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ABSTRACT

In this work, we systematically investigate the impact of counterion size on the behavior of star-shaped strong polyelectrolytes in
dilute aqueous solutions using Langevin simulations and a primitive model of electrolytes. Varying both the counterion diameter
and the number of arms of the polyelectrolyte, we demonstrate that both characteristics significantly impact polyelectrolyte con-
formations and counterion absorption. Counterion dynamics are also affected, the most interesting aspect being the presence of
a fraction of mobile ions slowly diffusing, compared to the average behavior, which increases with polyelectrolyte branching and
counterion size. Informed by the results on systems with single-size counterions, we also investigate possible changes in behavior
of these polyelectrolytes when neutralized by a binary mixture of bulky and small counterions at different relative concentra-
tions. Our results show that small counterions demonstrate a greater tendency for remaining located within the inner regions of
the polyelectrolyte, particularly when their molar fraction is low and the polyelectrolyte is highly branched. This results in the
spatial separation of the two species into core-shell-like structures, which dramatically decreases the diffusivity of the smaller
counterions. By investigating the partitioning of counterions between the solution and the regions internal to the polyelectro-
lytes, it is shown that the selectivity toward the smaller species can be significantly enhanced by increasing the number of arms
and operating under conditions of counterion scarcity.

1 | Introduction condensation of counterions (CIs) and the associated change in
entropy.

Polyelectrolytes (PEs), i.e., polymers carrying either charged or

ionizable monomeric units, exhibit highly responsive behavior
that can be controlled by various solution properties, such as
pH, temperature, solvent quality and screening power, as well
as the concentration and nature of mobile ions present in solu-
tion. In particular, the latter can significantly influence the
properties of PEs due to the stabilizing electrostatic interactions
with the charged moieties on the chains, involving mechanisms
governed by a balance between the energy gained from the

For instance, strong PEs are expected to decrease their exten-
sion upon the addition of salt ions to the solution, potentially
undergoing collapse and eventually phase separation as attrac-
tive Coulomb interactions become stronger, particularly in the
presence of multivalent CIs (see references [1, 2] for experimen-
tal results, and references [3-9] for theoretical findings) or op-
positely charged species, leading to formation of gels [10, 11] or
coacervates [12, 13].
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In the case of weak PEs, their pK can be markedly decreased not
only by increasing the screening power of the solution but also
by adding ionic species capable of forming specific stabilizing
interactions, coupled with electrostatic ones, such as hydrogen
bonds [14] or hydrophobic interactions [15].

Although in many computational approaches the size of CIs is
either completely neglected, as in mean-field approaches where
mobile ions are represented as point-like charges, or assumed
to be equal to that of monomers for convenience, it has been
demonstrated both experimentally and through simulations
that the radius of CIs often has a non-negligible impact on the
behavior of PEs. In aqueous solutions, for instance, an increase
in the excluded volume of CIs disfavors their accumulation
along PE chains due to the diminished electrostatic interaction.
Conversely, in low-polarity media, Coulomb attraction is strong
enough to overcome the entropy-driven tendency of mobile ions
to disperse in solution. In such cases, both theory and simula-
tions suggest that condensation of bulky CIs can prevent the ex-
pected collapse of PEs [16-23].

These phenomena have significant implications for the behavior
of various PE systems, as probed by focused experiments. For
example, xanthan solutions above the critical concentration ex-
hibit an increase in viscosity upon the addition of large cations,
whether monovalent or divalent [24]. Furthermore, both strong
and weak hydrogels may display different swelling behaviors
upon ionization, depending on the CI size [25-28]. It has also
been shown that the size of CIs influences the way in which PE-
based systems self-assemble. For instance, neutral-g-charged
diblock copolyelectrolytes exhibit various colloidal aggregate
morphologies depending on the radius of their CIs [29, 30], with
small ions promoting the formation of separated microphases,
while bulky CIs increase the miscibility of the domains.

DNA also undergoes condensation phenomena depending on
the hydration radius of divalent cations [31, 32], albeit the pref-
erential interactions between DNA and small mobile cations re-
main debated [33-35]. Interestingly, Plesa et al. have shown that
the pore translocation of knotted DNA is significantly affected
when the monovalent cations in solution are changed from Li*
to K* [36], an observation that can be attributed, at least in part,
to the different sizes of the CIs and their solvation shells. This
interpretation is further supported by a study on the impact of CI
size on circular knotted PEs [37], which demonstrated that both
small and bulky CIs favor knot localization, while medium-
sized ones promote delocalized knots.

In conclusion, the size of CIs in PE systems has been shown
to significantly impact outcomes in both theoretical/computa-
tional and experimental studies. However, most investigations
have focused on linear PEs [16, 18, 20, 30, 38], and, to a minor
extent, gels [25-28] and brushes [39-41], with relatively little
attention given to branched chains, such as comb-like or star-
shaped architectures. To the best of our knowledge, notable
exceptions are the computational studies by Ktos and Paturej
on charged dendrimers in the presence of CIs of different sizes
[21, 22], which, however, primarily address the role of electro-
static interaction strength rather than the impact of the branch-
ing degree, and a very recent study by Aliakseyeu et al., which
instead highlights how the star-like architecture slows down

the dynamics of CIs of different types [42]. We thus hypothesize
that chain architecture, particularly the degree of branching,
may play a crucial role in how CIs of different sizes interact with
the PE, influencing their condensation, absorption, and overall
dynamical behavior within the system.

We base this idea also on previous experimental findings re-
garding the impact of changes in CI nature on the transport
properties of hydrophilic PEs when the overall solution becomes
crowded due to elevated macromolecular concentrations. In this
context, substantially different viscosities have been measured
following the substitution of Na* with tetra-alkyl ammonium
ions in highly concentrated polystyrene sulfonate solutions
[43], suggesting a substantially different degree of association
between CIs and the PEs. Moreover, concentrated polylysine
solutions exhibited significant variations in polymer diffusion
constants upon changing the nature of anionic CIs [44], further
indicating that differences in CI-chain interactions may impact
transport properties due to both changes in solution viscosity
and overall chain shape.

Thus, in this specific study, we conduct a systematic investigation
of the impact of CI size on star shaped strong PEs with varying
numbers of arms, f. Specifically, we first examine how CI diam-
eter, o, influences the conformational properties of the PE as a
function of f, as well as the CI dynamics and thermodynamics of
condensation and absorption. We anticipate that CI size signifi-
cantly affects all the properties investigated, among which the
effective (i.e., partially compensated by CI absorption) charge of
the PE. Hinging on the information obtained for systems with
CIs of homogeneous size, we also explore how the behavior of
the PE is further modified in the presence of a binary mixture of
small and bulky CIs, varying the ratio between the two species
to examine possible changes in absorption selectivity. Notably,
unlike previous studies [16, 18], which assumed the same fric-
tion acting on all species regardless of their size, we implement
a size-dependent friction model that more accurately simulates
the dynamics in a viscous medium. This approach allows us to
demonstrate that the CI dynamics is affected in a nontrivial way,
particularly in the presence of mixtures of small and bulky CIs,
and that accounting for or neglecting the different drag experi-
enced by the species leads to dramatically different results.

