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Abstract   A tetrahedral  polyelectrolyte brush in the presence of  trivalent counterions is  researched under the condition of  good solution by

means  of  molecular  dynamics  simulations.  Grafting  density  and  charge  fraction  are  varied  to  generate  a  series  of  surface  patterns.  Lateral

microphase separation happens and various interesting pinned patches appear at appropriate charge fraction and grafting density. Through a

careful analysis on the brush thickness, the pair correlation functions, the distributions of net charge, and the four states of trivalent counterions

in the brush, we find that the ordered surface patterns and special properties are induced by the pure electrostatic correlation effect of trivalent

ions even in the good solvent. Furthermore, the dependences of electrostatic correlation on the charge fraction of tethered chains are evaluated

for fixed grafting density. Also, our results can serve as a guide for precise control over the stimuli-responsive materials rational and self-assembly

of nanoparticles.
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INTRODUCTION

Polyelectrolyte  (PE)  brushes  are  thin  films  of  PE  chains  with
chain-end tethered to substrates in different geometries.[1,2] The
stimuli-responsive  characteristic  induced  by  the  intrinsic  beha-
viors  of  individual  PE chains as  well  as  the emergent collective
physical-chemical  properties  in  the  brush  has  triggered  a  sig-
nificant  growth  of  interest  in  a  diverse  range  of  applications,
such  as  colloidal  stabilization,[3] advanced  drug  delivery,[4] bio-
logical lubrication,[5] and smart materials.[6] These versatile appli-
cations  are  closely  related  to  the  surface  morphologies  of  PE
brushes, which can be tuned by a series of surrounding environ-
mental parameters, for example, the grafting density, the char-
ged  fraction  of  PE  chains,  the  salt  concentration  and  valence,
the geometric shape of grafted substrates, and so on.[7−19]

There are a lot of studies concentrated on the surface mor-
phologies of planar PE brushes.[7−17] By means of scaling the-
ory and self-consistent  field calculation (SCF),  Zhulina et  al.[7]

firstly  reported  that  morphologies  of  the  planar  PE  brushes
with  monovalent  counterions  in  poor  solvents  can  evolve
from the pinned micelle structure to a laterally uniform layer
with increasing degree of ionization. Rich surface patterns of
planar  PE  brushes  with  monovalent  counterions  were  found
in different bulk pH and quality of the solvent by Tagliazucchi
et  al.[8,9] using  molecular  theory,  such  as  micelles,  stripes,

holes,  and micelles  coexisting with isolated chains.  Based on
the theoretical model, Brettmann et al.[10] analyzed an analog-
ous collapse of planar PE brushes induced by multivalent ions
in  poor  solvent,  providing  an  explanation  based  on  energy
balance  for  the  formation  of  pinned  micelles  and  cylindrical
bundles.

On  experiment,  using  X-ray  reflectivity  and  grazing  incid-
ence  diffraction,  Günther et  al.[11] firstly  investigated  the
bundle formation within planar PE brushes with monovalent
counterions  in  the  poor  solvent  and  found  that  the  bundle
would shrink with the increase of grafting density and coun-
terion concentration. Yamada et al.[12] demonstrated the mor-
phology variation of  planar  lipophilic  PE brushes induced by
immersing  in  various  organic  solvents.  A  series  of  fiber-like
structures were indentified by atomic force microscopy (AFM)
images  in  the  solvents  with  different  dielectric  constants.
Based on AFM apparatus, Bracha et al.[13] reported the forma-
tion  of  dendritic  and  nanowire  domains  of  planar  DNA
brushes induced by the trivalent cation spermidine. By means
of AFM and surface forces apparatus (SFA) measurements, the
lateral  inhomogeneous  aggregated  structures  of  the  planar
PE brushes induced by multivalent ions were observed by Yu
and coworkers.[14]

