
Article Not peer-reviewed version

Dipolar Brush Polymers: A Numerical

Study of the Force Exerted onto a

Penetrating Colloidal Particle Under an

External Field

A. Fuster-Aparisi , Antonio Cerrato , Josep Batle , Joan Josep Cerdà *

Posted Date: 17 December 2024

doi: 10.20944/preprints202412.1431.v1

Keywords: Dipolar brushes; magnetic brushes; colloids; numerical simulations; Langevin Dynamics

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/4098365
https://sciprofiles.com/profile/4100403
https://sciprofiles.com/profile/235837
https://sciprofiles.com/profile/2226848


Article
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Abstract: Langevin Dynamics numerical simulations have been used to compute the force profiles
that dipolar polymer brushes exert onto a penetrating colloidal particle. It has been observed that
force profiles are strongly influenced by external applied fields: a force barrier at large distances
from the grafting surface appears, and at shorter distances a region with lower repulsive forces
develops. Furthermore, for a right combination of polymer grafting density, polymer chain length
and strength of the external field, it is possible to observe in such intermediate region the existence
of net attractive forces onto the penetrating particle, and the emergence of a stationary point. The
existence of these regions of low repulsive or net attractive forces inside the dipolar brushes, as well
as their dependence on the different parameters of the system can be qualitatively reasoned in terms
of a competition between steric repulsion forces and Kelvin forces arising from the dipolar mismatch
between different regions of the system. The possibility to tune force profile features such as force
barriers and stationary points via an external field paves the way for many potential surface-particle
related applications.

Keywords: dipolar brushes; magnetic brushes; colloids; numerical simulations; Langevin dynamics

1. Introduction

Polymer brushes are soft-matter systems in which polymer chains are anchored or attached by one of
their ends to a surface. Advances in chemistry synthesis have allowed to create many different types of
polymer brushes and research on the topic is still very active [1–14]. The understanding of their properties
via experiments [15–24], theory [18,20,25–32,32–39], numerical simulations [28,30–32,40–46], Self Consistent
Field approaches [47–50], as well as the optimization and design of new applications [9,51–71] involving
such systems are also very prominent areas of research in the field of polymer science.

Within the field of polymer brushes, a topic that has raised considerable attention is the study of
the force exerted by a brush onto a particle. The case of neutral polymer brushes has drawn a lot of
attention in the past: a full Self Consistent Field Theory (SCFT) suitable for particles of small radii was
developed by Kim and Matsen [72]: within such framework the free energy penalty exerted onto a
spherical particle by a neutral polymer brush was studied, and the suitability of the strong-stretching
theory of Milner, Witten and Cates, as well as the Derjaguin approach were analysed. SCFT were
also used by Egorov et al [73] and Lian et al. [74] in order to study how solvent (good or bad solvent)
influences the effective interactions of nanoparticles in polymer brushes. On the other hand the
interaction of nanoparticles with polymers brushes grafted inside porous substrates in both good and
bad solvents was studied by Santo et al. [75]. Density functional theory (DFT) has also been used in
predicting polymeric forces for antifouling applications [76].

In addition to SCFT and DFT, numerical simulations have also been widely used to study the
force between a brush and a colloidal particle. For instance Milchev et al. [77] studied it using a
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coarse-grained off-lattice bead spring model and Montecarlo Simulations, and two years later Ermilov
et al. [78] also reviewed it. Dissipative Particle Dynamics simulations where also used by Milchev
et al. [79] to study the case of neutral polymer brushes with nanoinclusions under shear flow. The
inclusion free energy of nanoparticles in polymer brushes was also studied in detail using Molecular
Dynamics by Merlitz et al. [80]. The absortion and the force exerted by repulsive and attractive brushes
onto a spherical particle were also studied by Zhang et al more than a decade ago [81] using Brownian
Dynamics.

More recently, the insertion forces for particles of different geometry into neutral polymer brushes
have been studied by Beer et al. [82] and Gao et al [83], and more advanced SCFT theories have been
applied to the study of the interaction of inclusions with neutral polymeric brushes [84,85]. In the
case of Spencer et al. [84] the study also included the case of brushes with mobile grafted chains. For
systems in which the grafting surface is permeable to the fluid, the interaction of a particle and a
neutral polymer brush has been thoroughly studied by Offner et al. [86].

The study of particles inside brushes has not been only limited to the study of the force profiles
exerted by the brushes, transport theory of colloids across the polymer brushes has also been reviewed
by Laktionov et al. [87]. In addition, molecular dynamics simulations and Asakura-Oosawa models
have been used to address the depletion induced in proteins embedded in polymer brushes [88],
and a theory to account for the interaction of polymer brushes with antimicrobial peptides has been
developed [89]. It is also worth to mention that the controlled adsorption via pH of nanoparticles
on polyelectrolyte brushes has also been recently addressed by Astier et al. [90]. Very recently, in the
case of polyelectrolyte brushes, Popova et al. [91] using mean-field Poisson-Boltzmann approximation
have shown that a nanoparticle uptake by the brush exists when the interaction of the brush with the
particle promotes changes in the ionization state of the weak cationic and anionic groups in the surface
of the nanoparticle.

