Npa/Npe = 1.125)

Figures [Bfa)-(d) display the density profiles of all the poly-
electrolyte moieties for different charge sequences at N, = 72
(Npa/Npe = 1.125). The density profile of the neutral spacer block
is almost identical across all charge sequences. For cases wherein
the polyanion has an alternating charge sequence, the density
profile of the charged block of the polyanion is indistinguishable
from that of the neutral block (Block-Alter and Alter-Alter) and
hence only the density profile of the charged block of the polyan-
ion is shown.

For the Block-Block case in Fig. [5|(a), the density profile of the
charged block of the polyanion closely follows that of the charged
block of the polycation, showing that the charged blocks align
with each other. Such an arrangement is a direct consequence of
the minimization of the electrostatic potential. The density profile
of the neutral block of the free polyanions shows that the major-
ity of these blocks “stick out” of the brush into the solution, but
also a fraction instead penetrate deeper into the brush region. Al-

Cases and Overcharged Cases
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Fig. 5 Density distribution of spacer block of polycation (solid magenta), neutral block of polycation (solid brown), charged block of polycation (dotted
green), neutral block of polyanion (dotted black), and charged block of polyanion (solid blue) as a function of distance from the grafted surface
(normalized to the box length in the direction perpendicular to the graft plane) for (a) Block—Block; (b) Block—Alter; (c) Alter—Block and; (d) Alter—Alter
charge sequences and N,, = 72. For cases wherein the charged block of the polyanion is indistinguishable from the neutral block of the polyanion,
only the charged block of the polyanion is shown. The schematic inside each figure depicts a graphical summary of the plots. The color coding of the

schematic follows that of the plot.

though neutral block of the diblock copolymer does not have a
preferential alignment, due to the steric hindrance (loss of con-
formational entropy) within the brush region, they “stick out” of
the brush region. The fact that the peak in the density profile of
the neutral block of the polycation lies between that of the spacer
block and the charged block of the polycation reflects the connec-
tivity of the three blocks and shows that the tethered chains are
extended somewhat away from the wall.

The resulting equilibrium configuration is graphically repre-
sented in the inset of Fig. [Bj(a). The snapshot of the charged
moieties shown in Fig. S7 is consistent with the configuration de-
scribed above.

For the Block-Alter case in Fig. [5|(b), the density profile of the
charged units of the alternating polyanion closely follow the den-
sity of the charged block of the polycation. The profile of the
neutral units of the polyanion is not shown separately because it
is indistinguishable from that of the charged units of the same
chain. The density profiles of the three blocks of the tethered
block polycation are similar to those found for the Block-Block
case.

For the Alter-Block case (Fig. [F[(c)), the density profiles of the
neutral and charged units within the polycation are very simi-
lar to each other, and to the density of the charged block of the
polyanion. The profile of charged units of the polycation is spread

8| Journal Name, [year], [vol.],1

out over a larger range of values of z when the polycation is alter-
nating than when it is tethered, which also forces the polyanion
to penetrate deeper into the brush to compensate the polycation
charge. The neutral block of the polyanion tends to preferentially
“sticks out” of the brush, similar to the Block-Block case.

For the Alter-Alter case (Fig. d)), the density profiles of the
four blocks (neutral blocks of polyanion and polycation, charged
blocks of polyanion and polycation) are almost identical to each
other. As in the other cases, the profiles of the oppositely charged
blocks align to produce approximate local charge neutrality, while
neutral units of alternating chains are forced to follow charged
units by the connectivity of the chains.

3.3.2 Undercharged Cases (N,q/Nyc =0.5)

Figure [f] displays the density profile of different blocks of the
polyanion and polycation chains for N, = 32 (Npe/Npe = 0.5).
The density profiles of the spacer blocks remain similar to that of
the overcharged case above (Fig. and hence are not shown
in the Fig. [} The density profile of the neutral block of the
polycation in the Block-Block case is almost identical to that of
the Block-Block case in the overcharged situation (Fig. [5(a)).
The neutral block of the polyanion (dotted black) for the under-
charged case sticks out of the brush. Similar arguments presented
for the overcharged cases in the previous section, based on steric
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hindrances, can be used to rationalize this result.

Nevertheless, the density profile of the charged blocks of the
polyanion do not follow that of the polycations as in the case of
overcharged situations. To rationalize this result we compare the
extension of the brush into the bulk, by comparing the value of
the abscissa (z/L;) at which the concentration of the polycation
decays to 95% of its maximum value, between the overcharged
and the undercharged cases. The brush extends more into the so-
lution for the undercharged case (z/L; ~ 0.22) compared to that
for the overcharged case (z/L; ~0.18) in Fig.[5(a) which results in
a larger space for the polyanions within the brush region for the
undercharged case. Further, for undercharged cases, counterion
release occurs to maximize the entropy of the system, leading to
a larger void volume within the brush region for the polyanions
to explore. Together, the polyanion finds more space to reorient
compactly within the brush region to maximize their conforma-
tional entropy, and to minimize their enthalpic penalties.