Employing MD simulations, Dobrynin et al.[15] examined the
effects  of  solvent  quality  and  electrostatic  interaction  stren-
gth  on  the  accessible  structures  of  planar  PE  brushes  with
monovalent counterions in salt-free solutions.  Vertical  bund-
les  of  chains,  maze-like  structures,  and  homogenous  poly-
meric  layers  were  formed  as  a  result  of  the  fine  interplay
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between  electrostatic  repulsion  and  short  range  monomer-
monomer  interactions.  He et  al.[16] presented  the  morpholo-
gical changes of salt-free planar PE brushes with monovalent
counterions  induced  by  lowered  temperature  (solvent  qual-
ity)  using  MD  simulations.  Homogenous  brush,  vertical
bundles  of  chains,  and  collapsed  brush  were  reported.  Jack-
son et al.[17] revealed that the non-uniform aggregation struc-
tures  of  planar  PE  brushes  can  be  induced  by  both  solvo-
phobic  solvents  and  multivalent  ion  bridging,  which  exhib-
ited a distinct mechanism.

There  have  also  been  some  attempts  focused  on  the  sur-
face  patterns  of  spherical  PE  brushes  up  to  now.  Combining
molecular dynamics simulations and scaling analysis, Dobryn-
in and coworkers also observed the formations of lateral mor-
phologies of the spherical PE brushes with monovalent coun-
terions  induced  by  the  electrostatic  strength  under  poor
solvent  conditions,  such  as  a  star-like  conformation,  pinned
cylindrical  micelles,  a  micelle-like  conformation,  and  col-
lapsed  brush.[18] Samokhina et  al.[19] experimentally  studied
the complex between an anionic  spherical  PE  brush and the
cationic surfactant in salt-free solutions. It was demonstrated
that  the  surface  layer  of  the  brush  exhibited  a  partially  col-
lapsed structure, namely, a dilute phase of some chains diffus-
ing  into  the  aqueous  phase  and  a  dense  proximal  layer
formed directly on the core.

On  the  other  hand,  non-spherical  nanoparticle  decorated
by polymers has attracted research interest recently.[20−25] On
experiment,  Choueiri et  al.[22] developed  a  new  strategy  for
surface  patterning  of  polymer  brush  grafted  on  the  nano-
particles  with  different  geometries.  It  was  observed  that  the
segregation of a neutral polymer brush into different surface
pinned  patches  was  triggered  by  changing  the  geometric
shape of nanoparticles and varying the solvent from tetrahy-
drofuran  to  water.  Kravchenko et  al.[23] proposed  computer
simulations  of  the  self-assembly  of  polymers  grafted  non-
spherical  nanoparticles  in  poor  solvents.  They  pointed  out
that  non-spherical  vesicles  resembling a  monocrystal  can be
stable in dilute solution.

Given that the above researches generally focus on neutral
polymers  other  than  charged  polymers,  it  is  interesting  to
imagine  that  nanoparticles  with  different  shapes  tethered
with  PE  chains  can  subject  to  different  external  stimuli,  and
their  assemblies  can  exhibit  new  collective  properties.  By
now,  DNA  brushes  have  been  attached  to  tetrahedral  and
various  other  shapes  on  experiments  in  the  work  of  Mirkin
and  Schatz.[24,25] The  simulations  of  PE-grafted  nanocolloids
with non-spherical shapes are still far from being fully carried
out,  especially  in  good  solvents  and  multivalent  ion  condi-
tions. In this work, we carry out MD simulations to explore the
surface  patterns  of  tetrahedron  PE  brushes  with  trivalent
counterions under good solvents. Our focus is on elucidating
the effects of grafting density and charged fraction of the PE
backbone  on  the  structuring  of  tetrahedral  PE  brush  under
the  condition  of  electrostatic  correlation,  which  can  provide
important  insights  into  the  understanding  of  responsive  be-
havior of the PE-grafted non-spherical nanocolloid to the en-
vironmental  conditions.  A  series  of  surface  patterns  can  be
identified  through  a  careful  analysis  on  the  snapshots  of
brush morphologies, brush thickness, the net charge distribu-

tion, the pair correlation functions, as well as the four states of
the trivalent counterions.