2 | Model and Methods

In this section, we describe the polyelectrolyte model imple-
mented and the methods employed to investigate the behavior
of the simulated systems. Given the large number of symbols
and variables involved in the discussion, we provide a list of the
most frequently used ones in the Supporting Information (SI);
see Tables S1 and S2.

2.1 | Model

The simulated system consists of a single star-shaped polyelec-
trolyte (PE, or “star”) in a periodically repeated cubic cell, with
a side length set to yield a molar concentration of charged mono-
mers equal to 102 mol/L. Each arm is represented via a coarse-
grained “beads-springs” primitive model and consists of f linear
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chains (“arms”) composed of L negatively charged monomers.
Bonds between consecutive beads in each arm are modeled via a
finitely extensible nonlinear elastic (FENE) potential,

1 ) i\
UFENE(rij) = - Ekbondrmax In{ 1- (r > ) €))
max

where r; is the distance between bonded monomers i and
J» Tmax = 30 is the maximum allowed bond elongation, and
kipona = 60€ / 6* is the force constant. In this expression, the
potential depth ¢ is set equal to the the characteristic thermal
energy of the system, kT, which is in canonical equilibrium at
temperature T. The r,,, and k4 values correspond to an al-
ternative parametrization of the standard Kremer—Grest model
[45] yielding a practically indistinguishable effective bonding
potential up to several k;T units from the minimum [37]. The
first monomer of each arm is connected to a central neutral
monomer (“star center”) using the same bonding potential.

The charge of the PE is neutralized by the presence of N = fL
monovalent-positive CIs. Electrostatic interactions are repre-
sented using the Coulomb potential,

1 €zg

ly
Ucou (1) = = ZizjkBT7’ 2

Adrwene, Iy
and are handled using the P*M method, with an accuracy set
to 1073, In Equation (2), r; is the distance between two inter-
acting particles i and j, e is the elementary charge, z; and g;
are the signed charge valencies of the two particles, ¢, is the
vacuum dielectric constant, and ¢, is the relative permittiv-
ity of the medium. The solvent is represented by a uniform
dielectric continuum, so its molecular structure is neglected.
Setting ¢ = 3.55A results in a Bjerrum length approximately
equal to that of pure water at room temperature, i.e., €, & 78
and Iy = €2 / (4zege, kyT) = 20 = 7.10A.

Excluded volume interactions between all pairs of particles are
represented as soft spheres via a Weeks-Chandler—-Anderson
(WCA) potential [46], given by

G“ 12 6“ 6
4¢ (-”) —<—U> L 1 <TFeut
Usyca (rij’o'ij) = Ty i 4 3

0 otherwise

1
[ . 1 :
where ., = 240y is the cutoff radius, and o;; = 5 (0; + o)) is a

parameter defining the WCA interaction between two particles
iand jwith diameters c; and o}, respectively. The diameter of the
charged monomers, o, and the star center, oy, are set equal
to o, wheres the diameter of the CIs, oy, is varied in the range
[0.50,2.50]. For simplicity, we introduce dimensionless parame-

«

ters by adding the superscript “+”, e.g., 6%, = o1/ 0.

2.2 | Simulation Protocol

In this study, we explore star PEs with f=2, 4, 8, and 15
arms. The length of each arm is fixed at L =20, while the

total number of monomers, N, = fL + 1, varies accordingly.

The number of counterions, N, = fL, also varies, and the box
volume is adjusted to maintain a monomer concentration
of Cpono = 1072mol /L. A few simulations with a fixed total
number of monomers and CIs, thus varying the arm length,
showed no qualitative differences in trends with respect to f

and o¢y.

The systems are evolved via Langevin dynamics simulations,
described by the equation,

mX, = —yX;,+F, +R,, 4
where m;, X;, and X; represent, respectively, the mass, velocity,
and acceleration of the i-th particle, while y;, F,, and R, are, re-
spectively, the friction coefficient, the conservative forces, and
the random forces acting on it. The latter act on each particle
independently and obey the fluctuation-dissipation theorem.
Differently from previous studies, which analyze CI dynamics
as a function of their size [16, 18] but do not account for different
friction forces on differently sized beads, we implement a size-
dependent friction, Yy = %y W (hence, y; = a;), where y rep-

resents the species considered. This allows us to more accurately
capture the impact of bead diameter on the frictional dissipation
and the associated thermal fluctuations, ensuring that larger
particles experience greater friction, in line with their increased
drag. Thus, our simulations offer a more realistic representation
of the differently sized CIs in motion. However, we point out that
the use of the Langevin thermostat corresponds to the Rouse
(i.e., fully draining) chain dynamics [47], which does not explic-
itly account for hydrodynamic interactions. Nevertheless, the
relative dynamics of the CIs with respect to the star PE is ex-
pected to be, at least qualitatively, well described under the as-
sumption that electrostatic interactions dominate and
hydrodynamic effects play a less significant role. In order to
evaluate the impact of accounting a size-dependent friction,
simulations with a uniform friction value (i.e., y; =y*=1Vy),

have also been run.
Two sets of simulations were performed:

i. In the first set, the diameter of CIs was varied in the range
ok, €[0.5,.2.5]

ii. In the second set, two species of CIs with different diam-
eter values, ¢¢ = 0.5and o}, = 2.0 (“s” denotes “small” and
“B” denotes “bulky”), were present with tunable molar

fractions y,and yg=1— y,

Importantly, the chosen relative diameter values are consistent
with experimentally accessible species, as the size of monova-
lent cations may be easily varied, for instance, by using ammo-
nium ions bearing different alkyl groups [48].

All simulations were performed with the software package
ESPResSo 4.1 [49], using default values for the mass of the parti-
cles,m. The dynamics were integrated with a velocity Verlet algo-
rithm using a time step 6t = 0.017;, where 7, ; = 64/(m/ ¢) is the
Lennard-Jones time.

For each set of system parameters, we collected at least five indepen-

dent trajectories, each with a duration oft;,, = 10°7;, following an
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initial relaxation stage of duration fy,.., = 2 X 10>z, ;. Canonical
expectation values of the system properties were computed over
configurations sampled at intervals of £, e = 2071, and are de-
noted by angular brackets, (-). Mean values are presented with
their standard errors, averaged over the independent trajectories,
and are smaller than the plot symbols when not visible.

2.3 | Conformational and Thermodynamical
Analysis

2.3.1 | Radius of Gyration and Arm Extension

The size of a polymeric chain can be described by its squared
gyration radius,

®

where Xx; and X are the coordinate vectors of, respectively, the
i-th monomer and the center of mass of the chain.

