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ABSTRACT: We use coarse-grained molecular dynamics to
elucidate the influence of polydispersity on the adsorption of
polydisperse bulk polyanionic chains onto a monodisperse
polycationic brush. We consider primarily two different charge
sequence scenarios, in which both polymer species are either block
and alternating, for polyanions with a fixed dispersity B = 1.S.
Polydispersity plays a negligible role when the brush cationic
chains are in excess, since all polyanionic chains are adsorbed. In
contrast, when the polyanions are in excess, polydispersity
substantially decreases the fraction of chains adsorbed into the
brush, irrespective of charge sequence, but increases the number of
monomers adsorbed. These opposing trends are made possible by selective adsorption of long chains.

B INTRODUCTION

Oppositely charged polyelectrolytes aggregate owing to, at first
approximation, the entropy gain from counterion release when
two oppositely charged polyelectrolytes charge neutralize one
another. In a salt solution, this process is sometimes termed
complex coacervation, wherein a liquid—liquid phase separa-
tion produces a polymer rich (coacervate) phase and a
polymer lean (supernatant) phase.' > Coacervation plays an
important role, for example, in the formation of protein—
polyelectrolyte complexes.””"' Another important case of
polyelectrolyte aggregation is the adsorption of polyelectrolytes
to oppositely charged polyelectrolytes with limited mobility,
for example, in layer-by-layer assembly on a surface”' "¢ or
adsorption onto a micelle corona.'”"?

A particularly intriguing question is whether the location of
the charges along the polyelectrolyte, i.e., the charge sequence,
plays a role in the adsorption phenomena. Using both
experiments and simulations, Perry, Sing, and co-workers
showed that polyelectrolyte complexation in solution can be
engineered by tuning the charge sequence on the polymer
backbone alone in polyelectrolyte—salt systems.'” We have
been interested in understanding whether their results for
polyelectrolyte solutions extend to the companion problem of
polyelectrolyte adsorption using a surface-mobile polymer
brush as a tractable model for mimicking the micelle
adsorption problem.””*' Our previous simulations showed
that the equilibrium properties of adsorbed monodisperse
polyelectrolytes are charge-sequence-dependent,”’ in a manner
qualitatively consistent with the corresponding observation for
complex coacervation in solution."

An open issue regarding polyelectrolyte complexation, either
in solution'” or on a surface,”' is whether the sequence-
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dependent phenomena observed for monodisperse systems are
robust to polydispersity. Unless careful measures are
taken,”>~>” polydispersity values in many polyelectrolyte
solutions experiments can vary between P = 1.1 and D =
4521316 However, a systematic understanding of the role of
polydispersity of the equilibrium structure of the complexes is
missing, since these effects are difficult to decouple from other
intrinsic properties of the system, and there appears to be no
work to address this topic for adsorption to a polymer brush.
Indeed, the seminal experiments used to test sequence-
dependent effects for coacervation were performed at low
polydispersity to avoid this confounding effect."” Despite the
polydispersity in experiments, apart from a few notable
exceptions,””’ theory and simulations in the context of
polyelectrolyte complexation are confined to monodisperse
polyelectrolytes.' ™'

This work uses coarse-grained simulations to elucidate the
effect of polydispersity on the adsorption efficacy of sequence-
specific oppositely charged polydisperse polyelectrolytes onto a
brush of monodisperse polymers. Specifically, we answer the
following questions: (i) How does the polydispersity of the
bulk chains affect the adsorption efficacy for a given charge
sequence? (ii) Is there an effect of polydispersity on the density
profile and resulting net charge within the brush? (iii) Is there
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Figure 1. Schematic of the charge sequences explored in this work: block—block and alter—alter. The color-coded legends correspond to the
different bead types in the polyanion and polycation chains. The numbers within the brackets of the legend indicate the number of each type of
bead. The graft bead is mobile within the plane of the surface. The numbers of beads in the polyanions depend on Dy, and are tabulated in Table

S1.

an interplay between the charge sequence and polydispersity
effects on the adsorption efficiency?

Bl SIMULATION DETAILS

We used an implicit solvent coarse-grained molecular dynamics
simulation with explicit salt and counterions, following our
previous work.”" Without loss of generality, we consider the
(initially) free chains to be polyanions and the grafted (or
tethered) chains to be polycations. The number of polyanion
chains n,, was {16, 32, 64, 128, and 150}, and the number of
graft chains n,,. was fixed at 32. The grafted chains contain 15
charged beads and 15 uncharged beads, with the surface linker
comprising a single neutral graft bead and four neutral spacer
beads to avoid surface artifacts.”’

