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Abstract
Molecular dynamic simulations are carried out to study the static and dynamic properties of
topological polymer brushes by taking into account chain stiffness and their topological feature. It is
found that chain stiffness plays an important role in topological polymer brushes, and there exists
scaling laws for the radius of gyration against chain stiffness and topological feature, indicating that
bending interaction is as important as topological constraint. An empirical finitely extensible
nonlinear elastic force in terms of chain stiffness and topological features is also obtained byfitting
related parameters. A simulation on the invasion of free polymer chains from environment into a ring
polymer brush shows that under pressure, such kind of penetration depends largely on chain stiffness,
in contrast to theminor influence of topological structure, which seems to be suppressed.

1. Introduction

Recentlymuch attentions have been paid to polymer brushes composed of polymer chains tethered to a
substrate surface, which triggered a lot of applications, such as colloidal stabilization, adhesion,
biocompatibility, and tribology [1–3]. Since Alexander, deGennes and Semenovmade pioneering investigations
on polymer brushes [4–6], a large number of progresses have beenmade in this field [7]. For topological polymer
brushes, using the powerfulmolecular dynamic simulation (MD) technique, various properties(both static and
dynamic) had been studied by taking into account their topological structures and chain stiffness [8, 9].
Theoretically given an example, Sakaue consideredmany-body effect of topological origin inmelt and solution,
and obtained an exponent theory by using amean-field theory [10].

How the chemical nature or primary structure of themain chain influences the brush properties is an
important and fundamental questionwhich attractsmany researchers’ attentions. Typically polymer brushes
are classified into two categories: the so-called flexible brushes, inwhichflexible side chains are grafted onto a
flexiblemain chain, and the rod brushes, inwhich semiflexible or rodlike side chains are grafted onto themain
chain [11]. There are a large number of studies related to the static properties offlexible polymers under the good
solvent condition asmost synthetic polymers are fully elastic [12–16]. However, recently semi-flexible polymers,
especially popular biopolymer such asDNA, rodlike viruses, proteins, or actin filaments, also arouse interest
[17–19]. On the other hand, it is found that stiffness also plays an important role when observing synthetic
polymers such as polyethylene in the short distance along the chain. Similar influences can also be found in the
systemof a polymer brush covered by a layer of linear polymer chains under pressure.

Marine biofouling, defined as the accumulation ofmarinemicro- andmacro-organisms onman-made
surfaces, still drive scientists’heart, as it affectsmaritime and aquatic industries [20]. A variety of functional
polymer brushes and coatings have been developed for combatingmarine biofouling and biocorrosionwith
much less environmental impact than traditional biocides. In order to study how substances such asmarine
algae entering a coating surface, we analyze dynamic properties of polymer brushes composed of polymer chains
with different stiffness, topological structures after covered by a layer of linear polymer chains under pressure.
There exists similarmodel about the healing of polymer interfaces, as reported byGe et al [21], where they varied
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the entanglement length by the chain stiffness, but their two separatefilms are cut by one polymer sample, which
is different fromour simulation condition.

In our previous study, we investigated how topological feature influences end-monomer distribution by
constructing topological polymer chains, with the number of rings featuring the topological constraint of chain
[22]. In this paper, usingMD simulation, we study how chain stiffness affects the properties of polymer brushes
with different topological constraints. In a facilitatedway, a persistence length lp is used to characterize the
contribution of bending energy (chain stiffness). In addition, in order to simulate the invasion of exteriors from
environment to the brush, we also investigate the dynamic properties of polymer brush by covering a layer of
free chains atop and carrying out a vertical compression. In section 2, the polymer brushmodel is explained and
relevant parameters are set. The static properties of polymer brush are discussed in sections 3.1 and 3.2 presents
the chain energy and bond force in the system. Section 3.3 analyzes the penetration behaviors for a polymer
brush covered by linear chains atop. A summary is presented in section 4.

2. Simulationmodel and tool

The polymer brusheswe study consist of an array of 10×10 polymer chains (122monomers per chain)with
one end grafted onto a substrate. Such an array size we chose is large enough statistically, as shown in our
previous report [22]. Computer simulationswere performed using the open sourcemolecular dynamics
package LAMMPS, and a periodic boundary conditionwas chosen to impose along both x and y directions on
the box 50 50 200´ ´ we set. The brushes were artificially constructed based on the coarse-grained bead-
springmodel, with all beads governed by potentialsULJ,UFENE,UWALL andUBEND respectively, i.e.