Another commonly used property for characterizing the size of
a linear polymer is the “end-to-end” distance, i.e., the distance
between the first and the last monomer of a chain. This quantity
can be easily extended to star-shaped PEs. Thus, we define the
squared “arm extension” of a given arm j as,

fif = (XN _Xlast)z’ (6)

where xy and x;, are the coordinate vectors of, respectively, the
star center and the last monomer of the j-th arm. We denote the
instantaneous (i.e., at a time ¢ = t,) root mean square value of
the arm extension averaged across all the f chains as,

@

to distinguish it from the root mean square value obtained by

averaging over the simulation time, 4/ (z/”i)

2.3.2 | Counterion Condensation and Absorption

We say that a CI c is condensed (or adsorbed) on the PE if there
is at least one monomer m such that the distance between c and
m is less than or equal to an arbitrary cutoffr 4. Unlike similar
studies in the literature, we set r,,4 = Iy = 20 regardless the size
of the CIs considered. This choice allows us to establish a crite-
rion based solely on energetic arguments: the distance at which
the attraction between two oppositely charged species equals
the thermal energy. We denote the number of condensed CIs
as v, and the fraction of condensed CIs as ¢ = v / N¢;. This frac-
tion also represents the number of condensed CIs per charged
monomer.

Similarly, we say that a CI c is absorbed into the star if it is lo-
cated at a distance from the star center, r, less than the aver-
age arm extension, i.e., r < £,. The number and the fraction of

absorbed CIs are denoted by, respectively, Y and ®. It is worth
noting that the latter provide meaningful metrics for quantify-
ing the amount of adsorbed CIs only if the shape of the PE can be
reasonably approximated as a sphere. Consequently, these quan-
tities were not calculated for the case f = 2. Furthermore, we
define Z 4~ Npono + Y = Nyono(1 + @) as the effective charge
exhibited by the PE upon CI absorption.

When dealing with a binary mixture of CIs of different sizes (with
diameters o and oy, respectively), we will use subscripts to uniquely
identify each species. Thus, ¢, and @, denote the fraction of small
CIs that are condensed on and absorbed by the PE, respectively. It
is important to note that, when calculating these fractions, the de-
nominator can be either the total number of CIs, N, or the num-
ber of small CIs, Ny = y;N¢;. For convenience, we denote as ¢, and
o, (y = “s” or “B”) the fractions computed using the total number

of CIs as the denominator, and as (p;” ) and CD;I ) the fractions com-

puted using the number of, respectively, small and bulky CIs.

Finally, to investigate how CIs are distributed inside and around
the star, we compute the radial distribution function of mono-
mer and CIs, g(r), with respect to the star center. To facilitate
comparison across systems with different numbers of particles,
we define the quantity g'(r) = pg(r), where p¢ is the absolute
density of CIs. Additionally, by “inverting” g(r), we derive the
Helmholtz energy profile of the CIs as a function of their dis-
tance from the star center. This profile represents the reversible
work, w,(r), required to move a particle from the bulk (i.e.,
fromr — oo, approximated as half the side of the simulation cell
for convenience) to a distance r from the star center.

2.3.3 | Polyelectrolyte Selectivity Toward Counterions
of Different Sizes

In the presence of a binary mixture of small and bulky CIs, pref-
erential condensation of one species over the other may occur.
To quantify this phenomenon, one can compute the selectivity of
the PE toward small CIs condensation as follows:

(x) _
S@ — &li (8)
s ) (03]
1-os oy

This formulation is analogous to the selectivity measure com-
monly used in the study of gas mixture adsorption on solid sub-
strates [50].

However, accurate computation of 5'5("’) is hindered by the finite
size of the system. Specifically, we anticipate that when y, < yp,
small CIs might be fully condensed within the PE (thus ¢*’ — 0)
potentially leading to their absence in the bulk. To address this
issue without resorting to larger simulations, we approximate
the average selectivity toward small CIs as,

( gx>>j —< g’)>,-
(57) ~ <1 _?(pgﬂ)j 1 ((P;))j >

©

where (-); are the mean values obtained averaging over the
Jj-th trajectory. Although this approximation may not correctly
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reflect the actual average value, it remains valuable for assess-
ing semiquantitative differences in selectivity between species
as a function of mixture composition and PE architecture, thus
allowing for effective comparison and interpretation of the rela-
tive affinities of different CI species within the systems.

It is important to note that the expression provided in
Equation (9) represents the selectivity toward small CI upon
condensation. Obviously, an analogous expression can be used
to define the selectivity upon small CI absorption:

1-— (D(I)
(s<o>>z< i) < ’ >j > (10)
s 1={(pWY. (%)
(07, (o >,-

2.4 | Counterion Dynamics

With the aim of shedding light on the impact of 6; on CI dy-
namics, we computed their mean squared displacement
(MSD). The MSD of a given CI is calculated using a “slid-
ing window” approach, i.e., it is averaged over all possible lag
times fg,mpe < At < b /4

Ny,
MSD(c, At)= <NL Z[rc(iAt)—rc(iAt—At)]2> a1
At j=1

Here, N, is the number of non-overlapping time intervals of length
At, whereasr, is the position of the counterion ¢ with respect to the
star center. Thus, we avoid the overlapping windows of the same
size but rather considers different nonoverlapping time intervals,
thereby maximizing the number of samples while minimizing
correlations between them. It is also worth noting that, since the
central monomer is fixed at the center of the simulation box, the

MSD curves are calculated relative to the star center. Besides the
MSD of individual CIs, we also provide the average MSD com-
puted across all CIs and all independent trajectories. From the lat-
ter, we determine the diffusion coefficient D by linearly fitting the
terminal portion of the average MSD curve.

Eventually, we compute the CI absorption lifetime, 7, i.e., the
amount of time that is elapsed from the absorption of a CI until
its release back into the solution, and its distribution to quantify
the rate of CI exchange between the bulk solution and the space
occupied by the PE.

3 | Results
3.1 | Impact of Counterions Size
3.11 | Conformational and Thermodynamical Analysis

We start our discussion by analyzing the selected trajectory
snapshots of systems with different numbers of arms and CI
diameters reported in Figure 1. From visual inspection, we ob-
serve that:

i. As the diameter of CIs, o, increases, the linear charged
arms progressively straighten, reflecting an increase in
their persistence length and, consequently, enhanced ef-
fective bending rigidity. Overall, the size of the PE grows
with both the number of arms, f, and .

ii. The number of CIs condensed on the chain increases with
the number of arms, f, and decreases with o;.

The observation made in item (i) are supported by the data re-
ported in Figure 2a, which illustrates the dependence of the root

FIGURE1 | Trajectory snapshots of star PEs with various numbers of arms and CI sizes. Color scheme: Central monomer in pink, charged mono-

mers in yellow, CIs in blue. For clarity, only condensed CIs are shown, and bonds between monomers are omitted to reduce visual clutter. As the

conformations are not to scale, each snapshot includes a black bar proportional to the <R§> value to provide a sense of scale.
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FIGURE 2 | (a) Root mean square arm extension and (b) fraction of
condensed (solid lines) and absorbed (dashed) CIs plotted against the
CI diameter.

mean square arm extension, \/<f§>, on the diameter of CIs.
Qualitatively similar trends are observed in the <R§> versus

o curves reported in Figure S2. At fixed o, 1/(#?) increases

with the number of arms due to the enhanced rigidity induced
by electrostatic intra-arm repulsion—a phenomenon extensively
discussed in literature (see, e.g., reference [37]). The extent of
this effect depends on o; because small CIs tend to “wrinkle”
the chain to maximize contact with neighboring monomers, a
capability that diminishes as o, increases. Indeed, wrapping
around a bulky CI not only requires the charged segment to
adopt conformations with a higher persistence length to adhere
to the CI's surface (compared to a small one) but also involves a
greater number of monomers (i.e., a longer charged segment).
Importantly, due to the star-shaped architecture of our PEs, the
presence of condensed CIs along the chains not only diminishes
their persistence length but also reduces the effective interaction
between arms (which, in turn, grows with f).

