
 Physics Procedia   68  ( 2015 )  105 – 109 

Available online at www.sciencedirect.com

1875-3892 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of The Organizing Committee of CSP 2015 Conference
doi: 10.1016/j.phpro.2015.07.117 

ScienceDirect

28th Annual CSP Workshop on “Recent Developments in Computer Simulation Studies in
Condensed Matter Physics”, CSP 2015

Surface pattern effects upon polymer adsorption

Busara Pattanasiria,∗, Benjamin Liewehra,b, Michael Bachmanna,c,d

aSoft Matter Systems Research Group, Center for Simulational Physics, The University of Georgia, Athens, Georgia 30602, USA
bInstitut für Physik, Universität Rostock, D-18051 Rostock, Germany

cInstituto de Fı́sica, Universidade Federal de Mato Grosso, 78060-900 Cuiabá (MT), Brazil
dDepartamento de Fı́sica, Universidade Federal de Minas Gerais, 31270-901 Belo Horizonte (MG), Brazil

Abstract

By means of generalized-ensemble Monte Carlo simulations, we investigate the influence of pattern recognition effects upon the

adsorption behavior of a flexible elastic polymer. For this purpose, we compare the adsorption of the polymer at a uniform,

unstructured substrate with the recognition of a hexagonal surface pattern, mimicking a graphene sheet. Canonical statistical

analysis methods are used for the identification of the respective structural phases and for the construction of hyperphase diagrams

of adsorption.
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1. Introduction

The study of polymer chains grafted on solid surfaces has drawn much attention in various fields of research, such

as improving the biocompatibility of biomaterials [Wei et al. (2014); Carignano and Szleifer (2000)], stabilization of

colloidal dispersions [Russel et al. (1992)], and adhesion enhancement with polymers [Sides et al. (2001)]. Combin-

ing layered inorganic matter, e.g. graphene and carbon nanotubes, with polymers has also been explored to achieve

improvements in their electrical and mechanical properties, thermal stability, and chemical resistance [Potts et al.

(2011); Alexandre and Dubois (2000)]. Thus, understanding the behavior of adsorbed polymers in different environ-

ments and surface conditions may potentially lead to the development of improved materials and novel technological

applications.

Cooperative polymer behavior can only be investigated systematically by means of computer simulations. How-

ever, the complexity of interactions among atoms or monomers typically results in the formation of a rough free-energy

landscape, which renders simulations of polymers a challenging problem. The roughness is generally governed by

finite-size effects that are difficult to tackle [Bachmann (2014)].
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In this work, we study a coarse-grained model for a polymer that is grafted to the surface of a substrate [Li and

Park (2001); Möddel et al. (2011, 2014)]. To investigate the influence of pattern recognition effects on polymer

adsorption, two different types of surfaces, a flat homogeneous substrate and a hexagonal surface pattern that mimics

a graphene sheet, are studied. Generalized-ensemble Monte Carlo methods such as parallel tempering [Swendsen and

Wang (1986); Geyer (1991); Hukushima and Nemoto (1996); Hansmann (1997)] have been introduced to overcome

the difficulty of getting trapped in local free-energy minima. Structural and thermodynamic quantities are obtained in

extensive parallel tempering simulations to study the effect of temperature and surface attraction upon the formation

of structural polymer phases. The canonical statistical analysis of expectation values and their thermal derivatives help

identify conformational phases and construct hyperphase diagrams for both scenarios which facilitate comparisons.

2. Model and method

In this study, we used a bead-spring off-lattice polymer model [Schnabel et al. (2009a,b); Seaton et al. (2009); Gross

et al. (2013); Bachmann (2014)] for an elastic, flexible homopolymer. The polymer conformations are governed by

the energies between non-bonded monomers, bonded monomers, and monomer-surface attraction. The interaction

between non-bonded monomers is described by a truncated and shifted Lennard-Jones (LJ) potential,
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where N is the number of monomers in the polymer chain and ri j is the distance between non-bonded monomers i
and j; σ is the van der Waals distance and ε is the monomer-monomer interaction strength. The potential minimum

is located at r0 = 21/6. The constant, Ushift = 4ε[(σ/rc)12 − (σ/rc)6], makes the potential vanish at the cutoff radius

rc = 2.5σ; for distances ri j ≥ rc it is set to zero. In this work, we simulated a 13mer (N = 13) with r0 = 1, and ε = 1.

The interaction between bonded monomers is given by the finitely extensible nonlinear elastic (FENE) potential and

the shifted Lennard-Jones (LJ) potential,
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where we set K = 98/5, R = 3/7, and η = 0.1.