U U U U U , 1tot LJ FENE WALL BEND= + + + ( )

where thefirst term stands for the shifted Lennard-Jones (LJ) interaction between two non-bondmonomers, the
second term reflects thefinite extensible nonlinear elastic potential for neighboring bonds, the third term
exhibits the repulsive interaction between polymer chains and substrate (WALL), and the last one comes from
the bending effect.

The shifted LJ potential given by
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takes into account only a short-range repulsive potential via a cut-off, an operationwidely used to simulate
polymer brushes in a good solvent. Here d r1.0, 1.0, 1.124c = = = is the depth of potential, d is the bead
diameter, r is the distance between particles, and rc denotes the cutoff distance. Evidently, solvent quality is one
of important contributors to the conformations and behaviors of polymer brushes. In a good solvent, for
example, where a repulsive interaction between polymermonomers and solventmolecules is favorable, the
entropy loss due to overlapping of chains will cause polymer chains to expand asmuch as they can.

Besides the non-contact interaction, neighboring beads along the polymer chains are connected through a
finitely extensible nonlinear elastic (FENE) bond potential [23]
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where the coefficient KR0
2 represents the energy scale of interaction (typical valuesK = 30 and R 1.50 = ), with

R0 themaximumbond length, r is the variable bond length, and the 2nd repulsive term is cutoff at 21 6s, the
minimumof the LJ potential ( 1.0 = and 1.0s = ). The FENEmultibead-springmodel is a successful coarse-
grained approach that captures the basic physical behaviors of polymeric systems [24, 25]. In our simulation
model, bond length is set as lv= 0.97 on average.

To demonstrate the strong repulsion by the substrate, the firstmonomer (graftedmonomer) grafted at a
substrate located at z=0 ismodeled by a 9-3 type LJ-wall potential
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with 1.0 = and rc= 0.858.
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As usual, a harmonic-style potential

U 5BEND 0
2h q q= -( ) ( )

is used to represent the bending energy, a contributor correlatedwith persistence length describing chain
stiffness. Here 1500q = is the equilibrium value of bending angle between neighboring bonds, and η is a pre-
factor, inwhich usually a factor of 1/2 is included. From the cosine of the angle formed between neighboring
bonds
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As the bending stiffness η can be determined once lp is specified, in this paperwe use persistence length lp to
discuss chain stiffness.

To study the contribution of bending energy in such a polymer brush system, for simplicity, we use
persistence length as the primary variables instead of equation (5). In addition, to feature the topological
structure of the polymer brush, we define a topological constraint using ring number rn ( 1, 2, 3, 4, 5, 6= ), as
reported in our previous study [22]. The total number ofmonomers in each polymer chain is kept unchanged
while we investigate the ring number dependence. In our system, themotion for any effectivemonomers (non-
graftedmonomer) is governed by Langevin equation
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wherem=1 is themonomermass, ri is the position of the ithmonomer, ς is the friction coefficient, and Fi is a
randomGaussian force adapting the system for the heat bath, and obeying the correlation function

t t k TF F 2i j ijB Vd dá ¢ ñ = ab( ) · ( ) . In our simulation, the diameter ofmonomers is d= 1.0, and K T 1.2B = , where
kB is Boltzmann constant andT is the absolute temperature. Each time stepwas set to be t 0.0015 LJtD = , with

mdLJ
2 1 2t = ( ) being the LJ time, and a friction coefficient LJ

1V t= - was implemented. The brush
conformationwas initialized as an array of stretched chains before the system reachs an equilibrium state by
implementing 2 108´ simulation steps.

To simulate the biofouling due to invasion of exteriors coming from its environment under pressure, we also
use a 10×10 ring polymer brushwith a grafting density of 0.075 (0.15 for corresponding linear brush)with
each ring composed of 122monomers. Then 2400 free linear chains (10monomers each) are used to simulate a
layer formed due to the external environment, which is covered by awall atopmoving slowly downward until
the density of free chains reaches 0.3, a value corresponding to dense but semidilute state. Here it should be
noted that this is just for simplicity and inmany cases the foulingmaterial actually consist of proteins that
represented by stiff polymer-molecules [26]. The density distributions are calculated after linear polymers
invade the brush and the system reaches its equilibrium, and a comparison of density distribution between ring
polymer brush and linear polymer brush ismade.