The insights from item (ii) are instead supported by Figure 2b,
which shows the average fraction of CIs condensed and ab-
sorbed, (@) and (®) respectively, plotted against o . First, focus-
ing on the fraction of condensed CIs, the increase in (@) with

the number of arms, f, can be attributed to the higher charge
density resulting from the increased branching of the PE. On
the other hand, the decrease in (@) with increasing o is due to
larger CIs losing their ability to condense close to the charged
chains. This reduction is not only attributed to a weakening of
the attractive electrostatic interactions but also to the reduced
ability of larger CIs to penetrate and accumulate within the
inner regions of the star-shaped structure (vide infra the radial
distribution function shown in Figure 3a-d). This explanation
clarifies why the slope of the (@) versus o; curves increases with
the number of arms (see also Figure S3), indicating that higher
o more effectively hinders CI condensation in highly branched
stars, especially within their innermost regions.

While the amount of condensed CIs decreases significantly with
increasing o, the fraction of absorbed CIs, (®), decreases only
slightly. This suggests that as CIs grow larger, they detach from the
charged chains but remain within the volume swept by the star
PE, <V(ab5) ) Exploiting the result on the root mean squared arm
extension to approximate the accessible star volume, we get

(Vab9) » g;:((fi)m -N__ o3 ) which increases with both

mono® m

ocrand f, see Figure S4. This increase is due to the linearization of
arms caused by both the excluded volume of bulky CIs and inter-
arm repulsion. As an example, for a star with 15 arms, <V(abs) > in-
creases by about 111 % when moving from very small (o, = 0.5) to
bulky (o, = 2.5) CIs. Additionally, by including the absorbed CIs
in the total charge count of the PE/CIs complex, we observe that
the net charge, Z.4, decreases by about 60%-80% compared to the
bare star, depending on f and o, values (Figure S5).

Importantly, the differences in the condensation and absorption
of differently sized CIs are expected to reflect in variations in the
system's osmotic pressure [51, 52]. This is illustrated by the re-
sults in Figure S6, which shows how the system's average virial
pressure [53, 54], (p), varies with o for differently branched
PEs. Specifically, (p) increases with o; and decreases with the
number of arms f, reflecting the trends observed in the conden-
sation and absorption profiles discussed earlier.

To gain insights into how the CIs distributes inside and around
the star, the top panels of Figure 3 show the radial distribution
functions of CIs, g’(r), calculated relative to the position of the
star center for systems with different numbers of arms and CI di-
ameters. We observe that the g’(r) profiles exhibit a pronounced
peak near the center of the star, its exact location depending on
ocr- As expected, these peaks consistently occur at distances
r > (G*CI + 0';‘\1) /2, with the deviation from this value increasing
with both f and o¢;.

As f increases, the height of the main peak in g'(r) also grows,
reflecting the greater number of condensed and absorbed CIs.
Conversely, increasing o; while keeping f constant leads to a
gradual exclusion of CIs from the star center due to excluded
volume effects. Additionally, secondary features such as local
maxima or shoulders appear in the g’(r) profiles. For instance, at
f=15and ¢, = 0.5, a secondary peak emerges very close to the
star center, i.e., atr = (aCI + aN) /2 < ry, suggesting that small
CIs can be absorbed between the central bead and the charged
monomers directly bonded to it. Conversely, for ¢}, = 2.5 and

cI
f =8, we observe a secondary peak (a marked shoulder at f = 4)
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FIGURE 3 | (a-d)Radial distribution functions of CIs relative to the star center. (e-h) Amount of reversible work required to move a CI from the

bulk to a distance r from the star center.

at distances r > r,, indicating a secondary shell of accumulation
roughly corresponding to the position of the sixth monomer
from the star center; see also the g’(r) of charged monomers,
Figure S7. Importantly, the angular averaging inherent in these
profiles may underestimate the CI density along the arm direc-
tions and overestimate it in the perpendicular directions.

By using the radial distribution functions of the CIs and invok-
ing the potential of mean force theorem [55], we can compute
the (angularly averaged) reversible work, w,,,(r), required to
bring a CI from the bulk to a distance r from the star center.
For convenience, the curves are shifted so that w,(r)=0at a
distance equal to half the length of the box side. The results are
displayed in the lower panels of Figure 3. For the case f =2,
Wy, (r = ry) is approximately in the range (—6.5, —4.5) kg T de-
pending on the size of the CIs, with an energetic advantage
of about — 2k;T = — 1.2 kcal/mol when adsorbing small CIs
(of; =0.5) in comparison to bulky ones (¢f,, =2.5). As f in-
creases, the magnitude of wy, (r = r,) also grows. For instance,
when f =15 W, (r=r) ~ —10.5ksT for ¢, = 0.5, while it is
about — 7.5k, T for of; = 2.5. This results in an energetic gain of
approximately — 3kz T = — 1.8 kcal/mol when small CIs are ab-
sorbed in the innermost region of the star.

3.1.2 | Counterion Dynamics

The size of CIs, via the relation with the friction coefficient, is
expected to affect the dynamical properties of the system, partic-
ularly their diffusivity. The latter, however, may also depend on
structural characteristics of the PE (e.g., the number of arms f), as
they modulate the strength of the electrostatic interactions and the
amount of the excluded volume locally experienced by the CIs. To
explore the possible interplay between all these factors, in Figure 4a
we show the mean square displacement (MSD, see Equation (11))
across systems with varying number of arms and o ; values. First,
we observe that CIs exhibit, on average, normal diffusion behavior,
i.e., MSD « Dt. Diffusion coefficients, D, have been determined by

linearly fitting the MSD curves and are reported in Figure S10. At
fixed o}, we observe that CI diffusivity decreases with increasing
f>which can be rationalized assuming that the fraction of CIs con-
fined within the star volume, (®)—which rises with the number
of arms; see Figure 2b—is somewhat “slowed down” due to steric
crowding. In contrast, the trends observed as a function of o-; with
f held constant are less informative; the decrease in CI mobility
with increasing size aligns with expectations, as larger ions expe-
rience greater friction coefficients.

Notwithstanding the previous observation, the strong inho-
mogeneity of electrostatic interactions between monomers and
CIs, resulting from the star-shaped nature of the PE, suggests
that the single averaged MSD curves may not provide enough
information about the potential deviations of a fraction of the
CIs from this average. Therefore, in Figures 4b-g and S8, we
show the MSD curves for each individual CI trajectory from all
independent runs. These curves reveal more complex behavior,
especially in highly branched systems, with a fraction of CIs ex-
hibiting MSD curves that deviate from normal diffusion trends
at intermediate to long time scales (¢ > 10%z;;) when f = 8 and
15, clearly indicating anomalous behavior. Indeed, two distinct
limiting behaviors can be identified: normal diffusion and sub-
diffusion. The proportion of the latter increases with both f
and o, as evidenced by the distributions shown beside panels
(b-e) and in Figure S9. The latter also provides a quantitative
indication of the relative populations of CIs exhibiting the two
behaviors. Indeed, we observe that at most 10% of the CIs are
subdiffusive.

