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ABSTRACT: The adsorption of weakly charged polyelectrolytes at planar and oppositely charged surfaces
was modeled by using a mean-field lattice theory for flexible polyelectrolytes in solution. The nature of
the adsorption was described in terms of volume fraction profiles, adsorbed amount, thickness of adsorbed
layer, and conformational characteristics at different salt concentrations. The effect on the adsorption
of (i) polyelectrolyte length, (ii) linear charge density of the polyelectrolyte, (iii) volume fraction of the
polyelectrolyte, (iv) nonelectrostatic polyelectrolyte—surface interaction, and (v) surface potential or surface
charge density, all at different salt concentrations and different surface conditions, was investigated. In
most cases, as the salt concentration is increased, the adsorbed amount is reduced but the thickness of
the adsorbed layer is increased. At low salt concentration and at constant surface charge density, the
amount adsorbed is governed by the surface charge density through a polyelectrolyte—surface charge
matching. At constant surface potential, a more diverse picture has emerged. A less regular distribution
of the charges along the polyelectrolyte chain facilitates the adsorption.

. Introduction

Polyelectrolytes as well as polymers in general are
used in a vast number of different applied areas and
are likewise vital in biological systems. An overview of
experimental and theoretical progress in the area of
polymer (including polyelectrolytes) adsorption has
recently been given by Fleer et al.l The adsorption of
polyelectrolytes at large surfaces and on colloidal par-
ticles has been investigated by a range of experimental
methods. It has since long been recognized that poly-
electrolytes adsorb rather flat at an oppositely charged
surface and that they are difficult to desorb even at high
salt concentration. However, weakly charged (low
linear charge density) polyelectrolytes display a thicker
adsorbed layer and a richer behavior with respect to
variation of molecular weight, addition of salt, and
presence of nonelectrostatic interactions.2=5

On the theoretical side, the adsorption of polyelec-
trolytes at large surfaces and on colloidal particles has
been a subject of great interest. Beside analytic theories
of polyelectrolyte adsorption,5~° theoretical approaches
as numerical solutions of mean-field lattice models®9-12
and Monte Carlo simulations®13-16 have been applied
during recent years.

Recently, van de Steeg et al. made an extensive
numerical investigation of the adsorption of polyelec-
trolytes at oppositely charged surfaces by using a mean-
field lattice theory.1?2 They introduced the concepts of
“screening-enhanced adsorption” and “screening-re-
duced adsorption” regimes. These regimes apply to the
cases where the adsorbed amount increases and de-
creases, respectively, upon an addition of salt. The
former one is more typical for highly charged polyelec-
trolytes, i.e., in the case when adsorption is limited by
electrostatic repulsion between the segments of the
polyelectrolyte. Screening of this repulsion leads to an
increase in polyion adsorptivity, provided the nonelec-
trostatic polymer—surface interaction is strong enough
to keep the screened polyelectrolyte adsorbed. However,
salt screens not only repulsion between charged seg-
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ments of polyelectrolyte but also the electrostatic at-
traction between the segments and the surface. In the
case when the adsorption is dominated by this electro-
static attraction (relatively high surface charge, low
polyelectrolyte charge, and weak nonelectrostatic con-
tribution), increase of electrolyte concentration results
in a decreasing adsorption. Naturally, a full range of
situations intermediate between the above two regimes
is feasible, and this often leads to the adsorbed amount
as a function of salt concentration displaying a maxi-
mum.24

In a recent contribution, the adsorption of weakly
charged cationic polyacrylamide in aqueous solution on
oxidized silica was investigated.> It was found that the
measured adsorbed amount, being essentially constant
at low electrolyte concentration, decreases at high salt
content. Moreover, the onset of the decline in the
adsorbed amount depended on the type of counterion.
The ellipsometric thickness increased gradually with an
increase of salt concentration and leveled off at high salt
content. The experimental results were compared with
model calculations within the framework of a mean-field
lattice theory. A good description of the experimental
observed adsorbed amount vs salt concentration and
adsorbed thickness vs salt concentration was obtained
by using a constant surface potential, a random distri-
bution of the polyelectrolyte charges, and proper choices
of realistic surface potential and Flory—Huggins y-pa-
rameters for the nonelectrostatic interactions.

The present work deals with the adsorption of weakly
charged polyelectrolytes using the same theoretical
approach but explores different conditions and spans a
wider range of parameter values. The work also comple-
ments the related work by van de Steeg et al.l2 in
various aspects. The main extensions or differences are
as follows: (i) constant surface potential as well as
constant surface charge density, (ii) much longer chain
lengths (up to 10 000 segments), (iii) different arrange-
ments of the charges on the polyelectrolyte, and (iv)
analysis of the adsorbed thickness as well as of the loop,
tail, and train characteristics.

Starting from a reference system, the effect of (i) the
polyelectrolyte length, (ii) the linear charge density of
the polyelectrolyte, (iii) the polyelectrolyte volume frac-
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Figure 1. lllustration of a semi-infinite lattice bounded by a
solid surface (shaded area) at which a part of a polyelectrolyte
(shaded circles) is adsorbed, salt species (dashed circles), and
the solvent (unfilled lattice cells). Moreover, i represents the
number of the layer parallel to the surface and d the lattice
spacing. The surface has either a constant surface potential
or a constant surface charge density.

tion, (iv) the nonelectrostatic polyelectrolyte—surface
interaction, and (v) the surface potential/charge density
on the adsorbed amount and the thickness of adsorbed
layer have been considered, all at different salt concen-
trations for different surface conditions. The model
calculations show that the adsorbed amount can be
rather different for the constant surface charge and
constant surface potential conditions, respectively. In
the former case, the amount adsorbed is governed by
the polyelectrolyte—surface charge matching, except at
very high salt concentrations, whereas for constant
surface potential a more diverse picture is obtained.
Moreover, for weakly charged polyelectrolytes the mo-
lecular length significantly affects the adsorption, which
is not the case for highly charged polyelectrolytes.

The paper is organized as follows. The theoretical
model of the present investigation is outlined briefly in
the following section. In section Ill, the results are
presented. The first part of section 11l deals with the
state of the adsorbed and weakly charged polyelectrolyte
as well as with the influence of the charge distribution
on the adsorption. In the second part, results obtained
from systematic changes of system parameters are
presented. The main observations are extracted and
discussed in section IV, and the paper ends with
conclusions given in section V.

Il. Theoretical Model

The adsorption of polyelectrolytes at a planar and oppositely
charged surface is modeled on the basis of a self-consistent-
field theory, initially developed by Scheutjens and Fleer!"8
and later extended to polyelectrolytes by Bohmer et al.'° and
by Israél.® We will here only give the main features of the
theory; for more details the reader is referred to the original
publications.