3.MDsimulation results and discussion

3.1. Static properties
Since the topological effect inmonomer density profile has been studied previously [22], we begin our discussion
on the profiles of polymer brushes at different persistence length, as shown infigure 1. It is found that all these
curvesmeet at onefixed point except when the persistence length is zero, andmore specifically, there aremore
monomers in the lower region (lower than the intersection). However, this phenomenon seems to fade away in
the long persistence length regime, where the conformations of brush chains become loose due to the decrease of
bond support, leading to a decondensation (relatively average distribution) ofmonomers close to the substrate.
Besides, the typical features ofmonomer density shownhere agree withMilchev andBinder’s observation [27],
including an oscillation ofmonomer density nearly z=0 due to a ‘layering effect’ (like the packing of hard
spherical particles at a repulsive wall)mentioned inmany related simulations [28].
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In order to gainmore insight into such polymer chains, we also plot theirmean square radius of gyration
RG

2 1 2á ñ , which is defined as
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against persistence of length, as shown infigure 2.Here rcm and ri represent the center-of-mass position of the
polymer chain and radius vector ofmonomer position in z axis respectively. From thefigure it is found that
when persistence length increases, the radius of gyration reflecting the size of chains also increases as a result of
the excluded volume effect, which dominates other interactions when the radius of gyration reaches the
saturated value. Looking at the curves in the figure, it is easy to guess an empirical law

R A A e , 11kl
G
2 1 2

1 2
pá ñ = - -· ( )

fitting the gyration of ring polymer chain against persistence length. The physics hidden behind this still needs to
be investigted.HereA1,A2, and rn are parameters related to ring number, as presented in table 1. Fromfigure 3,
it is interesting tofind thatA1,A2, and lp all reveal a linear dependence against topological constraint rn.

Figure 1.Monomer density profiles along the z-direction for one-ring polymer chainswith different persistence lengths.

Figure 2.The radius of gyration RG
2 1 2á ñ for polymer brushes at different ring numbers when the persistence changes (chain length

N = 122) and a free polymer chain also plotted as a comparison.
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R 125.94 5.79 rn

80.11 7.41 rn e . 12l
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It is necessary to note that thefitting parameters aremathematically a complicated function of topological
constraint, but consequently the linear part (of Taylor expansion) plays a dominant role, indicating an
interesting and simple relation.

In order to demonstrate the conformation of single-ring chain, we also calculated the averaged anglemade
between bonds and z axis againstmonomer number, as shown infigure 4.One can imagine that if the one-ring
chain forms into an exact circle, cosawill become a standard cosine curve againstmonomer number in the ring.
Specifically, when addingmore stiffness into the polymer brushes, the cosa curvewill bemore close to standard
cosine curve as a result of the bond support.

Table 1.Parameters as a function of
ring number.

rn A1 A2 k

1 123.55 76.07 0.19

2 113.14 63.92 0.21

3 105.58 54.95 0.25

4 101.02 49.29 0.27

5 97.50 42.97 0.28

6 93.34 37.92 0.34

Figure 3.The topological dependence of fitting parametersA1,A2, and k (chain lengthN = 122).

Figure 4. cosa varies againstmonomer number for different persistence lengths.
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3.2. Chain energy andbond force
After the static features of topological polymer brushes are discussed, it is worthwhile to study the dynamic
properties, such as force and energy so as to obtain a complete picture of such systems. Once the interaction
potentials are given, it is easy to calculate the force for eachmonomer:
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Figure 5 exhibits the z-component force that eachmonomer subjects to as a function of chain stiffness. It is
clear that when polymer chains aremore flexible, corresponding to a smaller persistence length, and hence
leading to a smaller contribution of bond force due to bending energy. In addition, it is also found that the bond
force ofmonomers close to the substrate is larger than that far from it, due to the large volume-excluded effect.
And the reasonwhy the force can be positive and negative at the same distance from the surface is that
monomers are symmetric about themid-monomer (branching point) of the ring and experience opposite force.

