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Abstract Understanding how the charge sequence along polyelectrolyte (PE) chains and the size of multivalent salt ions cooperatively regu-
lates the behavior of polymer brushes is essential for the rational design of smart surfaces; however, a systematic mechanistic picture of their in-
terplay remains elusive. In this study, we employed molecular dynamics simulations to systematically investigate the roles of the chain charge
fraction and trivalent ion size in controlling the structural and dynamic properties of PE brushes. A series of intriguing brush-phase structures
emerge from the interplay of these two parameters. Depending on the ion size range, the brush height exhibited three distinct responses to vari-
ations in charge fraction. Within different charge-fraction regimes, the brush height displays two contrasting responses to changes in ion size,
namely monotonic and non-monotonic behavior. In the multi-chain regime, the structure factor increases monotonically with the charge frac-
tion, whereas it shows a nonmonotonic dependence on the salt ion size. The block effect induced by the chain charge fraction and size effect of
multivalent ions jointly give rise to a pronounced diversity in single-chain conformations. Furthermore, the diffusion coefficient revealed two dis-
tinct types of responses to the salt ion size, depending on the range of the charge fraction. These findings demonstrate that the synergistic inter-
play between the charge fraction and the trivalent cation size offers a versatile and powerful strategy for tailoring the equilibrium structures and

chain dynamics of PE brushes, thereby providing valuable design guidelines for advanced responsive coatings.
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INTRODUCTION

Polyelectrolyte brushes (PEBs) have been widely used in diverse
fields, such as drug delivery,"! smart adhesion,>~ energy har-
vesting,”! lubrication,! and biomedicine,l'” owing to their ex-
cellent responsiveness to external stimuli and wide applications.
The behavior of PEBs depends on both the brush design and
physical environment.'"! Previous studies have demonstrated
that the charge fraction of the PEB, pH of the surrounding medi-
um, and ion size and valence each induce significant effects on
the brush.l'>"'8 For example, the charge fraction of the brush!'”!
and parameters such as the sizel'® and valence of salt ions!'4'¢!
directly influence the extension state of PEB and the stability of
the brush layer.

To further optimize the design and expand the applica-
tions of PEBs, extensive research has been conducted on how
the charge fraction influences the structure of the PEBs,
thereby affecting their interfacial function. Gioldasis et al.l'”!
studied the effects of charge fraction on the height of zipper
brushes and their internal structure using molecular dynam-
ics (MD) simulations. They found that the charge fraction of
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anionic PEB significantly influenced the internal structure of
the zipper brushes formed by PEB and cationic-neutral di-
block copolymers. When the charge fraction of the PEB was
0.2, the zipper brushes formed a perforated film at a moder-
ate grafting density. When the charge fraction was 0.4, the
zipper brushes adopted a pinned micellar structure. Further
increasing the charge fraction of the PEB to 1.0 resulted in a
reversed U-tube structure. Using all-atom MD simulations,
Das et all'Z studied the effect of the charge fraction on PE
brushes. They found that with increasing charge fraction, in-
ter-chain repulsion increased and brush height increased
slightly until saturation at a high grafting density. Using
coarse-grained MD simulations and self-consistent field theo-
ry (SCFT), Smook and de Beer!'7:291 systematically studied the
effect of charge fraction on the electroresponse of PE brush-
es. Specifically, the PE brushes displayed an optimal electrore-
sponse when the charge fraction ranged from 14% to 22%.

In recent years, there has also been growing interest in clar-
ifying the ion size and ion valence-induced collapse of PE
brushes. Prusty et al.l2'l found that for PE brushes with alter-
nating charges, the brush height was insensitive to the anion
size at low salt concentrations, whereas at high salt concen-
trations, it decreased as the anion size increased. Moreover,
the total brush height of the diblock PE brushes was more
sensitive to ion size variations than that of the alternating PE
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brushes under high salt concentrations. Duan et al.l?? investi-
gated the behavior of PE brushes in multivalent salt solutions
using SCFT. They found that reducing the radius of the multi-
valent cation significantly enhanced ion correlations, leading
to the formation of an oscillatory layer structure in PE brush-
es at high grafting densities. Using a surface force apparatus
(SFA) and atomic force microscopy (AFM), Yu and co-
workers!16.1823.241 gbserved that multivalent ions were more
effective than monovalent ions in reducing the height of the
PE brushes. They also reported that for divalent ions, differ-
ences in ionic size resulted in distinct effects on both the
structure and height of the PE brushes. On the basis of all-
atom MD simulations, the Das’ team!['>] found that the de-
gree of binding of counterion on the PE brushes decreased in
the order I- > Br- > CI- > F-, consequently leading to the
smallest brush height with I-ions and the largest height with
F- ions. Through coarse-grained MD simulations, Jackson
et al?%1 discovered that multivalent ions induced heteroge-
neous collapse of PE brushes in good solvents by bridging ef-
fects, whereas monovalent ions exhibited a relatively weak ef-
fect on brush height and no obvious lateral heterogeneous
structure was observed. Kim et al.l29 experimentally investi-
gated the effect of the gold nanoparticle size on electrostatic
adsorption onto PE brushes. They found that both large and
small AuNPs coexisted on the PE brush surface under salt-free
conditions. However, as the salt concentration increased, the
adsorption of small gold nanoparticles onto the PE brushes
rapidly weakened, whereas larger gold nanoparticles re-
mained selectively adsorbed.