The degree of polymerization for polyanions was drawn
from a Schulz—Zimm distribution®””" with a target poly-
dispersity value Dj4,; and a number-average degree of
polymerization of N = 30 to correspond to the degree of
polymerization of the charge-sequence part of the mono-
disperse grafted chains. Owing to the small number of polymer
chains in the simulations, the polydispersity D, realized in a
given simulation is somewhat different from D,y,,. The error
criterion and the different constraints imposed in generating
the initial structure are described in section S1 of the
Supporting Information. The PDI values and number of
monomers of each type for all the cases simulated are tabulated
in the Supporting Information (Table S1).

We chose the two different sets of charge sequences in
Figure 1 as the primary focus of our work. For consistency, we
follow the naming conventions in our previous work:*" (i)
“block—block” corresponds to a system wherein the charge
sequence of polycation brush and the polyanions form a block
charge sequence architecture, and (ii) “alter—alter” corre-
sponds to a system wherein the charge sequence of the
tethered polycations and the polyanions form an alternating
charge sequence architecture. We will briefly discuss a limited
set of additional results for the block—alter and alter—block
cases at the end of our discourse.

Simulations were performed in an NVT ensemble by using
the LAMMPS software.”> The model parameters used in this
work are somewhat different than our prior work™" (see section
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S1 in the Supporting Information). For this reason, we have
simulated both the monodisperse case D 1.0 and the
polydisperse case D = 1.5 here. A detailed description of the
system setup and the measures used to quantify the results can
be found in our previous work”" and, briefly, in the Supporting
Information, section S1. Reported results are averaged from
four independent simulations, where each simulation draws its
own distribution of N for the polyanion chains from the
Schulz—Zimm distribution.

To quantify the number of bound polyanion chains, we
consider an untethered chain to be bound to the brush region
if least one the monomers (charged or neutral) of the bulk
polyanion chain is within a cutoff distance (r.) of any
polycation brush monomer.”’ To quantify the number of
bound monomers of the polyanion chains, we simply sum the
monomers of each bound polyanion chain. For both of these
calculations, we exclude the neutral spacer beads connecting
the charged monomers to the grafted surface and the grafted
bead of the brush chains for this calculation. We choose a
cutoff r. = 1.500 that is slightly larger than the range of the pair
interaction.

B RESULTS

The first key insight from simulations of polydisperse
polyanions is that polydispersity has a very small effect on
the overall density profile of the anionic monomers and graft
monomers within the brush. For example, Figure 2 plots the
density distributions of the polyanion (black) and polycation
(green) monomers for . /ny,. = 4.7 as a function of the
distance from the grafted surface, normalized by the box length
in the confined direction. Qualitatively similar results were
observed for all the other values of n,,/n, simulated and
reported in the Supporting Information &igure S2). While for
the block—block case (Figure 2a) there exist small differences
in the density profiles of the anionic monomers near the edge
of the brush (z/L, ~ 0.22) between the monodisperse and
polydisperse cases, the density profiles of the grafted and
anionic monomers for the alter—alter cases (Figure 2b) are
practically indistinguishable between the monodisperse and
polydisperse systems.
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Figure 2. Density profiles for the grafted polycation and polyanion
monomers for the (a) block—block and (b) alter—alter architecture
for ny,/n,. = 4.7, as a function of the distance from the grafted surface
z, normalized by the box length in the confined direction L. The
spacer blocks are not included for the polycation chain. The density
profiles for other cases are plotted in Figure S2. The spacer and
neutral beads are excluded while computing the densities of the
grafted polymers.

The interpretation of Figure 2 is relatively straightforward.
Starting from an initial condition where the charges on
polyelectrolytes within the brush are neutralized by counter-
ions, the entropic gain from counterion release from the brush
drives the adsorption of polyelectrolytes into the brush. The
process is somewhat more complicated than this simple picture
because of overcharging of the brush,®> as we discussed
elsewhere for the monodisperse case.”’ Nevertheless, the key
conclusion is that polydispersity appears to have a small effect
on these processes; chains adsorb into the brush to create
approximately the same monomer density profile for both the
monodisperse and polydisperse cases. In addition, the radius of
gyration of the grafts becomes smaller (Figure S3) when
polyanion chains are adsorbed onto the grafts because of the
increased screening. However, the reduction in the radius of
gyration of grafts is independent of polydispersity.