It is also easy to obtain the FENE stretching energy once the bond force is integrated over z direction, as
shown infigure 6 for various topological polymer brush at different persistence lengths. In order tofind the
exponential power law for FENE stretching energy, we also create a trial function as usual

U A A e , 14kl
FENE 1 2

p= - -· ( )

where parametersA1,A2, and k are all ring number-dependent, and calculable, as shown in table 2.
From table 2, it is easy to plotfigure 7, where parametersA1,A2, and lp are found to, as previously noticed,

linearly depend on ring number. Thus an empirical function

U 12.62 0.59 rn

8.10 0.68 rn e 15l

FENE

0.15 0.018 rn p

= - ´
- - ´ - + ´

( )
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can be obtained.More detailed insights into such dependence still needs to be gained.

3.3. Isothermal compression of polymer brush
In order to study the invasion from environment to polymer brush under pressure, likemarine biofouling, we
cover a ring polymer brushwith a layer of free linear chains under an external pressure, whichmakes the

Figure 5.Averaged bond forces along the z direction for ring polymer brush (chain lengthN = 122) at different persistence lengths
for various topological constraint values rn as a function of the distance from the surface. (a) Single-ring polymer brushes. (b)Two-
ring polymer brushes. (c)Three-ring polymer brushes. (d) Four-ring polymer brushes.
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monomer density (nearly 0.30) far greater than previous situation (nearly 0.03), corresponding to a dense but
semidilute brush. By slowly compressing thewall at the top of free chains, we study the invasion of linear chains
into one-ring polymer brush via computer simulation. It is observable from figure 8 that when polymer chains in
the brush become stiffer, linear free chains aremore likely to penetrate polymer brush semidilute solution,
judged by the enlarged overlapping area between brush chains and free chains. Here, themain reason is probably
the lowermonomer density of the brush at lp= 10. A second contributionmay be the penalty on conformational
entropy: whileflexible chains are losing quite a bit conformational entropywhen entering a brush (because they

Figure 7.The fitting parameters ofA1,A2, and k for FENE force linearly depends on topological constraint (chain lengthN = 122).

Figure 6. Stretching energy scaledwith chain length as a function of persistence length and topological constraint.

Table 2. Fitting parameters for FENE force as a
function of ring number.

rn A1 A2 k

1 11.95 7.41 0.18

2 11.40 6.72 0.19

3 10.88 5.99 0.19

4 10.40 5.51 0.20

5 9.79 4.75 0.21

6 8.86 3.94 0.29
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are preferably oriented in vertical direction and thus losing flexibility), chains with lp= 10 have little to lose in
that respect andmay enter the brushwithoutmuch entropic penalty.

On the other hand, it is also interesting to investigate the topological dependence of such invasion system
under pressure, given afixed persistence length. In the simulation, we open the ring-type polymer brushes so as
to form a linear polymer brush, then plot themonomer profile, as shown infigure 9. It is found that there is no
significant difference before and after the operation, in contrast with the apparent dependence on stiffness,
indicating that there are no significant differences in the contributions of conformational entropy to both
setups.When the ring number changes, similar results are found (with no significant difference between ring
and free chains infigure 10), indicating that topological constraints do not significantly alter either the
conformational entropy changes (ofmolecules in and outside the brushes) in the two setups and pressure
suppresses the brush topological dependence during the invasion process of free chains from environment to
polymer brushes.Here it is worthwhile tomentioned that inmany cases foulingmaterials consist of proteins
that are represented by stiff polymermolecules [26], which affects the inclusion energy and thus the penetration
ofmolecules in the brush [29].

4. Conclusions

Using LAMMPS for simulation, we study the chain stiffness effect on the static and dynamic properties of
topological ring polymer brushes under different topological constraints. Empirical expressions for various
static and dynamic properties, including scaling laws, for such polymer brushes are obtained in terms of chain

Figure 8.Profile of graftedmonomers and freemonomers with persistence lengths of 0 and 10 for one-ring polymer brush.

Figure 9.Profile of graftedmonomers and freemonomers with persistence length of 10 for linear or one-ring polymer brush.
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stiffness and topological constraint. An isothermal compression simulation shows that chain stiffness plays an
important part during the penetration process of free chains from environment to topological ring polymer
brushes, while the dependance of polymer brushes on their topological features seems to be suppressed by
pressure during such an invasion process.
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