Although extensive research has revealed the distinct ef-
fects of charge fraction or ion specificity on the PE brush
structure, a systematic understanding of their coupled effects
is still lacking. To date, several studies have made progress in
understanding the behavior of PE under the coupling of
charge fraction and ion specificity. Philippova et al.?’ report-
ed a combined experimental and theoretical study, and the
results showed that the charge fraction and ion size coopera-
tively influenced the swelling behavior of PE gels. Large ions
induced continuous swelling of the gel with increasing
charge fraction, whereas small ions resulted in initial swelling,
followed by collapse and eventual stability. In contrast, inter-
mediate ions induced a three-stage response in the PE gels,
characterized by initial swelling, subsequent collapse, and fi-
nal reswelling with a charge fraction. Recently, Tagliabue and
Mellal28] systematically investigated the influence of charge

Charge monomer

Charge monomer

density and counterion size on the conformation of star-
shaped polyelectrolytes and ion behavior using Langevin dy-
namics simulations. They found that the rigidity of the chain
was enhanced by either the size of the ions or the charge
density of the PE brushes. Through coarse-grained MD simu-
lations, in this study, we focus on planar PE brushes and in-
vestigate the effects of salt cation size on their surface mor-
phology and dynamic properties under different charge frac-
tions to obtain the optimal values of charge fraction and ion
size for stimuli-responsive PE brushes.

MODEL AND SIMULATION DETAILS

In our simulations, a coarse-grained bead-spring model com-
posed of individual PE chains was used for the planar grafted PE
brush. Each PE chain contained N=60 monomers connected by
covalent bonds. It consists of two types: neutral and charged
monomers. Each charged monomer carries one unit of nega-
tive charge -e. The charged monomers were placed next to each
other within every ten monomers. The charge fraction f was set
from 0.1 to 1.0. For f=0.1, every ten monomers carry one nega-
tive charge. For f=0.3, within every ten monomers, three are
charged, and these three charged monomers are next to each
other, as illustrated in Fig. 1.

PE chains were anchored by one end to a planar substrate
in a 10 x 10 square array with a fixed chain number of M=00.
The grafting density, o, is fixed at 0.01. The size L, x L, x L, of
the simulation box was 1000 x 1000 x 3000. The planar sub-
strate was located at z=0, and a non-selective, impenetrable
neutral wall was placed at z= L, = 3000 to prevent the escape
of mobile particles. Periodic boundaries were applied in the x
and y directions. Trivalent cations, monovalent anions, and
counterions were randomly added to the simulation box. The
number of trivalent salt cations is equal to one-third that of
the charged monomers, as this corresponding salt concentra-
tion is most conducive to analyzing the size specificity of the
salt cations. Under this charge stoichiometry condition, the
concentration of trivalent salt cations Cs+ is given by Ce+ =
NMf/(3L,L,L,), and the salt ionic strength [ is expressed as
_ 2NMf

LLyL,
lences of salt cations and anions, Cs- is the concentration of
monovalent salt anions. Thus, the salt ionic strength scales
linearly with the charge fraction fin the simulations.

The interaction between any two particles in the system is
described by the standard shifted and truncated Lennard-

| = %(Cyzi +Cs-22) , where z, and z_ are the va-

f=0.3

Neutral monomer

f=0.6

Neutral monomer

Fig.1 Schematic representation of PE chains at (a) f=0.3 and (b) f=0.6.
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Jones (LJ) potential:
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where r; is the distance between the ™ and jth particles, g, =
1.0kgT is the interaction strength of the LJ potential. where kg is
the Boltzmann constant, and T is the absolute temperature. Pa-
rameter o; is defined as (0; + 0))/2, where ¢; and g; denote the di-
ameters of the " and /" particles, respectively. A cutoff radius r,
= 2”60,-/- corresponds to good solvent conditions for the poly-
mer backbone. In our simulation, the diameter of the salt
cations varies from 0.1 to 3.0, whereas the diameters of the oth-
er particles were uniformly set to 1.0, with a length scale de-

fined as o.
The neighboring monomer particles along the chain are
connected by a finite extension nonlinear elastic (FENE)[29:301

potential:

1 i\
Urene (ry) = _zKernaxln |:1 - (R d ) } ()

max

where K = 30.0kg7/0 is the bond strength, and R, = 1.50 is the
maximum bond length.

The electrostatic interaction between any two charged par-
ticles g; and g;, is modeled by the Coulomb potential energy:

Ucoul(ry) = kﬂw (3)
U]
where Ag is the Bjerrum length, which was set to 3.00 in the sim-
ulations. The particle-particle particle-mesh (PPPM) algorithm
was used to calculate the Coulomb potential with an estimated
accuracy of 1073,

MD simulations were performed in a canonical ensemble
using the open-source software, LAMMPS.Bl The motion of
any particle is described by the Langevin equation:

2
mdd;l;(t) = -V, - fd%(t” +F (1) @
where m=1.0 is the uniform particle mass for all types, and r;is
the position vector for each particle. U; denotes the total poten-
tial of the system and € is the friction coefficient. Ff(t) is the
stochastic force with an average value of zero that satisfies the

1.2
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fluctuation dissipation theorem. All the physical quantities were
unified using an LJ unit system. The friction coefficient was & =
0.143 mt7'B%33 where T = o(m/g )2 is the standard LJ time
unit. The equation of motion was solved using the velocity-Ver-
let algorithm with a time step of At =0.005t.