Briefly, the space adjacent to a planar surface is divided
into layers, and each layer is further divided into lattice cells
of equal size. Within each layer the Bragg—Williams ap-
proximation of random mixing is applied, and thus all sites
in a layer are equivalent. One lattice cell contains either
solvent, a solvated ion, or a polymer segment. The model
contains five different species: neutral polymer segment,
positively charged polymer segment, cation, anion, and solvent
(see Figure 1).

The polyelectrolyte is considered to be a completely flexible
chain consisting of rpoymer Segments and with zrpoymer €lemen-
tary charges. Three different distributions of the total poly-
electrolyte charge will be considered: (i) smooth charge
distribution, i.e., a fractional charge |e|r on each segment; (ii)
regular distribution, i.e., trpiymer Charged segments evenly
distributed and separated by blocks of neutral segments; and
(iii) random distribution, i.e., the tryymer charged segments
randomly positioned along the chain. In addition, some results
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pertaining to the adsorption of a diblock copolymer consisting
of one charged and one uncharged block will also be given.
The polyelectrolyte with random charge distribution was
represented by one chain with fixed charge sequence. Hence,
the results will depend on the charge sequence selected, but
the dependence was found to be very weak and of no impor-
tance in this work.

There are two different types of interactions in the model:
electrostatic (charge—charge) and nonelectrostatic (the rest).
The nonelectrostatic interaction between species in adjacent
lattice sites is described by Flory—Huggins y-parameters.’® The
same description is used for the interaction between a species
and the surface. The relation to the adsorption parameter ys
is given, e.g., for the polymer by ys = —A1,0(xpolymersurface —
Asolventsurface), 41,0 being the fraction of all neighbors of a site in
layer 1 which resides in the surface layer. Since a hexagonal
lattice was selected, 410 = /4 was employed.

In line with the random-mixing approximation, the charged
species (charged polyelectrolyte segments and salt species) are
assumed to interact with an electrostatic potential of mean
force, yi, which depends only on the distance to the surface
(layer number i). The potential of mean force is related to the
charge density through Poisson’s equation

€06, Vo = p; 1

where e, is the dielectric permittivity of the medium, V2 the
Laplacian, and p; the total charge density in layer i. The
charges of the species are located to planes in the middle of
each lattice layer, and the space between the charged planes
is free of charge. A uniform dielectric permittivity is used.

The computation involves a self-consistent determination
of the segment distribution (i.e., the distribution of each
polymer segment, salt species, and water molecules outside
the surface). The species volume fraction, ¢a; (volume fraction
of species A in layer i), is simply related to nys, the number of
sites in layer i occupied by segments of rank s (the sth segment
in a chain) belonging to component x according to

1 &
¢Ai = [ZS= 6A,t(x,s)nxsi (2)

X

where L is the number of sites in a layer and ry is the number
of segments in component x (ry = 1 for salt species and water
and ry = rpaymer >1 for the polyelectrolyte). The Kronecker 6
selects only segments of rank s of component x if they are of
type A.

The expression for the segment distribution is more com-
plex, since the correct weight of all conformations, as well as
the connectivity of the chains, has to be taken into account.
Starting with the partition function, nys; is obtained by using
a matrix method and is given by?°

s+1

Mo = CAAM [ | WS TSHAM W (D)} (g

s'=Ty

where Cy is a normalization factor related to the bulk volume
fraction of component x, W9 is a tridiagonal matrix compris-
ing elements which contain factors describing the lattice
topology as well as weighting factors for each segment of rank
s belonging to component x, and p(x,1) is a vector describing
the distribution of the first segment of component x among
the layers, A and s being elementary column vectors. The
weighting factor G for species A in layer i entering W is given
by

Gai = exp(—Buyy) (4)
where = 1/(kT) with k being the Boltzmann constant and T

the absolute temperature. The species potential ua; entering
in eq 4 can be divided into two parts according to

Up = U+ U,iAnit %)
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Table 1. Parameters of the Reference System?@

guantity value
temperature T =298 K
relative dielectric constant er = 80
lattice spacing d=6A

regular distribution of polymer
charges

degree of polymerization Ipolymer = 1000

fraction of charged segments 7=0.05
polymer volume fraction @polymer = 1.0 x 1074
salt volume fraction ¢s=1.0 x 1075

surface potential
surface charge density
interaction parameters®

o = —50 mV (if constant o)
oo = —0.03 (if constant oo)
RTypolymerwater = 0.5RT
RTypolymer cation = 0.5RT
RTypolymer,anion = 0.5RT

a Conversion factors: Concentration (M) = 7.7¢ and surface
charge (C m=2) = 0.4450. ? Other interaction parameters are zero.

and if the species potentials are defined with respect to the
bulk solution with zero electrostatic potential, i.e., if u,ﬂ =0,
then the two terms are given by

b

ox
pu's=a;+ Zr_x + %Z Zd:ivavAvrdy'Zv

Bunt = ZXAAV(%D— o) + BAaw; (6)

The angular brackets indicate an averaging over three adja-
cent layers and the superindex s of the species summation
symbol implies that the surface species is included in the sum
as well. The species independent term u'; ensures that the
space is completely filled in layer i if a suitable choice of a; is
made, U'i being related in a continuous model to the lateral
pressure. In bulk, u’ becomes zero. The species dependent
term uix' has two contributions: the mixing energy for spe-
cies A in layer i being diminished by the mixing energy for
species A in bulk and the electrostatic energy of species A
carrying charge ga in the electrostatic potential yi. At
distances far from the surface, ¢ai approaches ¢f§, Yi ap-
proaches zero, and hence ui' becomes zero. Since ua; is
needed for obtaining ¢ai using eqs 2—4, and since ua; depends
in turn on ¢a; according to eqs 5 and 6, egs 2—6 need to be
solved self-consistently. In addition, the electrostatic potential,
which enters in eq 6 and depends on ¢a;, has to fulfill Poisson’s
equation (eq 1) with piy aAQagai.

All calculations were performed for a model system at 298
K using a relative dielectric constant ¢, = 80 and a lattice
spacing d = 6 A. Since a rather large set of parameters is
needed to fully characterize a model system, the systems will
be described by using one particular system as a reference
system. If nothing else is stated, the polyelectrolyte contains
1000 segments and has 50 elementary charges (r = 0.05)
regularly distributed. The polyelectrolyte volume fraction is
®polymer = 1.0 x 1074 (on the adsorption plateau) and the volume
fraction of the salt species (1:1 electrolyte) are ¢s = 1.0 x 1075
in addition to the volume fraction of the monovalent counte-
rions of the polyelectrolyte. The polymer segments have
unfavorable nonelectrostatic interactions (y = 0.5) with water
and salt species, and the surface has no preferential interaction
with any species. Moreover, the bare surface is modeled as
having either (i) a fixed surface potential yo = —50 mV or (ii)
a fixed surface charge density oo = —0.03. For simplicity the
former will often be referred to as the yo-surface and the latter
to as the ogo-surface. For the reference system, the surface
potential becomes —50 mV when the surface charge density
is close to —0.03, but, of course, this relation does not generally
hold for other conditions. The parameters for the reference
system as well as conversion to real units are given in
Table 1.
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Figure 2. (a) Excess amount of adsorbed polyelectrolyte
segments (I'ex) and (b) thickness of the adsorbed layer ()
versus the logarithm of the volume fraction of 1:1 salt (¢s) at
constant surface potential yo = —50 mV (solid curves) or at
constant surface charge density oo = —0.03 (dashed curves)
for smooth, regular, and random distributions of the charges
along the polyelectrolyte chain. Other parameters are accord-
ing to Table 1.