Another topic of high interest in the field of polymer brushes are dipolar brushes, within
such sub-field, a case that has recently received considerable attention are the supramolecular
polymeric brushes in which magnetic colloidal particles play the same role than monomers in a
traditional chemical polymer. These systems constitute a particular type of magnetoresponsive thin
film surfaces [92,93] for which several synthesis pathways have already been developed [94–104].
Superparamagnetic and paramagnetic brushes have been used to design magnetoresponsive
nanoscaled actuators [94] analogous to polymer responsive brushes [105] and micro-metric cilia
arrays [106–108]. The approach followed has mostly consisted in modelling the filaments as elastic
rods in which the direction and strength of the magnetic dipoles are induced by the oscillating external
field. More recently, the study of magnetic brushes made of fully magnetic ferromagnetic filaments
has also been addressed [98,109–115].

Most of the previous studies about magnetic brushes have focussed on brushes containing a single
class of filaments fully magnetic where only magnetic interactions among dipoles and steric repulsion
among the core of colloids is present [98,109–113]. The only exceptions are the works of Cerdà et
al. [114,115] where the role of an additional short-range attractive interaction among colloidal particles
and the possibility that magnetic filaments may only be partially magnetic have been considered. To
our best knowledge, no study has focused so far on the interaction of these magnetic brushes with
non-magnetic particles.

The interest in these magnetic or dipolar brushes is driven by their promising role in technological
applications in the areas of: actuators and mixers [95,106,116,117], dynamical absorbers [118],
micromechanical sensors [119], non-permanent photonic crystals [120], diffraction gratings [121],
or medicine [122,123], to mention just a few [124]. Filaments that react to external magnetic fields
have several advantages with respect to the more traditional polymer and polyelectrolyte brushes,
which are more constrained in their responsivity to external fields: changes in pH or the electric field
have a strong and complex impact not only on the polymer brush but also on most of the soft matter
substances. For these reasons, the research of magnetic brushes is evolving into a very promising field.
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In this work, we aim at the study of flat dipolar brushes interacting with a colloidal non-dipolar
particle that penetrates into the brush. We want to expand the current knowledge about dipolar
brushes by studying the dependence of the force profile observed on several parameters: the radius
of the penetrating particle, the fraction of dipolar particles present in the brush, the strength of the
external imposed field, and the grafting density of the brush. In this study, it will be shown that for
some range of brush-particle parameters and field strengths there exists an attractive zone for the
colloidal particle inside the brush. In what follows we will always exemplify our study via magnetic
colloidal systems, but it should be noticed that all results derived in this work using magnetic dipoles
and magnetic external fields can be easily mapped to the case of electric dipoles and external electric
fields as all the interactions have the same structure in both cases except for a constant pre-factor.

The present manuscript is organised in the following way. In the next section, the numerical
model and the details of the simulations are described. The main findings are provided in Section 3.
Finally, the summary of our main results is provided in Section 4.

2. Numerical Method

The dipolar brushes are modelled as a regular squared lattice array of Nc × Nc spring-bead chains
made of N monomers per chain, all them grafted by one of their ends at the plane x-y at z = 0. The
brush is placed into a cubic box of edge Le where periodic boundary conditions along x-y directions
are allowed, and a large non-dipolar colloidal particle of radius Re is placed with its centre at position
(Le/2, Le/2, zeo), where zeo is larger than the length of a fully extended chain, see Figure 1a. In our
simulations, several types of chain sequences are tested in order to understand how the brush structure
depends on the number of dipolar monomers present in the chains. In a given simulation all chains
have the Ndip dipolar monomers equispaced along the chain sequence where the free-end monomer
always carries a dipole (see an scheme in Figure 1b). All chain beads, dipolar and non-dipolar are
assumed to be spheres of diameter σe and mass me.

Subindex e has been used to denote the experimental values of the physical quantities we use.
Instead, in the numerical simulations reduced units are used. For instance, all length scales in the
simulations are measured in units of the bead diameter and therefore the corresponding reduced value
of any experimental length le is l = le/σe. In this way R = Re/σe, L = Le/σe, zo = zeo/σe and due to
the previous definition, the diameter of all chain beads or monomers is set to σ = 1.

