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a b s t r a c t

The continuum self-consistent-field theory (SCFT) is employed to study the adsorption of bi-disperse
flexible polyelectrolytes (PEs) on two charged parallel columns. The effects of the bi-dispersity in
terms of the average volume fractions and chain lengths of two kinds of chemically identical charged
homo-polymers on the total amount of absorbed PE chains, the degree of charge compensation, and the
total amount of the bridging chain conformation are investigated by numerically solving the SCF
equations. The numerical study reveals that the longer PE chains are more effective than the shorter ones
in charge compensating the opposite surface charges. The larger the relative chain length difference is,
the more effective the longer PE chains in charge compensating the surface charges will be. The nu-
merical results show different degrees of sensitivity of PE-adsorption to the screening-reduced salt effect
for the constituents of the bi-disperse PE system. Moreover, how the dielectric contrast of the non-polar
PE chains, the charged objects with respect to the polar solvent molecules impact the adsorption be-
haviors of mono-disperse PE chains is also examined.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The adsorption of polyelectrolytes (PEs) onto oppositely charged
surfaces is very interesting and important from both the funda-
mental and technological points of view [1e13]. PE adsorption has
found a wide range of applications in industries, such as water
treatment, paper-making. PE adsorption is also of crucial impor-
tance from the perspective of biology. For example, PE adsorption is
involved in DNAwrapping in nucleosome core particles [14,15], and
in RNA adsorption on the interior of viral capsids [16e18]. Due to
the long range nature of Coulomb interaction and the multi-length
scales in the PE systems, PE adsorption is much more complicated
than the adsorption of neutral polymers onto neutral surfaces.

In the last several decades, PE adsorption has attracted consid-
erable research attention, and has been the subject of various
theoretical and computer simulation studies [19e35]. Important
issues in PE adsorption, such as the charge inversion (the total
amount of charges on adsorbed PE chains exceeds that of the sur-
face charges of the object), the critical condition for adsorption, the
thickness of the polymer layer, the addition of salt ions, and the
difference between planar and curved (cylindrical, spherical)
charged objects, and the interplay of PE-surface electrostatic and
non-electrostatic interactions have been carefully investigated.

The presence of a polar solvent is indispensable for poly-
electrolyte segments to dissociate and release counterions. The
dielectric constants of organic polymers and the solvent could
differ by 1 or 2 orders of magnitude. Furthermore, the dielectric
constant of the substrates for PE adsorption could be much lower
than that of the solvent. The effect of dielectric contrast between PE
chains and the solvent was examined in the study of the one-
dimensional interfacial properties of a phase-separated poly-
electrolyte solution using the SCFT. It was found that a larger
dielectric constant of the PE chains leads to a smaller miscibility of
the PEs with the solvent and a longer decay length of the total
charge density [36]. The influence of the low-dielectric substrates
on PE adsorption has been examined theoretically and by computer
simulations [37e47]. The electrostatic repulsion between the
charges on the PE chains and the image charges of the same sign
created beneath the substrate is shown to inhibit the adsorption of
PEs onto the substrate.

In virtually all theoretical and simulation studies of PE adsorp-
tion, the PE chains are assumed to be monodisperse, that is, all of
the chains are of the same length. However, in practice poly-
dispersity is the rule rather than the exception for all the synthetic
polymers, although much progress has been made in synthesizing
polymers with very narrow molecular weight distribution through
the so-called living polymerization technique [48]. Therefore, it is
important to study the influence of polydispersity on PE
adsorption.
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In our previous studies, the adsorption of flexible PEs onto the
surface of two oppositely charged columns immersed in a PE solu-
tion and the associated different chain conformations, the bridging
chain conformation in particular, were examined by SCFT [49,50].
The polyelectrolyte mediated like-charge attraction between the
two charged columns was revealed in the numerical study. In these
works, the dielectric constants of the polymer chains and the sub-
strate are assumed to be the same as that of the polar solvent. The
effect of the PE chain length on the PE adsorption behaviors was
investigated, but the influence of the chain length distribution was
not considered. In this paper, the effect of the dielectric contrast of
the PE chains and the substrate with respect to the solvent, and the
influence of the PE molecular weight distribution on the adsorption
of PEs onto two charged columns will be examined. For simplicity
but without losing generality, the PE chains are assumed to be bi-
disperse, i.e., a mixture of two chemically identical polymers with
different chain lengths. In the following, the theoretical model and
numericalmethod are provided in Section 2. Results and discussions
are presented in Section 3. Conclusions are summarized in Section 4.