Two types of substrate, one representing a continuous body with flat homogeneous surface and the other a single

hexagonal surface layer, are studied. In both cases, the surface is located parallel to the xy-plane at z = 0. The first

monomer is grafted on the surface. For the flat continuous surface, the bulk of the substrate is homogeneous and the

potential is calculated by integrating the Lennard-Jones potential between a monomer and an element of the substrate

over the negative z half plane:
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where εS is the strength of surface attraction and zi is the distance of the ith monomer from the surface. In the

hexagonal surface case, the interaction between monomers and surface atoms is described by the shifted LJ potential,

which is the same as Eq. (1), multiplied by the surface attraction εS . To accelerate the calculations of the surface

interaction, translational and rotational symmetries of the lattice are exploited. The surface adsorption properties of

the polymer were examined in both cases for various values of εS ∈ [0.2, 3.0].

Thermodynamic and structural properties of our polymer model were obtained by employing parallel tempering

(replica exchange) Monte Carlo, i.e., parallel Metropolis sampling at multiple temperatures, T1 < T2 < ... < TM , and

allowing for exchanges of configurations with neighboring replicas. The polymer configurations are updated using

single-monomer displacement moves. In each Monte Carlo update, we selected a non-grafted monomer and shifted

it by a random distance in the interval [−Δr,Δr] in each direction inside a cubic box. The probability of accepting a

trial move at Ti (i = 1, 2, ...,M) is

P (E1 → E2) = min
(
1, exp [(E1 − E2)/kBTi]

)
, (4)
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where E1 and E2 are the total energies of the system before and after performing a trial move in the ith temperature

thread. The maximum displacement Δr is adjusted during the equilibration period in order to improve the acceptance

rate at each temperature, but it is kept constant during the simulation. At a given Monte Carlo step, we exchange the

current conformations between neighboring replicas with probability

P
(
Ei,Ti → E j,T j

)
= min

(
1, exp

[(
Ei − E j

)
(1/kBTi − 1/kBT j)

])
, (5)

where Ei is the total energy and Ti is the temperature of the replica i. We used in our simulations M = 40 to 79

replicas within the temperature range T ∈ [0.05, 3.00].

To describe conformational phases, we analyzed expectation values of several quantities and their thermal deriva-

tives, which can be expressed by means of the fluctuation formula,

d

dT
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kBT 2
. (6)

Of particular interest is the specific heat

CV (T ) =
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kBT 2
(7)

and thermodynamic averages of structural quantities like the radius of gyration tensor components parallel and per-

pendicular to the surface,
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where xcm =
∑N

i=1 xi/N is the center-of-mass of the polymer in x-direction. We also introduce the number of surface

contacts ns (spatial component z < 0.3) as an additional quantity that aids in distinguishing adsorbed phases and

locating the adsorption transition. The positions of peaks and “shoulders” of these quantities are used to identify

conformational transitions and to construct hyperphase diagrams.

3. Result and discussion

3.1. Flat continuous surface

The structural adsorption behavior of the grafted 13mer on a flat continuous surface is summarized in the

T -εS hyperphase diagram as shown in Fig. 1. The letter code of the dominant structural phases is adopted from

Möddel et al. (2011) and the bands represent the transition regions between phases. At high temperature, the

polymer tends to stretch out, exhibiting a desorbed extended (DE) conformation. In the regime of high surface

attraction (εS > 1), reducing the temperature makes it more favorable for the chain to adsorb on the surface (AE).

The adsorption transition is signaled by the fluctuations, d〈Rg⊥〉/dT and d〈nS 〉/dT , and shifts to lower temperatures if

the surface attraction is reduced. Decreasing temperature causes the adsorbed extended chain to collapse and to form

a globular structure (AG).

Unlike the work of Möddel et al. (2011), no peak indicating the wetting transition can be found in the low surface

attraction regime (εS < 1). This is due to the small system size which only allows for a small number of surface

contacts. At very low temperatures below the freezing transition, three types of compact structures (AC1, AC2, and

AC3) are observed, depending on the surface attraction strength. For εS ≤ 1.25, the adsorbed compact polymer

structure resembles an icosahedron attached to the surface. For stronger surface attraction, the number of layers of the

polymer conformation parallel to the substrate gets smaller, and it is single-layered for εS ≥ 2.75.
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4. Conclusion

In this work, we have shown that the conformational hyperphase diagrams of a grafted flexible elastic bead-spring

polymer model resembles the structural phase diagram of the bead-stick polymer [Möddel et al. (2011)] for two

different substrates. However, significant differences in the adsorbed compact phases for polymer adsorption at the

patterned substrate [Möddel et al. (2014)] are encountered depending on surface properties. Hexagonal substrates

allow for different adsorbed phases, preventing single-layer film-like structures, which form a dominant phase in

the homogeneous case. Moreover, the wetting transition can hardly be detected for the non-patterned homogeneous

surfaces within the investigated properties. More specific order parameters and larger system sizes are expected to

lead to more detailed insights into the adsorption behavior of polymers on surfaces in future studies.
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