In order to link the monomers that form a chain, we use a finite extension non-linear elastic
(FENE) potential [125] among adjacent monomers in the chain sequence,

Us(r) = −1
2

Ks∆r2
max ln

[
1 −

(
r − r0

∆rmax

)2
]

, (1)

where the constants of the potential are set to r0 = σ, ∆r = 1.5σ and Ks = 15.
All short range isotropic interactions between monomers in the present model are of

Lennard-Jones (LJ) type. Thus the monomers interact among themselves according to the potential

Uatt(r) = VtsLJ(r, σ, 1, rcut = 21/6 σ) + VtsLJ(r, σ, ε, rcut = 2.5 σ) (2)

where r is the distance between the centres of the monomers i and j, i.e. r = |ri − rj|, and VtsLJ is a
truncated-shifted Lennard-Jones potential [126],

VtsLJ(r, d, Uo, rcut) =

{
ULJ(r)− ULJ(rcut), for r < rcut

0, for r ≥ rcut
, (3)

where ULJ(r) = 4Uo[(d/r)12 − (d/r)6]. First truncated-shifted LJ (cut-off rcut = 21/6σ) in Equation (2)
stands for the core repulsive part and second truncated-shifted LJ (rcut = 2.5σ) for the attractive part.
The reason to model the short-range part of the beads interaction with two truncated-shifted potentials
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and not just a simple LJ is to always have roughly the same repulsive core interaction independently
of the value of attractive depth well ε. This allows a much easier comparison between different values
of ε and the effective particle size is kept roughly similar in all cases.

In the simulations, all the energies are given in units of the experimental well depth εe between
two monomers. Thus the expression to map a physical energy value Ue to its counterpart in the
reduced unit system U is U = Ue/εe. In the same way Boltzmann constant is chosen to be k = 1 in
reduced units, and therefore the reduced temperature is T = keTe/εe.

The interaction between any monomer and the penetrating colloidal particle of radius R is
modelled via a purely repulsive potential

Urep(r) = VtsLJ(r, R + σ/2, 1, rcut = 21/6 (R + σ/2)) (4)

In addition all the chain monomers present in the system exhibit an steric repulsion with the
grafting surface located at the x–y plane that is modelled using a standard 9 − 3 WCA potential:

Vwall =

{
Uwall(r)− Uwall(rcut), for r < rcut

0, for r ≥ rcut
, (5)

where Uwall(r) = [(σ/r)9 − (σ/r)3] and rcut = 31/6σ in this case. The grafted monomers of the chains
are placed at z = 31/6σ, which corresponds to Vwall = 0. No repulsive interaction is set between the
grafting surface and the penetrating particle as the particle is never at close contact with the surface,
and we want to focus specificaly on the influence of the monomers of the brush on that particle.

  

(a) (b)

Figure 1. The figure (a) depicts an schematic view of the system under study, the figure (b) shows
some of the chain dipolar sequences tested in this work, Ndip and N indicate the number of dipolar
monomers and the total number of monomers per chain, respectively.

A point dipole µe is assigned to each dipolar monomer, the dipoles are located at the centre of
the monomers, and fixed within the particle body, so that its rotation is coupled to the rotation of
the monomer. The modulus of the dipole moments in reduced units is calculated from the following
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relation: µ2 = µ2
e /(σ3

e εe), where |µ2| = µ. There are two types of interactions related to the dipoles.
The first one is the dipole-dipole interaction:

Udip(rij, µi, µj) =
µi · µj

r3 −
3[µi · rij][µj · rij]

r5 , (6)

where rij = ri − rj is the displacement vector between particles i and j. In the case of magnetic colloidal
polymer brushes, reasonable values of µ = |µ| depend in general on the composition and size of the
nanoparticles, but in usual ferrofluids typically it does not exceed µ2

e /(kTeσ3
e ) ∼ 10. The long-range

dipole-dipole interactions in this half-space geometry are calculated using a two fold step: first dipolar
interactions are calculated using the standard P3M algorithm (dP3M) [127] that implicitly assumes
periodic boundary conditions along all directions; secondly, a dipolar layer correction (DLC) [128]
is applied which discounts the effect of the excess of infinite replicas added along the z direction in
the first step of the calculation. The combined use of dP3M and DLC methods allows a much faster
calculation of the dipolar long-range interactions that the traditional two-dimensional dipolar Ewald
summations [129] adapted to slit geometries: computer times scale with the total number of dipolar
particles Nd = N2

c Ndip present in the system as Nd ln(Nd) and N3/2
d respectively. The level of accuracy

of the algorithm for computing dipolar forces and torques is set in our simulations to δ ∼ 10−4.
The dipoles are also allowed to interact with an external field He. Its orientation will be kept fixed

along the z-direction, so that in reduced units H = (0, 0, H), where H = He

√
σ3

e /(εe). Therefore, the
Zeeman energy can be written as:

UH(H, {µi}) = −
N

∑
i=0

H · µi = −H
N

∑
i=0

µzi . (7)

The numerical simulations are performed using Langevin dynamics. In this approach, all the
monomers (except the grafted monomers and the penetrating particle whose positions are not updated
at each time step) are moved according to the translational and rotational Langevin equations of
motion that, for a given particle i, are [130]:

Mi
dvi
dt

= Fi − ΓTvi + ξT
i + ΓTγ̇zi x̂ (8)

Ii ·
dωi
dt

= τi − ΓRωi + ξR
i (9)

where Fi, and τi are respectively the total force and torque acting on the particle i. ΓT and ΓR are the
translational and rotational friction constants. The dipolar component of the torque, τ

(dip)
i , can be

computed as
τ
(dip)
i = −µi ×∇µi (Udip + UH). (10)

Mi and Ii are the mass and the inertia tensor of the colloid, and ξT
i and ξR

i are Gaussian random forces
and torques, each of zero mean value and satisfying the usual fluctuation-dissipation relations

⟨ξT
iα(t)ξ

T
jβ(t

′)⟩ = 2kTΓTδijδαβδ(t − t′), (11)

⟨ξR
iα(t)ξ

R
jβ(t

′)⟩ = 2kTΓRδijδαβδ(t − t′), (12)

where α and β denote x, y, z for translation and rotation in Cartesian coordinates. Equations of motion
(8) and (9) are a reasonable approach as far as the size of particles is such that sedimentation forces
are negligible. In the simulations, t = te

√
εe/(meσ2

e ), where me is the real mass of the monomers;
F = Feσe/εe, and τ = τe/εe. For equilibrium simulations, the values of the mass, the inertia tensor,
as well as friction constants ΓT , and ΓR are irrelevant because the same equilibrium state is reached
independently of their value. Only the dynamics to attain such equilibrium state may show differences.
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For simplicity reasons, the particle mass of the monomers is chosen to be m = 1 and the inertia
tensor is chosen to be the identity matrix in order to ensure isotropic rotations I = 1. It has also been
chosen ΓT = 1 and ΓR = 3/4 because these values have been observed to produce a conveniently fast
relaxation to the stationary. The reduced time step is set to δt = 0.0005 in order to ensure a correct
integration of the equations of motion.

Simulations are performed as follows: the grafted monomer of each polymer is placed at its
assigned square lattice position, and the penetrating particle is placed at (L/2, L/2, zo). Then, the
polymer chains or filaments are grown avoiding overlaps. Subsequently while the penetrating particle
is kept fixed, the brush is warmed up at T = 1 for 2 · 105 integrations with the dipolar interaction turned
off while the time step is slowly increased from 10−3δt to 0.05δt. Right after, dipolar interactions and
external field are turned on. If simulation is performed at T = 1 a second warm-up stage, consisting
of 5 · 105 integrations, is performed while gradually raising the time step from 10−1δt to δt. For
simulations at T < 1, an annealing process using a gradual time step increase from time step 10−1δt
to δt is performed: the temperature is varied from T = 1 to its final value by performing a set of five
annealing cycles of 105 steps each. In all simulations, the chain is further equilibrated for a period
of 106 e1/T δt in order to ensure that the chain has reached the thermodynamic equilibrium regime.
Once equilibration process is completed, we start the approaching sequence of the penetrating particle:
this particle is attempted to move closer to the grafting surface from z to z − ∆z via small steps of
∆z/100. If in one of those descending steps the penetrating particle overlaps with a monomer, the
penetrating particle returns to its previous position and a further integration of 100 e1/Tδt is done
before attempting again the descending step. This process is repeated till the centre of the penetrating
particle is at z − ∆z. At that moment the system is reequilibrated at the new distance between the
brush and the penetrating particle for another period of 106 e1/T δt. Subsequently, measures of the
force exerted by the monomers onto the penetrating particle, which position is kept fixed during the
whole stage of measurements, are registered at intervals of 100 e1/Tδt for a period of 2 · 106 e1/T δt.
The process of further descending into the brush, equilibration and measuring the force onto the
penetrating particle is repeated iteratively until reaching the desired final distance of the centre of the
brush to the grafting surface which always is larger than R + σ. To make sure that the results do not
depend on the initial conditions and to improve statistics, we additionally average the forces for each
set of sampled parameters over 3 independent runs. All simulations have been performed using the
package ESPResSo [131].

3. Results and Discussion

In order to facilitate the comparison with other works in which dipolar brushes are studied, it
is convenient to define a set of non-dimensional parameters. The first one is the strength ratio of the
short-ranged attractive interaction to the dipolar interaction

η ≡ εσ3

µ2 , (13)

where the two monomers are considered to be at close contact, rij = σ, and with their dipoles oriented
in a nose-tail conformation. Two dipoles i and j are said to be in a nose-tail conformation when
µi · µj = µ2, and µi · rij = µj · rij = ±µ rij. The nose-tail alignment is the conformation that minimises
the dipolar energy in eq.6. In this study we focus on two different values of this parameter: η = 0 that
corresponds to a dipolar brush in a good solvent, and η = 0.05 for a brush in a bad solvent.

