PHYSICAL REVIEW E 70, 061804(2004
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Mean-field theory is used to model polyelectrolyte adsorption and the possibility of overcompensation of
charged surfaces. For charged surfaces that are also chemically attractive, the overcharging is large in high salt
conditions, amounting to 20—40 % of the bare surface charge. However, full charge inversion is not obtained in
thermodynamical equilibrium for physical values of the parameters. The overcharging increases with addition
of salt, but does not have a simple scaling form with the bare surface charge. Our results indicate that a more
evolved explanation is needed in order to understand polyelectrolyte multilayer buildup. For strong polymer-
repulsive surfaces, we derive simple scaling laws for the polyelectrolyte adsorption and overcharging. We show
that the overcharging scales linearly with the bare surface charge, but its magnitude is very small in comparison
to the surface charge. In contrast with the attractive surface, here the overcharging is found to decrease
substantially with addition of salt. In the intermediate range of weak repulsive surfaces, the behavior with
addition of salt crosses over from increasing overchargatdow ionic strengthto a decreasing on@t high
ionic strength. Our results for all types of surfaces are supported by full numerical solutions of the mean-field
equations.
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I. INTRODUCTION electrolytes can be formed. Experimentally, multilayers con-

) o sisting of hundreds of such layers can be credati2g,
Aqueous solutions containing polyelectrolytes and smalleading the way to several interesting applications.

ions are abundant in biological systems, and have been the A theoretical description of the PE overcharging was pro-
subject of extensive research in recent years. When suchpgbsed in Refs[6,27,29 based on a mean-field formalism.
solution is in contact with an oppositely charged surfaceThe model relies on several approximations for a very dilute
adsorption of the polyelectrolyte chains can occur. TheoretiPE solution in contact with a charged surface and in theta
cal descriptions of polyelectrolyte adsorption take into ac-solvent condition. In the high salt limit, the model predicts
count the multitude of different interactions and lengthan exact charge inversion fordifferent(i.e., noninteracting
scales. Among others they include electrostatic interactionsurfaces. In another work’], the scaling of the adsorption
between the surface, monomers, and salt ions, excludegarameters was derived using a Flory-like free energy. This
volume interactions between monomers and entropy considvork used mean-field theory, but with a different type of
erations. Although a full description of polyelectrolytes is Poundary conditions. Using a stronglgonelectrostaticre-
still lacking at present, several approaches exist and use diRulsive surface for the PE, profiles of monomer concentra-
ferent types of approximatiorfid—23. These include linear- tion .and elecj[rostanc potent|al_have been calculated from nu-
ized mean-field equatiorfd—6], numerical solutions of non- merical solution of the mean-field equations. Several scaling
linear mean-field equationg/—10, scaling considerations laws havg been proposed' gnd the possibility of a weak over-
[7-16, multi-Stern layers of discrete lattice mod§l¥—2(, charging in low salt condition h_as been o!emonstrated. _In a
and computer simulation@1-23. ][elate(rj] work[10] we p:fsignted s[mple sc(:ja]!mgrllaws resulﬂng .
Experimental studief24—26 have shown that adsorbing rom the same mean-field equations and for the same chemi-

! cally repulsive surfaces. In particular, we addressed the
polyelectrolyteSPE’s) may carry a charge greater than that adsorption-depletion crossover as function of added salt. We

of the bare surface, so that the overall surface-polyelectrolytg owed that addition of salt eventually causes the polyelec-

complex has a charge opposite to that of the bare chargggl, e 1o deplete from the charged surface, and pre-empts
surface. This phenomenon is knowna&rcharging(or sur- the high-salt adsorption regime described in Ref.

face chargevercompensatigrby the PE chains. When the The present paper can be regarded as a sequel to Ref.

overcharging is large enoggh to completely reverse the ban 0], offering a more complete treatment of the adsorption
surface charge, the resulting charge surplus of the complex;ohiem for several types of charged surfaces. In particular,
can be used to attract a second type of polyelectrolyte having o, des the effect of surface-PE chemical interactions, and
an opposite charge to that of the first polyelectrolyte Iayert e scaling of overcharging and adsorption in the presen’ce of
Eventually, by repeating this process, a complex structure of e sajt. These chemical interactions are found to play a
alternating layers of positively and negatively charged poly-y,cia| role in the overcharging, showing that a necessary
condition for the formation of multilayers is a chemical at-
traction of nonelectrostatic origiicomplexation between
*Electronic address: shafira@post.tau.ac.il the two types of PE chains as well as between the PE and the
"Electronic address: andelman@post.tau.ac.il charged surface. For chemically attractive surfaces our re-
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sults deviate from those of Reff5,27,28. We find in the  equations, which depend only on the distancé&om the
same solvent and surface conditions that the overchargingurface,
does not reach a full 100% charge inversion of the bare sur-
face charge. It rather depends on system parameters and @
never exceeds 30-40 % for the physical range of parameters. L 5. 2 >
Like in Ref.[6], we find an increase of the overcharging with e i sinh ¢+ k(e = 7). )
salt but our numerical results do not agree with the previous
prediction. For repulsive surfaces, several scaling laws are
obtained and agree well with the numerically obtained pro- 5
files. However, due to the competition between the electro- a_d_’7: 20,3 N+

. . ) . . v(n° = m) + iy, (4)
static and chemical surface interactions, the overcharging 6 dx’
here is usually quite small, of the order 6fL% only.

