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ABSTRACT: Self-consistent-field theory (SCFT) is presented to study the charge inversion phenomena by
flexible polyelectrolytes (PE) adsorbed onto oppositely charged cylindric surfaces. We focus on the effect of
surface curvature on the charge inversion ratio between the area density of surface charge compensated by the
adsorbed polymers and the area density of origin surface charge. Numerical results show that surface
curvature does have a strong effect on the charge inversion phenomena. Namely, it can lead to strong charge
inversion at high salt concentrations with strong surface—PE short-range non-Coulombic interaction even in
a good solvent. In particular, under large surface curvature and strong short-range non-Coulombic
interaction conditions, full charge inversion can even happen at low salt concentrations. Moreover, numerical
results show that the surface curvature has a different effect on the charge inversion ratio in the regime
dominated by the surface—PE electrostatic interaction and in the regime dominated by the surface—PE short-
range non-Coulombic interaction. Increasing surface curvature will decrease the charge inversion ratio in the
former case, while it will increase it in the latter case. Also, we numerically obtain a crossover point for the
cylinder radius, which approximately equates to 2 times the gyration radius of PE chain. When the cylinder
radius becomes larger than it, the surface curvature will lose its effect on the charge inversion. The numerical
results give a further demonstration that, in these weakly charged systems, the surface—PE short-range non-
Coulombic interaction is the main driving force of charge inversion phenomena. The results are in good
agreement with the theoretical and experimental results.

I. Introduction

Polyelectrolytes (PE) adsorbed onto oppositely charged sur-
faces have generated a great deal of attention in recent years due
to their numerous biological and industrial applications.' ™
Although a full description of PE adsorption is still lacking at
present, some general conclusions of the PE adsorption mechan-
ism exist; for example, the factors which can govern the properties
of the PE adsorption are agreed to be the charge fraction of each
PE chain, p, the density of surface charge, o, the salt concentra-
tion, Cg,, the solvent quality, and the surface geometry. Mean-
while, the essential effects of these factors on the PE adsorption
are reflected via their direct effect on the three interactions exiting
in PE adsorption systems, i.e., the surface—PE electrostatic
interaction, the surface—PE short-range non-Coulombic inter-
action, and the entropy consideration, and all three can control
the PE adsorption.

By increasing the charge fraction of PE chain, it can lead to
both an increase and a decrease of PE adsorption. The reason is
that increasing the value of p from 0 first can enhance the
surface—PE electrostatic interaction and results in the increase
of PE adsorption. However, when p is large enough, the monomer—
monomer repulsion begins to hinder the adsorption of PE.
Meanwhile, the salt concentration has a similar role as p.
The reason is that it can screen both of the monomer—monomer
repulsion and the surface—PE electrostatic interaction, which
can result in different effects on the PE adsorption. The solvent
quality is mainly responsible for the surface—PE short-
range non-Coulombic interaction because strongly hydrophobic
PE—backbone can increase this interaction and results in
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adsorbing more PE onto the surface. Moreover, the different
surface geometry can lead to different entropy penalty of PE
chains after being adsorbed onto surfaces. These three inter-
actions always coexist in PE adsorption systems, and the inter-
play among them gives diverse interesting phenomena.

Charge inversion is just one of the most interesting pheno-
mena. Namely, when the charges of the adsorbed PE chains
overcompensate the original surface charges, the surface—PE
complex will have charges opposite to that of the bare charged
surface. This phenomenon has been observed in experiments® ™
and plays an essential role in the buildup of PE multilayers via
the electrostatic layer-by-layer assembly onto an adsorption
surface.”!" Thousands of experimental works related to this
topics have been done. These results show that the main factors,
which can control the structure of such electrostatically bound
multilayers, are pH value”'*' and salt concentration.'*!> It was
found that by varying the pH value the surface charge, the PE
backbone charge, and the layer thickness can be altered drama-
tically. Specially, large overcompensation of the substrate charge
caused by PE for low pH values has been established.” The pH
value can also control the stability of the PE multilayers."
Meanwhile, as salt can screen the electrostatic interaction be-
tween all charges, it has pronounced effects on the layer thickness.
These studies’ ' show that the surface—PE electrostatic inter-
action is the main driving force in the growth of PE multilayers.