The system was first heated to 7=3.0 for 2x106 time steps
to remove dependence on the initial configuration. The sys-
tem was then gradually cooled down to T=1.0, over 4x10°
time steps, followed by 6x10° time steps for equilibration. Fi-
nally, a production run with 8x10° time steps was performed.
During the production run, the simulation saved a snapshot
every 2x103 time steps. In addition, all simulation processes
were independently performed thrice to ensure statistical
consistency. Because the three replicates produced similar re-
sults, only one representative replica is presented.

RESULTS AND DISCUSSION

Autocorrelation Function
To ensure the validity of the simulation results, we must evalu-
ate whether the system has reached a steady state. In our simu-
lations, we calculate the autocorrelation function Cy(t) of the
brush height to monitor the system equilibrium, which is de-
fined as
SH(t)6H(0
- (OHAOHOD. spie) = o) - ¢k ©)
(H) ~ ()
where His the PE brush height and can be calculated by:

2 / ’ zpy(2)dz
L,

[ pulzldz
0

where L, denotes the height of the simulation box in the z-
direction and py(2) is the vertical density distribution of the
monomers as a function of the distance from the substrate.

Fig. 2 plots the autocorrelation function Cy(t) of the brush
height for different salt-cation diameters. It is observed that,
under all conditions of salt cation size, Cy(t) starts oscillating
near 700t and, after this time point, decays almost to a stable
pattern, indicating that the system has reached stability. This
time point is much shorter than the total simulation duration
of 4x10%T in this study. Therefore, it can be confirmed that the

Cy(t

N

H= (6)

1.2
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Fig.2 Autocorrelation function Cy(t) of the brush height with (a) f=0.1 and (b) f=1.0 for different salt cation diameters.

https://doi.org/10.1007/510118-026-3776-5


https://doi.org/10.1007/s10118-026-3776-5
https://doi.org/10.1007/s10118-026-3776-5
https://doi.org/10.1007/s10118-026-3776-5
https://doi.org/10.1007/s10118-026-3776-5
https://doi.org/10.1007/s10118-026-3776-5
https://doi.org/10.1007/s10118-026-3776-5
https://doi.org/10.1007/s10118-026-3776-5

4 Zhang, H.Y.et al./ Chinese J. Polym. Sci.

system has reached a steady state well within the simulation
time, and thus our simulation results are reliable.

It is important to clarify that, in this study, C,(t) was calcu-
lated for systems with charge fractions from f=0.1 to 1.0, and
salt cation sizes ranging from ds=0.1 to 1.0, aiming to verify
whether the systems had reached equilibrium. Cy(t) for all
systems oscillated near zero until the end of the full simula-
tion, indicating that equilibrium was achieved. For clarity, we
present only the autocorrelation results for the representa-
tive charge fractions f=0.1 and f=1.0.

Surface Morphologies

The simulation snapshot provides an intuitive visualization of
the surface morphological evolution of the PE brushes. To more
effectively demonstrate the effect of the salt cation size on the
PE brushes with varying charge fractions, we generated snap-
shots of the PE brushes based on simulation data, as depicted in
Fig. 3.

Fig. 3 illustrates the dependence of the surface morpholo-
gy on the charge fraction, which varied significantly with the
size of the salt cation. When the salt cation was small dsc<0.3
(the first two lines in Fig. 3), the PE brushes remained homo-
geneous regardless of the charge fraction. Even with a sub-
stantial increase in the charge fraction, only the curling ten-
dency of the individual chains was observed. The reason for
this behavior is that at low charge fractions, the large spacing
between the charged monomers along the PE chains pre-
vents the small multivalent cations from affecting intra-chain
bridging, permitting the chains to extend under good sol-
vent conditions. As the charge fraction increases, the re-

duced distance between neighboring charged monomers en-
ables intrachain bridging to induce gradual chain coiling.
However, owing to the small cation size, the inter-chain ef-
fects remain negligible, leading to a homogeneous collapsed
structure composed of individually coiled chains.

For moderate salt cation sizes (0.55dsc<1.5), increasing the
charge fraction drives the transition of the brushes from a ho-
mogeneous state to a laterally heterogeneous morphology.
This structure is comprised of multiple substrate-anchored PE
chains that assemble into pinned micelles. The formation of
these micelles is attributed to the enhanced inter-chain
bridging mediated by moderate-sized cations at higher
charge fractions.

For relatively large cations (ds=2.0), the electrostatic at-
traction between the cations and monomers is weakened,
and the excluded volume effect of the cations becomes sig-
nificant. By contrast, larger cations provide a larger contact
surface area, which directly facilitates the cation-mediated in-
ter-chain bridging effect. These effects are further enhanced
at high charge fractions because of the increased amounts of
charged monomers and cations. Under the interplay of these
factors, the chains preferentially undergo large-scale lateral
loose aggregation, rather than forming discrete pinned mi-
celles. Upon increasing the salt cation diameter to dsc=3.0,
the system forms a homogeneous swollen layer structure.