SIMULATION MODEL AND METHOD

The  simulations  are  performed  by  means  of  a  well-tested
coarse-grained  model,[15,16,18] which  is  implemented  in  the
software LAMMPS.[26] In  our  model,  the tetrahedral  PE brush is
modeled  as M flexible  chains  grafted  on  the  triangular  lattices
for  each  surface  of  a  neutral  tetrahedral  colloid.  Each  PE  chain
consists  of N =  60  monomers  and  a  certain  percentage  of  the
monomers  are  charged  and  distributed  uniformly  along  the
polymer  backbone.  Every  charged  monomer  carries  one  unit
negative  charge –e.  The  trivalent  counterions  are  inserted
randomly into the system to guarantee the whole neutrality of
charges.  All  beads  are  considered  as  spherical  particles  with  a
diameter σ regardless of the bead type. The tetrahedral surface
of the colloid is constructed by a certain number of overlapping
particles, which is used to prevent the monomers as well as ions
from penetrating into the interior of the colloid. The tetrahedral
colloid is located at the center of the cubic simulation box with a
side length of L = 160σ and periodic boundaries, which is large
enough  to  avoid  interactions  between  the  brush  and  its
periodic  image.[18,27,28] The  number  of  the  tethered  chains  is
selected as M = 20, which is fixed in our simulations. The charge
fraction f is  changed  by  varying  the  percentage  of  charged
monomers. The grafting density σg is tuned by varying the edge
length of tetrahedral colloid Lc, namely, σg = M/(31/2Lc

2), which is
illustrated in Table 1.

The excluded volume interaction between any two beads is
described by a truncated-shifted Lennard-Jones (LJ) potential,

ULJ(rij) = ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
4εLJ [( σrij )12

− ( σrij )6

+ ( σrc )12
+ ( σrc )6

, r ≤ rc

0, r > rc

(1)

where rij denotes  the  distance  between  any  two  beads, εLJ is
the strength of pairwise interaction, and rc is the cutoff distance.
The  cutoff  distance  for  monomer-monomer  interactions  is
selected  as rc =  2.5σ,  while rc =  21/6σ applies  to  all  otherwise
interactions. εLJ equals 0.1kBT (kB is Boltzmann constant and T is
the  desired  temperature)  for  monomer-monomer  interactions
and 1.0kBT for all otherwise interactions in implicit solvent.[29,30]

Those  choices  represent  a  good  solvent  for  the  polymer
backbone.[18,31]

The adjacent monomers along the chain are connected via
a finite extensible nonlinear elastic (FENE) potential,[32,33]

Ubond (r) = −
1
2
kspringR

2
maxln [{1 − ( r

Rmax
)2}] (2)

where kspring =  30kBT/σ and Rmax =1.5σ are  the  spring constant
and  the  maximum  bond  length,  respectively.  This  attractive
potential  combined  with  the  excluded  volume  interaction  can
prevent the bonds from crossing each other.

Table 1    The length of tetrahedral colloid and corresponding grafting
density.

Lc 24 21 18 15 12 9 6 5

σg 0.020 0.026 0.036 0.051 0.080 0.143 0.321 0.461
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The  electrostatic  interaction  between  charged  particles  is
described by the Coulomb potential,

UCoul (rij) = kBT
λBqiqj
rij

(3)

where qi and qj are the valences of particles i and j. The Bjerrum
length λB = e2/(εkBT)  is  set as 3.0σ,[34,35] where ε is  the dielectric
constant  of  solvent.  The  Coulombic  interactions  are  calculated
by  the  particle-particle/particle-mesh  (PPPM)  algorithm  with
estimated  accuracy  of  10−3.[36] All  physical  quantities  are
dimensionless based on the three basic units (length σ, mass m,
and energy kBT)

The  temperature  is  controlled  by  a  Langevin  thermostat
based on fluctuation-dissipation theorem.[26] The equation of
motion of the particles can be expressed as

m
d2ri(t)

dt2
= −∇Ui − ξ

dri(t)
dt

+ FR
i (t) (4)

where m = 1.0 is the mass of the bead irrespective of the bead
type. U denotes  the  total  potential  energy  of  the  system,
namely, U = ULJ + Ubond + UCoul. ξ is the friction coefficient. Fi

R(t) is
the  random  force  with  zero  average  value  and  with  the
correlation  function  of  <Fi

R(t)·Fj
R(t′)>  =  6mξkBTδijδ(t − t′).  This

correlation  function  is  used  to  couple  the  system  to  the  heat
bash.  The  value  of  friction  coefficient  is  set  as ξ =  0.143m/τ,
where τ is the standard LJ-time unit.