In other words, some CIs may be “slowed down” (which could even
imply absorption or condensation) by the star for a much longer
time than it typically takes for them to exhibit normal diffusive be-
havior. However, since all CIs are identical, the individual curves
are expected to converge to the average MSD as t — oo. Thus,
the presence of different behaviors highlights the ability of star-
shaped PEs to trap CIs through absorption for a macroscopically
limited amount of time, which depends on both the characteristics
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the time evolution of the arm extension averaged across all chains. (i) Probability distribution of absorption lifetimes for f = 15and CIs with ¢, = 0.5
and 2.5.

Examples of these distinct behaviors for the case f =15 and
o = 2.5, which displays a strong bimodality in the MSD distri-
bution, are highlighted in Figure 4g for two selected individual CI

of the PE (f) and the CIs (6¢p). This heterogeneity in dynamics is
also confirmed by the behavior of the non-Gaussian parameter a,
[56, 57], which is reported and discussed in the SI, Figure S13.
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trajectories and accompanied by the time evolution of their dis-
tance to the star center, r, which is shown in Figure 4h. The latter
also includes the instantaneous value of the arm extension aver-
aged across all the f = 15 arms, Z,, as a function of time, which
helps in determining whether the CIs are absorbed by the star.
While it would be natural to hypothesize that in the case of normal
diffusion, the CI remains desorbed and free to move in solution,
we instead observe that it undergoes multiple absorption and de-
sorption events throughout the simulation. Interestingly, even the
CI exhibiting the subdiffusive behavior experiences rapid occur-
rences of desorption and re-absorption; however, it seldom reaches
distances greater than 30c (at which the reversible work to move a
CI to the bulk is comparable to the thermal energy, see Figure 3h),
and the time spent freely roaming outside the star PE appears very
limited compared to a normally diffusing CI.

Before discussing further our results, it is important to note
that the occurrence of multiple absorption and desorption
events, even for the subdiffusive CIs, supports the adequacy
of the duration of our simulations when it comes to sampling
relatively rare events. Additionally, given our definition of ab-
sorption based on the average arm extension, ?a, it is likely
that a CI that has just crossed the threshold indicated in
Figure 4h is still interacting, in a non-negligible way, with at
least one arm of the PE, as their motion can be correlated. As
a result, some of the events recorded as “desorptions” may be
in fact false positives.

The most interesting, as somewhat unexpected, finding dis-
played in Figure 4 is the increase in population of subdiffusive
CIs with o, a result contrasting with the idea that small CIs,
accumulating in the inner star regions, may be the most likely to
be “slowed down” by strong electrostatic interactions [18] and
local monomer crowding. Indeed, simulations where the friction
constant is set equal for all species regardless of their size (i.e.,
yj;m =1V o, as chosen in reference [18]) predict higher diffusiv-

ity for the larger species, see Figure S11.

Seeking for a rationalization of the observed increase of subdif-
fusing CIs with o, it is worth highlighting a few important de-
tails in the results of Figures 3 and 4:

i. CIs are progressively hindered by the populating the regions
close to the star center surface upon increasing o, primar-
ily due to excluded volume effects (Figure 3c,d), so that the
same regions have a higher effective charge density (hence, a
higher effective charge, see Figure S14). In turn, implies that
larger CIs would experience stronger inward pulling forces
than smaller species, due to the centrally located uncompen-
sated charge. As a result, the rate of exchange between the
inner and middle regions of the PE should, on average, de-
crease as the size of the CIs increases.

ii. The structural rigidity (i.e., the relative positioning of
monomers and the chain persistence length) of the PE
arms in the inner regions seems to depend on the size of
the CIs, as clearly shown in Figure S7c,d in the SI by the
increased difference in relative heights of minima and
maxima in the monomer radial distribution upon increas-
ing o¢;. This is particularly evident when f =8 or 15, and
for distances greater than 3¢, and it can be easily attributed

to the reduced compensation of monomers charge above
indicated, as well as the weaker tendency of bulky CIs to
localize on the PE arms. Consequently, condensed bulky
CIs condensed are likely to experience greater resistance
during radial displacement due to the less uniform mono-
mer charge density.

iii. Theincreasingeffective charge in the core region with larger
CIs creates a noticeable energy barrier, see Figure 3g,h.
This effect can be partly attributed to the physical obstruc-
tion caused by the formation of a second shell of large CIs,
which stratify due to electrostriction. This additional fea-
ture is expected to hinder the radial displacement of the CIs
and, consequently, their exchange between the inner and
more external regions. Although such exchanges remain
possible (see Figure 4h), they are likely to occur via a un-
imolecular substitution mechanism, with the initial step
involving the escape of a CI from the inner regions, as alter-
native pathways appear even slower. In fact, while the initi-
ation of the exchange process through the entrance of a CI
from more external zones is likely hindered by local crowd-
ing, it also seems highly improbable that collision energy
would be transferred exclusively to a single CI lying in the
inner region, effectively “kicking it out” in a bimolecular
substitution-style mechanism. Importantly, the escape of
a CI from the innermost PE regions would temporarily in-
crease the effective charge of the latter by one unit, thereby
intensifying the attraction with the remaining CIs.

Support for the idea that the rate of escape from inner regions
depends on o is provided in Figure 4i, which depicts the prob-
ability distribution of the absorption lifetimes, 7, for the case
f =15 and two CI sizes, ;; = 0.5 and 2.5. Here, it is possible
to observe that the lifetime distribution for bulkier CIs exhib-
its a significantly more pronounced right tail compared to that
of smaller CIs, indicating that a higher fraction of bulkier CIs
remain absorbed for substantially longer periods and may con-
sequently display subdiffusive behavior.

Another noticeable difference between the two distributions is
observed at short time scales, where a larger population of short-
lived (r,,, S 1507;) absorption events is present for the bigger
CIs. We attribute this to the fact that relatively more bulky CIs
are residing at the periphery of the star (Figure 3c,d), which un-
dergo a more facile and rapid desorption due to their reduced
interaction with the PE. To further quantify the differences ob-
served, we fitted the two time windows—i.e., (1) short times,
Taps < 150715, and (2) long times, 1507 ; < 7,,, < 20007 ; with
exponential functions of the form f(t)=Ae "% + B. This
yielded the following characteristic decay times: TS))S ~ 357 yand
2 2797 for the smaller CIs; r; ~ 287; and @ » 3207

1
abs X bs abs
for the bulkier ones.

3.2 | Star Polyelectrolytes Containing Differently
Sized Counterions

To maximize the impact of mixing CIs with different sizes on
the PE properties, and thus enhance the possibility of observing
these effects, we selected systems containing two types of CIs
with a substantial size difference: o7 = 0.5(“small”) and o3, = 2.0
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(“bulky”). We will investigate these systems as a function of the
molar fractions of the smaller species, y,.