In the past 10 years, however, more and more results from both
experimental and theoretical studies have shown that the surfa-
ce—PE short-range non-Coulombic interaction also plays an
important role in the growth and the stability of PE multilayers.
Such interactions, also called chemical interaction,'®!” include
hydrophobicinteraction,'®'? hydrogen bonding,'****' and other
water structure-mediated interactions.'® Kotov'® first brought in

© 2010 American Chemical Society



Article

the hydrophobic interaction in layer-by-layer adsorption, while
Stockton and Rubner® showed the first demonstration of
hydrogen bonding as the basis for alternating polyion assembly.
The typical theoretical works on the buildup of PE multilayers
were carried out by Shafir, Andelman,'®** and Wang.>*** They
solved the relevant mean-field equations numerically with special
boundary conditions to study the adsorption of flexible PE
onto oppositely charged planar surfaces. Their numerical results
show that the full inversion of surface charge caused by adsorbed
PE occurs only for the high salt concentration and strong
surface—PE short-range non-Coulombic interaction. In particu-
lar, they found that no charge inversion happened for chemical
nonadsorbing surfaces.

However, the surface curvature has been less studied, which
can also affect the properties of PE multilayers. In a related
work,?® we demonstrated that the surface curvature does have an
effect on the criteria of PE adsorption. Other theoretical and
experimental studies also show the effect of surface curvature on
the PE adsorption. Muthukumar et al.**?” used a combination of
variational calculation and the ground state dominance to study
the PE adsorption onto charged planar, cylindric, and spherical
surfaces, in which they obtained different critical criteria of PE
adsorption. Winkler and Cherstvy®® analytically investigated the
critical adsorption of a PE chain onto a spherical surface by
substituting the Hulthén potential for the Debye—Hiickel poten-
tial. Their results give a different scaling law of critical quantities
from the planar case. Dubin et al.>>*° experimentally showed that
the surface curvature does have effects on the criteria of PE
adsorption. Furthermore, Netz et al.,'3* Gurovitch et al.,*> and
Golestanial*® studied the adsorption of one polyelelctrolyte chain
on oppositely charged curvature surfaces. With the assumption
that there are only electrostatic interactions between the surface
and PE chain, they showed that when the curvature of the small
colloidal particles is large enough, it can lead to a much more
pronounced effect for PE adsorption as compared with neutral
polymer. However, there are few works directly investigate the
effects of surface curvature on the charge inversion phenomena
in multichain systems up to present. Therefore, we extend the
continuum self-consistent-field theory (SCFT) of inhomo-
geneous multicomponent polyelectrolytes systems, which is
developed by Shi*” and Wang,*® to directly study the effect of
surface curvature on the charge inversion phenomena in cylindric
systems. The motivation to study this phenomena is due to the
fact that many biomacromolecules have rodlike appearances®
such as the tobacco mosaic virus (TMV)** and the heparin—pep-
tide amphiphile complex.*’

In this paper, we use the continuum SCFT to study the charge
inversion phenomena which is caused by adsorbing flexible PEs
onto oppositehy charged cylindric surfaces. According to per-
vious work,'** PE adsorption has different behaviors in the
surface—PE electrostatic interaction dominated regime and
short-range non-Coulombic interaction dominated regime.
Naturally, we mainly focus on the effect of surface curvature
on the charge inversion phenomena in these two regimes.
Theoretical model and numerical method are presented in
section II. Results and discussions are presented in section III.
Conclusions are summarized in section IV.