I11. Results and Analysis

In the first part, results describing the adsorbed state
of the polyelectrolyte for the reference system are
presented. Some data illustrating effects of the different
charge distributions are also given. In the second part,
it is examined how the adsorbed amount, thickness, and
conformation changes with the length, the linear charge
density, and the volume fraction of the polyelectrolyte
as well as with the nonelectrostatic polyelectrolyte—
surface interaction and the surface potential/charge
density, all at different salt concentrations.

Reference System. General Description and
Effects of the Charge Distribution. As indicated in
the previous section, different distributions of the
charged segments along the polyelectrolyte have been
considered. Figure 2a shows the excess amount ad-
sorbed, ek, in terms of equivalent number of monolayers
as a function of the volume fraction of a 1:1 electrolyte
using the reference system for (i) the smooth distribu-
tion of the total charge, (ii) the regular distribution of
unit charges, and (iii) the random distribution of unit
charges. The corresponding thickness, ¢, defined as
twice the first moment of the excess polymer volume
fraction profile as a function of the salt volume fraction
is given in Figure 2b. Moreover, Table 2 gives the
excess amount adsorbed, the degree of surface charge
compensation expressed by the ratio of the charge of
the adsorbed polyelectrolyte and the surface charge,
tlex/|00], @and the thickness of the adsorbed layer, all at
low salt concentration, as well as ¢s 1,2, the salt volume
fraction at which TI'ex is reduced to half its maximal
value. Data for the diblock copolymer with one charged
and one uncharged block are also included in Table 2.

For this case of pure electrosorption, and with disre-
gard for the different charge distributions and types of
surfaces for the moment, Figure 2a shows that the
adsorbed amount is constant at low salt concentration
and reduces to zero at increasing salt concentration.
This behavior has been coined as the screening-reduced
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Table 2. Excess Adsorbed Amount, I'ex, Degree of Surface Charge Compensation, tley/|0o|, and Thickness of Excess
Adsorbed Layer, é, at ¢s = 1075 as Well as Salt Volume Fraction at Which I'ex Has Reduced to Half Its Maximal Value,
¢s.1/2, for Surface with Constant Potential or with Constant Charge Density?

charge Yo = —-50 mV oo = —0.03

distribution Tex Tex/| 00| o 10%¢s 172 Tex tlex/ | 00| o 103ps 112
smooth 0.5774 0.9990 9.39 2.75 0.5995 0.9992 9.30 1.84
regular 0.6049 0.9995 9.33 2.97 0.5996 0.9993 9.35 1.92
random 0.7062 1.0014 10.2 3.73 0.6005 1.0008 10.5 2.24
diblock 1.813 0.9999 41.6 33.0 0.5991 0.9985 39.0 8.68

aTex = Zi (i — ¢°) and o0 = 2Zi(¢i — #°)/=i (¢i — ¢P), where ¢i and ¢° are the polyelectrolyte volume fractions in layer i and in bulk,

respectively.

adsorption regime.’2 The adsorption is driven by the
attractive electrostatic interaction between the poly-
electrolyte and the surface, and upon an increase of the
salt concentration, this attraction is screened. At some
salt concentration, the electrostatic polyelectrolyte—
surface attraction is balanced by the entropic cost of the
polyelectrolyte being close to the surface and the
repulsive electrostatic interaction among the polyelec-
trolyte charges. The latter is of course also screened
by the increased salt content. Figure 2b displays that
the thickness has the opposite salt dependence. Thus,
at increased salt concentration the reduction of the
excess amount adsorbed is accompanied by an increase
in the thickness of the adsorbed layer.

Furthermore, Figure 2a and Table 2 show that, for
the yo-surface, I'ex as well as ¢s12 increases as the
charge distribution of the polyelectrolyte becomes more
uneven. Whereas the difference between the smooth
and the regular distribution is small, the increase in
the adsorbed amount for the random distribution is
significant, ca. 15%. The salt concentration at which
the adsorbed amount has reduced to half its maximal
value, ¢s1/2, is increased by 25%. For an even more
uneven charge distribution, the increase in the adsorbed
amount and the resistance to added salt become dra-
matic. In the limit of the diblock copolymer, I'ex
increases 3-fold and ¢s 12 11-fold. Regarding the thick-
ness of the adsorbed layer, the trends are similar.
Figure 2b shows that, at low ¢s, the thickness for the
random distribution is ca. 10% larger than that for the
smooth and regular distributions, whereas, at such high
¢s that T'ex < 0.1, the thickness of the adsorbed layer
for the random distribution approaches that of the other
two for same I'ex. For the op-surface, Figure 2 and Table
2 show that at low salt concentration (i) the adsorbed
amount is essentially independent of the charge distri-
bution (even considering the diblock copolymer), (ii) the
thicknesses are very close to those for the yo-surface,
and (iii) the increase of ¢s 1/, in the sequence: smooth,
regular, and random charge distribution is smaller as
compared to the yo-surface.

The theory makes it possible to make a detailed
analysis of the occurrence of loops, tails, and trains of
the adsorbed polyelectrolyte.’® Figure 3a shows the
average length of loops and tails (average number of
segments in one loop and in one tail) as a function of
the salt concentration for the reference system with the
yo-surface, whereas Figure 3b displays the average
fraction of segments being in loops, tails, or trains.
Again,with initial disregard for the difference among the
various charge distributions, Figure 3a shows that at
low ¢s the average tail size is ca. 100 segments (10% of
the chain length) and increases to ca. 300 when T
approaches zero. The average loop length is consider-
ably shorter, ca. 28 segments, and increases to ca. 40
at T'ex ~ 0. The average train length remains between
2 and 3 at all ¢s (not shown). As seen from Figure 3b,

loop
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Figure 3. (a) Average length of loops and tails (I) and (b)
fraction of polyelectrolyte segments being in loops, tails, and
trains (v) versus the logarithm of the volume fraction of 1:1
salt (¢s) at constant surface potential o = —50 mV for smooth
(dotted curves), regular (solid curves), and random (dashed
curves) distributions of the charges along the polyelectrolyte
chain. Other parameters are according to Table 1.

at low ¢s the large majority of the segments are to be
found in loops (ca. 75%), about 8% in trains and the rest
in tails. At increased salt concentration, the fractions
in loops and trains are reduced and the fraction in tails
is increased. At I'ex = 0, only 30% of the segments
remains in loops, 2.5% is in contact with the surface,
and ca. 60—65% is in tails. The average number of loops
is 28 at low ¢s and reduces to ca. 11 at I'ex ~ 0.