3.2.1 | Conformational and Thermodynamical Analysis

We begin by discussing the trajectory snapshots presented in
Figure 5. We observe the following:

i. At fixed number of arms, f, the size of the PE decreases
with increasing y..

ii. The amount of small CIs condensed on the PE is gener-
ally higher than, or at least comparable to, the amount of
bulky CIs, regardless of their molar fractions; this clearly
suggests a preferential condensation of small CIs.

iii. Small CIs appear to localize in the innermost regions of the
stars, i.e., close to the star center, a tendency that appears
more pronounced as f increases.

To verify the observation done in item (i), Figures 6 and S15, re-
spectively, report the root mean square arm extension, 4/ <t’§>

and radius of gyration, <R§>, plotted against y,. Both confor-

mational averages decrease as the fraction of small CIs in-
creases. This can be explained by the fact that small CIs
condense more on the PE arms, which reduces both the per-
sistence length and the effective rigidity of the charged chains
(see Figures 2 and 7, and the associated discussions).

In Figure 7a, we report the average fraction of all CIs condensed
on the PE, (¢). The results indicate that (@) increases with y,,
reflecting the expected tendency for a greater condensation of
the small CIs. Accordingly, (@) and (gg), i.e., the fractions

B000°0800, %003,

=

o) [eom ]

P
°

computed using the total number of CIs as the denominator (see
Section 2.3.2 for exact definitions) increases and decreases re-
spectively with y, as illustrated in Figure S16.

More interesting is the behavior of <go§” )> and (@z®), i.e., the

fractions computed using, respectively, the number of small and
bulky CIs as denominator (de facto representing effective parti-
tion coefficients). These results are shown in Figure 7b and re-
veal that both quantities decrease with y,. Importantly, the vast
majority of small CIs are found condensed on the PE when their
molar fraction is low, e.g., <(p§’”> ~1for f=15and y,=0.25.

This is likely due to the reduced well depth of the interaction
curve between monomers and bulky CIs, which promotes prefer-
ential condensation/absorption of the smaller CIs. Additionally,
the difficulty of bulky CIs in penetrating the innermost parts of
the star, due to larger excluded volume effects, plays a role (vide
supra), so that the smaller CIs are preferentially attracted and ac-
cumulated in these regions otherwise characterized by a high
charge density (see Figure S14). This idea is clearly supported by
the radial distribution functions in Figure 9 and the associated
discussion.

We also notice that such an accumulation should, de facto, miti-
gate the strong intra- and inter-arm electrostatic repulsion near
the star center due to correlation effects, which represent addi-
tional factor compensating the entropic disadvantage for the sys-
tem associated to an increase in CI concentration in narrow
volumes. The enthalpic aspects of the latter process should, how-
ever, become progressively less important (i.e., less negative) in
determining the selective accumulation of a small CIs upon in-
creasing y, due to the decrease of the charge density absolute val-
ues in the PE core (see Figure S17 for an estimate of the total
system charge contained within a specific distance from the star
center), which, in turn, would reduce the free energy gain of

@

Q, % L4

FIGURE 5 | Trajectory snapshots of star PEs with various numbers of arms and CI mixtures. Color scheme: Central monomer in pink, charged

monomers in yellow, small CIs in red, bulky CIs in blue. For clarity, only condensed CIs are shown, and bonds between monomers are omitted to re-

duce visual clutter. As the conformations are not to scale, each snapshot includes a black bar proportional to the Ré value to provide a sense of scale.
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FIGURE 7 | Average fraction of condensed CIs computed by consid-
ering (a) all CIs together and (b) small and bulky CIs separately.

condensing/absorbing additional CIs even though these are avail-
able. This is indeed what shown in Figure 7b, where <<p§* )> and

(@g*)) are seen to deviate from the expected constant value as a
function of y that would be characteristic of partition coefficient
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FIGURE 8 | Average fraction of absorbed CIs computed by consider-
ing (a) all CIs together and (b) small and bulky CIs separately.

independent of the species concentrations (i.e., with standard
chemical potentials not affected by excluded volume and electro-
static interactions).

The trends observed for CI absorption exhibit qualitative simi-
larities to the previously discussed data on CI condensation, as
illustrated in Figure 8. In fact, (®) increases with y (Figure 8a),
although at a lower rate compared to what is observed for CI
condensation. This can be attributed to the fact that even a low
fractions of small CIs may weaken the necessity of absorbing
bulky CIs to neutralize (at least, partially) the core charge, as the
latter species are not well suited due to their poor condensation
and penetration ability (see Figure 2b, and also Figure S18 for a
decomposition of the absorption of bulky and small CIs).

Similarly to what shown for CI condensation, the effective parti-
tion coefficients (i.e.,{ @ Y and ( @5*) )) describing absorption of
small and bulky CIs show decreasing values with y (Figure 8b),
a trend easily rationalized as done for <(p§* )> and (g®).

As a consequence of what discussed, other quantities relevant
for both the PE and solution are modified by y,. Thus, the ef-
fective charge of the PE, Z 4, decreases by about 15%-20% as
increases from 0 to 1 (see Figure S20). A similar trend is also pre-
dicted for the osmotic coefficient, as the average virial pressure
decreases with increasing y, see Figure S21.
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To better comprehend the structural aspects of mixed CIs con-
densation and absorption, the radial distribution functions for
the two species are shown in Figure 9. Focusing first on the
small CIs, the results confirm their preferential localization in
the innermost regions of the star, with their g’(r) exhibiting a
marked peak very close to the center. Interestingly, while for
the f =2 and 4 systems the probability densities at short dis-
tances increase with y, due to mere mass effect, when f =8
and 15 the distributions overlap for r < 3, indicating that the
system is capable of saturating the first absorption shells
around the star center even when the concentration of small
CIs is very low. Moreover, the noticeable absence of marked

tails at r > (fﬁ) for distributions where y, <0.50 and f > 8

confirms that, under these conditions, the vast majority of
small CIs are not free in solution but are instead absorbed into
the PE. Aside from the obvious decrease in magnitude as y,
increases, we also observe for the bulky CIs that the main
peak gradually shifts to higher distances, while the secondary
peak disappears as y, increases when f = 8 and 15. This sug-
gests that in highly branched stars bulky CIs migrate farther

from the star center as they are progressively replaced by
smaller CIs.

Figure 9e-h,m-p illustrates the reversible work required to dis-
place small and bulky CIs from the innermost region of the star,
ie, =Wy (r= rl) (where r; corresponds to the position of the
main peak in g’(r)), showing its dependency on y,. We observe
that the w,,(r) curves for bulky CIs are only mildly affected by
the progressive substitution with small ions, the energy required
to desorb them increasing only slightly with y. In fact, the larg-
est change of w, (r = r;) for bulky CIs is a reduction by only
~ 2kgT (i.e., approximately 1.2kcal/mol) when y changes from 0
to 0.75 and f = 15. Composition has, instead, a somewhat stron-
ger impact on the energetics involving small CIs: in this case,
— Wyey (r = 1) decreases by about one kT unit (0.6 kcal/mol) for
the linear PE, and by up to ~ 3k T = 1.8 kcal/mol when f = 15.