I1. Theoretical Framework

In this paper, we consider a solution which contains a posi-
tively charged cylinder with area density of surface charges, oy, in
the center of the system, a bulk concentration of flexible nega-
tively charged homopolymers, ¢, with fixed charge fraction,
p, a bulk concentration of salt ions, C;, and counterions from
the cylinder and PEs. As we assume that the system has a cylindric
symmetry, the calculation can be done only in one dimension
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along the radial direction of the cylinder. The center of the
cylinder is taken at r = 0, and the distance from the cylinder
surface to the boundary of the bulk phase is L. In all the
calculations, we take a large enough value of L to make sure
that we can treat the boundary part as a reservoir or a bulk
solution. After many attempts, we find that L > 50R, looks
suitable for the calculation, where R, is the gyration radius in
bulk PE. Since L is large enough, we can use a canonical ensemble
to treat such a grand canonical system. Throughout this paper we
assume, for simplicity, that the polyion and the small ions are all
monovalent. Here the small ions come from PE chains, charged
surface counterions, and dissolved salt. Also, we assume that all
the small ions are identical and denoted by + for cations and
anions, respectively.

Besides the electrostatic interactions between charges, we add a
short-rang non-Coulombic interaction between the cylindric
surface and the polymer monomers to the Hamiltonian of the
system. The way to deal with such an interaction follows
the previous work,** in which the surface—PE short-rang non-
Coulombic interaction, U(r), extends over distance on the order
of the Kuhn length, @, and has a rectangular-form potential for
simplicity. In the cylindric coordinates, it is assumed to have the
form as follows:

Ulr) = 0 r>rg+d
(r)_ Uy ro<r=<ryg+d

Here, r( is the cylinder radius and Uy is a constant in units of kT,
where kp is the Boltzmann constant and 7'is the temperature; d is
the range of adsorption and of the order of a, i.e.,d = 2a~ R,/3,
where a is the Kuhn length. Therefore, within SCFT the free
energy functional of such ionic solution is given by*>*’

TEZ : :/dSr Xj:ﬂj@(")ﬂCP@P(’)"bs(")

—/d?’r ij(l‘)¢j(r)+€we(r)¢e(r)
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where ¢(r) is the electrostatic potential and normalized by kpT/e
to make it dimensionless (e is the unit charge); p, is a reference
monomer density; ¢(r) is the dimensionless volume fractions
of PE monomer, solvent, and small ions with j = P, s, &+, res-
pectively; w(r) are the auxiliary fields which couples with the
volume fractions ¢,(r), while w(r) is the auxiliary field for
the charge density ¢e(r) = —pdp(r) + ¢(r) — ¢_(r); Z; is the
degree of polymerization, i.e., Zp = Nand Z; = Z, =1; Q;are
the single molecular partition functions. The definitions of u;, xps,
and 7 are the same as those in ref 37. Also, we take the same values
for the parameters as our previous work,> such as the average
Kuhn length @ = 0.5 nm, the Bjerrum length Iy = ¢?/ekgT ~
0.7 nm, and 7' = 0.057.

Using the saddle-point approximation, additional to the
incompressibility condition

op(r) +5(r) =1 (2)

we can obtain a set of self-consistent equations of densities,
auxiliary fields, and electrostatic potential. Here, we ignore
the volume of the small ions. The key quantity corresponds to
the numerical solving these self-consistent equations is the
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propagator, ¢(r.t), the probability of finding the end monomer of
a polyelectrolyte of length 7 at r, which can be obtained by solving
the modified diffusion equation

aq(ar; t) _ 61r_(f‘r |:I‘ dq((ll’: t):| _[a)P(l‘) +17(p(1‘)]q(r, l) (3)

with the initial condition ¢(r,t = 0) = 1, where ¢ € [0, N] is a

variable along the chain contour. The boundary conditions for

this diffusion equation are ¢(r = ry, t) = 0 and dg¢/dr|,—; = 0.
The dimensionless volume fractions ¢,(r) are given by

o) =22 [t gfr, atr, N -1
OpN Jy ’ 7
8,(r) =2 expl-wy(r)]

0
= “)

bu(r) = g—iexpw(r)]

where the average volume fractions are q7>_,- =(1/L)[ ,nLdr o) =
n;Z,/poV, in which np, ny, and ny are the total molecule numbers
of PE chains, solvent molecules, cations and anions, respectively;

V' is the volume of the system. The single molecular partition
functions, Q;, are defined by

L
oL [ e

0, = [ drenl-o.0)
(5

L
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The auxiliary field w(r) can be obtained by a given sequence
values of wp(r)
wy(r) = wp(r) +2[2¢p(r) 1] =U(r) (6)