The paper is organized as follows: the mean-field equa- ) ) )
tions, used in the past in several other works for PE adsorp¥here {=ey/kgT is thezd|men3|onlgs$rescalegi electro-
tion, are reviewed in Sec. II. The following two sections treatStatic potentialy”= ¢?/ ¢, the dimensionless monomer con-
two different types of surfaces. In Sec. Ill, results for PECentration, x™*=(8mlgcsy) ' the Debye-Hiickel screening
adsorption and overcharging for attractive surfaces are prdength, due to added salt concentratikfy,=(4mlg¢;f) 2 a
sented and compared with previous models. In Sec. IV wsimilar decay length due to counterions, dgele?/ekgT the
derive the scaling of adsorbed PE layers in the case of Bjerrum length. For water with dielectric constas# 80 at
chemically repulsive surface. In Sec. V we present the adroom temperaturelg is equal to about 7 A. Note that the
sorption and overcharging for the intermediate case of actual decay of the electrostatic potential is determined by a
weakly repulsive surface. In particular, we show the depencombination of salt, counterions, and polymer screening ef-
dence of PE adsorption on the solution ionic strength. Afects.
summary of the main results and future prospects are pre- The solution of Eqs(3) and (4) requires four boundary

sented in Sec. VI. conditions for the two profiles. The electrostatic potential
decays to zero at infinity/(x—«)=0. At the surface, we
. MEAN-FIELD EQUATIONS AND SURFACE have chosen to work with a constant surface potential.
CHARACTERISTICS Namely, a conducting surface with a potentiet i, or in

Consider an aqueous solution, containing a bulk concenfescaled variable(0)=~|Z{. The results can be easily ex-

tration of infinitely long polyelectrolytéPE) chains, together tended to the case of fixed surface charge derisifyich
with their counterions and a bulk concentration of salt ions@mounts to fixing the derivative of the potentiall/dx|x=o
Throughout this paper we assume for simplicity that the PE'S —4mlgo). _ -
are positively charged and that the counterions and added For the PE profile we also have two boundary conditions.

salt are all monovalent. The mean-field equations describingt infinity, 7(x—o)=1, becauses(»)= ¢, has to match the

such an ionic solution have been derived elsewh@r&0] ulk value. The special case of a zero bulk monomer con-
and are briefly reviewed here: centration can be treated by takig— O and working di-
g 4 rectly with the nonrescaled concentratigiix).
_ 0TeGait . e 2 We model separately two types of surfaces. Although the
V2= ——=sinh Bey) + —(Hfe” - 4%, (1 P y Pes gn the
4 € inh(Bey) € (5 ¢, @ surface always attracts the oppositely charged PE chains, it

can be either chemically repulsive or attractive. In the case of
a2 5 s 2 a chemical repulsion between the PE chains and the surface,
EV d=v(¢” - ¢y¢) + pleyd, (2)  the amount of PE chains in direct contact with the surface is
set to a small valuep(x=0)=7 In the limit of a strong
where the polymer order parametg(r) is the square root of repulsive surfaceys tends to zero and the boundary condi-
c(r), the local monomer concentratioqz&g the bulk monomer tion is 7(x=0)=0. Because of the ever-present longer-range
concentrationy the local electrostatic potential,,;the bulk  electrostatic attraction with the surface, PE chains accumu-
salt concentrationg the dielectric constant of the aqueous late in the surface vicinity, resulting in a positive slope
solution, f the monomer charged fractio the electron  d#/dx|,-o>0.
chargew the second virialexcluded volumgcoefficient of For chemical attractive surfaces we rely on a boundary
the monomersa the monomer size, an8=1/kgT the in-  condition often used[6,29 for neutral polymer chains:
verse of the thermal energy. Equatiob) is the Poisson- dz(0)/dx+7(0)-d"*=0 whered has units of length and is
Boltzmann equation where the salt ions, counterions, anéhversely proportional to the strength of nonelectrostatic in-
monomers are regarded as sources of the electrostatic potemractions of the PE’s with the surface. The limitdbfs « is
tial. Equation(2) is the mean-fieldEdward$ equation for the indifferent (noninteracting surface limit, while the pre-
the polymer order parametep(r), where the excluded- vious limit of a strong repulsive surface is obtained by a
volume interaction between monomers and external electresmall and negativel.
static potentiakj(r) are taken into account. In the following sections we present our results, first for
For the case of an infinite planar wallat 0, Egs.(1) and  the chemically attractive surface and then for the chemically
(2) can be transformed into two coupled ordinary differentialrepulsive one.

061804-2



POLYELECTROLYTE ADSORPTION: CHEMICAL AND... PHYSICAL REVIEW E 70, 061804(2004)

IIl. OVERCHARGING OF CHEMICALLY ATTRACTIVE i AL rorrrTee
SURFACES

In this section we restrict the attention to surfaces that
attract the polymer in a nonelectrostatghort rangg fash- 1p--====-====-==--- -
ion. For example, a possible realization can be a system con-

taining PE chains with hydrophobic grou@ie polystyrene E 0.8 -
sulfonate that are attracted to a hydrophobic surface, like the B
water-air interface. The short range attraction is modeled by <q 06 7
a surface interaction in a similar way that is used extensively
for neutral polymers via a boundary condition on the poly- 0.4 .
mer order parameter at the surface0: 0.2
7(0) = _d'((jj_z , (5) obd M i
x=0 10™ 10° 10'
where the lengthl was introduced in Sec. Il and is inversely
proportional to the strength of the surface interaction. Csalt[M]
Close to a surface the polymer has a concentration profile
given in terms of the distance from the surfaceWithin FIG. 1. The relative overchargingo/|a|=(fT" —|o])/|d], is pre-
mean-field theory the adsorbed polymer amount is definedented as a function of the amount of added ggjt The solid line
with respect to the bulk concentratiqti to be corresponds to the numerical resyi&ec. Ill), while the dashed line
. . corresponds to the predictions from E@®) in Ref. [6]. As the
_ 2 2 _ 42 2 surface potentia){y is fixed, o is the numerically calculated in-
I'= Jo dx(¢"~ ¢p) = %L dx(7” - 1). ®) duced surface charge. The numerical results show a much lower