A second parameter of widespread use is the dipolar coupling parameter,

λ ≡ µ2

kTσ3 , (14)
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that measures the relative strength of the dipolar interaction (same conditions as in the definition of η)
to the thermal energy. In this work we fix λ = 10. A third parameter of interest when an external field
is applied is the Langevin parameter,

α ≡ µ · H
kT

, (15)

that compares the maximum energy per dipole associated to the external field and the thermal energy.
Several field strengths have been sampled in the range : α ∈ [ 0, 45]. In what follows we will consider
uniquely fields oriented perpendicular to the grafting surface of the brush and pointing out of the
surface (along the positive z-axis in our system). Finally, another important parameter to characterise
the system is the chain grafting density

σg ≡
Ng

L2 (16)

where Ng is the number of grafted chains in a square of size L.
In what follows we will focus in the study of how the force created by the monomers of the dipolar

brush on the penetrating particle depends on the distance between the grafting surface of the brush
and the centre of that particle. In sake of simplicity hereafter we will refer to the set of those forces as
the force profile of the brush Fz(z), and the previous distance as the surface-particle distance z.

The results obtained from our simulations for the force profiles of dipolar brushes at zero field can
be summarized in Figure 2a,b. These figures correspond to a penetrating particle of diameter R = 5
and several grafting densities σg. In these figures the brushes are fully dipolar and the chains have
twenty monomers each one with their dipole located at the centre of the monomer (N = Ndip = 20).
In sake of comparison we have also added the force profiles for non-dipolar brushes for σg = 0.04.
For brushes in good solvent, Figure 2a, the differences between non-dipolar and dipolar brushes for
the set of tested parameters show very slight differences except at short surface-particle distances.
On the other hand, as Figure 2b shows, non-dipolar brushes in bad solvents exhibit a larger range of
action and force profiles with a less abrupt increase in the repulsive force when compared with their
dipolar counterpart. It is known from previous works [110], that in dipolar-brushes, specially in the
bad-solvent case, the entanglements induced by dipolar interactions inside the brush create a more
compact brush structure than in the case of non-dipolar brushes, which explains the observed shorter
action range for the dipolar-brushes, and why when the dipolar brush starts to be quite compressed by
the penetrating particle, repulsive forces are higher.

6 8 10 12 14 16 18 20 22

z / σ

0

1

2

3

4

5

6
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F
z(z

)

σ
g
=0.04

σ
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σ
g
=0.0765

µ=0, σ
g
=0.04
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dip

 = 20
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(a)

Figure 2. Cont.
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Figure 2. Force profiles along the direction perpendicular to the grafting surface of the dipolar brush as
a function of the distance z between the grafting surface and the penetrating particle of radius R = 5.
The chains of the brushes are fully dipolar N = Ndip = 20, and no external field is applied α = 0.
Several brush grafting densities are shown in each plot: σg = 0.04, 0.0625, 0.0765, 0.9. Plot (a) depicts
the force profiles for brushes in good solvent ε = 0, while plot (b) depicts the force profiles for brushes
in a bad solvent ε = 0.25 (sticky chains condition). Filled black symbols in each plot represent the force
profile obtained for the non-dipolar brush case, µ = 0, at grafting density σg = 0.04.

Previous results at zero field are not very surprising and could be quite easily inferred by relating
the monomer density profiles already studied in previous works for dipolar brushes [110] with the
steric hindrance they will produce on the penetrating particle. Nonetheless, force profiles suffer a
very important transformation when an external field is applied to the dipolar brushes. This can be
observed in Figure 3a,b for α = 9 and Figure 4a,b for α = 45. In those plots all remaining system
parameters are kept equal than in Figure 2a,b. Results show the appearance of an initial steep barrier
that hampers the penetration of the particle. This barrier is followed by an intermediate region where
the repulsive force decreases before increasing again at very short surface-particle distances. In fact, if
the grafting density of the brush is large enough, there exists a region in which the brush exerts an
attractive force on the penetrating particles (negative values for the force on the force profile). The
existence of such attractive forces between the brush and the penetrating particle leads to the existence
of a stationary point. The development of a stationary point has important consequences for practical
applications as it allows for the intake and retention of colloidal particles or large molecules inside the
brush when the field is active, and its ulterior release when the external field is removed.
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Figure 3. Force profiles for same brushes than in Figure 2 but now under and external moderate field
α = 9. Plot (a) depicts the force profiles for brushes in good solvent ε = 0, while plot (b) depicts the
force profiles for brushes in a bad solvent ε = 0.25 (sticky chains condition).
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Figure 4. Force profiles for same brushes than in Figures 2 and 3 but now at high field α = 45. Plot (a)
depicts the force profiles for brushes in good solvent ε = 0, while plot (b) depicts the force profiles for
brushes in a bad solvent ε = 0.25 (sticky chains condition).
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A comparison of Figure 3a for good solvent (ε = 0), and Figure 3b for bad solvent (ε = 0.25)
shows that in bad solvent, the attractive forces become stronger and the range of surface-particle
distances over which the brush exerts an attractive force is much broader. In addition, the comparison
reveals that for brushes in bad solvents the initial force barrier at large distances is slightly weaker. In
contrast to the zero field case, now profiles for both bad and good solvent exhibit quite similar ranges
of action: that can be understood in terms of the fact that now in both solvent conditions, the chains
are quite stretched towards the bulk due to the aligning effect of the external field which dominates
and leads to very similar chain persistence lengths in both cases.