Finally, the electrostatic potential ¢(r) can be obtained by
solving the Poisson—Boltzmann equation

)

= —r{ —pg(r) +g—i exp[—o(r)] — d)‘exp[w(r)]} ™

we assume that ¢(r) = 0 in the bulk solution. In other words, the
system locally charges neutrality in the bulk solution. With such a
convention, we can rewrite eq 7 in the following form:

1d T do(r)
rdr ' dr

} = {=pbp(r) + (Co + Dy, ) expl— (1)

—Cs,v explo(r)]} ®)

The boundary conditions of the Poisson—Boltzmann equation
are do/dr,—,, = —4molg/a® and do/dr|,—;, = 0, which corre-
spond to a constant area density of surface charge. The dimen-
sionless area density of surface charge is given by 0 = gp/a” 2, in
which oy is the area density of surface charges (in unit charge e).

We use the same numerical method as that in our previous
work?? to solve these self-consistent equations, which is based on
the combination of Broyden’s method and a globally convergent
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strategy.* In all the calculations, we take care of the numerical
mesh to make sure that it always less than the minimum value of
the radius; e.g., all the numerical resolutions are less than 0.2. The
main quantities which we focus on are the surface excess, I, and
the charge inversion ratio, o¢,/0. I is defined as the total amount
of PE monomers in the adsorption layer per unit length on the
cylinder

r [ drrign()~on. ©

o

Ocp 18 the effective area surface charge density compensated by the
adsorbed polymers, given by 0., = ¢ — pI'/ry. Thus, the charge
inversion ratio is given by

Oep/0 =1—pI'/or, (10)

Charge inversion only happens for o.,/0 < 0, and the full charge
inversion will be observed when o.,/0 < —1. On the other hand,
Ocp/o > 0 means that no charge inversion happens. It is worth to
note that the more negative value of o,/ corresponds to the
larger charge inversion ratio.

We model separately two types of surfaces in this paper. One is
nonadsorbing surface, while the other is chemically attractive
surface. For the first kind of surface, there is only electrostatic
interaction between the surface and PE monomers. However, for
the second kind of surface, besides the electrostatic interaction,
there is also a short-range non-Coulombic interaction between
the surface and PE monomers. For the case without the surface—
PE short-range non-Coulombic interaction results that the
PE adsorption is mainly dominated by the electrostatic inter-
action, we call such regime as the electrostatic interaction
dominated regime. It is easy to obtain such a regime by setting
Uy = 0 in a salt-free solution. On the other hand, for the
chemically attractive surface, the surface—PE short-range non-
Coulombic interaction will enhance the surface adsorption abil-
ity. When this interaction becomes large enough to dominate the
PE adsorption, the electrostatic interaction will have few effects
on this adsorption process. We call such a regime as the short-
range non-Coulombic interaction dominated regime. Whether
the short-range non-Coulombic interaction dominates or not can
be determined from the effects of salt concentration on the
surface excess. Namely, the surface excess increases with increas-
ing salt concentration in the short-range interaction dominated
regime, while it decreases in the electrostatic interaction domi-
nated regime.”'**! In the present study, these two regimes can
be determined by varying U,. Experimentally, the Gibbs free
energy, which is needed to compensate for the entropy loss of a
monomer adsorbed onto a surface, is 0.2—0.4 kp T.'7 So we take
the value of Uy from —0.5 kgT to 0 kgT to make sure that we can
obtain both of these two cases. We will investigate the effects of
surface curvature on the PE charge inversion phenomena in both
of the two regimes.