overcharging than the predicted ones. Furthermore, the salt depen-
We note that the definition of manifests one of the defi- dence of the overcharging is shown to be much stronger. The sys-
ciencies of mean-field theory where it is not possible to distem parameters have been chosen to match those of[&efA
tinguish between chains absorbed on the surface and thog#ute aqueous solutiofy,=0), in theta solvent condition® =0) is
accumulated in the surface vicinity. The latter will be washeg!sed. Other parameters ase-80, T=300 K, (=10, a=5 A, f
away when the surface is placed in a clean aqueous solutignt, =100 A.
and does not participate in the effective PE surface buildup.

Another important quantity to be used throughout this pa-55% for c,,=5.5M. We never observed for reasonable val-
per is the overcharging parameter defined as the excess of Riés of the parameters a full charge inversion of 100% or
charge over that of the bare surface charge per unit atea, more.

Our results are contrasted with the approximated predic-

Ao = ~[o] +1T, (") tion of Ref.[6]. In the high salt limit the prediction reads
whereo< 0 is theinducedsurface charge density calculated Ao 252
from the fixed surface potentidl’ =—4nlgo) in units of e, m =1 +mcsa,t, (8)

the electron charge. Note that in terms of the relative over-
charging parameteko/|o|, ~1<Ao/|o| <0 corresponds to where we note that in Ref6] all lengths are rescaled with
undercharging while a positiveAo/|o{>0 to overcharging. a/\6. This prediction is shown by the dashed line in Fig. 1.
The special valuedo/|o]=1 indicates afull charge inver- One can see that the linear dependence on salt concentration
sion. is very weak and that for the entire range of salt the result is
We solved numerically the mean-field coupled equationsgominated by the first and constant term in B}, giving an
Egs.(3) and(4), with the electrostatic boundary condition of overcharging of 100-110 %. Although the general trend of
a fixed surface potentigd| (that has a one-to-one correspon- an increase i\a/|o| appears in both results, there is neither
dence with an induced surface charge densitynd a non-  agreement in the values dfo/|o| nor in the quantitative
electrostatic boundary condition from E(p). The relative  dependence oo, for a wide range oty values.
overchargingAo/|o] is plotted in Fig. 1 as function of the  The results of Fig. 1 have been done in the limit of an
amount of salt. The solid line represents our numerical reindifferent surface modeled ly> 1. A closer examination
sults, while the dashed one corresponds to a previous predief the overchargingd dependence is presented in Fig. 2.
tion [6]. The same system parameters are used for both: th@oth in part(a) for f=0.2 and in partb) for f=1, our result
limit of a dilute PE reservoil(¢,=0), theta solvent condi- and the prediction of Eq8) show a similar descending trend
tions (v=0), a strong ionic strength, and an indifferent sur-with d. Already ford as small as 100 A the asymptotic re-
face taken in the limit ofd—< (obtained already fod  sults for the indifferent surface result is obtained. For smaller
=100 A). Figure 1 shows an increasing dependence of thel, the chemical attraction causes a bigger overcharging. The
overcharging parameter ong,, but does not obey any main discrepancy between our exact solution of the mean-
simple scaling law. It varies on quite a large range of valuedield equations and E@8) is in the actual limiting value for
from less than 10%relative to|o|) for ce,=0.1M to about d— and the lack of charge inversion from our results
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FIG. 2. The relative overchargingo/|a], is plotted against the chemical interaction parametdor (a) f=0.2 and(b) f=1. The solid
line corresponds to the numerically calculated relative overcharging, while the dashed line corresponds to the theoretical predictions taken
from Ref. [6]. Unlike the previous prediction, we do not observe a full charge inversion. The calculations are done in high salt conditions
Csa=1M, corresponding to a Debye length of about 3 A. Other parameters used are the same as in Fig. 1. Although the numerical and
predicted profiles show a similar qualitative dependence eyithey do not coincide, and converge to different value$-ato. For practical
purposesd=100 A is already a very good approximation for the indifferdrt « surface.

(solid line in Fig. 3. Note also that the difference between several different values of surface potential, ranging from
the two results cannot be explained by a constant multiplical{=1 to 0.2. In par{a) the PE absorbed amoukit(in units

tive factor, and thatAo/|o| is smaller forf=1 than for f

of A=?) is shown while in partb) the dimensionlesaa/|o]

=0.2 due to the larger electrostatic repulsion betweens shown. The general trend is an increase of both quantities

charged monomers.