Furthermore, at a fixed charge fraction, the brush morphol-
ogy exhibited a clear dependence on cation size. Specifically,
as the cation size increases, the brush structure evolves se-
quentially from homogeneous to laterally heterogeneous and

f
dSC
0.1 0.3 04 0.5 0.6 0.8 1.0

7{%“.&’&;{; [t AR
i

01 el R
CREL Rl
AT AE

03 LZRE BANED
if:.g?'mdf .c‘kx.tte'.‘;x
miaNA IR
2 R Ky »
8 g RSV

05 # ,\“;\% {.‘3{3&
iduny 1P
B R A N
A, Kgas

08 I ey
R ot

: et G
1.0 2 oy gl
A& 4

15 o

2.0

25

3.0

Fig. 3 Top view of planar PE brushes as the variation of charge fractions in the presence of different salt cation diameters. Red beads and
transparent blue beads represent charged and neutral monomers respectively.
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finally to homogeneous layer structures. This trend was most
pronounced at =1.0, as shown in the right column of Fig. 3.
Remarkably, this trend is directly corroborated by the experi-
mental work of Xu et al.l'l In their study, Mg+ and Ca2* (the
smaller cations) induced a uniformly collapsed structure of
the PE brushes, whereas BaZ* (the largest) led to pronounced
lateral inhomogeneity. Given that the ionic radii follow Mg+
< Ca?* < Ba?* and that all these cations are smaller than the
PSS monomer size at f=1.0, the experimental observations are
in excellent agreement with our simulated ion-specific mor-
phology evolution at the full charge fraction. Beyond this vali-
dation, our simulations further explored the regime f<1.0. It
was revealed that, governed by the interplay of electrostatic
screening, inter-chain bridging, and steric effects, ion-specific
responsiveness persists across partially charged brushes, al-
beit with modified thresholds and extent of lateral nonunifor-
mity.

In-plane Static Structure Factor of Monomers

To quantify the long-range order of the lateral patterns of the PE
brushes, we calculated the in-plane structure factor between
charged monomers, defined as follows:

1 N TN —ik(r;—r;)

where 6y is the Kronecker delta function, N, is the total num-
ber of charged monomers in the system, r; and r; are the in-
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plane position vectors of the i and j charged monomers, re-
spectively, and k is the in-plane wave vector discretized based
on the size of the simulation box. S, (k) was calculated by first in-
tegrating over the wave vector space of |k| = k and then averag-
ing over the trajectories. For clarity, only four representative
charge fractions (f=0.1, 0.3, 0.6, and 1.0) based on the charge
fraction dependence of the PE brushes are provided for each
salt cation diameter.

As shown in Fig. 4, all profiles exhibited a peak at k =
0.6507", indicating a periodic structure with a characteristic
length scale of L =211/k =9.660. This scale corresponds pre-
cisely to the inter-chain grafting distance, confirming that this
peak arises from the single-chain area with a theoretical size
of 1/04 = 10.00. Consequently, the peaks appearing at k <
0.6507" (ie, L 29.66 0) correspond to the multi-chain do-
mains within the PE brushes.

The structure factor shows a clear dependence on the
charge fraction f. With increasing f, the intensity of the multi-
chain peaks increases relative to that of the single-chain peak,
indicating that multi-chain structures become progressively
more dominant. Specifically, for 0.3, as shown in Figs. 4(a)
and 4(b), the multi-chain peak intensity was significantly low-
er than that of the single-chain peak, indicating that the
brushes primarily adopted single-chain conformations. In
contrast, at a high f demonstrated in Figs. 4(c) and 4(d), the
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Fig. 4 In a two-dimensional plane static structure factors of charged monomers at varying cationic sizes for different chain charge fractions. (a)

f=0.1, (b) £=0.3, (c) =0.6, (d) f=1.0.
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multi-chain peak intensity substantially exceeds that of the
single-chain feature, signifying that multi-chain aggregates
dominate the surface microphase separation morphology.

Moreover, the structure factor also showed a distinct re-
sponse to ion size. As shown in Fig. 4(a), at a low charge frac-
tion f=0.1, the multi-chain peak intensity decreases slightly
and monotonically with increasing cation size. However, for
f20.3, the multi-chain peak intensity varies non-monotonical-
ly with the cation size, reaching a maximum at ds=0.8 and
1.0. This maximum suggests that the formation of distinct lat-
eral pinned micelles induced by the inter-chain bridging of
trivalent cations is optimal within this specific cation size
range. While this non-monotonic trend resembles the brush
height response in Fig. 5(b), a slight shift in the turning point
is expected because the brush height probes the longitudi-
nal structure, whereas the structure factor primarily reflects
transverse correlations. Furthermore, when the multi-chain
structure is notably prominent (Figs. 4c and 4d), the charac-
teristic peak of the multi-chain structure shifts monotonically
to lower k with increasing cation diameter, indicating an in-
crease in the real-space dimensions of the multi-chain do-
mains. This trend is consistent with the morphological evolu-
tion observed in the top-view images in Fig. 3.