I11. Results and Discussion

Throughout this paper, the degree of polymerization of PE
chainsis N = 200, and hence the gyration radiusis R, = 5.8a. In
the follows, all lengths are scaled by Kuhn length, a, and all the
quantities with the dimension of energy are scaled by kgT.
All quantities including those in figures are represented in the
scaled way. For @ = 0.5 nm and p, = «~°, all the dimensionless
volume fraction corresponds to real values multiplied by a factor
po/Na = 13.28 mol/L, where N, is Avogadro’s number. Accord-
ing to these conventions, ¢pp, = 1.25 X 1074 corresponds to
the bulk molar density of polymer monomer pp = 1.66 mM,
and Cgy = 0.1 corresponds to the bulk molar concentration of
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Figure 1. Effect of salt concentration on (a) surface excess, I', and
(b) charge inversion ratio, 0cy/0, for several values of the short-range
non-Coulombic interaction strength, Uy, with surface area charge den-
sity 0 = 0.025, PE chain charge fraction p = 0.1, solvent quality yp, =
0.1, and cylindrical radius rq = 6. The crossover is around Uy = —0.3, at
which both the surface excess and the charge inversion ratio nearly do
not change with salt concentration, Cy,.

salt CM, = 1.328 M. Also, ¢ = 0.025 corres onds to the area
density of surface charge oy = o(1/a®) = 10 ¢ A2,

First, we determine the above two regimes by varying U,
from —0.5 to 0. By setting Uy = 0 in salt-free solution, we can
obtain the electrostatic interaction dominated regime. In this
case, only electrostatic interaction exists between the cylindric
surface and PE monomers. Additionally, there is no screening
effect from the salt.

However, the short-range non-Coulombic interaction domi-
nated regime should be determined by investigating the effect of
salt concentration on the surface excess and charge inversion
ratio for different values of Uy. This is according to the fact that
when the short-range non-Coulombic interaction becomes strong
enough to dominate the PE adsorption process, both surface
excess and charge inversion will increase as salt concentration
increases. Otherwise, they both decrease with increasing salt
concentration.

We now begin to establish the short-range non-Couloubic
dominated regime. The effect of salt concentration, Cyp, on the
surface excess, I', and charge inversion ratio, o.,/0, has been
shown in Figure 1 at ry = 6 ~ R, for different values of U, . For
lower chemical attractive potential (Uy = 0, —0.1, and —0.2), T’
decrease and o,,/0 increase with increasing Cy,. It is due to the
fact that as the lower chemical attractive potential cannot
compensate for the entropy loss of PE chains after been adsorbed
onto the surface, the adsorption of PE is mainly governed by the
surface—PE electrostatic interaction. As a result, increasing salt
concentration can weaken PE adsorption by the screening effect
form the salt, which results the decreasing of " and the increasing
of o.,/o. However, when the chemical attractive potential be-
comes strong enough, i.e., Uy = —0.4and —0.5, both I and o /0
have the reverse behaviors. It is due to the fact that surface—PE
electrostatic interaction has few effects on PE adsorption in this
case. Additionally, the increasing of salt concentration can also
enhance screening the PE monomer—monomer repulsion. Both
of them can increase the value of I'. Thus, Uy = —0.4 and —0.5
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Figure 2. Cylindrical radius, r, dependence of the charge inversion
ratio, 0¢p/0, in the electrostatic interaction dominated regime with bulk
concentration of salt Cs, = 0, surface area charge density o = 0.1, PE
chain charge fraction p = 0.5, and solvent quality yps = 0.1 for short-
range non-Coulombic interaction Uy = 0. The insert is the detail for the
crossover point of the cylinder radius. Only moderate charge inversion
(Oplo~ =2 x 10™%) happens in this case.
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Figure 3. Cylindrical radius, ry, dependence of the charge inversion
ratio, op/0, with bulk concentration of salt Cy}, = 0.1, surface area
charge density o0 = 0.025, PE chain charge fraction p = 0.1, and solvent
quality yps = 0.1 for the two short-range non-Coulombic interactions
Uy = —0.3 and —0.5. When ry < 2R,, charge inversion increases with
decreasing ro, and strong charge inversion o.,/o = —1.9 and —5.2 have
been obtained in large surface curvature (ry = 1) for Uy = —0.3 and —0.5,
respectively. As g > 2Ry, 0¢,/0 nearly does not change with ry.

correspond to the short-range non-Coulombic dominated regime
(the value of Uy is not universal and will be explained in the end of
this section). It is worth to note that in the present weakly charged
system whether it being in the electrostatic interaction dominated
regime or short-range non-Coulombic interaction dominated
regime mainly depends on U,. Moreover, Figure 1 shows that
full charge inversion usually happens under the conditions of high
salt concentration and strong enough surface—PE short-range
non-Coulombic interaction. It should be noted that this result is
in agreement with other theoretical (in the planar surface system)
and experimental results.””'** Especially, there is a crossover
regime around U, = —0.3 at which both I" and o.,/0 nearly do
not change with Cg,.