Figure 3 also gives the corresponding quantities for
polyelectrolytes with different charge distributions.
Again the differences between the smooth and the
regular arrangements are small, and the results for the
random distribution deviate from those of the other two
distributions. The fraction of segments being in loops
is smaller and the fraction being in tails is larger,
resulting in a reduction of the average loop length and
an increase of the average tail length. The direction of
these changes might again be understood when the limit
of the diblock copolymer is considered. In this limit,
the average loop and tail lengths become 12 and 600,
respectively, and the average fractions of segments in
loops and tails are 0.09 and 0.87, respectively, all
guantities being independent of the salt concentration
up to ¢s = 0.08 (corresponding to I'ex ~ 0).

Reference System. Potential Profiles. The re-
duced electrostatic potential as a function of the distance
from the charged surface for the reference system at
constant surface potential 1o = —50 mV, corresponding
to eyo/kT = 1.95, is shown in Figure 4. The potential
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Figure 4. Reduced electrostatic potential (eyi/kT) versus the
layer number (i) for ¢s = 1075 (solid curve), 10~ (long dashed
curve), 1073 (short dashed curve), and 5 x 1072 (dotted curve)
at constant surface potential 1o = —50 mV. The inset shows
the same data on a log—lin scale. Other parameters are
according to Table 1.

is negative close to the surface but changes sign further
out (i ~ 8) and approaches zero from above at large
distances.

In the inner region (i < 8) and for ¢s < 1073, the
amplitude of the potential decays somewhat faster than
exponentially, and the potential profile is essentially
independent of the salt concentration. At the highest
salt concentration considered here, ¢s = 5 x 1073, the
potential becomes exponentially decaying. This salt
concentration corresponds to the case where the ad-
sorbed amount has reduced by a factor of 4 from its
maximum value (cf. Figure 2a).

On the other hand, in the outer region (i > 16) the
decay from the maximum to zero with increasing
distance is fairly exponential and depends on the
electrolyte concentration, even at low ¢s. The obtained
decay lengths are «™1 = 17, 12, and 6 layers for ¢s =
1075, 104, and 1073, respectively. Usingd =6 A and
the conversion factor c/M = 7.7¢s, the Debye screening
lengths originating from the salt become «s~1 = 56, 18,
and 6 layers, respectively. At low ¢s, k1 < k71 is
obtained, and hence the decay length is determined by
the polyelectrolyte, whereas at high ¢s we get k™1 ~ «s™1
and the contribution from the salt dominates. At ¢s =
1074, k2 &~ 2ks~2, and thus the polyelectrolyte and the
added salt contribute roughly equally to the screening
length. This salt volume fraction is 20 times larger than
the volume fraction of polyelectrolyte charges and its
counterions.

The nonmonotonic behavior of the potential is typi-
cally found for electrostatically strongly coupled sys-
tems. The observed maximum of the electrostatic
potential at a given layer (i ~ 16) signals a charge
inversion, i.e., the absolute value of the net charge of
the components in the region extending from the fist
layer to the given one exceeds that of the charged
surface. For ¢s = 1075, the maximal charge reversal is
0.8% of the surface charge and occurs in layer 26. The
magnitude of the charge reversal reduces with added
salt; at ¢s =5 x 1078 it is 1 order of magnitude smaller.
However, there is no significant overcompensation of the
surface charges by the oppositely charged polyelectrolyte
alone; it is the charge from the polyelectrolyte and the
similarly charged ions together which exceeds the
amplitude of the surface charge (cf. Table 2).

Thus, at not too high salt concentration a small charge
inversion is obtained when considering all charged
species. At the lowest salt concentration considered, the
1:1 electrolyte only marginally contributes to the screen-
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Figure 5. (a) Volume fraction of polymer segments (¢i) and
(b) volume fraction of polymer segments in loops and tails
(¢iloop aNd gitai) Versus the layer number (i) for ¢s = 107> (solid
curve), 10~* (long dashed curve), 1072 (short dashed curve),
and 5 x 1073 (dotted curve) at constant surface potential v, =
—50 mV. In b data for only two salt concentrations are given.
The insets show the same data on a log—log scale. Other
parameters are according to Table 1.

ing of the surface potential, but at intermediate con-
centrations, the electrolyte dominates the screening in
the outer region. At even higher salt concentrations,
the magnitude of the charge inversion decreases rapidly
and the electrolyte starts to contribute to the electro-
static screening even close to the surface. At this stage
the amount of adsorbed polyelectrolyte has substantially
decreased from its maximal value.

The occurrence of charge reversal has been indirectly
demonstrated by direct measurements of the force
between mica surfaces separated by aqueous solution
of highly charged cationic polyelectrolyte.?! However,
in this system nonelectrostatic surface—polyelectrolyte
interactions are operating as well.

Reference System. Concentration Profiles. The
corresponding total polymer volume fraction profiles as
well as the profiles of segments being in loops and tails
are shown in Figure 5. At this rather weak adsorption
of the weakly charged polyelectrolyte, Figure 5a shows
that the maximum of the total volume fraction occurs a
few layers into the solution. Even at the lowest ¢k,
where the maximal I'e is obtained, the volume fraction
does not exceed 0.1, thus the adsorbed layer is dilute.
The corresponding data are given in a log—log repre-
sentation in the inset. At intermediate distance (i ~
10—-40), the total polymer volume fraction decays ac-
cording to the power law ¢polymer &~ I* With x being salt
dependent, decreasing from x = —5.3 at ¢s = 107° to x
=—2.8at¢s =5 x 1073. The depletion zone, appearing
at the outer part of the adsorbed layer at low ¢s,
vanishes gradually at increasing ¢s.

From Figure 5b it is clear that the main part of the
adsorbed layer is formed by the segments being in loops,
as already could be inferred from the large fraction of
loops segments (cf. Figure 3b). At the onset of the
intermediate region where the power law starts (i ~ 10),
the contribution from segments in loops and tails
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Figure 6. Ratio of volume fraction of charged polymer
segments to neutral polymer segments (gicharge/@ineutral), NOrmal-
ized to one in bulk, versus the logarithm of the layer number
(i) at constant surface potential yo = —50 mV for ¢s = 1075
(solid curves) and 5 x 1072 (dotted curves) for regular and
random charge distributions of the charges along
the polyelectrolyte chain. Other parameters are according to
Table 1.

becomes comparable. At this distance the volume
fraction of loop segments has reduced to about a tenth
of its maximal value, and at larger distances the
contribution from the segments in loops to the total
volume fraction profile decreases rapidly. Despite the
fact that tail segments are more numerous than loop
segments at i > 10, the vast majority of the tail
segments is to be found close to the surface (i < 10).
The spatial extension of the loop layer is similar at the
two salt concentrations, but the extension of the tail
segments is larger at the higher ¢s. This causes the
crossover of the loop and tail volume fractions to occur
at shorter distance and the tail of the total volume
fraction profile to protrude more from the surface. This
is consistent with the following: (i) that at low salt
concentration (¢s = 1075) the extension of the loop layer
agrees with twice the first moment of the volume
fraction profile (6 = 9.3) and (ii) that at high salt
concentration (¢s = 5 x 1073) the contribution from the
tail segments is responsible for the increased thickness
from 6 = 9.3 to 6 = 16.