Brush Height

The Brush height serves as a core structural parameter of PE
brushes, reflecting fundamental characteristics such as chain
length and grafting density. Here, we investigated the influence
of the salt cation size and charge fraction in the PE chain on
brush height, as shown in Fig. 5.

As shown in Fig. 5(a), the brush height exhibited three dis-
tinct profiles as a function of the charge fraction. For a small
salt cation diameter (e.g., dsc=0.1, indicated by black solid
squares), the brush height displays a weak oscillatory depen-
dence on f, with local maxima at /=0.3, 0.6, and 0.9. This oscil-
lation arises from the charge stoichiometry effect. At =0.3,
each charged block carries three negative charges that exact-
ly neutralize one trivalent salt cation, promoting complete
cation adsorption around the charged block. These blocks
tended to wrap tightly around the cation, forming knot-like
structures along the chain (Fig. 5c). Such knot-like configura-
tions enhance chain rigidity,1*4 leading to slight expansion of
the brushes. Analogous stoichiometric matching at =0.6 and
0.9, similarly facilitates knot formation, resulting in modest
height increases at these charge fractions.

For moderate cation sizes (0.55ds<1.5), the brush height
decreases monotonically with increasing f. This behavior is at-
tributed to the combined bridging effect of multivalent
cations and screening effect (i.e., the addition of multivalent
cations screens the electrostatic repulsion between charged
monomers). As the charge fraction increased, a higher con-
centration of trivalent cations more effectively screened the
repulsion while simultaneously enhancing cation-mediated
inter-chain bridging. Both effects promote chain aggregation,
thus reducing brush height. For cation sizes dsc>2.0, the
brush height increases monotonically with f. Here, the exclud-
ed volume effect of bulky salt cations dominates, progressive-
ly swelling the brushes as the charge fraction increases.

Our simulation results align qualitatively with the experi-
mental findings of Philippova and co-workers?”l on the

swelling behavior of PE gels yet reveal important distinctions
arising from the different geometric constraints. In their gel
system, bulky tetrabutylammonium ions induced monotonic
swelling upon ionization, which is consistent with our large-
cation regime. For small counterions (Na* and Cs*), the gels
initially swelled but then collapsed as the ionization degree
increased. With intermediate-sized ions (tetramethyl and
tetraethylammonium), the gels exhibited a more complex re-
sponse: swelling, followed by collapse, and finally reswelling.
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Fig. 5 (a) The brush height as a function of chain charge fraction
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This contrasts with our brush system, where small cations
produce only weak oscillatory height variations and interme-
diate cations yield a monotonic decrease in height. These dis-
crepancies are rooted in the different spatial constraints of
the two systems. Gels swell or collapse isotropically in three
dimensions, allowing a wide range of conformational re-
sponses. In contrast, PE brushes are tethered at one end to a
grafting surface, confining their degrees of freedom primarily
to extend normally to the surface.

To further elucidate the effect of the cation size, we exam-
ined the dependence of the brush height on the salt cation
diameter ds¢, as shown in Fig. 5(b). The brush height exhibits
two distinct regimes with increasing cation size: a monotonic
increase at a low charge fraction (f=0.1) and non-monotonic
behavior at higher f.

Specifically, at f=0.1, the brush height increased monotoni-
cally with dsc. This trend arises because of two factors. First,
the adsorbed salt cations themselves become larger, which
directly contributes to the increased brush height. Second,
owing to the charge mismatch between the negatively
charged monomers (each carrying —e) and the adsorbed
trivalent cations (each carrying +3e), the grafted PE chains
possess a net positive charge. The electrostatic repulsion be-
tween these net charges further expands the brushes, lead-
ing to an increase in the brush height.

At higher charge fractions, the brush height depends non-
monotonically on dsc. It initially decreased, reached a mini-
mum, and then increased. This non-monotonicity becomes
more pronounced as fincreases and is characterized by a low-
er minimum and a higher maximum brush height. Notably,
the minimum consistently occurred within the cation size
range of dsc=0.8-1.0, corresponding to the morphologies
shown in Figs. 4(b)—4(d). This behavior can be explained by
the competition among bridging, screening, and excluded
volume effects. In the range of ds=0.1-1.0, increasing the
cation size enhances both the bridging effect and electrostat-
ic screening, which together promote the aggregation of
charged monomers and thereby reduce brush height. The ex-
perimental and all-atom simulation observations supported
this trend. Xu et al.l'®! and Das et al.l’”! have demonstrated
that, at a fixed charge fraction, larger ionic radii (e.g., BaZt >
Ca?+* > MgZ* among alkaline earth metals, or I- > Br-> ClI- > F-
among halides) lead to a lower PE brush height. Similarly, Kim
et all?f]l found that as the nanoparticle size increased, PE
brushes preferentially adsorbed larger nanoparticles, result-
ing in a reduced brush height. These findings are consistent
with our simulated results in the regime where the salt cation
size is smaller than the monomer size (ds<1.0).