Simulations  are  performed using the  following procedure.
Initially, the grafted chains are in the fully extended conform-
ation.  The  trivalent  counterions  are  randomly  inserted  into
the  simulation  box.  Disorder  tethered  chains  as  the  initial
configuration are produced by employing a soft potential be-
fore the equilibrated run. Then, the soft potential is changed
to the full LJ potential and the system is equilibrated for 2.0 ×
106 MD  steps  with  the  full  LJ  potential  until  the  time  evolu-
tion  of  thermodynamic  quantities  (temperature,  energy  and
pressure)  and  radius  of  gyration  reach  a  stable  state  regime.
After  the  equilibrated  run,  another  production  run  is  per-
formed  for  2.0  ×  106 MD  steps.  During  the  production  run,
one configuration is  sampled every 2.0  × 103 time steps and
1001  configurations  are  collected  for  analyzing  the  proper-
ties of the tetrahedral PE brush in our programs. The integra-
tion time step Δt = 0.005τ is used.

RESULTS AND DISCUSSION

A  series  of  interesting  phase  structures  of  the  tetrahedral  PE
brush  have  been  discovered,  as  displayed  in Fig.  1.  Along  the
column  and  row,  charge  fraction f and  grafting  density σg are
varied,  representing  the  complex  competing  between  electro-
static effect and excluded volume effect for the phase behavior.

As  shown,  the  morphological  evolutions  induced  by  the
electrostatic correlation effect originated from the increasing
charge fractions at given grafting density are observed along
the  columns.  In  the  low  grafting  density  range σg ≤ 0.036,
phase transition induced by the charge fraction that results in
pattern formation is  observed from top to bottom along the
column.  The  surface  morphology  starts  with  a  micelle-like
conformation  at  a  small  charged  fraction  of f =  0.1,  trans-
forms  to  collapsed  chains  at  larger  fraction  of f =  0.5,  and
demonstrates pinned patches when f = 1.0.  This is  the mani-
festation of the strong electrostatic correlation existing in an
electrostatic system with trivalent counterions. Namely, an ef-
fective  attractive  interaction  between  charged  monomers  is
mediated by the trivalent ions under a large f, which results in
the formation of pinned patches morphologies even in good
solvent  conditions.  It  is  found  that  the  number  of  pinned
patches  decreases  with  increasing  grafting  density,  which
displays  the  similar  variation  to  patch  number  of  the  un-
charged  polymer  tethered  on  a  nanosphere  surface  in  the
poor solvent condition by experiment.[22] In addition, pinned
patches tend to stay near the places of high curvatures (edges
or  vertexes)  at σg =  0.020,  0.026,  and  0.036  for f =  1.  Com-
pared  to  a  spherical  colloid,  the  non-uniform  curvature  of  a
tetrahedral colloid breaks translational symmetries of the sys-
tem along the surfaces and results  in the non-uniform distri-
bution  of  free  volumes.  Due  to  more  free  volumes  near  the
places  of  high curvatures,  trivalent  counterions  are  more  ac-
cumulated  there  in  order  to  maximize  their  translational  en-
tropy.  This  accumulation  then  leads  to  the  fact  that  pinned
patches of PE brush tend to be formed near the places of high
curvatures.

In the regime of 0.051 ≤ σg ≤ 0.143, the increasing grafting
density promotes the trivalent counterions to play a bridging
role  among  the  monomers  with  the  same  charge  fraction.
Thus,  for f = 1.0,  sufficient bridging counterions make all  the