Figure 3(b) shows that the largest attractive force (the most negative) is obtained for a grafting
density of σg = 0.0625: therefore one must conclude that given a field strength and a value for the
attractive interaction among monomers, ε, there exists an optimal value of the grafting density that
maximizes the attraction that the brush exerts on the penetrating particle. It should be also noticed that
for a given dipolar brush, by tuning the strength of the external field one can tune the properties of the
force profiles and get the strongest possible attraction between the penetrating particle and the brush.

Figure 4a,b, show the force profiles for similar brush parameters than in previous figures but
for α = 45. By comparing these new force profiles with the corresponding ones in Figure 3a,b, it is
observed that when the strength of the external field is substantially increased, two effects take place:
the amplitude of the initial force barrier is increased and, attractive forces cease to exist as the force
profile becomes fully repulsive. Nonetheless, even for such high fields still an intermediate region with
substantially lower repulsive forces still exists. It should be also observed that the range of action of
the force profiles for α = 45 remains approximately the same than for α = 9 which implies that already
for α = 9 brush chains are in a quite extended conformation, so a further increase in the external field
strength does not substantially modify the extension of the chains although it has deep effects on the
force profiles of the brushes.

It remains now to be explained why there is such a dramatic change in the force felt by the
penetrating particle when an external field is applied. The initial force barrier felt by the penetrating
particle is clearly due to the steric interactions among the monomers of the chains and the penetrating
particle: the enhanced persistence length of the dipolar chains onto an applied external field displaces
a large amount of monomers far from the grafting surface, and brushes become more resistant to
compression. The drop of the repulsive forces once the particle has overcome the initial force barrier
can be understood in terms of Kelvin forces: these forces arise from the dipolar mismatch between the
non-dipolar parts of our system (the grafting surface and the penetrating particle), and the dipolar
media created by the dipolar monomers of the brush chains. A clear example of such Kelvin forces in
soft matter occurs for instance in the magnetophoresis of spheres of weak magnetic materials, where
the sum of all these forces onto a single particle immersed in a medium can be resumed in the following
expression [132]:

Fmag =
χp − χm

2µo
V∇(B)2, (17)

where, χp and χm represent the volume magnetic susceptibilities of the particle and the medium,
respectively. V is the volume of particle, and B = µ0H + M, being M the magnetization and µo the
permeability of the vacuum. Another well known example are inverse ferrofluids [133,134]: these
systems can be modelled, in a first approach, as if the magnetic suspension of particles was not
present and the non-magnetic particles of radius R were instead bearing an induced magnetic dipole
µ = −4πβR3H, where β = (µr − 1)/(2µr + 1) characterizes the effective permeability of the magnetic
suspension, and µr represents the relative permeability of the fluid. This alternative image used to
predict the behaviour of inverse ferrofluids will be very useful when discussing our results although
unfortunately Equation (17) cannot be applied to provide a quantitative description in our case. This
limitation is due on one side to the fact that the particles forming part of the polymeric chains are
highly correlated: they are linked forming chains and grafted to a surface, and its density is further
perturbed by the non-penetrating particle. Thus, we cannot assume a homogeneous bath of dipolar

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 December 2024 doi:10.20944/preprints202412.1431.v1

https://doi.org/10.20944/preprints202412.1431.v1


12 of 23

particles as the use of Equation (17) implies. Another reason is that the aggregates in suspension have a
size that cannot be disregarded respect to the size of the non-dipolar particle (the penetrating particle)
which would be another condition to be fulfilled for Equation (17) to hold. On the other hand, the
grafting surface is not spherical which also further prevents us from using Equation (17).

It should be noticed that Kelvin forces are only expected to be large in our systems when an
external field is applied. The reason for it is that at zero field we can consider those monomers to exhibit
a random orientation of their dipoles: there is always a certain correlation among the orientation of
the dipoles due to the fact the chains are grafted to the surface, but it has been shown in previous
works that it is very small [115]. Therefore the polarization/magnetization of the media is almost zero
so Kelvin forces are expected to be almost negligible. On the other hand, when an external field is
applied monomers tend to orientate along the external field, so they form a media with a non-zero
polarization/magnetization and in these cases Kelvin forces are expected to be of importance to explain
the behaviour of the systems.