Beyond this range (dsc>1.0), the excluded volume effect of
the bulky cations became dominant, leading to a subsequent
increase in the brush height. This large-size regime behavior
is corroborated by prior computational and experimental
studies. Tagliabue and Mellal?®] reported that in star-shaped
PEs, the chains gradually expand with increasing counterion
size in the large-size limit. Likewise, Philippova et al.l?”l ob-
served that under large-cation conditions, the radius of gyra-
tion of PE chains increases monotonically with cation size, in-
dicating progressive chain extension. Both findings align well

with our simulated results for the large dsc regime.

Mean Bond Angles of the PE Chains
To further clarify the conformation of the PE chains, the average
bond angle @; between the neighboring bonds was calculated,
and the results are shown in Figs. 6 and 7.

As shown in Fig. 6(a), at a charge fraction of =0.1, the bond
angles formed between adjacent bonds in the PE chains were
obtained, indicating that the chains adopted a relatively ex-
tended conformation. This behavior is due to the fact that the
chains are predominantly composed of neutral monomers at
low charge fractions, and the intra-chain bridging effect in-
duced by salt cations is not substantial, resulting in larger
bond angles. Notably, distinct periodic peaks were observed,
which were more pronounced for the small cations, primarily
originating from the periodic arrangement of charged and
neutral segments along the chain, combined with the electro-
static attraction between the charged monomers and salt
cations. As the size of the salt cations increased, this periodici-
ty became progressively less pronounced, suggesting that
the charged segments themselves became more extended.
This trend was mainly attributed to the increasing steric vol-
ume of the cations, as illustrated in the inset of Fig. 6(a). Fur-
thermore, with increasing cation size, the overall decrease in
(cos®;) values reflects an increase in all bond angles, indicat-
ing that the single chain becomes increasingly extended as
ion size grows. This observation is consistent with the trend in
brush height shown in Fig. 5(b) at f=0.1.

As the charge fraction increased to f=0.3, as shown in Fig.
6(b), the curves exhibited periodic undulations with a period
of 10 monomers regardless of the size of the salt cations. This
periodicity reflects the alternating distribution pattern of the
charged monomers along the chain. When the trivalent
cations are small, the peaks in the curve align precisely with
the central positions of the charged blocks, as illustrated in
the inset of the first panel in Fig. 6(b). This behavior arises
from the fact that each charged block interacts strongly with
trivalent salt cations, and the electrostatic attraction between
adjacent charged monomers leads to a reduction in bond an-
gles within the charged segments. As ds¢ increased, the peaks
diminished rapidly and the original peak positions gradually
transformed into troughs. This indicates a marked increase in
bond angles at these sites, suggesting that the charged block
segments transition from a bent to an extended conforma-
tion. This transition is also attributable to the steric volume ef-
fect of the salt cations. Furthermore, the degree of extension
of the neutral segments was also modulated by the size of the
salt cations, as indicated by the cosine values shown by the
dashed line in Fig. 6(b). The bond angles of the neutral seg-
ments were observed to first decrease and then increase, with
the transition occurring at dsc=1.0, exhibiting a non-mono-
tonic variation with the diameter of the cations similar to that
of the brush height shown in Fig. 5(b).

As illustrated in Fig. 7, for a small salt cation (ds=0.1), the
(cos®;) profile exhibited a periodic multimodal pattern. At
f=0.6 (Fig. 7a), the charge ratio between the charged seg-
ment and the salt cation is 2:1; accordingly, the profile dis-
plays a periodic bimodal pattern with peaks centered at the
positions of the charged monomers (see the inset of the up-
per panel in Fig. 7a). When the charge fraction increases to
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Fig. 6 (cos®;) of adjacent monomer bond angles as a function of bond sequence i in a single chain, considering different chain charge fractions:

(@) =0.1 and (b) f=0.3. The inset shows the chain configuration under these conditions. The dashed lines in the right panels represent the cosine

values of the bond angles between adjacent neutral monomers.

f=0.9 (Fig. 7b), the charge ratio between the segment and salt
cation becomes 3:1. Consequently, the (cos®;) curve
presents a periodic triple-peak structure, analogous to that
observed at f=0.6.

As the salt cation size increases to ds-=0.5, The electrostat-
ic bridging effect induced by multivalent cations begins to
emerge as the salt cation size increases to ds=0.5. As a result,
at =0.6, the bimodal feature gradually transitions into a uni-
modal profile, whereas at the higher charge fraction of =0.9,
the triple-peak pattern gradually disappears. Upon further in-
creasing the cation size, the steric volume effects become
dominant. The peaks corresponding to the charged seg-
ments progressively diminish and eventually evolve into
troughs. This transition indicates a substantial increase in the

bond angles within the charged segments.

Mean Square Displacement

In this section, the mean square displacement (MSD) and diffu-
sion coefficient are calculated to explore how the monomer
mobility varies with the salt cation size under different charge
fractions. The MSD was computed by averaging over all
monomers, as shown in Fig. 8.

As shown in Fig. 8, regardless of the salt cation diameter,
the MSD exhibited three distinct power-law scaling regimes
with time at different charge fractions. These regimes are de-
lineated by the vertical dashed lines in Fig. 8(a), and follow
the relationship MSD o< t% The exponent a varies with the
timescale, reflecting distinct diffusion behaviors. Specifically,
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over short time intervals, a=1 indicated a normal diffusion
regime. At intermediate timescales, a sub-diffusion regime is
observed, characterized by a power-law exponent satisfying
0<a<1. Over long timescales, a approaches 0, indicating a
non-diffusive regime where the MSD remains nearly constant
owing to the confinement imposed by the substrate-grafted
PE brushes.