σg

f = 0.1 

f = 1.0 

f = 0.5 

f
0.020 0.026 0.036 0.051 0.080 0.143 0.321 0.461

 
Fig. 1    Snapshots of the tetrahedral PE brush in parameter spaces of grafting density σg and
charge fraction f. For clarity, only monomers (the purple bead) and grafted colloid (the green
tetrahedral surface) are shown.
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PE  chains  aggregate  together  and  only  a  part  of  the  colloid
surface is exposed. This type of asymmetric cluster is a trans-
itional structure when the electrostatic correlation of trivalent
ions  and  the  excluded  volume  interactions  are  comparable.
Such asymmetric clusters were also observed experimentally
by  Lane et  al.[37] for  alkanethiol-coated  Au  spherical  nano-
particles in dilute solutions of water. However, for f = 0.1 and
0.5,  the number of bridging counterions is not sufficient and
no obvious lateral phase separation happens with the inrease
of grafting density.  In the regime of σg > 0.143, a uniform PE
layer  is  observed  regardless  of  the  charge  fraction,  but  this
brush layer adopts a tight conformation with the increase of
charge fraction.

We further examine the global structure of PE chains using
the tetrahedral PE brush thickness H, which can be character-
ized by

H =
2 ∫+∞0 r ⋅

√
3(Lc + 2

√
6r)2

ρm(r)dr
∫+∞0

√
3(Lc + 2

√
6r)2

ρm(r)dr (5)

dr = 0.2√
3(2√6r + Lc)2

where, ρm(r) is the local density of polymer monomers along the
direction  perpendicular  to  the  grafting  surface  and r is  the
vertical  distance  between  the  location  and  the  grafted  surface
of  the  tetrahedron.  The  entire  integral  region  is  divided  into
many  tetrahedral  bins  with  the  thickness  of  and

 represents the surface area of a tetrahedral bin to
calculate the brush thickness.

The variations of brush thickness with respect to the graft-
ing density at different charged fractions are plotted in Fig. 2.
With  charge  fraction  increasing,  the  relationship  between
brush  thickness  and  grafting  density  is  changed.  For f =  0.1,
the  monotonic  dependence  of  brush  thickness  on  the  graft-
ing density  is  clearly  demonstrated,  which indicates  that  the
excluded  volume  interaction  is  dominant  for f =  0.1.  For f =
0.5 and 1.0, the nonmonotonic dependence is clearly demon-
strated  in  this  plot.  Specifically,  the  brush  thickness  experi-
ences  a  decrease  firstly  and  then  a  rise  with  the  increase  of
grafting density.

The decreasing trend of the brush thickness is attributed to
electrostatic attraction between monomers coming from the
charge correlation.  Comparing f =  1.0  with f =  0.5,  the brush

collapses seriously  for f =  1.0 but slightly  for f =  0.5.  Further-
more,  the  critical  grafting  density  corresponding  to  the  col-
lapsed-to-stretched  transformation  of  the  brush  is  larger  for
f =  1.0  than for f =  0.5.  It  indicates  that  the  effect  of  electro-
static correlation is  stronger and wider for f =1.0 than for f =
0.5. Specifically, for f = 1.0, more condensed counterions play
the role of  inter-chain bridging leading to an aggregation of
the PE chains. This will be further clarified by investigating the
state  of  counterions  in  the  following.  The  lateral  heterogen-
eous  structures  formed  by  chain  aggregation  cause  more
chains  to  bend  to  the  grafting  surface.  The  relatively  low
grafting density ensures that the tetrahedral grafting surface
can accommodate lateral bending chains, which leads to seri-
ous  collapse  of  the  brush.  Such  deep  collapse  of  the  brush
results  in  larger  collapse-swell  critical  grafting  density  for
f = 1.0.

When  grafting  density  reaches  a  threshold,  the  peripheral
space  of  the  grafted  colloid  is  fully  occupied  by  the
monomers,  which  promotes  the  domination  effect  of  ex-
cluded volume interaction. A swell of the brush with increas-
ing grafting density is observed.

Collapse-swell  process  of  brush  height  for  tetrahedral
brush  with  grafting  density  has  not  been  reported  for  the
spherical  brush,  as  far  as  we  know.  Only  the  case  that  brush
height increases with grafting density at larger grafting dens-
ity  was  once  reported  for  spherical  brush.[28] The  collapse-
swell  process  of  tetrahedral  PE  brush  at f =  1.0  may  provide
guidelines for designing controlled release devices.