with cg, due to the nonelectrostatic attraction of the PE

To complete the presentation of the attractive surface wehain to the surface on one hand and the screening of the

show in Fig. 3 the dependence of the overcharging.ggfor

monomer-monomer repulsion on the other. The overcharging
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FIG. 3. () The numerically calculated adsorbed amol]mfgdx(qsz—qsﬁ) is plotted as a function of the amount of added salt for three
values of the surface potentifly. The solid line corresponds 1d=1.0, the dashed-dotted line {/=0.5, and the dashed line {¢
=0.2. The adsorbed amount is shown to increase both with the amount of added salt ajig.viXther parameters used are as in Fig. 1.
In (b) the same results are plotted fr/|o| as a function of the amount of added salt. The relative overcharyirigo] is seen to decrease
with |Z4, in contrast tdl” where it increasefsee par(a)]. This implies that the surface chargehas a stronger dependence |6 than the
adsorbed amount. Therefore, the adsorbed amount no longer scales witor attractive surfaces, in contrast to repulsive surfaces,
Eq. (18).
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is less than 100% unless the amount of salt is unrealisticallyerms on the right-hand sid®HS) are the ideal gas pressure
large. Another observation can be seen from the behavior aff the salt and counterions. The third term is the pressure due
Aal|a|. We clearly see thaho does not depend linearly on to the interaction between the electrostatic field and the
o since the three differenty| give three different curve@o  monomer concentration, and the last term is the excluded-
data collapsge volume driven pressure.

This very last result should be compared with the chemi- For every segment wheigis a monotonic function oX,
cally repulsive surfaces which is discussed next and foa change of variables fromto ¢ can be performed. Using

which we find thatAo~ o. dn/dx=(dn/d¢)(dZ/dx) in Eq. (11) yields
(S 2)(dg)? 2 2.0
IV. STRONG CHEMICALLY REPULSIVE SURFACES 1- ?[71 (0] ) " 2x“(coshf - 1) + 2k7(e°— 1
The chemical repulsion between the PE chains and the 1
surface causes the amount of PE chains in direct contact with = {P) = S e (1P - 1)2.
the surface to diminish or even be zero for the strong repul- f
sive case. The latter limit is incorporated into the mean-field (12

equations by taking the boundary conditigg=0, used pre- Below, for the strong repulsive case, we attempt to produce

viously in Refs.[7,10) pproximate solutions to Eq$ll) and (12), and compare

Our assumptions for treating the adsorbed layer are %1 ; .
follows. (i) Inside the adsorption layer, the electrostatic infﬂt em to numerical calculations of EqS) and(4) (see also

teractions are assumed to be stronger than the echudeg—e{J'[iiO])'th b " th luded-vol ;
volume interactions(ii) Using results from Ref[10], we nder the above assumptions, he excluded-volume term

assume that the electrostatic potential decays mainly via thigI Eq.élzd) can be negledcte(:j, and @%.and costy) can be
PE adsorption and not via the sglor weak enough ionic expanded out to second orderJnyielding

streng_th. (iii ) Another assump;ion i; that the eIectrosFatic d¢\2 k%az dy\?( d¢
potential /=ey/kgT can be written in terms of a scaling ax) 3 \ar) \ax
function £=|zJh(x/D), where|ZJ is the surface potential and X 4 X
D is the adsorption layer length scalsee also Ref[10]). (13

(iv) The last assumption is that the electrostatic potegtal The first term on the RHS relates to the salt ions, the second

low enqug?_ so that we can employ the linear Debye-Hucke{o both the monomer and counterion concentrations, and the
approximation. third term to the counterion concentration.

2
) = 122+ 2001~ 1) + I

A. First integration of the mean-field equations B. Scaling of potential and concentration profiles

The salt dependence of the adsorption characteristic can Under the above assumptions, the dominant term in the
be obtained from the first integration of Eq®) and (4). RHS of Eq.(13) is the second one related to the monomer
Multiplying Eq. (3) by dZ/dx and Eq.(4) by d»/dx, and then and counterion contributions. This term changes sign from

integrating both equations fromto infinity yields negative to positive a=1. For — 0 (close to the surfage
5 . the negative sign of the RHS implies that the sec a-
l(%) = k%(cosh - 1) + k2<e4— 1 +f 772d_§dx> tive) term of the LHS is dominantdz/d{> \3f/k2a?. Fi-
2\ dx m o dx )’ nally, it can be shown self-consistent{presented below
©) that the first term on the LHS is of ordef/® while the
correction terms on the RHS are of ordéf?. Hence close to
the surface we neglect the first term in the LHS,
a2<d’7)2— L (-1 fr Aax (10 2/ 4 \2/ P\ 2
12\de) ~ 4" o "i—?(‘(’j—z) (%) = 2¢iq0- - 0022 (14

Equation (10) is then multiplied by ern/f and subtracted )
from Eq. (9). On the charged surfacg=0 and {=-|{J. Using the
Using [ (d¢/dx) 77dx=—72¢ - 2[5 (dn/ dx){ ndx we get mean-value theorem in the interval of interest <1 we
get dn/df|,-, =1/|{J. Substituting the scaling hypothesis
1(d§)2 kﬁqaz(dn

)2 = K2(coshy - 1) + k(e — 1) — K27 dZ/dX| yop= |§Sr/D in Eq. (14) evaluated at the surface yields