While the overall monomer density profiles are relatively
insensitive to polydispersity, the situation is somewhat different
for the distribution of monomers corresponding solely to the
adsorbed polyanions. For the block—block system, the
preferred configuration of the adsorbed chains is to insert
their charged block into the brush, with the neutral tail
remainin% outside the brush to increase the configurational
entropy.” Figure 3a demonstrates that in the polydisperse
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Figure 3. Density profiles for the neutral and charged monomers for
adsorbed chains for the (a) block—block and (b) alter—alter
architecture for n,,/n,. = 4.7, as a function of the distance from the
grafted surface z, normalized by the box length in the confined
direction L,. The density profiles for other cases are plotted in Figure
S4.

system the block—block architecture produces a longer tail of
neutral monomers extending outside the brush than the
monodisperse case. This effect arises due to a preference for
adsorbing the longer block polyanions; the preferential
adsorption of long chains and its impact will be a recurring
theme throughout our discourse. In contrast, the alternating
polyanions are completely adsorbed into the alternating
brush.”' This leads to a much simpler picture; Figure 3b
shows that this behavior leads to polydispersity has a relatively
small effect on the monomer distribution for the alter—alter
cases.

We now turn our attention to the fraction of polyanions in
the system that are adsorbed onto the brush. The adsorbed
fraction can be computed in two different ways. In the first
method, we compute the ratio fjj" of the number of
monomers that are part of a polyanion chain that is bound
to the brush (i.e., to a polyanion chain for which at least one
monomer is within the cutoff distance of a brush monomer) to
the number of charged and neutral monomers in tethered
polycations, excluding contributions of the five-monomer
spacer segment of each tethered chain. This adsorbed fraction
is proportional to the sum of the areas under the curves of
charged and neutral bound monomers (normalized by the total
number of monomers in tethered polymers excluding the
spacer and grafted beads) in Figure 3 and Figure S4. We also
computed the ratio &, of the number of polyanion chains that
are adsorbed to the brush to the number of tethered polycation
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chains. These two calculations give complementary insights
into the adsorption process.

Let us consider first the fraction of polyanion monomers
adsorbed to the brush, fii;". Overall, Figure 4 demonstrates
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Figure 4. Adsorbed monomer ratio fiy," as a function of the relative
ratio of polyanions to polycations for the block—block and alter—alter
cases. The error bars, typically smaller than the symbol size,
correspond to the standard error of the mean.

that the block—block case leads to more adsorbed monomers
than the alternating case for both monodisperse and
polydisperse systems. We thus infer that the thermodynamic
conclusions that we drew elsewhere from simulations of the
monodisperse case’' extend to the polydisperse system: the
internal energy of adsorption favors the block—block system
due to a stronger charge correlation effect.”* The net effect of
these trends in internal energy and entropy is a stronger
adsorption of the block system, which is evident in Figure 4.
‘When the polyanion is strongly in excess, we further observe in
Figure 4 that polydispersity favors increased adsorption of
monomers.

One of the most remarkable features of polyelectrolyte
brushes is the ability of the brush to become overcharged in
the presence of a large number of polyanions. Figure 5

10
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—4—Block-Block, PDI = 1.5
5 —&— Alter-Alter, PDI = 1.5 |
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Figure 5. Total charge of the brush as a function of the ratio of
polyanions to polycations. The error bars correspond to the standard
error of the mean.

provides the net electrostatic charge within the brush, which
includes contributions from both polyions and counterions
that remain within the brush. The general trend of under-
charging and then overcharging with increasing polyanion
concentration is consistent with previous work.”>*® The trend
of higher overcharging for the block—block system observed
for the monodisperse case’' persists in the presence of
polydispersity. For the alternating charge sequence, poly-
dispersity provides a modest increase in overcharging that is
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almost to within the error. In contrast, polydispersity leads to a
statistically significant degree of additional overcharging for the
block charge sequence. Overall, the trend in Figure S mirrors
that in Figure 4.