In the long-term non-diffusive regime, the MSD curves ex-
hibit distinct responses to increasing salt cation diameter, de-
pending on the charge fraction. Specifically, at relatively low
charge fractions, as shown in Figs. 8(a) and 8(b), the MSD
curves exhibit minimal differences in their plateau heights,
suggesting that the salt cation diameter has a negligible ef-

fect on the MSD response. In contrast, when the charge frac-
tion increased to f20.5, as illustrated in Figs. 8(c) and 8(d), the
MSD curves diverged significantly, and this divergence be-
came more pronounced with increasing charge fraction. This
indicates that the influence of the salt cation diameter on the
MSD response of the monomers is substantially pronounced
at higher charge fractions.

The monomer diffusion coefficient D was obtained by fit-
ting the mean square displacement (MSD) in the early time
linear regime using the following relation:

MSD(t) = 2dDt (8)

where d denotes the spatial dimension. Because the MSD was
computed in three dimensions, we set d=3. Fig. 9 shows the
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Fig. 8 The mean square distance of monomers at different chain charge fraction with different cation diameters. (a) f=0.1, (b) =0.3, (c) f=0.5, (d)

f=0.8.

monomer diffusion coefficient as a function of the salt cation di-
ameter.

As shown in Fig. 9, the diffusion coefficient exhibits a dis-
tinct dependence on the salt cation size depending on the
charge fraction. Specifically, at =0.1, the diffusion coefficient
increased monotonically with increasing dsc. The reason for
this behavior is that at low charge fractions, increasing the
cation diameter weakens the electrostatic attractions be-
tween monomers and salt cations, leading to enhanced local
mobility of monomers, thus facilitating the diffusion of
monomers. When f20.3, all diffusion coefficient curves dis-
played a non-monotonic trend, first decreasing and then in-
creasing with dsc. The initial decrease is attributed to the en-
hanced electrostatic bridging effect with increasing cation
size, which restricts the monomer mobility and reduces the
diffusion coefficient. Upon further increasing the cation diam-
eter, the electrostatic attraction weakened, allowing the PE
brushes to expand more substantially. This expansion increas-
es the local accessible volume for the monomers, thereby in-
creasing the diffusion coefficient. Moreover, as the charge
fraction increased, the bridging effect of salt cations became
more pronounced, leading to greater brush heterogeneity
and an overall decrease in the diffusion coefficient curve. No-
tably, the diffusion coefficient reached its minimum at a salt
cation diameter of approximately dsc=1.0.

It should be noted that the ionic strength / can affect the
conformation of PE brushes.’>>3¢ Under the simulation condi-
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Fig. 9 Diffusion coefficient of monomers as a function of salt
cation diameter for different charge fractions.

tions, /=<f. The salt ionic strength is not independently con-
trolled, but varies concomitantly with f. An increase in the
charge fraction leads to a higher ionic strength of the triva-
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lent salt ions, which amplifies the electrostatic interactions, obtained from the autocorrelation functions of the salt-
bridging effect, and excluded volume effect of the salt ions. bridge networks, were calculated. The results are summa-
Competition among these effects consequently alters the rized in Fig. 10 for two representative charge fractions, f=0.3
brush structure, brush height, and diffusion coefficient. and f=0.6.
Therefore, the observed trends with respect to f reflect the in- As shown in Figs. 10(a) and 10(b), the fraction of free
fluence of the charge fraction and corresponding ionic cations increases monotonically with dsc, which can be ratio-
strength. nalized by the weakening of the Coulomb attraction be-
To provide more direct evidence for the bridging effects tween the larger cations and charged monomers. At f=0.3, as
discussed above, we followed the approach of van der Vegt shown in Fig. 10(a), the fractions of di- and tri-coordinated
et al34 and analyzed the coordination statistics and bridge cations first increased and then decreased slightly with dec.
lifetimes of trivalent cations. The fractions ¢ of the free, This initial increase indicates that larger cations can more
mono-coordinated, di-coordinated (inter-chain), and tri-coor- readily contact multiple charged monomers, thereby enhanc-
dinated (inter-chain) cations, as well as the bridge lifetimes ing the bridging effect. With a further increase in the cation
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size, the electrostatic attraction weakened, leading to a mod-
est reduction in the mono-, di-, and tri-coordinated fractions.
At a high charge fraction f=0.6, plotted in Fig. 10(b), tri-coor-
dinated cations dominate, and their fraction also exhibits a
non-monotonic dependence on ds.

From Figs. 10(c) and 10(d), at both charge fractions, the
bridge lifetimes first increased and then decreased with in-
creasing dsc. This non-monotonic trend demonstrates that as
the cation size increases, the bridging becomes more effec-
tive and the complexes persist longer. When the cation be-
comes too large, the weakened Coulomb attraction reduces
the stability of the cation-monomer complexes, shortening

their bridge lifetimes.