2\ldx/ ~ 6f \dx an estimate for the layer thickneBs
1 22 a K2+ k2 -1/2
- —vdiki (7% - 1)?, (11) D= (1— m
of b™m \“"6f|§s| 2kr2n |§s|
which can be interpreted as the local pressure balance equa- a 1 Calt
tion. The first term on the left-hand sideHS) of Eq. (11) is = —\"W 1+ Z|§s| + 2f¢2|§s| . (15)
/ s b

the electrostatic field pressure, and the second term is the
pressure arising from chain elasticity. The first and second he first term of Eq(15) retrieves the result given in Refs.
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[7,10,12,14. The other terms include corrections due to the The numerically calculated salt dependence of the adsorp-
ionic strength of the solution. As salt is added, the monomertion lengthD is presented in Fig.(4). The location of the
monomer electrostatic repulsion wins over the electrostaticoncentration peak, taken Bs is shown as a function of the
attraction of the PE’s to the surface, resulting in an increaseulk salt concentratiort,, The lengthD is shown to in-
in the adsorption lengtD, and at very high salt in depletion crease with the addition of salt, in agreement with Eldp)
[20]. and with experimental resulf®6,30. The salt dependence
By changingx to the dimensionless lengtiD, neglect-  of the overall adsorbed amoulit= ¢2[5(77—1)dx is pre-
ing the excluded-volume term and inserting the potentiakented in Fig. ). The adsorbed amount is shown to de-
scaling hypothesis in E@4), the scaling form for the mono- crease steadily with the addition of salt, in agreement with
mer concentratioRp37? can be derived. The scaling form of Egs.(17). The sharp drop i is a sign of PE depletion in
{ [see assumptiofiii ) abovg dictates a similar scaling form: high salt conditions, and shows that the higher terms in the
7=p(X)] =\ ¢/ ¢ 9(x/ D), wheres?, is the peak mono- I'(csy) €xpansion are negative as well.
mer concentration, anglis a scaling function normalized to We close this section by mentioning that a more elabo-
one at the peak and satisfigd)=0. rated treatment of the overcharging for strongly repulsive
To find ¢an the peak concentration conditiaty/df=0  surfaces is presented in the Appendix. We find two different
can be inserted in Eq13), causing the second term on the scaling regimes: one for electrostatically dominated over-
LHS to vanish. Using the scaling far and D of Eq. (15)  charging and the second for the excluded volume dominated
yields one. For the electrostatically dominated regime the over-
charging follows the same scaling as the overall PE adsorp-
2 [ .2 3|42 2Csqtt f¢§ tion, Ac~TI ~fo. In the excluded volume dominated regime
b=\ Pt 4l a2 1- 2f 2 &) 8 s scaling depends on the excluded volume parameter and
° yields Ao = f|o]\Iga?/ (v?¢f). In both cases the magnitude
where factors depending on the valuehptthe scaling func-  of overcharging is very small as compared to the kar€his
tion for the potential, and its derivative evaluated at the peakveak overcharging is not sufficient to explain PE multilayer
position are omitted for clarity. The above equation is information for the repulsive surfaces considered in this sec-
agreement with previous results,1Q] calculated in the limit  tion. Note that a very different situation exists when the sur-
of no added salt and negligible effect of counterions. As thdaces are chemically attractive as discussed in Sec. Ill.
amount of salt increases, the monomer concentration charac-
terized bygbf,I decreases, and for large enough amount of
added salt, the peak monomer concentration decreases below V. WEAK CHEMICALLY REPULSIVE SURFACES
its bulk value—a clear sign of depletion.
The amount of adsorbed monomers in the adsorptio?
layer is now calculated as a function of ionic strength, a

2C5a|t+ f¢§|g |<
af S

In Sec. IV, we treated the strong chemically repelling sur-
ce, and concluded that the PE-surface electrostatic attrac-
tion is the sole drive for the adsorption. In this section, we
1 2 relax the assumption of strong repulsive surfaces, while pre-
—+ T)} (17)  serving the dominance of the electrostatic interactions.

P Pumo The chemical interactions are added into our model via
éme amount of PE in direct contact with the adsorbing surface
d(x=0)= ¢ [or in the renormalized formy(x=0)= 7. We
note that the case of weakly repulsive surfaces the slope of
he monomer order parameter near the surface must be posi-
ive, dx/dx,-o>0, as explained in Sec. II.

We begin by noting that the mean-field equatig8sand
(19) (4) are in\_/ariant to_translations in the coordi_nateNamer,
the equations are invariant under a translational transforma-

When salt is added, the surface potential screening is ofion X—x+l, as long as the boundary conditions are also

tained via the PE’s and salt ions. In addition, the adsorbedf@nsformed in the same manner, ie4(l)=¢s and
amountl’ decreases as can be seen from the negative correl!) ==|¢J. We note that this is a property of the planar ge-

I= ¢§A,0Do{1—

where the added subscript zero denotes the known no-s
limits, ¢f o=3|¢4?/ (4mlga?) andDy=a/ \6f[¢d, of the maxi-
mal monomer concentratioﬁ;ﬁ,I and adsorption lengtiD, t
respectively[7,10. For no added salt, the adsorbed amoun&
scales like

I'=To= ¢y Do~ [¢J¥f A5,

tion term in Eq.(17). ometry used in this case, and that for different geometries
Using the above assumptions, the scaling of the inducegUch as spherical or cylindrical this shift symmetry is no
surface charge is longer present.
Using the above symmetry, the adsorption profile charac-
d¢ |4 |243/%1/2 terized by ¢(x), {(x), with boundary conditionsp(0)= ¢k,

|o] = (4mlg) ™ x| o 4mlgD la (19 40)=-|¢J, can be thought of as part of a larger profile, sat-
X=