2. Theory, model equations, and numerical methods

In this paper, we consider a system of volume V comprising two
infinitely long charged columns with square cross-sections
immersed in an oppositely charged polymer solution. The surface
charge density of the columns is denoted as s. There are two kinds
of chemically identical homo-polymer chains A, B with chain
lengths of NA, NB, respectively. Let’s denote a ¼ NB/NA, and write
NA h N. The size of the square cross-sections of the two columns is
denoted as L0, and thewidth of the gap between the two columns is
labeled as H. For simplicity, the system is assumed to be transla-
tionally invariant along the axial direction (z direction).

The self-consistent field theory treats the many-chain problem as
an effective single polymer chain in a mean-field which is to be
determined self-consistently. Thefirst step in deriving SCFT is writing
down the partition function in the form of standard many-
dimensional integral representation over the particle degrees of
freedom. Next, by using the delta function transformation, the parti-
tion function is transformed into a functional integral representation
over the auxiliary field functions. The exact evaluation of the func-
tional integral isnot possible.With themean-fieldapproximation, the
functional integral can be evaluated by the saddle-point technique.
The minimization of the free energy functional with respect to the
field variables leads to a set of self-consistent field equations. The
details of SCFT for weakly charged flexible PE chain systems can be
found in Refs. [34,36]. Within the SCF theory, the auxiliary fields and
the electric potential field are denoted by uj(j ¼ A, B, S) and jð r!Þ,
respectively. The dimensionless free energy F is as follows:
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where kB is the Boltzmann constant and T denotes the absolute tem-
perature, fjð r!Þ with j ¼ A, B, S and � are the dimensionless volume

fractions of PE chains, solvent molecules andmobile ions, hð r!Þ is the
Lagrange multiplier to enforce the incompressible condition, cPS de-
notes the FloryeHuggins interaction parameter between monomers
and solvent molecules. In the above equation, the volume-averaged
densities fAhnAN=ðr0VÞ, fBhnBaN=ðr0VÞ and fMhnM=ðr0VÞ with
nA, nB and nM representing, respectively, the total number of PE chains
with a chain length N, aN and species M(M ¼ S, þ, �),
and QA ¼ R

d r!qAð r!;NÞ=V , QB ¼ R
d r!qBð r!;aNÞ=V , QM ¼ R

d r!
exp½�uM=N�=V . r0 denotes the same density of PE segments and the
solventmolecules, and εð r!Þ denotes the dielectric permittivity. In the
presentstudy,wescaleall lengths inthesystembytheGaussian radius
of gyration Rgha

ffiffiffiffiffiffiffiffiffi
N=6

p
with a the monomer statistical Kuhn length.

The propagators qAð r!; sAÞ and qBð r!; sBÞ represent the probability of
finding the segment sA(B) at the position r!, which respectively satisfy
the following modified diffusion equations:
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vs
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vqBð r!;sBÞ
vs

¼V2qBð r!;sBÞ�½uBð r!ÞþNaPnBjð r!Þ�qBð r!;sBÞ; (3)

with the initial condition qAðBÞð r!;0Þ ¼ 1 outside the solid charged
objects and the boundary condition qAðBÞð r!; sÞ ¼ 0 on the surfaces
of the objects. The SCF equations are summarized as following:

fAð r!Þ þ fBð r!Þ þ fSð r!Þ � 1 ¼ 0; (4)

uAð r!Þ ¼ cPSNfSð r!Þ þ hð r!Þ; (5)

uBð r!Þ ¼ cPSNfSð r!Þ þ hð r!Þ; (6)

uSð r!Þ ¼ cPSNfAð r!Þ þ cPSNfBð r!Þ þ hð r!Þ; (7)

u� ¼ Nn�jð r!Þ; (8)
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In Eqs. (2), (3) and (12), aP denotes the average degree of ioni-
zation of PE chains with the smeared charge distribution,
nA h nB h nP ¼ �1, n� ¼ �1 are for the charge valences of PE chains
and the mobile ions, respectively. Because the system is assumed to
be translationally invariant in the z direction, each physical quan-
tity can be viewed as a two-dimensional one on a per unit length in
the z direction basis. Thus in the above and the following equations,
the 3D position vector r! is reduced to a 2D one.

When considering the dielectric contrast between the non-
polar polyelectrolyte chains, the substrate (the charged columns)
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