If we instead consider adsorption efficiency in terms of the
number of chains adsorbed, Figure 6 shows that the
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Figure 6. Fraction of adsorbed polyanions as a function of the relative
ratio of polyanions to polycations for the block—block and alter—alter
cases. The error bars correspond to the standard error of the mean.

phenomena appear to be more complicated. For all ratios of
polyanions to polycations, Figure 6 indicates that the
monodisperse case leads to more chains to adsorb to the
brush than its polydisperse counterpart. The most intriguing
feature of Figure 6 is the crossover in the polydisperse cases
when the polyanions are in large excess, with the alternating
case leading to more chains adsorbing to the brush than the
block—block case, in contrast to the smaller number of
monomers adsorbed for the alternating case in Figure 4. At
first glance, it would seem that the larger number of adsorbed
chains for the alternating case runs counter to the
thermodynamic argument that favors adsorption of block
sequences due to a more favorable correlation energy.”**
However, the calculation of the number-averaged degree of
polymerization of the adsorbed chains in Figure 7 provides the
resolution to this conundrum. For the block architecture, the
typical degree of polymerization of the adsorbed chains
exceeds those for the alternating case. As a a result, fewer
chains need to be adsorbed (Figure 6) for the block—block
case to achieve the requisite number of monomers adsorbed

(Figure 4).

2
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Figure 7. Ratio N**/N, of the number-average degree of polymer-
ization N2%* of adsorbed polyanion chains to the number-average
degree of polymerization N, = 30 of all polyanion chains in the
simulation, plotted vs the ratio ny,/n,. of polyanions to grafted
polycations for the block—block and alter—alter cases. The error bars
correspond to the standard error of the mean.
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Figure 8. Probability distribution, p,g, for adsorption of chains with degree of polymerization, N, for (a) block—block and (b) alternating—
alternating charge sequences at different ratios of the polyanions to polycations for the polydisperse case. The charge-sequence portion of the
polycation brush chains is N = 30. All the results reported were averaged across four cases.

To understand more deeply the differences between block
and alternating cases exhibited in Figures 4—7, we have also
computed the distribution p,4(N) for the degree of polymer-
ization N of bulk chains adsorbed onto the grafted chains.
Figure 8 displays p,4(N) for the block—block and alter—alter
sequences for various n,,/n,. for the polydisperse case. The
binning in Figure 8 is done in integer values of N. For values of
N near the polyanion number-averaged degree of polymer-
ization (N = 30), there can be many molecules per bin,
especially as the number of polyanions increases. In contrast,
for degrees of polymerization that are in the tails of the
Schulz—Zimm distribution, the bin typically contains only one
chain.

For all of the block—block cases in Figure 8a, p,q4, for degree
of polymerizations lower than the graft degree of polymer-
ization (N < 35) lies mainly between 0.0S and 0.5. This
suggests that the lower degree of polymerization chains exhibit
a reversible adsorption—desorption kinetics during the time
scale of the simulations, with many of these chains residing
outside the brush. In contrast, the majority of the high degree
of polymerization chains (N 2 70) remain adsorbed (p,q4
1.0) throughout the course of the simulation. In other words,
these chains display irreversible adsorption—desorption
kinetics. These trends become more apparent for n,,/n,. =
4.0 and ny,,/n,. = 4.7, wherein a larger number of the high-N
chains are present because there are more polyanions in the
system, and this increases the likelihood of selecting a larger
value of N from the Schulz—Zimm distribution. These
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observations are consistent with the results of Aguilera-Granja
et al,*® where they showed that the probability of adsorption
of longer chains onto neutral surfaces is higher than that for
the shorter chains.

The qualitative trends are similar for the block—block
(Figure 8a) and alternating—alternating (Figure 8b) systems,
with an increase in the probability of adsorption with
increasing degree of polymerization. However, the sharpness
of the increase differs between the two cases, with a slower
increase for the alternating charge sequence. This behavior is
consistent with the stronger adsorption of block sequences,”
as illustrated previously in Figure 4.