isfying ¢(-1)=-|; and ¢(-1)=0 at thex=-| phantom sur-
Comparing this scaling to E¢17), we see that the scaling of face. Such a profile, in turn, is exactly similar to the one
o resembles that of the charge carried by the adsorbediscussed in the previous subsection, since the two systems
amount fI". Subtracting the two equations shows that theare connected by the above mentioned translational transfor-
overchargingAo=fI"-o scales likeo as well. mation. Therefore finding the aboyg and! from the given
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FIG. 4. (a) The width of the concentration profilD, taken as the peak location, is presented as a functionygf the added-salt
concentration. The dotted line correspondd #0.1, the dashed line t6=0.18, the dashed-dotted line f&0.56, and the solid line té
=1. Other parameters used are80, T=300 K, |{|=1, a=5 A, <;S§=1(T6 A3 v=50 A3. The length scale of the adsorpti@nis seen to

increase with the addition of salt. For high enough added salt concentrations, the concentration peak vanishes altogether, indicating that the

polymer is depleted from the surface. The adsorption-depletion

crossover is denoted by a full(lojrdllee total adsorbed amouit

:fgdx(¢2—¢§)~cmD is plotted against the amount of added salt. The solid line corresponfis®3, the dashed line t6=0.1, the
dash-dot tof =0.31 and the dotted line tb=1. The adsorbed amount decreases slowly with salt for low amounts of added salt. For high

concentrations of added salt the adsorbed amount decreases sharply to negative values, signaling an adsorption-depletion transition. Othe!

parameters used are the same a@jr{reproduced from Ref.10]).

o5, |£J then enables the derivation of the adsorption charac- Ls

teristics in the same manner as discussed in Sec. IV.
This strategy is demonstrated in Fig. 5. In Figa)5the

{s
TG bd )

h(I/D ) 22

monomer concentration profiles are presented as a functioBquation(22) can be solved iteratively fdi¢;| potential as a

of the distance from the surfacefor several surface param-
eters < ;< 16.2¢y, and 0<|{J < 1.0. The profiles were ob-
tained by solving Eqs(3) and (4) numerically using the
boundary conditionsy(0) = ¢4/ ¢y, {(0)=—|ZJ close to the
surface and(x— ©)=0, 7(x— ) =1 at infinity. In Fig. §b)

function of the surface and bulk solution parameters Inser-
tion of the result into Eq(21) then gives /D".

It is important to note that the inversion of E@®1) is
only possible in the region wheré and x are monotonic,
i.e., when the surface monomer concentration is lower than

the same profiles are shown, with a translation in the surfacthe maximal monomer concentration on the profié

position. As can be seen in Fig(®, all three profiles col-

< @24 This condition can also be expressed by the condi-

lapse on exactly the same profile, showing that all three protion d#/dx|,-o>0, showing that the chemical interactions
files have the same concentration and length scales despitetween the surface and the PE chains must still be repulsive
the difference in¢{ and »s. These scales can be calculatedfor the shift strategy to be employed.

by using Eqs.(15) and (16), as discussed in the previous
subsection.

Using the scaling relations Eqgl5) and (16), the above
symmetry yields the following connections betwe!ga, I
and the surface boundary conditiggg and ¢

* |
¢s=¢Mg<§),
— | *|h<|_>
§S_ gS D* !

whereD", ¢M are the same as Eqgd5) and (16) when we
change|§s|—>|§s| Manipulation of Eqg.(21) then yields

(20)

(21)

We now proceed to solve Eq22) for low values of
dsl . Using the boundary conditions and E@3) and(4)
the characteristic functionls(x’), g(x’) can be expanded in
powers ofx’ to yield g(x')=agx’ +bgx'3+--- andh(x")=-1
+a;x'+b;x'2+- -, Inserting these expansions into H&2)
and solving to second order if yields

3y ¢s}
ao dm
Note that¢ﬁ,, is now no longer the actual maximal monomer
concentration, but is defined in E@.6) as the characteristic
for the monomer concentration, where the real surface elec-

trostatic potentialZ{ is used rather than the phantom surface
potential.

|§s||:1 +— (23
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FIG. 5. (a) The numerically calculated monomer concentratigtx) is plotted as a function of the distance from the charged suxXace
for several values of¢y and ns= ¢/ ¢,. The solid line corresponds tg;=0 and|Z|=1.0, the dashed line with triangle markers g
=12.55 and|{/=0.6, and the dashed-dotted line with square markergstil6.2 and|{J=0.34. All profiles shareg,;=0.0M, f=1, a
=5 A, v=10 A3, $2=10"% A3, £=80, andT=300 K. All profiles are found to have the same height in the peak monomer concentration,
despite the difference in the boundary conditiqing.The same profiles as in pa#), after a shift in thex=0 position is used. The solid line
is not shifted, the dashed line with triangular markers is shiftedy2.35 A, and the dashed-dotted line with square markers is shifted by
Ax=4.12 A. All three profiles, show a data collapse on the solid line profile, correspondlg@ia.o.

We can now turn to calculate the overall adsorption. Restrongly repulsive surface case. In both cases, when the
turning to the initial assumption that the monomer concenamount of salt increases to a high enough value, higher order
tration profile is a part of a larger profile startingat—I, the  terms become dominant, and the adsorbed amdenreases
adsorbed amount can be taken as the total adsorbed amouwimilar to the infinitely repulsive case in Fig(B).
from x=-I to infinity, minus the amount adsorbed from  The salt dependence of the adsorbed amduist shown

x=-| to the actual surface at=0: for severalgg values in Fig. 6a). The adsorbed amount is
. . 0 shown to always increase with the amount of monomers at-
2
= | dx(¢?- #2 :f dx( 2 — 2 _J dx( 2 = 2. tached to the surface. For low ¢ values, the adsorbed
f 0 (¢°~ d) . (¢°~ di) 4 (¢"~ d) amount decreases with salt, as expected from(#).and in