Overall, our results demonstrate that in the presence of a binary
mixture of differently sized CIs, star PEs tend to preferentially
interact with the smaller species. This tendency becomes more

3016

Journal of Polymer Science, 2025

85UB017 SUOWWOD ARSI 3(gedl|dde ay) Aq peusenob afe Sape O 9Sn Jo sejni o} Akeid18uljuO 43I UO (SUONIPUOD-PUR-SWLIBYLIOY™AS | IM AT 1[oulUO//SANY) SUONIPUOD pue SWe 1 8y} 885 *[9202/20/£0] Uo ARigiTauliuo AB|im elgnsul [pd N Aq TOZTYZ0z 10d/200T 0T/10p/L00 A8 | imAreiqijeul|uo//sdny wouy pepeojumod ‘ST ‘SZ0Z ‘69TrZr9Z



pronounced as the number of arms increases and as the molar
fraction of the smaller CIs decreases, and it could be more effec-
tively evaluated in terms of the selectivity, S, of the PE toward
the condensation (y = ¢, solid lines) and absorption (y = ®,
dashed lines) of small CIs (see Section 2.3.3 and Equations (9)
and (10) for a definition). From the results shown in Figure 10,
we observe that:

i. 5 and S are consistently greater than 1, regardless the
number of arms and the mixture composition, thus con-
firming that the preferential interaction of the PE with the
smaller CIs is a general phenomenon.

ii. Atfixed f and y,, SS("’) > SS(CD); this expected, as CI absorp-
tion is less influenced by their sizes compared to CI con-
densation (Figures 2b, 7, and 8).

iii. At fixed y,, selectivity monotonically increases with the
number of arms; however, the lower the molar fraction of
small CIs, the stronger the preferential selectivity toward
them.

Thus, as a takeaway message, to maximize selectivity toward
smaller CIs, the PEs should be highly branched and operate at
low molar fractions of the target species.

3.2.2 | Counterion Dynamics

Given the marked interplay between CI molar fractions, y, and
g and diameters, o, and o, in defining the spatial distribution
of both species, one may wonder whether the dynamical prop-
erties of the latter could be impacted as well. To investigate this
possibility, Figure 11a,b shows the averaged MSD curves for
small and bulky CIs, respectively. From these, we observe, first,
that the MSD of both species decreases as the number of arms
increases at a chosen y, a finding expected basing on the MSD
versus CI size reported in Figure 4. Second, we note that the
mixture composition has a much greater impact on the differ-
ence in mobility of small CIs compared to bulky ones, a result
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FIGURE 10 | Selectivity toward the condensation (solid lines) and
absorption (dashed lines) of small CIs, shown as a function of y,and for

systems with varying numbers of arms.

most conveniently seen by examining the diffusion coefficients
reported in Figure S25. From these data, it also emerges that
small CIs are not always “better diffusers” than the bulkier
counterparts despite the difference the experienced friction, as
one might have suggested basing on the results on “pure” CIs in
reported in Figure S10. In fact, the highly branched PEs appear
to reduce small CIs diffusivity below the one of the bulky spe-
cies, at least for y, < 0.5.

To understand the root cause of this unexpected finding,
Figure 11c-f reports the MSD curves for all the CIs across all
the simulation trajectories. In the following, we shall however
limit ourselves to discuss only results for f =8 and 15, as less
branched PEs conform with the expected behavior of present-
ing higher MSD for smaller CIs, the difference with the bulkier
counterparts being further increased by increasing y as a larger
fraction of small CIs are not condensed.

For stars with 15 (and 8, see Figure S22) arms, the difference in
diffusivity between the two ionic species becomes much more
pronounced. At y, = 0.25, we observe that smaller CIs exhibit
lower mobility than bulky ones over both short and long time
scales. Additionally, the MSD curves of individual CIs of both
species, tend to split into two distinct groups: some ions exhibit
normal diffusion, while others display subdiffusive behavior
(see also Figure S23). For the smaller species, subdiffusive ions
are a conspicuous fraction of the small CIs (nearly 30%), whereas
normal diffusing ions are the vast majority for the bulky species
(above 95%). The bimodal nature of the MSD distributions is par-
ticularly evident in the values presented alongside the panels for
both species and in Figure S23. As y, increases, the population
of subdiffusive CIs of both species decreases. Indeed, the low
MSD peak vanishes completely for bulky CIs at y = 0.75; a few
subdiffusive small CIs, instead, persist in the same conditions.
This strong heterogeneity in dynamics is also reflected in the
behavior of the non-Gaussian parameter a, [56, 57], as reported
in Figure S26.

The complex dynamics just described for highly branched stars
can be explained as follows:

i. At low y, values, the vast majority (i.e., 90%) of small
CIs is absorbed in the innermost regions of the star (see
Figures 8 and 9d), and the dynamic exchange between
PE and solution is scarce, which explains the high frac-
tion of subdiffusive small CIs. Interestingly, the number
of CIs present likely does not saturate the PE. In fact, a
significant fraction of the bulky CIs (~ 75%, see Figure 8)
is absorbed as well, with the innermost being located close
to the tallest peak of the small CIs. Apart from leading to
the slowing down of a fraction of large CIs, as clearly ev-
idenced by the marked bimodality in their MSD distribu-
tions, the large ions located closer to the PE core may also
force the small CIs dwelling closer to the center to follow
a more tortuous path during their migration toward the
external PE regions, de facto reducing the rate of exchange
and diffusivity.

ii. As y, increases, the dynamic exchange of small CIs be-
tween the PE and the solution becomes progressively more
facile, as more of these ions are available in peripheral
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sorption lifetimes for 15-arms star and y, = 0.25 and 0.75, respectively.

zones. This lead to a reduction in the number of small CIs
that remain absorbed for extended periods, thereby in-
creasing their average diffusion. Similarly, the population
of subdiffusive bulky CIs decreases, as they are no longer
required to neutralize the core charge and progressively
desorb with increasing y..

That the peculiar trend in the fraction of subdiffusive CIs may
be explained by the different ions exchange rates between the
PE and the solution as a function of the mixture composition
is well supported by the results shown in Figure 11g,h, which

provides the probability distributions of the absorption lifetimes,
T, fOr both small and bulky CIs at f = 15 and for two mixture
compositions, y, = 0.25and 0.75.

At high molar fractions of small CIs, the distributions for the
two groups appear quantitatively similar, with the smaller ions
exhibiting a slightly more pronounced right tail. This latter as-
pect well correlates with the large fraction of small CIs located
in the internal regions of the star PE compared to that of bulkier
CIs, with the former requiring a long time to diffuse through the
tortuous paths imposed by the large CIs (vide supra), whereas
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it is more likely for the latter to gather enough energy to escape
beyond the PE arms length. The same concept also explains the
higher frequency of short-lived absorption events observed for
bulky CIs, which appear nontatistical in nature and indicate
a higher concentration of such species close to the absorption
boundary compared to the smaller counterparts.

A fitting of short (r,,, < 1507;;) and intermediate-long times-
cales (1507 ; < 7, < 20007 ;), akin to the regression per-
formed for the data presented in Figure 4i, yields, TS))S ~ 317y,
and t? ~ 4057, for the small CIs, and 7" ~277;; and

@ abs abs
7. =~ 3197 for the bigger ones. Comparing these results with

tﬁlgse obtained in the presence of only one type of CIs (i.e., for
¥ =0 and 1; see Figure S12), we observe that, while the ab-
sorption lifetime of bulky CIs seems to not be significantly af-
fected by y,, the absorption lifetime of small CIs dramatically
increases when mixed with bulkier species due to the effects

mentioned above.