A quite simple qualitative explanation of the features observed in the force profiles when an
external field is applied can be drawn if one proceeds by analogy with inverse ferrofluids and, we
consider an alternative but equivalent image of our system: forces observed in our system will be
similar to those observed in an hypothetical or alternative system in which the volume occupied by
the polymer brush is non-dipolar, but both the grafting surface and the penetrating particle are instead
made of dipolar material: inside the dipolar material, in this alternative model, the dipoles point
roughly in the opposite direction to that of the external field in our real system, and the modulus of
those dipoles increase with the α of our real system. Therefore the surface and penetrating particle have
dipoles oriented in a close to nose-tail conformation, and the force between them will be of attractive
nature. This attractive force will counteract the repulsive one arising from the steric interactions, and a
competition between these two opposite forces will exist.

Therefore, the existence of a net attractive force for the penetrating particle will happen only when
attractive Kelvin forces dominate over the repulsive forces created by the steric hindrance among
the monomers of the brush and the penetrating particle. It should be noticed than an overcoming by
the attractive forces can only happen when the penetrating particle and the surface are not too far as
otherwise Kelvin forces will be too weak. In a same way, attractive forces can not overcome repulsive
ones when the penetrating particle is too close to the surface, as then the brush is locally so compressed
that the steric hindrance is very high. On the other hand, if we increase the grafting density, we
then increase the steric hindrance, specially when the particle is close to the grafting surface, so we
expect that beyond a certain grafting density threshold the repulsive forces will completely dominate
over Kelvin forces. In turn, if we reduce the grafting density we certainly reduce the steric hindrance
produced by the monomers, but we also dilute in that case the dipolar media so Kelvin forces also
become quite weak in nature. For that reason our simulations point out that there exists an optimal
grafting density that shows the largest net attractive force for the penetrating particle, and it also
explains why too low or too high grafting densities are not compatible with having a stationary point
in the force profile of the penetrating particle.

Another important point to understand is how the dipolar content of the brush at a fixed polymer
chain length influences the force profiles felt by the penetrating particle. Figures 5a,b show how the
force profiles for brushes with chains of total length N = 20 immersed in a bad solvent. The force
profiles for brushes made of a different number of dipolar particles in them Ndip = 0, 5, 10, 20 are
shown. In the zero field case, Figure 5a, the most repulsive force profile for intermediate distances
between the particle and the grafting surface corresponds to Ndip = 5. This can be understood as a
small amount of sparse dipolar monomers in the chain helps to increase the persistence length of the
chain as segments containing dipoles inside a same chain try to align. Nonetheless, when the amount of
dipolar monomers is further increased, the interaction among dipoles of neighbouring chains will start
to be non-negligible, persistence length will decrease and brushes will start to adopt more collapsed
conformations what leads to have a smaller steric hindrance at a same surface-particle distance. For
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α = 9, see Figure 5b, it is observed that the chains tend to be more extended as Ndip increases gradually
developing the typical force profile observed in previous figures: as already explained in precedent
paragraph, a larger dipole content in the brush strengthens the Kelvin forces that can overcome the
repulsive steric force leading to the existence of a net attractive force felt by the penetrating particle.
Force profiles for N = Ndip ∈ (5, 40) have also been determined (not shown): these force profiles show
similar feature to those observed in previous figures but net attractive forces between the penetrating
particle and the brush can only be obtained for an intermediate range of polymer lengths: the extension
of those ranges depend on the system parameter sets and the strength of the external applied field.
This last result can be reasoned as follows: too short chains lead to a dipolar region too small to be able
to develop Kelvin forces large enough as to oppose the repulsive steric forces. Moreover, such short
chains do not allow for a proper immersion of the penetrating particle inside the dipolar media which
also produces small Kelvin forces. On the other hand, when chains are very long, if we resort again to
the analogy of an inverse system we did before, we find that once the particle is fully immersed in the
brush, the surface-particle distance is still too large for Kelvin forces to be large enough to overcome the
steric force. If the particle gets closer to the surface those Kelvin forces will increase, but the monomer
density, and thus the steric force will increase. Therefore, when polymer chains are very large, Kelvin
forces will never overcome the steric repulsive forces, so the penetrating particle can never feel a net
attractive force.

6 7 8 9 10 11 12 13

z / σ

0

2

4

6

8

10

12

F
z(z

)

N
dip 

 = 0 

N
dip 

 = 5

N
dip 

 = 10 

N
dip 

 = 20 

R = 5,  N = 20

ε = 0.25,   α = 0

σ
g
 = 0.04

(a)

Figure 5. Cont.
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Figure 5. Force profiles representing the force perpendicular to the grafting surface as a function of the
distance z between the surface and the centre of the penetrating particle. Brush parameters are similar
to previous figures but now the number of dipoles contained in the chain varies as Ndip = 0, 5, 10, 20,
corresponding Ndip = 20 to a chain where all monomers bear a dipole. The rest of cases, dipoles are
equally spaced inside the monomer sequence of the chain. Plot (a) corresponds to (α = 9, ε = 0), plot
(b) corresponds to (α = 9, ε = 0.25).