(24) agreement with Fig. ). For higherg values, the adsorbed
amount is seen to increase for low bulk concentrations of salt
The first integral in the RHS of Eq24) is the overall ad- and then decrease strongly. In Fighgthe relative over-
sorption of PE to the phantom surfacexat—|, while the  charging is plotted for the samg; values, showing that the
second integral is the PE adsorbed amount between thi€lative overcharging is still a very small effect, even for
phantom surface and the real surfacead. Using the ex- Wweakly repulsive surfaces. This shows that the attractive
pansion ofg(x) and Eq.(20), we can see that the second chemical interactions between the surface and the PE chains
integral is of third order inp/ ¢y, and can be neglected for are indeed crucial for the multilayer formation, and not the
low enoughd/ ¢y. Using Eqs.(17) and(20), Eq.(24) can  €lectrostatic interactions alone.
be evaluated as

=1 1302 2 VI. DISCUSSION AND CONCLUSIONS
V3|§s| 2Csalt+ fd’b 3a1¢s
1- |§s| +

- o] _~fl/2 4f B2 2 We have pr_esented a_nalytical a_nq numerical_calculations
Am2lgaf % Bom.o of the mean-field equations describing adsorption of poly-

2Ceqit fd electrolytes onto charged surfaces. Three surface situations

1 12f ¢§ & |- (25) are discussed: chemically attractive surfaces, and strong and

weak chemical repulsive ones.

As expected, the adsorbed amount increases #jtiHow- The strongest adsorption phenomenon is seen from nu-
ever, the salt dependence of the surface is very different frormerical solution of the mean-field equations for chemically
the strongly repulsive surface case. For low amounts oéttractive surfaces. This manifests itself in a large overcharg-
added salt and high enough, the term combining the small ing of about 40-55 % of the bare surface charge for high salt
ions andgs is stronger than the salt term, and the adsorbeaonditions. On the other hand, we did not find a full charge
amountincreaseswith salt. Whengs is low, the addition of  inversion as was predicted earlier in Rg&]. This means that
salt causes the adsorbed amount to decrease, similar to thay model[27,28 which tries to explain multilayer forma-
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FIG. 6. () Numerically calculated adsorbed amount of mononieis plotted against the added salt concentratigpfor several values
of 7s=¢s/ ¢y, for the case of weak chemically repulsive surfaces. The solid line correspongs 5o the dashed line corresponds#9
=50, and the dashed-dotted line #4g=100. All profiles sharéz|=1.0,f=1.0,a=5 A, v=10 A, #2=10° A3 £=80, andT=300 K. The
adsorbed amount is seen to increase wjtor all values ofcg,. For low amounts of added salt, the adsorbed amount is seen to increase
with salt, in contrast to the);=0 case(strong repulsive surfagen Fig. 4(b), while for high amounts of added salt the adsorbed amount
decreases, in agreement with Fighy (b) The relative overcharginga/|o| is plotted against the amount of added salt for the same
parameters as in paf#). Despite the increase in the adsorbed amount, the relative overcharging remains a very small effect. At high salt
concentration, the relative overcharging becomes negative—signalingdsicompensatioof the surface charge.

tion at equilibrium needs to rely on nonelectrostatic com-scaling results are in agreement with numerical calculations
plexation between the cationic and anionic polymer chainspf the mean-field equations. For all PE charges, the over-
beside the electrostatic interactions. So far no simple scalingharging of the PE with respect to a repelling surface is
forms are obtained for the PE adsorbed amount in this caséound to be very small, of the order of 1% of the bare surface
However, the adsorbed amou@@nd the overchargingare  charge. This naturally leads to the conclusion that the over-
shown to increase with the salt amougf;, and to decrease charging relies heavily on the chemical interactions between
with f, the charge fraction on the PE chain as well as With  the syrface and the PE chains. It is of much smaller impor-
which is inversely proportional to the chemical interaction of5nce for this type of repulsive surfaces than for attractive
the surface. _ _ ones considered above.

For the case of strong chemical repulsion between the .\ ealy repulsive surfaces, we find that the adsorbed
surface an_d_ the PE challns, we find a difference In the eﬁecglmount increases with the addition of salt for low salt
of salt addition on the width of the adsorbed lafeand on amounts, and decreases for high amounts of added salt. This

the adsorbed PE amount (Fig. 4). The width of the PE . : . : .
adsorbed layer increases with the addition of salt, while théS @ natural interpolation between the attractive and repulsive

overall adsorbed PE amoudecreasesvith the addition of surface Iimitg. Moreover, the'overcharging of the surface
salt. This difference results from a strong decrease in th§"2r9e remains low, and for high amounts of added salt the
monomer concentration close to the surface upon the addfE @gain undercompensates the surface charges.

tion of salt. This difference betwedhandD is in agreement . OUr results can serve as a starting point for a more quan-
with experimental results of Shubkt al. [30], where silica titative analysis of thg overcharg_lng phenomgna, and provide
surfaces were used to adsorb cationic polyacrylamiddor Petter understanding of multilayer formation.