For all the other undercharged cases, i.e., Block-Alter
(Fig. [l(b)), Alter-Block (Fig. [6(c)), and Alter-Alter (Fig. [6(d)),
the density profiles of the charged block of the polyanion chains
follow closely that of the neutral block due to monomer con-
nectivity. Nevertheless, unlike their overcharged counterparts,

the density profiles of the polyanion (neutral and charged) dif-
fer significantly from that of the charged block of the polyanion.
To rationalize this, we again note that the brush is extended in
the undercharged cases leading to a compact reorientation of the
polyanion chains within the brush.

3.4 Charge Distribution in Brush and Bulk Regions

From the previous discussion, it is clear that the adsorption effi-
cacy is maximum for the Block-Block case and weakest for the
Alter-Alter case. However, the question remains as to whether
there is any influence of charge sequence in the distribution of
charges within the system. To this end, we compute the charge
density profiles g(z) as a function of the distance normal to the
grafted surface z, and the total charge within the brush region Q,,
for different charge sequences.

Figure [7((a) displays the smoothed charge densities (original
density profiles are displayed in Fig. S8(a)) as a function of
distance from the grafted surface for high polyanion concentra-
tions, Npq = 100 (Npa/Npe = 1.5625). The charge densities at
this concentration show considerable variations with respect to
changes in the charge sequence in the polyelectrolytes. For the
concentration shown in Fig. [7(a), significant overcharging and
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release of counterions are expected. For the Block-Block case,
the charge density is dominantly positive near the grafted sur-
face (z/L; < 0.1), whereas the charge density near the edge of the
brush (z/L; = 0.17) is dominantly negative. These results suggest
that the block polyanions align near the brush edge, consistent
with the density profiles of polyelectrolytes presented in Sec.
In contrast, the peaks for the Alter—Alter case are not as pro-
nounced as those of the other charge sequences, indicating that
the polyanions are distributed more uniformly within the brush,
and are again consistent with the results discussed in Sec.

A drop in the values of charge densities is observed near the
non-grafted side of the box at high polyanion concentrations. This
dip is an artifact of the potential Uy,;. The polyanions tend to
be pushed further away from the wall than the small ions, lead-
ing to a small amount of charge separation. The upper wall is
sufficiently far from the brush that the artifact arising at the up-
per wall is screened by the bulk of the solution, and thus has no
impact on the charge within the brush. Spatial charge density
profiles at low polyanion concentrations show lesser variations
between different charge sequences (Fig. S8(b)).

10| Journal Name, [year], [vol.], 1

To understand the effect of overcharging within the brush,
Fig. [7(b) displays the net charge in the brush region for differ-
ent polyanion to polycation chain ratios. At low concentration
of the polyanion chains, the net charge within the brush is posi-
tive, which shows that no overcharging of the brush is observed.
In contrast, when the number of polyanion chains are in excess
of that of the polycation chains, overcharging of the brush is ob-
served. These results are intuitive and are consistent with the
literature.“34 OQvercharging of the brush is found to be strongest
when both the polyanion and polycation possess block architec-
ture and the weakest when both the polycation brush and the
bulk polyanions possess an alternating architecture. This is con-
sistent with Fig.[2)(a), wherein the fraction of polyanions adsorbed
is maximum for the Block-Block case.

4 Conclusions

In this work, we investigated the influence of charge sequence
of polyelectrolytes upon their adosrption into oppositely charged
polyelectrolyte brushes. We have considered situations in which
either the free chains or tethered chains are in excess. In both
situations, differences in the strength of adsorption among differ-
ent choices of charge sequences arise primarily from differences
in the change of energy upon adsorption, rather than differences
in the change of entropy.

When the number of free chains in the simulation is less than
the number of the tethered chains, all the free chains adsorb into
the brush. The free energy of binding is found to be strongest
when both the free and tethered chains have a block charge se-
quence and weakest when they both have an alternating charge
sequence. Systems with one block copolymer and one alternating
copolymer (Block-Alter or Alter-Block) have adsorption efficacies
that lie between these extreme cases. For these two mixed cases,
the system in which the free chain is a block copolymer exhibits a
larger binding free energy. When the number of adsorbed chains
is much less than the number of tethered chains, the free energy
decrease upon adsorption is dominated by an increase in entropy.
We assume that, in this limit, this entropy change arises primarily
from counterion release. As the number of adsorbed chains ap-
proaches the number of tethered chains, the measured entropic
driving force steadily decreases and the decrease in energy upon
adsorption plays a more important role in driving adsorption.

When N, /N, > 1, overcharging of brushes is observed. Over-
charging is strongest when both free and brush chains have a
block charge sequence and weakest when both the free and
brush chains have alternating sequences. Adsorption is somewhat
stronger when the free chain has a block sequence and the teth-
ered chain is alternating than the reverse.
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