Time-dependent Probability Density Function
To study the dynamic properties of monomers more carefully,
we further calculate the probability density function p,(r, t) of
monomers, which captures the probability of a monomer's dis-
placement within the range [, r + dr] over a given time interval t.
Fig. 11 presents pp,(r,t) for both short (2x10° time steps) and
long (3.2x10° time steps) time intervals.

As depicted in Figs. 11(a) and 11(e), when the charge frac-
tion is extremely low (f=0.1), p,,(r,t) shows minimal sensitivity
to the salt cation size over both short and long time intervals.
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As the charge fraction increased, as illustrated in Figs. 11(b)
and 11(f), p,(r.t) began to show a dependence on the cation
diameter over long time intervals. This dependence becomes
increasingly pronounced at higher charge fractions. When
the charged fraction reached f=0.8, as shown in Figs. 11(d)
and 11(h), pp,(r,t) demonstrated clear cation specificity over
both short and long time intervals, with the effect being more
significant at longer times. Moreover, when the salt cation di-
ameter exceeded 0.5, the peak intensity gradually decreased
with increasing cation diameter, whereas the overall curve
broadened, indicating an increasingly diverse motion of the
monomers. The variations in the peak position r, of the py(r,t)
curve over a long time interval are further analyzed in Fig. 12.

As shown in Fig. 12, the response of r;, to the salt cation di-
ameter exhibits distinct profiles with increasing charge frac-
tion. Specifically, as shown in Fig. 12(a), at a charge fraction of
f=0.3, r,, initially increases, then decreases, and subsequently
increases again as the cation diameter increases. The reason
for this behavior is that electrostatic attraction between the
monomers and salt cations is dominant at small cation diam-
eters. As the cation diameter increased, this electrostatic at-
traction weakened, allowing monomers to move over a
broader range. With a further increase in the cation diameter,
the electrostatic bridging effect of the salt cations becomes
dominant, weakening the monomer mobility. Upon further
increasing the cation diameter, the volume effect gradually
prevailed, causing the brushes to become increasingly loose.
Concurrently, the electrostatic interactions between the
monomers and salt cations diminish, leading to re-expansion
of the monomer motion range. At charge fractions £20.5, the
competing effects of bridging and volume effects cause r,, to
first decrease and then increase with increasing cation diame-
ter, as shown in Figs. 12(b) and 12(c).

CONCLUSIONS

Using coarse-grained MD simulations, we systematically investi-
gated the coupled effects of trivalent cation size and charge
fraction on the structural and dynamical properties of planar PE
brushes. Our results reveal that the interplay between cation
size and charge fraction can induce interesting surface mor-
phologies, such as laterally homogeneous collapsed structures,
pinned micelles, and swollen layers. When the cation size was
small, the brushes exhibited a homogeneous structure, with on-
ly a weak dependence on the charge fraction. For intermediate
cation sizes, inter-chain bridging became increasingly pro-

nounced as the charge fraction increased, leading to marked
lateral heterogeneity and the formation of multi-chain domains,
which were most prominent when the cation dimensions were
commensurate with the monomer size. Upon further increase in
the cation size, the brushes evolved into a homogeneous lay-
ered morphology at high charge fractions. The brush height dis-
played three distinct regimes as a function of the charge frac-
tion: at extremely small cation sizes, a weakly oscillatory trend;
at intermediate cation sizes, a monotonic decrease; and at suffi-
ciently large cation sizes, a monotonic increase. Furthermore,
through the analysis of bond angle distributions, the single-
chain conformation was found to exhibit markedly distinct re-
sponses depending on the specific combination of the charge
fraction and cation size.

Dynamically, the diffusion behavior of PE monomers is also
strongly influenced by the coupling of the charge fraction
and cation size. At low charge fractions, monomer diffusion
increases monotonically with cation size, as the weakening of
electrostatic attraction enhances the local mobility. At high
charge fractions, the diffusion coefficient exhibited a non-
monotonic dependence, first decreasing and then increasing
with cation size, reaching a minimum at a cation size of ap-
proximately 1.0. This minimum corresponds to the strongest
bridging effect, which restricts the monomer motion. Corre-
spondingly, the monomer displacement range over long time
intervals exhibits complex, non-monotonic behavior: it in-
creases, then decreases, and finally increases again with in-
creasing cation diameter, reflecting competition among elec-
trostatic attraction, bridging, and volume effects. In contrast,
at high charge fractions, only two regimes are observed: ini-
tial restriction followed by subsequent expansion, indicating
that the bridging effect dominates at smaller cation sizes,
while volume effects dominate at larger sizes.

In summary, the synergistic interplay between the charge
fraction and trivalent cation size governs the PE brush proper-
ties through a balance of electrostatic interactions, cation-in-
duced bridging, and excluded volume repulsion. At low
charge fractions, sparsely charged monomers suppress the
bridging. As the charge fraction increased, bridging and elec-
trostatic screening dominated, especially when the cation
size matched the monomer dimension, leading to lateral het-
erogeneity, reduced brush height, and restricted diffusion.
Further increasing the cation size shifted the balance to ex-
clude volume dominance, promoting swelling and enhanced
diffusion. Thus, the charge fraction controls the bridging
propensity via charged monomer density, while cation size
determines whether electrostatic interactions, bridging, or
volume exclusion prevail, collectively yielding diverse re-
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