In contrast to the polyelectrolyte segments, the vol-
ume fraction profiles of the salt species follow closely
the Boltzmann weight of the electrostatic potential (not
shown), since (i) the salt species are not connected and
(ii) the nonelectrostatic contribution is of minor impor-
tance due to the fact that the system is dilute and that
the surface interaction parameters are zero.

The unequal interaction with the electrostatic field
tends to create a spatial segregation of the charged and
neutral segments with respect to the distance to the
surface. Figure 6 shows on a log—lin scale the ratio of
the volume fractions of charged and neutral polyelec-
trolyte segments (normalized to one in bulk) for the
regular and the random charge distributions. It is
obvious that (i) a considerable segment segregation
occurs, (ii) the segregation depends on the charge
distribution, and (iii) it also depends on the salt con-
centration. Close to the surface charged segments are
preferentially accumulated due to the electrostatic
attraction between them and the oppositely charged
surface, whereas further out there is an excess of
neutral segments.

For the regular charge distribution, there is a surplus
of charged segments only in the first two layers, and
the largest deficiency in charged segments occurs at i
~ 4—5. At the lower salt concentration, ¢s = 1075, the
rise of the ratio to one from below display a weak
maximum at i ~ 10—15. This maximum is likely due
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to fairly stretched neutral blocks with one adjacent
charge at the surface and the other one at i ~ 10—15.
Moreover, the maximum appears at the same location
where the potential has a maximum. Thus, it is
tentative to conclude that these two features are related.
As ¢s is increased, the segregation is reduced by
electrostatic screening. At ¢; = 5 x 1072 both the
disappeared. On the other hand, for the random charge
distribution the segment segregation is much stronger.
The @icharged/Pineutral ratio reaches 2.4 in the first layer,
independently of the salt concentration, and the mini-
mum appears further away from the surface (i ~ 9) and
is much deeper. At the lower ¢s, the ratio profile
displays several inflection points, and as for the regular
distribution the depth is reduced at increasing salt
concentration.

Thus, the model suggests that the adsorbed polyelec-
trolyte layer contains three regions, one close to the
surface where the volume fraction display a maximum
slightly outside the surface, one intermediate region
where the volume fraction profile decays rapidly ac-
cording to a power law, and one outer region where the
volume fraction approaches its bulk value. In the inner
region the loop segments dominate, whereas, in the
intermediate region, the tail segments are more abun-
dant. The exponent of the power law in the intermedi-
ate region is more negative than that predicted from
scaling theory for adsorbed homopolymers in ®-solvent
(—1) and in good solvent (—4/3) or from mean-field theory
in good solvent (—2) in the semidilute regime.! The
presence of charged and uncharged polyelectrolyte seg-
ments makes it possible to obtain segment segregation.
The spatial segregation can be rather intricate and
increases as the linear charge distribution becomes more
uneven and at lower salt concentration. For the case
with a regular alternation of charged segments and
blocks of 19 neutral segments, it is not possible to create
large regions with a widely different ratio of charged to
neutral polymer segments.

Variation of the Length of the Polyelectrolyte.
We will now examine how the adsorption is influenced
by the length of the polyelectrolyte. In the reference
system the polyelectrolyte has 1000 segments, i.e., a
molecular mass of the order 104—105. Figure 7 shows
the adsorbed amount for ryoymer = 10 000 as a function
of the salt concentration at fixed surface potential or
charge density with otherwise identical conditions. The
adsorbed amount and thickness as a function of the
number of segments in the range of 100 to 10 000 at
three salt concentrations are shown in Figure 8.

For rpoymer = 10 000, Figure 7 shows that at low ¢
the amount adsorbed increases by 10% at constant
surface potential and remains at I'ex = 0.60 at constant
surface charge density. In addition, the amount of salt
needed to displace the polyelectrolyte increases by ca.
100 and 50%, respectively. In the case of constant
surface charge density at low ¢s, Figure 8a clearly shows
that the adsorbed amount is almost unaffected of the
polymer length in the interval studied. At increased
salt concentration the polyelectrolyte starts to desorb,
the shorter chains doing so first. On the other hand,
the adsorbed amount at the yo-surface is more sensitive
to the polyelectrolyte length (I'ex increases with rpolymer)
as compared to the op-surface. For short polyelectro-
lytes the amount adsorbed is small even at low ¢s.

The corresponding thickness of the adsorbed layer as
a function of the polymer length is shown in Figure 8b
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Figure 7. Excess amount of adsorbed polyelectrolyte seg-
ments ([ex) versus the logarithm of the volume fraction of 1:1
salt (¢s) at (a) constant surface potential 1o = —50 mV and (b)
constant surface charge density oo = —0.03 for the reference
system (curve labeled ref) and for cases where one parameter
is changed. The change of the parameters with respect to the
reference system is indicated. Other parameters are according
to Table 1.

15 —

@]

10 [ ]

2.0 25 3.0 3.5 4.0
logr

polymer

Figure 8. (a) Excess amount of adsorbed polyelectrolyte
segments (I'ex) and (b) thickness of adsorbed layer (6) versus
the logarithm of the number of segments of the polyelectrolyte
(r(polymer)) at indicated salt volume fractions at constant
surface potential o = —50 mV (solid curves) and at constant
surface charge density oo = —0.03 (dashed curves). Other
parameters are according to Table 1.

and displays some interesting features. Starting with
low Fpolymer, We observe a reduction of the thickness of
the excess amount as the length increases for ¢s < 1073.
The contraction is most pronounced at low ¢s and for
constant surface potential. For longer polyelectrolytes
at high salt concentration (¢s = 1073), the thickness
increases with rpoymer, in particular at the highest salt
concentration where the adsorbed amount is small.
Thus, the increase in thickness at addition of salt, as
was shown in Figure 2b, becomes more accentuated for
longer polyelectrolytes but is small or vanishes for
shorter ones.
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Figure 9. (a) Excess amount of adsorbed polyelectrolyte
segments (T'ex) and (b) thickness of adsorbed layer (6) versus
the fraction of charged segments of the polyelectrolyte (z) at
indicated salt volume fractions at constant surface potential
o = —50 mV (solid curves) and at constant surface charge
density oo = —0.03 (dashed curves). Other parameters are
according to Table 1.