Besides, increasing the charge fraction f leads to chain col-
lapse  due  to  the  enhanced  electrostatic  interaction  (Fig.  2).
Such collapse is  similar to that occurring in the systems with
monovalent  counterions  by  reducing  the  temperature  or  in-
creasing the chain length.[38,39] In a PE system with only elec-
trostatic interaction, reducing the temperature of the system
or increasing the chain length results in enhanced electrostat-
ic  interaction.  When  the  electrostatic  interaction  is  strong
enough,  chain  collapse  will  also  occur  even  in  the  mono-
valent  system.  It  is  worth  noting  that  trivalent  systems  have
special bridging effects,  which not only leads to collapse but
also to lateral microphase separation of PE brushes.

To  characterize  the  local  structuring  of  tetrahedral  PE
brush,  we  calculate  the  pair  correlation  functions  (PCF).  The
monomer-monomers  PCFs gmm(r)  with  different  charge  frac-
tions  are  plotted  in  the  left  panels  of Fig.  3.  For  clarity,  only
four  different  grafting  densities  are  discussed,  which  corres-
pond to four different surface morphologies in the third row
of Fig. 1.

The first peak of gmm(r) locates around r = 1.0, which is the
manifestation  of  the  intra-chain  neighbor  correlations,  and
the  second  peak  locating  around r =  2  corresponds  to  an
inter-chain  structural  order,  which  becomes  more  pro-
nounced  with  increasing  grafting  density  for  a  fixed  charge
fraction  due  to  the  decreased  distance  between  monomers
with  the  increase  of  grafting  density.  Furthermore,  the  mag-
nitude  of  peaks,  especially  the  secondary  one,  becomes
stronger  with  the  increase  of  charge  fraction.  This  can  be
ascribed to the long-range order induced by the electrostatic
correlation of the increasing trivalent counterions.

The  monomer-counterion  PCFs gmc(r)  under  a  variety  of
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Fig.  2    The  thickness  of  tetrahedral  PE  brushes  versus  different
grafting densities at different charge fractions.
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charge fractions are presented in the right panels of Fig. 3. It
is  expected  that  the  correlations  between  monomers  and
trivalent  counterions  are  weak  in  the  case  of f =  0.1  (see
Fig. 3d), which indicates that isolated counterions account for
the  largest  proportion.  Thus,  the  translational  entropy  of
counterions is very large, which makes phase separation diffi-
cult for PE brush (see Fig. 1).  With increasing charge fraction,
the  primary  peak  and  the  sub-peaks  become  more  pro-
nounced as demonstrated in Figs. 3(e) and 3(f). For the largest
charge fraction f = 1.0, both the nearest neighbor correlation
and the long-range correlation are obvious due to the strong

electrostatic  attraction in  the presence of  trivalent  ions.  Loss
of  translational  entropy  of  counterions  drives  the  brush  into
phase separation (see Fig. 1).

Also,  to  obtain  more  information  on  electrostatic  interac-
tion,  the  distributions  of  net  charge  around  the  charge
monomers along the radical direction are presented in Fig. 4.
For  clarity,  only  four  different  grafting  densities  are  focused
on. As we can see, the effect of grafting density on the distri-
butions  of  net  charge  is  negligible  for  fixed  charge  fraction.
On the other hand, different charge fractions produce differ-
ent net charge distributions.
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Fig. 3    Monomer-monomer pair correlation functions (left panels) and monomer-counterion pair correlation functions (right panels) for
different charge fractions: (a, d) f = 0.1, (b, e) f = 0.5, (c, f) f = 1.0.
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Firstly, there is a prominent peak near r = 1.0 for all charge
fractions  due  to  the  electrostatic  attractions  between  negat-
ive  polymer  monomers  and  positive  trivalent  counterions.
With  charge  fraction  increasing,  this  peak  becomes  pro-
nounced,  indicating  more  counterions  gather  onto  the
charge  polyions  because  the  electrostatic  attractions  pre-
dominate over the translational entropy of counterions in this
region. For f = 1.0, a negative peak near r = 0.8 appears, which
is  attributed  to  the  covalent  bonding  between  negative
charges.  Due  to  the  mutual  effect  of  covalent  bonding  and
electrostatic attractions, positively and negatively charged re-
gions  appear  alternately  in  the  range  of  1  < r <  6.  Similarly,

the appearance of the negative peak near r = 1.6 is attributed
to the covalent bonding between negative charges at f = 0.5.
Because every two monomers along the chain carry a negat-
ive unit charge –e, the profile shows an oscillatory behavior in
the range of 1 < r < 4 at f = 0.5. By comparison, it is found that
increasing the charge fraction leads to a deviation from local
electrical-neutrality.  All  profiles  subsequently  decrease  to
zero, indicating the overall electrical-neutrality of the systems.