Figures 2 and 3 show the effects of surface curvature, char-
acterized by cylinder radius r, on the charge inversion ratio g,p/0.
Figure 2 corresponds to the electrostatic interaction dominated
regime (Uy = 0, Csp = 0, 0 = 0.1, p = 0.5), in which with
decreasing the cylinder radius from ry = 100 to ry = 12~ 2R,,
0O¢p/0 decreases very slowly. When the cylinder radius is less than
2R, however, o.p/0 increases quickly, and no charge inversion
happens in the large surface curvature regime. Moreover, we can
only observe moderate charge inversion (0¢p/0 ~ —2 x 107% in
this case. However, a different dependence of o,,/o on ry has been
found in Figure 3, in which both for the short-range non-
Coulombic interaction dominated regime (U, = —0.5) and the
crossover regime (Uy = —0.3), the magnitude of ¢,/ increases
with decreasing ry at a high salt concentration (Csp = 0.1).
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Figure 4. Bulk concentration of salt, C;, dependence of the charge
inversion ratio, 0.p/0, in large surface curvature (cylindrical radius
ro = 1) for different short-range non-Coulombic interactions U, with
surface area charge density o = 0.025, PE chain charge fractionp = 0.1,
and solvent quality yps = 0.1. Full charge inversion, for example
(0cp/o = —1.97), can be obtained at low salt concentration (Csp, = 5
x 107* for Uy = —0.5).

Particularly, large charge inversion ratio o,/ &~ —5.2 has been
observed in the large surface curvature limit (1, = 1) for Uy = 0.5,
which indicates that surface curvature does have strong effects on
the PE charge inversion phenomena. Also, we can define,
approximately, the point of ry~2R, as a crossover point in these
two figures. Note that the crossover point is consistent with our
previous work.>> Actually, another important length scale is the
Debye screening length. When Debye length becomes compar-
able to the length of ry, or ro + d, both these lengths will define
the region where the curvature effects onto PE adsorption are
important. Obviously, the crossover point of ry ~ 2R, is only
reasonable in the systems with short-range non-Coulombic
interaction and high salt concentration.

Figure 4 shows the dependence of 6.,/0 on Cy, for three values
of Uyin large surface curvature limit (ry = 1). For Uy = —0.1, no
charge inversion happens even at highest salt concentration
(Csp = 0.1). For Uy = —0.3, full charge inversion happens at
higher salt concentration (Cs, > 1072). However, for Uy = —0.5
full charge inversion (0.p/0 = —1.973) happens at a low salt
concentration (Cyp, = 5 x 10~%). This behavior is different from
Figure 1b, in which all the parameters are the same as Figure 4
except the surface curvature. This result shows that the effect of
surface curvature on charge inversion phenomena is important
and leads to the change inversion condition, or strong charge
inversion can happen at low salt concentration in large sur-
face curvature limit and with strong short-range interaction.
The results also shows that the surface—PE short-range non-
Coulombic interaction is the main driving force of charge inver-
sion phenomena.

Now, we study the effect of the area density of surface charge,
o, on charge inversion phenomena in the above two regimes,
separately. Figure 5a is in the electrostatic interaction dominated
regime with Uy = 0, Cg, = 0, and p = 0.5, while Figure 5b is
in the non-Coulombic regime with Uy = —0.5, Csp = 0.1, and
p = 0.1. Figure 5a shows that o /o decreases as o increases, and
no charge inversion happens. However, Figure 5b shows a
different dependence of o,/0 on o; i.e., charge inversion ratio
increases as o decreases. The main reason is as follows: for strong
Uy, the short-range non-Coulombic interaction can dominate the
value of T, and decreasing ¢ has few effects on I'. From the
definition of charge inversion ratio o.,/0c = 1 — pI'/or,, one can
find that op/0 decreases, or the charge inversion increases, with
decreasing 0. Moreover, we investigate the dependence of 0.,/
on o in large cylinder radius limit which represents a planar
surface. We find strong charge inversion in both of cylindric
surface (ry = 6) and planar surface (ry = 600).