The larger enhancement of the thickness for longer
polyelectrolytes at increasing salt concentration is caused
by a larger increase in the average loop and tail lengths
for the longer chains. At ¢s = 1075 the average loop
and tail lengths differ only by ca. 10% between rpolymer
= 1000 and rpoymer = 10 000, and Figure 8b shows
essentially the same thickness for these two chain
lengths. However, at ¢s = 5 x 1073, the ratios of the
average loop and tail lengths for rpoymer = 10 000 and
1000 become 1.6 and 3.4, respectively, (yo-surface) and
2.3 and 3.9, respectively (oo-surface); thus a considerable
extension of, in particular, the average tail lengths is
obtained. Similar changes at increased salt concentra-
tion of the differences of the adsorbed states between
Fpolymer = 1000 and ryolymer = 10 000 was observed for a
related system with an attractive nonelectrostatic poly-
electrolyte—surface interaction at a wo-surface. The
results were interpreted that the longer polyelectrolyte
could form more extended tails which strongly contrib-
uted to the increase in thickness but still having
sufficient anchoring.®

Variation of the Linear Charge Density of the
Polyelectrolyte. As for the variation of rpoymer, the
adsorbed amount as a function of the salt concentration
for a change in the linear charge density (reduction by
a factor of 2) is shown in Figure 7, whereas I'ex and 6 as
functions of t for some ¢s-values are given in Figure 9.

For the op-surface, Figures 7b and 9 show that the
adsorbed amount is proportional to the inverse linear
charge density for sufficiently low ¢s; thus, again Tey is
governed by charge compensation. This holds even for
7 as low as 0.005 (five charges on the polyelectrolyte),
where ¢s = 107° is required. As the electrolyte concen-
tration is increased, the polyelectrolytes with small 7
cease to adsorb. At ¢s = 1073, the maximal adsorption
occurs at 7 ~ 0.03, and the adsorbed amount is strongly
reduced, as compared to smaller 7 at lower ¢s, due to
the fact that fewer neutral segments accompany each
anchoring charged segment. The picture becomes dras-
tically different for the case of the constant surface
potential. The main differences are that (i) I'x depends
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much less on 7 and (ii) at low 7 T'ex is much less sensitive
on ¢s, as compared to the op-surface. For example, at
¢s = 1075, the maximum Tex, Which occurs at 7 = 0.015,
is only twice that at r = 0.2, whereas for the go-surface
the corresponding ratio is ca. 15.

Despite the condition that I'.x depends strongly on the
salt concentration in the range 1071073 and on the
type of the surface, the thickness of the adsorbed layer
varies essentially as 1/t and depends remarkably very
little on the salt concentration or on the type of surface
(see Figure 9b). These inverse 7-dependencies displayed
by the thickness originate of course from the fact that
there are 1/t — 1 neutral (and nonadsorbing) segments
between each pair of adsorbing charged segments.

The large variation of the thickness is again reflected
in the conformation characteristics. At ¢s = 107> with
7=10.01, ca. 30, 70, and 1% of the segments are in loops,
tails, and trains, respectively, and the average loop and
tail lengths are 55 and 350 segments, respectively. At
7 = 0.2, the fraction of segments in the different groups
have changed to 70, 3, and 25%, respectively, with ca.
9 and 25 segments in the average loop and tail,
respectively. Thus, the large thickness occurring at low
7 is due to that more than %/ of the whole polyelectrolyte
form two long and extended tails and the rest few short
loops. On the other hand, at = = 0.2, the tails have
become negligible and the thickness is governed by the
extension of the loop layer. At even larger 7, we
approach the limit of highly charged polyelectrolyte
where the adsorbed layer is very thin and the adsorbed
amount small. The difference in conformation charac-
teristics between the yo- and op-surfaces is not promi-
nent, as expected from Figure 9b, and the data given
above are averaged over the two types of surfaces.

Variation of the Polyelectrolyte Volume Frac-
tion. As previously demonstrated,® the adsorption
isotherms of polyelectrolytes at charged surfaces are of
a high-affinity type, and the plateau value is reached
at extremely low polyelectrolyte concentration. Figure
7 shows that an increase of ¢polymer from 1074 to 1073
increases T'ex slightly (yo-surface) or leaves T'ex unaf-
fected (oo-surface) at low ¢s and increases ¢s 12 by ca.
20—30%. Conformational analysis for ¢s = 1075 shows
that below ¢poymer = 1073 there are no changes, whereas
above variations start to occur. A 10-fold increase of
Ppolymer from 1073 to 1072 causes the tail length to
increase from 100 to 180 segments, whereas the average
loop length remains constant, but the number of loops
is reduced by 20%. The fraction of segments in trains
or the length of the trains are not changed. The
thickness of the adsorbed layer remains 9—10 layers at
¢s = 1075 and 10—12 layers at ¢s = 1072 for the interval
Gpolymer = 1075—1072. The conformational data are
applicable to both types of surfaces, despite the fact that
the adsorbed amount is larger and the thickness of the
adsorbed layer slightly smaller for the yo-surface at high
@s.

Variation of the Nonelectrostatic Polyelectro-
lyte—Surface Interaction. So far, we have only
considered nonpreferential interacting surfaces. In the
case where the polyelectrolyte has a favorable nonelec-
trostatic interaction with the surface, the adsorbed
amount is expected to increase. In the absence of
electrostatic interactions, there exists a critical surface
interaction parameter, ys = ysc = —IN(1 — 11,0) ~ 0.288,
at which the adsorbed amount increases drastically for
an infinitely long polymer.?
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Figure 10. (a) Excess amount of adsorbed polyelectrolyte
segments (I'ex) and (b) thickness of adsorbed layer (6) versus
the polyelectrolyte—surface nonelectrostatic interaction pa-
rameter (RTy(polymer,surface)) at indicated salt volume frac-
tions at constant surface potential 1o = —50 mV (solid curves)
and at constant surface charge density oo = —0.03 (dashed
curves). Other parameters are according to Table 1.

For our system with electrostatic interactions, Figure
7a shows that, at constant surface potential conditions,
(i) the adsorbed amount is almost doubled when
RTypolymer surface IS lowered from 0 to —2.87 kJ mol~1!
(xs =~ xsc) and (ii) independent of ¢s except at very high
¢s where T'gy starts to decrease. For the surface with
constant surface charge density, the same change in
Apolymer,surface (i) does not affect I'ex at low ¢s and (ii)
makes I'ex to increase slightly with increasing ¢s. Thus,
we are roughly on the boarder between the screening-
reduced adsorption and the screening-enhanced adsorp-
tion regime.12

Figure 10a shows that for the wyo-surface, I'ex is
strongly dependent on RTypolymer surface fOr an attractive
interaction and that I'e is reduced at repulsive poly-
electrolyte-surface interaction. Of course, as ¢s is
increased, desorption starts to take place, initially at
PoSitive ypolymer,surface, DUL @S ¢s is increased even more,
the adsorption—desorption transition becomes sharper
and closer to ysc. On the other hand, for the gp-surface,
Tex is independent of ypolymer,surface fOr ¢s < 107% and
starts to depend on RTypolymersurface first at higher salt
concentrations. At these higher concentrations, the salt
is able to electrostatically accommodate an overcom-
pensated surface (I'ex > 0.6).