One potentially troubling aspect of Figure 8 is the tendency
for “all-or-nothing” behavior for adsorption of high degree of
polymerization chains. We note two likely reasons: (i) The first
is an artifact arising from the smaller number of chains of that
given degree of polymerization. The Schulz—Zimm distribu-
tion function has a finitely decaying “tail” (see the theoretical
Schulz—Zimm distribution function plotted in Figure Sla).
Therefore, to sample highly polydisperse systems, the like-
lihood to sample large number of long length chains is very low
unless the sample size is extremely large. For instance, for n,, =
150 in Figure S1b, we can see that the number of chains with
N~ 110 (100 $ N < 120) is 2 where as the number of chains
in the vicinity of N = 60 (50 $ N < 70) is about 13.
Therefore, in a computationally feasible system, the chains
with a degree of polymerization N &~ 60 have a higher
probability of exchange with chains of similar degree of
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Figure 9. Radar plots displaying the fraction of adsorbed monomers (f%¢"), the fraction of adsorbed chains (f5}), and the normalized number-
averaged molecular weight (N2%*/N.,) for the block—block, block—alter, alter—block, and alter—alter architectures at o/ M = 4.7. (a) b=1.0and
(b) B = 1.5. The corresponding data and their error bars are tabulated in Table S3.

polymerization compared with chains with a degree of
polymerization N = 110. (ii) The adsorption of longer chains
is strong, whereupon a fraction of them adsorb quickly and the
equilibrium state is one in which randomly chosen chains of
this large length would spend the vast majority of their time
adsorbed to the interface in a hypothetical infinitely long MD
simulation. We return to a more detailed investigation into
adsorption—desorption equilibrium later in the context of a
bidisperse system to show that the latter simulations produce
frequent chain exchange between polyanions with the same
value of N when there are many such chains in the simulation.

Although the probability distribution of the degree of
polymerizations of the adsorbed chains for the alter—alter case
(Figure 8b) is qualitatively similar to the probability
distribution of the degree of polymerizations of adsorbed
chains for the block—block case (Figure 8a), the number of
chains having p,4, = 1 or p,g; = 0 is smaller for alter—alter case
compared to the block—block case. To explain these
quantitative differences, we note that for monodisperse systems
the adsorption free energy of polyanions in an alter—alter
system is higher (weaker adsorption strength) compared to the
block—block system.”’ The polyanion chains in an alter—alter
system are likely to be in a weaker adsorption—desorption
equilibrium with the brush chains compared to the block—
block system. While a detailed calculation of the average free
energy of polydisperse chains could provide insights into this
question, such a work is outside the scope of the current
article.

While our primary focus is on the limiting cases of block—
block and alter—alter, it is illuminating to also consider the
cases of mixed charge sequence, viz., the block—alter case
(grafted chains in block charge sequence architecture and bulk
chains in alternating charge sequence architecture) and the
alter—block case (grafted chains in alternating charge sequence
architecture and bulk chains with block charge sequence
architecture). Figures 9a and 9b display radar plots for the
fraction of adsorbed monomers (f2"), the fraction of adsorbed
chains (f%), and the normalized number-averaged molecular
weight (N2%/N,,) for all the four different sequences at Mo/ e
=4.7 for D = 1.0 and D = 1.5, respectively. Within error bars,
foen, fh, and N2%/N, for the block—alter and alter—block cases
lie in between that of the block—block and the alter—alter
sequences for both P = 1.0 and P = 1.5. In addition, the
fraction of adsorbed monomers for P = 1.5 is higher compared
to that for D = 1.0 irrespective of the charge sequence. For
polydisperse cases (P = 1.5), the normalized fraction of
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adsorbed chains (f%) and the normalized number-averaged
molecular weights (N2*/N,) for the block—alter case are very
similar to that of the alter—alter case, and that for the alter—
block case is very similar to that of the block—block case. This
result suggests that the adsorption is influenced by the charge
sequence on the grafted polymers for polydisperse systems and
that our analysis of block—block and alter—alter systems
represents the two limiting cases.

B DISCUSSION

The trends for adsorption as a function of degree of
polymerization in Figure 8 can be understood in the context
of a relatively simple model. Let cy denote the number of
polyanions of length N (“N-mers”) per unit volume in the
solution, and let I'y denote the number concentration of
adsorbed chains of length N per unit area. We assume that the
free energy gained by adding an adsorbed chain to the brush is
proportional to the degree of polymerization N and that the
chemical potential of a chain within the brush thus contains a
contribution linear in N. This suggests that equating chemical
potentials in the brush and solution leads to an equation of the
form

kgT In(cy/c®) = —EN + kgT In(Iyy/L,c°) (1)

where ¢° is a standard concentration, L, is a characteristic
thickness for the adsorbed layer, kg is Boltzmann’s constant, T
is temperature, and E is a binding free energy per monomer.