In order to understand the above strong charge inversion
phenomena well, we study the corresponding polymer density
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Figure 5. Surface area charge density o dependence of the charge
inversion ratio /0. (a) is in the electrostatic dominated regime with
short-range non-Coulombic interaction U, = 0, bulk concentration of
salt G, = 0, PE chain charge fraction p = 0.5, and solvent quality
aps = 0.1 for cylindrical radius ry = 6. (b) is in the short-range domi-
nated regime with Uy = —0.5, Cp, = 0.01, p = 0.1, and yps = 0.1 for
ro = 6 and 600.
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Figure 6. Radial monomer volume fraction for cylindrical radius
ro = 6, PE chain charge fraction p = 0.1, bulk concentration of salt
Cs» = 0.01, solvent quality yps = 0.1, short-range non-Coulombic
interaction Uy = —0.5, and surface area charge densities 0 = 0.001,
0.01, and 0.1.

profiles near the cylindric surface as shown in Figure 6, which is
similarly to the studies for spherical particles in another recent
study.* From Figure 6 one can find that almost all the PE chains
overcompensating adsorbing surface are located within the
thickness of the short-range non-Coulombic interaction well.
As we take the surface potential range d ~ 2, the outer boundary
of the thickness of U, well locates around the point r ~ 8 for ry &~
6. Furthermore, it is worth to note that due to the strong short-
range non-Coulombic interaction, e.g. Uy = —0.5, decreasing the
surface area charge density o from 0.1 to 0.001 leads to only small
changes of the polymer profiles. Moreover, the surface excess I'
also decreases only a little, e.g., ' = 4.7135, 3.5252, and 3.4040,
corresponding to ¢ = 0.1, 0.01, and 0.001, respectively. In the
limit of low surface charge densities, according to the definition of
charge inversion ratio in eq 10, the second term on the right side
dominates charge inversion ratio, and thus we can obtain quite
large overcharging. Note that these results in Figures 5 and 6 give
further demonstration that it is essential to have an attractive
surface in the charge inversion phenomena. The present results
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Figure 7. PE chain charge fraction p dependence of the charge inver-
sion ratio 0p/0 for two cylindrical radiuses ry = 6 and 200 with short-
range non-Coulombic interaction Uy = —0.5, bulk concentration of
salt Cs, = 0.01, surface area charge density o = 0.025, and solvent
quality yps = 0.1.
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Figure 8. Solvent quality yps dependence of the charge inversion ratio
0Ocp/o with short-range non-Coulombic interaction Uy, = —0.5, bulk
concentration of salt Csy, = 0.01, surface area charge density o = 0.025,
PE chain charge fraction p = 0.1, and cylindrical radius r, = 6.

well captures the strong charge inversion obtained in other
theoretical®>** and experimental results.” Wang studied planar
surfaces adsorbing flexible polyelectrolytes.>* By varying o from
0.004 to 0.04 (with @ = 0.45 nm), the strong charge inversion on
attractive surfaces at high salt concentrations is obtained. Shubin
and Linse studied the adsorption of flexible polyacrylamide
(CPAM) onto monodisperse silica particles both experimentally
and theoretically.* They used a charge-regulating surface whose
charge density varies with solution pH, salt concentration, and
PE concentration. For attractive surfaces and high salt concen-
trations, they obtained the same dependence tendency of o /0 on
0 as ours.