Since the structures of tetrahedral PE brush are mainly de-
termined  by  the  electrostatic  effect  of  trivalent  ions,  we  fur-
ther  study  the  states  of  the  trivalent  counterions  by  classify-
ing  them  into  four  states,  that  is,  isolated,  nearest  neighbor
condensation,  intra-chain  bridging,  and  inter-chain  bridging
counterions.  This  has  been  demonstrated  schematically  in
Fig. 5.

The  number  fractions  of  trivalent  counterions  that  are  in
the  corresponding  state  are  quantified  in  terms  of  a  topolo-
gical  distance  parameter α.  The  definition  of α can  be  ob-
tained from Ref. [14]. α = 0, 0 < α ≤ 0.816, 0.816 < α ≤ 5.0, and
α > 5.0 correspond to isolated,  nearest  neighbor condensed,
intra-chain bridging, and inter-chain bridging counterions, re-
spectively.[14] The  fractions  of  trivalent  counterions  are  plot-
ted against the grafting density in Fig. 6.

As shown in Fig. 6(a), the trivalent counterions exist in only
two  states  at f =  0.1,  that  is,  the  isolated  and  nearest  neigh-
bor condensed states.  The majority of counterions are in the
isolated  state  for  polyions  with  relatively  low  linear  charge
density.  The  fraction  of  isolated  counterions  demonstrates  a
slight  decrease  with  the  increasing  grafting  density.  This  is
due  to  the  fact  that  charged  monomers  can  approach  each
other  and  lead  to  a  higher  local  charge  density  with  the  in-
crease  of  grafting  density,  which  promotes  more  trivalent
counterions to condense on the PE chains. Due to the major-
ity of  isolated counterions,  electrostatic attractions are negli-
gible. The repulsive interactions between polymer monomers
due  to  the  excluded  volume  effect  at  good  solvent  condi-
tions  are  dominant.  Thus,  microphase  separation  does  not
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Fig. 4    The distributions of net charge around the charge monomers
along the radical direction for different charge fractions.
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Fig.  5    Schematic  for  classifying  trivalent  counterions  into  four
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happen for f = 0.1.
For f = 0.5 depicted in Fig.  6(b),  the nearest neighbor con-

densed  counterions  are  dominant,  which  results  in  the  col-
lapse  of  PE  brush.  On  the  other  hand,  the  short  inter-chain
distance  with  increasing  grafting  density  puts  more  coun-
terions  into  the  inter-chain  bridging  state,  which  causes  the
brush  thickness  to  decrease  slightly  with  grafting  density  in
the range of low grafting density. Owing to the low percent-
age  of  inter-chain  bridging  counterions,  the  chains  are  not
connected to form patches at f = 0.5. On further increasing f =
1.0,  electrostatic  attraction  is  so  strong  that  few  isolated

trivalent counterions exist in the system, which leads to sharp
collapse  of  PE  brush.  More  and  more  trivalent  counterions
transform  into  the  inter-chain  bridging  state  and  induce  an
effective  attraction  between  polymer  segments,  manifesting
the  electrostatic  correlation  effect  and  resulting  in  a  lateral
heterogeneity  of  the  PE  brush  and  obvious  decrease  of  the
brush  thickness  with  grafting  density  in  the  low  grafting
density range.

Due to the importance of the trivalent counterions, we fur-
ther investigate the fractions of counterions in four states as a
function of  charge fractions,  which are shown in Fig.  7.  Both
the lowest grafting density σg = 0.020 and the highest graft-
ing density σg = 0.461 are discussed.