Figure 10b displays that the corresponding thick-
nesses of the adsorbed layers are smallest at large
negative RTypolymer,surface-vValues and increases with
RTypolymer surface. AS for the t-dependency, there are no
pronounced differences between the types of surfaces
or at different salt concentrations despite the differences
in I'ex (as long there are adsorbed polyelectrolytes left).

At ¢s = 1075, the fraction of segments in loops, tails,
and trains changes from 60, 5, and 35% to 55, 50, and
2%, respectively, as RTypolymer surface iNCreases from —4
to +4 kJ mol~l. The fraction in loops displays a
maximum of 75% at ypolymer,surface & 0. For the same
variation in RTypolymer,surface, the average lengths of loops
and tails increase from 7 and 30, respectively, to 100
and 250, respectively. Thus, as RTypolymersurface iN-
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Figure 11. (a) Excess amount of adsorbed polyelectrolyte
segments (Iex) and (b) thickness of adsorbed layer (6) versus
the surface potential (o) at constant surface potential (solid
curves) and versus the surface charge density (oo) at constant
surface charge density (dashed curves) at indicated salt
concentrations. Other parameters are according to Table 1.
The construction of the corresponding yo- and go-values for
o = —50 mV corresponding to oo ~ —0.03 at ¢s = 1075 is also
shown (dotted lines).

creases from —4 to +4 kJ mol~1, there is a dramatic
change from a flat adsorbed state with every third
segment of the adsorbed polyelectrolyte in the first layer
and with ca. 90 short loops and 2 short tails to an
extended state with much fewer anchoring points
and with ca. 6 long loops and 2 long tails. Again,
the data are averaged over the two surface types.
At Ypolymer,surface = 0, the conformation data are sim-
ilar for the two different types of surfaces, but at
RTxpolymer.surface = £4 kJ mol~* the results for the two
types start to become appreciable (e.g., 50% difference
in average length of loops or tails).

Variation of the Surface Potential/Surface
Charge Density. Finally, we will examine how the
adsorption depends on the surface potential (yo-surface)
or on the surface charge density (oo-surface). As before,
Figure 7 shows the adsorbed amount as a function of
the salt concentration for a given change in now v, and
00, whereas Figure 11 shows I'ex and 6 as a function of
1o and oy for two different salt concentrations. There
is of course a one-to-one correspondence between v, and
0o, and Figure 1la shows how the relation can be
constructed.

At low ¢, and as now expected, the adsorbed amount
is proportional to the surface charge density (Figures
7b and 11a), whereas for ¢s = 1072 saturation effects
become considerable at oo = —0.1 (7lex/|0o] = 0.85 < 1).
For constant surface potential, T'ex depends on ¥y in a
more s-like shape. At small potentials |yo| < 10 mV,
the gain in electrostatic interaction is not sufficient to
overcome the loss in configurational entropy upon
adsorption. The inflection point occurs at ~—50 mV,
and at larger |yo| saturation effects start to emerge, the
effect being weaker for ¢s = 1075 and stronger for ¢s =
1073. The critical salt concentration for displacing the
polyelectrolyte increases with o and o (cf. also Figure
7).

Figure 11b shows that the thickness reduces with
increasing |yo| or |oo| and levels off at ca. yo = —50 mV
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or gp = —0.03, and hence the thickness of the excess
amount is largest when the excess amount is at its
smallest. This suggests that the loop, tail, and train
characteristics do not vary at large values of |oo| or |yol,
and such analyses indeed show that the average length
and fraction of segments in loops, tails, and trains
remain essentially constant at |oo| > 0.05 or |yo| > 75
mV.

IV. Discussions

Reference System. The invariant amount of ad-
sorbed polyelectrolyte at low ¢s for the og-surface (Figure
2a) is an effect of the system being in a regime where
the adsorbed amount is governed by charge compensa-
tion.12 Table 2 showed that the deviation from perfect
charge compensation is indeed very small, |(tT'ex — |00|)/
ool < 1073, for the smooth, regular, and random charge
distributions at low salt concentration, and the deviation
is only marginally larger for the diblock copolymer.
Regarding the yo-surface, it responses with an increase
of the number of charged groups when the adsorption
of the polyelectrolyte becomes more favorably for some
other reasons. In the present case, for a given chemical
potential of the polyelectrolyte in bulk, the free energy
of the adsorbed molecules is reduced as the polyelec-
trolyte charge distribution becomes more uneven, and
hence the adsorbed amount is increased. The reason
for the free energy reduction is that the adsorption can
take place with a smaller loss in chain conformational
entropy without reducing the gain in attractive electro-
static interaction energy too much.

The main results of the configuration analysis cor-
roborate with the qualitative description of the adsorbed
state at different salt concentrations of polyelectrolytes
as given by Fleer et al.» At low salt concentration, we
have many but short loops which become fewer and
longer at increased ¢s. Meanwhile, the tails become
more extended, and the number of anchoring points is
reduced. However, a noticeable point is that even for
Mpolymer @S large as 1000 at low salt concentration, the
effects of the tails are considerable for weakly charged
polyelectrolytes. The analysis showed that at increasing
salt concentration the extended tails cause an increased
thickness, despite the fact that the amount of adsorbed
polyelectrolyte is reduced. This behavior has experi-
mentally been inferred from the adsorption of a weakly
charged cationic polyacrylamide on an oxidized silica
surface,® but such appearance is not expected to occur
for neutral polymers.

In addition, the results show that the smooth repre-
sentation of the charge distribution previously used0.12
is an excellent approximation for a polyelectrolyte with
a regular charge distribution. But, when modeling
polyelectrolytes with a random charge distribution, it
becomes more important to explicitly take into account
the real charge distribution in the model. Larger
discrepancies between regular and random charge
distributions than those shown in Figures 2 and 3 were
observed in previous model calculations with rpolymer =
10 000 and nonelectrostatic surface interactions.®> In the
limiting case of a diblock copolymer with one charged
and one uncharged block, the adsorbed polymer forms
a brush with extended neutral tails firmly anchored by
the charged blocks. Such system has been investigated
by Israél both with analytic as well as mean-field lattice
approaches.®

Variation of Conditions. In view of the picture
emerged of the adsorbed state of the weakly charged
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polyelectrolyte, we will now discuss the results obtained
when the length, the linear charge density, and the
volume fraction of the polyelectrolyte as well as the
nonelectrostatic polyelectrolyte—surface interaction and
the surface potential/charge density were varied, all at
different salt concentrations.