Also, we study the effects of the rest two parameters on this
phenomena in the regime r, < 2R,, i.e., the charge fraction of
PE chain, p, and the solvent quality, yps. As p can enhance
both surface—PE electrostatic interaction and PE monomer—
monomer repulsion, there must be a minimum in o,,/0 as p varies
from 0 to 1. When p increase first, it can promote the PE adsorp-
tion by enhancing surface—PE electrostatic interaction. How-
ever, when p becomes large enough, the monomer—monomer
repulsion becomes the main factor and leads to the decreasing of
PE adsorption. Numerical result in Figure 7 just verifies this
expectation, in which the dependences of .,/ on p both for small
cylinder radius ry = 6 and large cylinder radius ry = 200 at a
relatively high salt concentrations (Csp, = 0.01) are shown. It is
worth noting that the dependence of o,/0 on p for ry = 6is very
similar as that for rq = 200, which means that p has almost the
same effect on o.,/o for different surface curvature. Figure 8
shows the effect of yps on o¢p/0 for ry = 6 at Cgp, = 0.01. The
charge inversion increases with increasing yps, and strong charge
inversion o.p/0 = —7.72 is obtained at yp, = 0.8. The reason is
that PE chains in poor solvent conditions means that the PE-
backbone is hydrophobic, which can create an effective attraction
to the surface.”” Specially, the results in Figures 7 and 8 well
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capture the behavior of p and yps on o.y/o, as in Wang’s
investigation for the planar surface case.

Finally, we discuss the limitation of the present model. We
obtain the short-range non-Coulombic interaction dominated
regime by selecting some special values of U,. However, the
values of U, corresponding to this regime are not absolute
because they are function of the polymer charge fraction and
the area density of surface charge. Thus, Uy = —0.4 and —0.5 in
the present model are not universal corresponding to the short-
range non-Coulombic interaction dominated regime but only
limit to these weakly charged systems which we choose. More-
over, in the recent study*® for the spherical surface with a short-
range attractive square-well potential, it is shown that the finite
extension of the surface potential and the surface curvature have
combined effects on the adsorption of polymers. In this paper, we
only study the effect of surface curvature on charge inversion
phenomena for the fixed value of the potential range, d. Also,
fixing the persistence length of PEs is another limitation of the
present model because the persistence length is a function of the
salt concentration according to the studies by Dobrynin et al.**’
Another approximation is that we use a simple model for the
surface—PE short-range non-Coulombic interaction and further
assume that it does not change with the cylinder radius. Actually,
a changeable short-range interaction is more physical. Further-
more, omitting the volume of the small ions is also a limitation of
the present work. These ions compete with polymers for surface
adsorption and do affect the PE charge inversion. Finally, we
cannot give the exact conformation of PE chains in the adsorbed
layers, which is also an interesting topic in polymer science.
Extension to consider all the limitations will be presented in
future works. However, despite these limitations, we believe that
the present model gives an insight for the charge inversion
phenomenon in cylindric systems.

IV. Conclusions

Within the continuum SCFT including multichain interactions,
we study the charge inversion phenomena by flexible poly-
electrolytes adsorbed onto charged cylindric surfaces. We mainly
focus on the effects of surface curvature on the charge inversion
ratio, o.p/0. The effects of salt concentration, Cs,, the density of
surface charges, o, the charge fraction of PE chain, p, and the
solvent quality, xps, 0n op/0 are also studied. Numerical results
show that surface curvature does have strong effect on o,,/o.
Strong charge inversion has been obtained in the large surface
curvature limit. In particular, we find that full charge inversion
can be obtained even at a low salt concentration with strong
enough short-range non-Coulombic interaction in the limit of
large surface curvature. Surface curvature and the area density of
surface charges have different effects on o,/0 in the surface—PE
electrostatic interaction dominated regime and the surface—PE
short-range non-Coulombic interaction dominated regime. As
decreasing the cylinder radius and surface charge density, o.,/0
will increase in the first regime while it will decrease in the second
regime. We also obtain a crossover point around ry ~ 2R,. When
ro goes further than it, the surface curvature will lose its effect on
the charge inversion phenomena. Numerical results also show
that the effects of p and yps on op/0 in the present cylindric
systems are the same as those in planar systems. Finally, our
results give a further demonstration that the surface—PE short-
range non-Coulombic interaction is the main driving force of the
charge inversion phenomena, which is in agreement with the other
theoretical and experimental results. This simple model gives good
insight into the problem of charge inversion and can serve as a
starting point for the multilayer formation on cylindric surface.
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