As shown, a monotonic decrease of fraction of the isolated
state  counterions  is  induced  by  increasing  the  charge  frac-
tion  irrespective  of  grafting  density,  which  can  be  under-
stood  from  the  increasing  effective  charge  density  of  the
polymer  backbones.  The  effective  attractive  interaction
between charged monomers and trivalent counterions dom-
inates over the translational entropy of counterions, which in-
duces  more  trivalent  counterions  to  condense  onto  the
polyions.  It  is  interesting  to  observe  that  the  fractions  of
nearest  neighbor  condensed  counterions  increase  with  the
increasing charge fraction firstly, and then decrease. For small
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f,  increasing charge fraction can only render the counterions
condensed  onto  the  polymer  backbone.  The  counterions
have  not  yet  begun  to  play  the  role  of  electrostatic  correla-
tion,  which  corresponds  to  the  homogenous  micelle-like
structure  shown  in Fig.  1.  For f >  0.5,  the  fractions  of  coun-
terions in the nearest neighbor condensed state begin to de-
crease due to increasing electrostatic correlation.

Besides,  the  fractions  of  intra-chain  bridging  and  inter-
chain bridging counterions increase with the charge fraction.
For  low  grafting  density σg =  0.020,  intra-chain  correlations
begin to work earlier than inter-chain correlations with the in-
crease  of  charged  fraction.  It  is  because  overcoming  transla-
tional  entropy  of  intra-chain  monomers  is  easier  under  low
grafting density condition. Thus, for low grafting density, the
PE  brush  undergoes  a  process  of  collapsing  first  and  then
forming lateral heterogeneities of surface morphologies with
the increase of  charged fraction.  For high grafting density of
σg = 0.461, inter-chain correlations emerge earlier than inter-
chain  correlations  with  the  increase  of  charged  fraction  due
to  the  short  inter-chain  distance.  Though  uniform  polymer
layers  are  retained  by  the  strong  excluded  volume  interac-
tion  in  the  high  grafting  density,  the  PE  brush  will  collapse
with the increase of  charged fraction for  the increasing elec-
trostatic correlation.

CONCLUSIONS

On  the  basis  of  a  coarse-grained  model,  the  electrostatic
correlation  on  the  surface  morphologies  of  a  tetrahedral  PE
brush in good solvent is studied systematically by means of MD
simulations. The tetrahedral PE brush adopts a uniform micelle-
like  structure  and the brush thickness  increases  monotonously
with  the  grafting  density  at  low  charge  fraction  regardless  of
grafting  density,  which  is  mainly  attributed  to  the  hydrophilic
effect of the good solvent. Upon increasing the charge fraction
to  a  certain  extent,  the  enhanced  electrostatic  correlation  of
multivalent  counterions  renders  the  tetrahedral  PE  brush  to
separate  into  inhomogeneous  surface  patterns,  namely,  the
pinned  patch  structure  is  observed  in  low  grafting  density
range. Pinned patches of PE brush tend to be formed near the
places  of  high  curvatures.  The  number  of  patches  decreases
with  the  increasing  grafting  density,  which  is  concurrent  with
the decrease of brush thickness, until a uniform layer of tethered
chains is  formed when the grafting density exceeds the critical
value.  For  the  local  structuring,  PCFs  reveal  that  the  electro-
static-correlation induced order in the presence of trivalent ions
becomes more pronounced with the increasing charge fraction,
even  in  the  good  solvent  condition.  Moreover,  increasing  the
charge fractions leads to a larger deviation from local electrical-
neutrality. Based on the analysis of the fractions of counterions
in four states, it is worthwhile to point out that the multivalent
counterions  can  act  as  a  nucleating  site  to  bridge  intra-  and
inter-chain monomers, collectively leading to the special phase
behavior. Our systematic analysis in this work can generalize the
lateral  morphological  studies  of  PE  brush,  in  terms  of  the
responsiveness  to  the  grafting  density  and  charge  fraction,  to
the tetrahedral case. A more complete knowledge about surface
structures  of  PE  brush  can  be  constructed,  which  provides
practical  guidance  for  regulating  the  interfacial  properties  of
nanomaterials and rational material design.
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