Finally, it is also very interesting to determine how the force profiles depend on the diameter of
the penetrating particle. Figure 6a,c show for several field strengths α = 0, 9, 45, respectively, how
the force profile varies for diameters R = 3.5, 5, 7.5. As expected, we observe that the larger is the
diameter of the penetrating particle is, the higher is the initial repulsive force barrier exerted by the
brush on the penetrating particle. Nonetheless, as Figure 6b shows, that does not prevent the existence
of a region with attractive forces, although the attractive basin is observed to decrease in range with
the particle diameter. The rationale behind that behaviour is that although the steric hindrance exerted
by the brush increases with the surface of the penetrating particle exposed to the monomers, so does
the Kelvin forces which also will increase in strength with the volume of the particle.
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Figure 6. In these plots the dependence of the force profiles as a function of the radius of the penetrating
particles is studied for several external fields α = 0, 9, 45. Brushes are under bad solvent conditions
ϵ = 0.25, the grafting density of the brushes is set to σg = 0.0625 and chains are fully dipolar
N = Ndip = 20.

4. Conclusions

In this work we have studied via numerical simulations the interaction of a penetrating particle
with a dipolar colloidal brush. The brush is constructed by grafting many supramolecular polymers
onto a common surface, each of which consists of a linked sequence of dipolar and neutral particles (the
monomers of the chains). The study has been exemplified using magnetic interactions that constitute a
realization of magnetic colloidal brushes, but the conclusions of this work can be easily extended to
the case of supramolecular and molecular electric dipolar brushes: the interactions dipole-dipole and
dipole-external field are the same, except for a prefactor, for magnetic and electric dipoles.

Force profiles for penetrating particles of different sizes have been determined for a wide set of
grafting densities, solvent conditions, chain lengths and dipolar content of the brushes. In the absence
of an external field dipolar brushes are observed to exhibit rather monotonous force profiles that
are a reflection of the steric hindrance created by the compactness of the brushes. As expected bad
solvents tend to promote more compactified brush structures which in turn produce force profiles of
shorter range but with a steep increase in the force as surface-particle distance reduces. An important
modification in the force profiles occurs when an external field is applied perpendicular to the grafting
surface. In that case, in addition to the expected extension of the chains [115] that translates into an
extended action range of the force profiles, a force barrier at large distances from the surface develops.
These barriers increase in height with the field, and also with the grafting density: nonetheless, there
exists a grafting density threshold beyond which the barrier does not growth further in heigh rather
it decreases slightly. Another important feature of the force profiles under an external field is that
there is an intermediate range of surface-particle distances in which repulsion forces are drastically
reduced. For bad solvent and moderated field strengths, the forces in this intermediate regime of
distances can turn even from repulsive to attractive and lead to the existence of an stationary point in
which penetrating particles will tend to remain entrapped inside the brush. This quite unexpected
attraction between the brush and the penetrating particle can be reasoned, as explained in further
detail in previous section, as the result of an equilibrium between two opposite forces: the entropic or
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steric repulsive force due to the high density of monomers near the grafting surface, and an attractive
force emerging from Kelvin forces due to the mismatch between the dipolar media created by the
dipolar monomers of the brush, and the non-dipolar media existing inside the particle and the grafting
surface. As the strength of both forces depends on the external field applied, it is possible by tuning the
external field to induce larger or smaller attractive forces onto the penetrating particle. Through this
competition between steric repulsive forces and Kelvin forces it is also possible to explain qualitatively
some other observed results: given a grafting density of chains, there exists an optimal value of the
external field that maximizes the attraction between the brush and the penetrating particle; brushes
with polymer chains too short or too long will not lead to regions inside the brush where the brush
attracts the penetrating particle; for penetrating particles of larger size the force barrier becomes
increasingly more repulsive, but that fact does not preclude the existence of stable points for the
penetrating particle inside the brush.

The possibility to induce via external fields force profiles with stationary points can be used to
favour applications of polymer brushes in which the entrapping and retention of colloidal particles
for a later release is required. On the other hand the possibility to create and control the strength of
force barriers at a certain distance of the grafting surface can also be used, among other applications,
to control the rate of adsortion and reactivity of catalytic surfaces. The results obtained in this work
also envisage the potential of dipolar brushes in the field of self-assembly, the fabrication of materials
based on self-organized colloidal structures, protein crystallization assistance, shape and size selection
of colloidal particles, among other uses.

This study constitutes a first step towards the understanding of dipolar colloidal brushes
interaction with colloidal particles in solution. Next steps in the understanding of these systems
comprises the study of the force profiles for non-spherical colloids and molecules, as well as the
development of analytic frameworks to accurately predict the forces involved and the resulting force
profile. We expect our work will stimulate further developments on this subject of increasing scientific
interest.
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