Solving for I'y yields

Iy = Leye™ (2)
where f# = 1/(kgT). The binding free energy E is a quantity
that depends on the state of the brush, which may arise from a
combination of a decrease in electrostatic free energy per
monomer when a polyanion is incorporated into the brush and
an increase in counterion entropy when adsorption is
accompanied by release of counterions from the brush. The
key physical assumption of the theory is simply that, for a given
state of the brush and a given sequence type (alternating or
block), the contributions to juy arising from these physical
effects increase linearly with the number of charged monomers
(or total number of monomers) in an adsorbed chain.

Now consider a closed system in which My denotes the total
number N-mers, and let py denote the fraction of adsorbed N-
mers. If V is the volume of the bulk solution and A the
interfacial area, then I'y = Mypyn/A and ¢y = My(1 — py) /V.
Using the latter in eq 2 yields
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p—N = —1 _ pN LaeﬂEN
A 1% (3)
which can be written in the form
PN _ hePEN
1=py (4)

in which the dimensionless quantity h = L,A/V should be
comparable to the fraction of the simulation unit cell occupied
by the brush. Solving for py yields

he PEN

T 14 heP™N ()

which is the model prediction for the functional form of the
data in Figure 8.

The form of eq 4 suggests that the model parameters h and
PE can be extracted from the data in Figure 8 by linear
regression. To accomplish this task, we first removed all data
with p,4, < 0.0001 or p,4, > 0.9999 to avoid singularities in the
semilogarithmic plot and then fit the data up to a value N,
below which the data appeared to be linear. Figure 10a
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Figure 10. Results from the model for the probability of adsorption as
a function of degree of polymerization. (a) Linear regression to eq 4
for the block—block case. The companion plot for the alter—alter case
is provided in Figure S6. (b) Comparison of eq S with the linear
regression coefficients in Table 1 and the data in Figure 8a for the
block—block case for n,,/n,. = 2.0. The plots for other cases are
provided in Figures S7 and S8.

illustrates the result of this procedure for the block—block case
using the N, values in Table 1; the companion data for the
alter—alter case are in Figure S6. To convert h into a form that
allows easy comparison to the brush heights in, for example,
Figure 2, note that the volume of the bulk solution is V= (L, —
L,)A, whereupon h = L,/(L, — L,) or, equivalently, L,/L, = h/
(1 + h) where L, = 1206 (see the Supporting Information).
This fitting procedure, which only uses the sharply rising
portion of the data in Figure 8, provides a satisfactory
description of the entire data set in the panels of Figure 8 when
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Table 1. Results of Linear Regression to the Data in Figure
8 Using Eq 4“

block—block

alter—alter

Mpa/ e N L,/L, BE LJ/L, BE
1.0 25 0.045 0.26 0.053 0.19
2.0 40 0.031 0.12 0.064 0.075
4.0 80 0.032 0.062 0.078 0.038
47 80 0.032 0.058 0.103 0.023

“The value N, is the upper bound used for linear regression. To
compare the brush height with the data in Table S2, note that L, =
1200.

plotted by using the form of eq 5. Figure 10b shows one
example, and all of the cases are provided in Figures S7 and S8.

Three features emerge from the fitting data reported in
Table 1. First, the values of the effective brush height L,
obtained from the regression to the theory are comparable to
but somewhat lower than other measures of the height brush
as shown in Figure 2, Figure S2, and Table S2. Such a
quantitative difference is unsurprising given the simplicity of
the model. Second, the marginal binding free energy per
monomer E decreases with increasing number of polyanions
over the range npa/nPc > 1.0 considered here. The stronger
adsorption at lower values of n,,/n,. may reflect in part a free
energy gain associated with the release of counterions upon
adsorption of a polyanion, which dominates the adsorption
free energy for n,,/n,. < 1 and may also occur to a lesser extent
for values of n,,/n, slightly greater than unity. Third, for a
given value of n,,/n,, the binding free energy E is significantly
larger for the block—block system than the alter—alter system.
This observation, extracted from the N-dependence of the
adsorption probability, is consistent with the larger number of
monomers adsorbed for the block—block case in Figure 4 and
presumably arises from the existence of a larger electrostatic
correlation energy for the block—block case.