It was previously concluded that the excess adsorbed
amount decreases and the thickness of the adsorbed
layer increases upon addition of salt. This qualitative
response, a reduction of the amount adsorbed and an
increase in the thickness, also holds extremely well
when Ypolymer,surface (Figure 10) or 1o or oo (Figure 11)
are varied, but for changes in the linear charge density
an increase in the excess amount adsorbed is ac-
companied by an increase in the thickness (Figure 9).
Regarding variation in rpoymer, the former regime was
obtained at low salt concentrations and the latter regime
at high salt concentrations (Figure 8), whereas both the
adsorbed amount and the thickness were insensitive to
changes in ¢polymer-

Thus, a less (effective) attractive polyelectrolyte—
surface interaction caused either by (i) increased salt
concentration, (ii) less favorable or more unfavorable
nonelectrostatic polyelectrolyte—surface interaction, or
(iii) smaller magnitude of the surface potential or the
surface charge density all leads to a smaller amount
adsorbed but to a thicker adsorbed layer. The confor-
mation analyses show that this is accompanied by
longer tails, fewer and longer loops, and a smaller
number of segments in direct contact with the surface.
The opposite variations of I'ex and 6 are possible since
the density of the adsorbed layer is small (Figure 5).
[However, at sufficiently strong adsorption, the increase
in I'ex and the reduction of ¢ levels off (most clearly seen
in Figure 11).]

The similar response (I'ex and ¢ increase simulta-
neously) obtained for variation of the linear charge
density is related to the fact that given the anchoring
of the polyelectrolyte is sufficiently strong, a reduction
of the fraction of charged segments leads to an increase
in the number of adsorbed neutral segments per charged
and anchored segment (increased I'ex) as well as to
longer loops and tails (increased ¢). One should note
that the rise in the thickness at smaller 7 is not sensitive
on the type of surface or salt concentration, whereas the
change in excess adsorbed amount is sensitive to both
of these parameters. It is also notable that, at such
small 7 where the anchoring starts to becomes insuf-
ficient for maintaining charge compensation (og-sur-
face), the increase in the thickness with reduced 7 is
not affected by the reduction of the adsorbed amount.
Thus, again the conformation of the adsorbed polyelec-
trolytes is not directly affected by the amount adsorbed.

Another important result is the different adsorbed
amount obtained for the two types of surfaces as the
conditions are changed. The origin of the varying Te
for the different charge distributions of the model
polyelectrolyte was given above, and the same argu-
ments are applied here. Thus, at low salt concentration
and at a constant surface charge density, the system
tends to keep the surface charges compensated to a very
high degree by adsorption of a suitable amount of
polyelectrolyte (any deviation is energetically very
costly), hence making the excess amount adsorbed
independent of (i) the length of the polyelectrolyte, (ii)
the volume fraction of the polyelectrolyte, and (iii) the
polyelectrolyte—surface interaction, whereas the excess
amount adsorbed becomes inversely proportional to the
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linear charge density and proportional to the surface
charged density. Regarding the constant surface
potential case at low salt concentration, the amount
adsorbed increases as the adsorption becomes
more favorable for some reasons, i.e., I'ex increases
with increasing rpoymer and ¢poymer and decreasing
Zpolymer,surface- T hiS increase in I'ex is made electrostati-
cally possible by an increase of |gy| (in order to maintain
the constant ), and in all cases with low salt concen-
tration, there is an almost complete matching of the
adjusted surface charge and the polyelectrolyte charge.
Many qualitative differences between the constant
surface potential and constant surface charge density
are reduced as the salt volume fraction becomes high.
However, quantitative sizable differences still exist (cf.
Figures 8 and 9).

Finally, this investigation has been restricted to
changes in at most two system parameters (¢s +
another) simultaneously for two types of surfaces. A
study of the adsorbed state using another reference
system or simultaneous variation of a larger number of
system parameters would complement the picture ob-
tained here. For example, in our previously work,
where rpoymer = 10000 and yo = —100 mV with
nonelectrostatic surface interactions were used, T'ex VS
¢s displayed a distinct maximum and ¢ could increase
5-fold upon salt addition.> Moreover, the study by van
de Steeg et al. also dealt with the effects of specific
adsorption of polymer segments and salt species.!2

V. Conclusions

On the basis of mean-field lattice calculations, the
adsorption of weakly charged and flexible polyelectro-
lytes at oppositely charged and planar surfaces has been
investigated. In general, weakly charged polyelectro-
lytes display a much richer variation of the adsorbed
state as compared to highly charged polyelectrolytes.

Two limiting cases, constant surface potential and
constant surface charge density, have been considered
throughout. In the latter case, the amount adsorbed is
controlled by charge compensation at not too high salt
concentration, whereas for constant surface potential
the picture is more complex.

Upon addition of salt, the excess adsorbed amount is
reduced and the thickness of the adsorbed layer is
increased, resulting in a less dense but spatialy more
extended adsorption layer. Similar response is obtained
when an unfavorable polyelectrolyte—surface interac-
tion is introduced or when the magnitude of the charge
or potential of the surface is reduced. An increase of
the linear charge density of the polyelectrolyte generally
reduces the amount adsorbed as well as the thickness
of the adsorbed layer, whereas the the influence of the
length of the polyelectrolyte on the adsorption is less
regular and the effect of the polyelectrolyte volume
fraction is very small.

It was found that the polyelectrolyte charge distribu-
tion has a substantial influence on the adsorption. A
random charge distribution gives a higher adsorbed
amount, larger thickness, and stronger segment segre-
gation as compared to a regular distribution.

At low salt concentrations, in the absence of nonelec-
trostatic polyelectrolyte—surface interaction, and in the
case of the random charge distribution, the charge of
the surface was overcompensated by the polyelectrolyte
charges, but the degree of overcompensation is minute.
However, at not too high salt concentration the electro-
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static potential typically changes sign some 10 layers
from the surface, signaling a reversal of the total charge.

It should be kept in mind that the results discussed
here originate from a model with its defined approxima-
tions. For example, the mean-field approximation af-
fects the amount adsorbed both through the effects close
to the surface and those in the bulk. In the former case
spatial correlations are admissible between the layers
but neglected within them. In bulk all spatial correla-
tions are neglected which affects the chemical potential
and hence the amount adsorbed at a given bulk volume
fraction. In our treatment we have also assumed
flexible polyelectrolytes. As the intrinsic stiffness (stiff-
ness at high salt concentration) increases, it is antici-
pated that the adsorbed amount increases. A less
flexible polymer has less configurational entropy to lose
when being close to a surface. Despite these shortcom-
ings, the present results should hold qualitatively and
be useful for providing a guidance of how to modify
systems in order to achieve desired changes in different
properties.
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