The results at y, =0.25 are even more striking and provide
further support for the mechanisms discussed earlier. For the
bulky CIs, we observe that three exponential functions are re-
quired to fully represent the lifetime distribution. The fits yield
rfi)s = 3257 ;and rfi)s = 11607, (the latter corresponding to the
range 20007 ; < 7, < 60007 ;). While the former is nearly iden-
tical to the y, =0 and y, =0.75 cases, and thus corresponds
to the desorption time typical of the bulky CIs, the second is
a direct consequences of their subdiffusive fraction, which re-
quires a longer time to reach the threshold as more internally
adsorbed. The lifetime distribution appears even more complex
for the small CIs, presenting an extremely longer decay time (for
1507 ; < 7, < 800075, Tﬁ))s = 16857 i.e., a sixfold increase)
compared to the case y = 1, and a nearly flat component when
Taps > 80007 ;. The latter feature suggests that the mechanism
leading to the desorption of the CIs dwelling closer to the star
center than the layer formed by innermost absorbed bulky CIs
is saturated, and aligns with the expectation that such process
is governed by the opening and closing of pathways for escaping
through electrostatically repelling species.

To conclude, it is important to emphasize that simulations
using a uniform friction coefficient lead to inaccurate results,
see Figure S24. Specifically, setting y* =1 for all species over-
estimates the mobility of bulky CIs and underestimates that of
smaller ones. This inflates the population of subdiffusive small
CIs while reducing that of subdiffusive bulky ones, including
those that would hinder the escape of small CIs from the core
regions. Nevertheless, the overall qualitative trend of a decreas-
ing population of subdiffusive CIs with increasing y, is still
captured.

4 | Conclusions

Motivated by previous computational [16, 18, 19, 21-23, 29, 30,
37] and experimental [26-28] studies evidencing their impor-
tance in the solution properties of PEs, we systematically in-
vestigated the impact of counterion (CI) size on the behavior of
star-shaped polyelectrolytes (PEs) in dilute aqueous solutions
by means of Langevin simulations and a primitive model of
electrolytes.

With the aim to gain a few fundamental physical insights, we
thus simulated star-shaped PEs with different arm numbers,
f€{2438,15}, in the presence of CIs of various diameters,
o¢p € [0.50,2.506]. We found that CI size significantly affects PE
conformations, with both the radius of gyration and arm exten-
sion increasing with o, (Figure 2a). Such behavior can be at-
tributed to the reduced well depth of the interaction between
the charged monomers and the larger CIs, as noted in prior
studies [18, 37]. Thus, the effective inter- and intra-arm interac-
tions strengthen, leading to chains linearization, as o, increases
(Figure 2b). The reduction in the monomers-CIs electrostatic
interaction leads also to a decrease in the fractional amount of
condensed or absorbed CIs upon increasing o ;. The latter quan-
tity, however, appears much less affected, indicating that bulkier
CIs partially detach from the charged chains but remain within
the volume defined by the star arms. We showed that these phe-
nomena directly impact solution properties such as the osmotic
coefficient [51].

As for the ionic transport, we evidenced that small CIs show
higher diffusivity than bulky ones due to the lower friction they
experience despite their strong electrostatic attraction with the
charged arms and their remarkably high ability to penetrate
the innermost regions of highly branched stars (Figure 4). This
result directly stems from considering an “a la Stokes” size-
dependent friction coefficient that was missing in previous stud-
ies [16, 18], where uniform friction was assumed for all particles.
Interestingly, a fraction of CIs was found to exhibit subdiffusive
behavior in highly branched stars within the time scales ex-
plored by our simulations, with the population of subdiffusing
CIs growing from almost absent to able of impacting average
properties upon increasing o ;. We demonstrated that this trend
is related to a reduction in CIs dynamic exchange between PE
and solution as their size increases.

Hinging on the information regarding PEs in the presence of
homogeneously-sized, we then investigated how the overall be-
havior of the latter is modified when in the presence of a mix-
ture of two differently sized CIs, namely “small” (o, = 0.50)
and “bulky” (6 = 2.00), varying both the number of arms, f,
and the molar fraction of the smaller species, y.. We found that
while the PE size decreases with y (Figure 6), both the fraction
of condensed and absorbed CIs increase with it (Figures 7 and
8). These changes were expected basing on the trends seen for
single-size CI PEs. Interestingly, a core-shell-like structure is
formed in the presence of CIs with different diameters, with the
smaller ions occupying the innermost region of the star, and the
bulky ones positioning themselves in the outer shells (Figure 9).
To quantify the preferential accumulation of specific species, we
calculated the selectivity toward condensation and absorption
of small CIs and showed that both increase with f and decrease
with y,. This demonstrates that highly branched PE may act as
better selective sievers for small CIs, especially under conditions
of scarcity of the latter (Figure 10).

Notably, the accumulation of the smaller species near the core of
our highly branched stars is more pronounced than that observed
by Klos and Paturej in charged dendrimers under aqueous solution
conditions [22]. This difference may partly stem from the varying
density profiles of charged monomers in the two PE architec-
tures; however, the smaller size disparity between the CIs in their
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mixture (o, = o and oy = 20) likely contributed to reducing the ab-
sorption disparity. Regarding dendrimers, it would be interesting
to investigate the so called “hollow-core dendrimers” [58-60] (i.e.,
dendrimers with low monomer density near the core) in the pres-
ence of mixtures of differently sized CIs, as such systems might ex-
hibit an “inverted” core—shell structure, where the bulkier species
preferentially accumulate in the innermost regions.

Finally, we investigated the dynamics of the two CI species in
the binary mixture, revealing that their diffusivity is strongly in-
fluenced by their co-presence in unexpected ways. Interestingly,
the small CIs exhibited pronounced subdiffusion, with the
fraction of such species involved decreasing as o; increased
(Figure 11). A similar trend was observed for the bulky CIs, sug-
gesting that a higher fraction of small CIs facilitates the larger
counterparts in escaping from the inner regions of the star,
where they would otherwise be trapped by the uncompensated
core charge. Nonetheless, bulky CIs are not entirely released
from the PE core regions when y is low, and their presence re-
stricts the ability of small CIs to escape, due to both excluded
volume effects and electrostatic repulsion. This behavior was,
once again, rationalized by analyzing the distribution of absorp-
tion lifetimes, which reveals that small CIs tend to remain ab-
sorbed for extended periods when y is low.

A natural extension of our investigation would be to explore
how CI sizes and mixtures affect the properties of PE brushes
[39-41]. If preferential size selectivity was observed, it would
be intriguing to investigate how this selectivity could be fine-
tuned by varying the grafting density and the curvature of the
substrate. Relevant implications for ionic exchange chromatog-
raphy should be provided from such a study. Size-selective water
desalination mediated by PE hydrogels compression [61-65]
may also be a target for a similar exploration, varying charge
and network architecture. Investigations are currently under-
way to explore these aspects.
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