Overall, the most salient aspect of polydispersity is the
presence of long chains in the mixture. The impact of these
longer chains in the polydisperse system, in particular for the
block—block architecture, is evident in the longer neutral tails
sticking out of the brush (Figure 3a), the increase in the
number of adsorbed monomers (Figure 4), the reduction in
the total number of chains adsorbed (Figure 6), an increase in
the average degree of polymerization of adsorbed chains
(Figure 7), and the sigmoidal shape of the probability of
adsorbing a chain of a given degree of polymerization (Figure
8). We attribute the preferential binding of the longer chains to
the favorable translational entropy; binding a chain of size 2N
to the brush costs less translational entropy than binding two
chains of size N.

To probe the influence of the degree of polymerization
distribution on the adsorption of polydisperse polyelectrolytes
idea in a more straightforward, but less experimentally relevant,
manner, we also simulated a simple bidisperse model. To this
end, we constructed bidisperse blends of equal number
polymer chains with high degree of polymerization (N = 52)
and low degree of polymerization (N = 8). To identify the
distribution of the adsorbed chains, we calculate ¢, 4, defined as
the ratio of fraction of chains adsorbed with N = 52 to that
with N = 8. Figure 11 displays ¢,4, (yellow bar) for the block—
block and alter—alter cases with n,, = 150 (n,,/n,. = 4.7). For
both the cases, ¢4, is greater than 1, showing that the
likelihood of adsorption of the high degree of polymerization
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Figure 11. Comparison between the adsorbed fraction of bulk chains
and the total number of bulk chains present in the simulation with the
corresponding degree of polymerization in a bidisperse system for two
different charge sequences. The red bar shows the ratio (¢,q)
between the fraction of chains adsorbed for N = 52 (green bar) and N
= 8 (blue bar). The arrow mark shows the axis corresponding to the
ratio (¢b,g;). Results are averaged four independent simulations with
n,, = 150 and the polyanions modeled as a blend comprising equal
number of low and high degree of polymerization chains. The error
bars are negligible and are tabulated in Table S4.

chains is more than that for the low degree of polymerization
chains. In addition, the low-N chains adsorb more efficiently
for the alter—alter case when compared to the block—block
case (compare blue bars in Figure 11). Therefore, a larger
fraction of the total number of chains needs to be adsorbed for
charge neutralization within the brush region. These results
mirror the distribution for adsorbing chains of size N (Figure
8) and the fraction of polymers adsorbed for a polydisperse
system (Figure 7). These simulations of a bidisperse system
also allow us to revisit the question of adsorption equilibrium
in Figure 8, since we now have many chains in each of the two
bins. The identity of the set of adsorbed (or desorbed) chains
at any time instant in Figure S$ is distinct, showing that long
length chains in the bulk and brush regions exchange, and
hence the system is at adsorption equilibrium.

B CONCLUSION AND OUTLOOK

In summary, our work unequivocally shows that even
moderate polydispersity (D = 1.5) impacts many features of
the brush, with an increased effect for a block—block
architecture relative to the alter—alter charge sequence.
These results are rationalized based on the translational
entropy gains for keeping low degree of polymerization chains
in solution in a polydisperse system. These results should
prove useful for interpreting experiments on polyelectrolyte
adsorption in processes with significant polydispersity.
Previous experimental works on polyelectrolyte adsorption
along with the theory and simulations on the adsorption of
monodisperse polyelectrolytes have shown that the polymer—
polymer, polymer—particle, and polymer—surface interactions
are dependent on salt concentration,”” ** salt valency,**~*
and local dielectric inhomogeneities,ﬂ_45 and it is reasonable
to anticipate that similar changes in the electrostatics could
impact the result obtained here. With increasing salt valency,
salt ions can competitively adsorb with shorter polymers in a
polydisperse system. Moreover, at higher salt concentrations,
screening becomes stronger, and the effects of electrostatics
become weaker, leading to polyanions collapsing onto the
grafted chains.”” In addition, the adsorption efficacy of
polyelectrolytes on charged surfaces at high salt concentrations
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was observed to depend on the charge sequence and chain
length.”” However, these trends are harder to predict for
polydisperse systems as the reduction in enthalpic (electro-
statics) contribution on adsorption becomes weaker and may
become comparable to loss in entropic contributions (after
adsorption) for longer adsorbed chains at high salt
concentration. Finally, the effects of dielectric contrast may
become predominant at polymer—polymer interfaces of longer
chains since these effects become important for higher local
polymer concentrations.** Understanding the effects of salt
concentration, salt valency and dielectric contrast are avenues
for interesting future works.
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