(CPAM). When salt is further added to the solution, the PE’s

stop overcompensating the charged surface, and we are in an

undercompensation regime of adsorption. Previous studies ACKNOWLEDGMENTS

[10] showed that for even higher amounts of salt, scaling as

Csai~ fl#4, the PE’s deplete from the charged surface. For We thank |. Borukhov, Y. Burak, M. Castelnovo, J.-F.
such surfaces, the overcharging in most cases is found tdoanny, and E. Katzav for useful discussions and comments.
scale like the induced surface charge density=or weakly  In particular, we are indebted to QiagDavid) Wang for his
charged PE’s the overcharging depends on the excludedtitical comments on a previous version of this manuscript.
volume parameter and bulk monomer concentration, an&upport from the Israel Science Foundatid®F) under
scales as-fo. Very weakly charged PE'’s are shown to ad- Grant No. 210/01 and the U.S.-Israel Binational Foundation
sorb to the charged surface, but do not overcharge it. OuBSF) under Grant No. 287/02 is gratefully acknowledged.
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FIG. 7. (a) Numerically calculated excess adsorptibhi, defined as the PE adsorbed amount from the potential peak to infinity, is plotted
againstf. The squares correspond =0.5, and the triangles tf]=0.6. Both profiles shar@i=10"°A=3 v=10PA3, a=5 A, cey
=0.1 mM, T=300 K, ande=80. The two profiles can be fitted in the Idwregion byAI’ ~ f1/2 (dashed ling followed by a highf region
whereAT' ~ f ~2 (solid line). These scaling results are in agreement with E43) and(A6). (b) Al is plotted against the surface potential
|¢J. The squares correspondfte 0.1, and the triangles to=0.3. All other parameters are the same a@jnThe two profiles show a scaling
of AT'~|zJ%?, fitted by a solid line, in agreement with Eq#3) and (A6). The constant prefactors in the fitting lines are obtained by
imposing the condition that the fitting line passes through the last numerical data point in the respective regime.

APPENDIX: SCALING OF THE OVERCHARGING LAYER a2 dn)\? ) 1 u o5
IN CHEMICALLY REPULSIVE SURFACES 5 U ax =fl(nz-1+ Evcbb(nc -1
X:XC
In order to derive scaling estimates for the PE adsorption £/ 2
regime, the adsorbed PE layer is divided into two sublayers - —(K_2 + 1) 2, (A2)
around the potential peak poixt=x.. The compensation 2\ ky,

layer is defined as<<x., and consists of PE’s attracted to the
surface mainly by electrostatics. In contrast, in the over

charging laye(x>x) the PE chams_ are electrostancal!y_r(_a- salt. Therefore, for a large amount of added salt, the LHS of
pelled from the surface, but remain in the surface vicinity

solely because of their chain connectivity. For low enougth'(Az) become32 negativenis is true to all orders of, and
salt concentrations, the amount of charge carried by the PEnOt only to orderl; as shown hepewhile the RHS is always

. ) ; ositive, meaning that there is no peak in the rescaled poten-
in the _adsorbed_layer is much larger than that carried by th ial {. This demonstrates that surface charge overcharging
small ions. In this case, the overcharging can be taken as

can only occur in low enough salt conditions.

where the values at the peak are denoted/fy {(x.) and
.= n(X;). As shown below,;, decreases with addition of

o o In the overcharging layer, the previous assumptions made
Ao=-|o]+ f¢§f dx(72-1) = fd,gf dx(72 - 1), in Sec. Il A about the dominance of the electrostatic inter-
0 Xe actions are not necessarily true. Consequently, the decay of

(A1)  the PE concentration in this region can be governed by either
one of two interactions: the electrostatic or teecluded-
where the first integral is the same as EQ), with o being  volumerepulsion between the monomers. We consider them
the induced surface charge on the adsorbing surface. Thes two limits for overchargingi) An electrostatically domi-
second integral in the above equation is taken fromx, to  nated regimey ¢5( 72— 1) <f{., where the excluded-volume
infinity, and describes the PE adsorption in the region wheréerm is neglected in Eq(A2). (i) The excluded-volume
the electrostatic interaction between the PE and the surface @®minated regimey ¢§( n§—1)> f{.. Here, the electrostatic
repulsive. The integral from=0 to x. balances the surface interaction between monomers in E@2) is neglected. In
charge almost entirely for low amounts of added salt, usingoth regimes the value af»/dx at the peak position is es-
the fact thatdg/dx|xC:O(Gauss law. timated from the scaling of the compensation layer to be
In order to find the amount of polymers in the overcharg- dﬂ/dX|x:xc= bl (dpD).

ing layer, we begin by examining E@ll) at the potential

; . 2.2
peak,x=X., where the first term on the LHS vanishes. Ex- 1. Strongly charged regime:ve,(7;— 1) <f{
panding the RHS to second orderdmnvithout neglecting the The validity criterion of this regime is similar to the as-
excluded-volume term yields sumptions presented in Sec. IV A, showing that the over-
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charging layer(x>x.) can be thought of as an extension of like Aoy=f|o]y1za%/ (v2#?). Addition of salt results in a de-

the compensation lay€d <x<x.). Instead of rederivindhc  crease of overcharging, similar to what was shown in the
from Eq.(A2), we can use Eq14) and the expressions f&r  previous subsection for the strongly charged regime.

and </bz,g from Egs.(15) and (16), which yield {.~ |4 and By comparing the corresponding expressionsfi@rand
7~ ¢! #i. The resulting overcharging scales like the barev ¢3(72-1) in both regimes, we conclude that the boundary
surface charge: between the strongly charged and intermediate regimes oc-
Ao~ Ty ~ f(¢2 - dAD ~ o] (A3) curs atf =3v|¢J/ (27l ga?) (see also Refl7]). This serves as
Y .

a self-consistency test.

Note that the effect of added salt in this regime is similar to We define the adsorption excedd’ by integrating nu-
the one described in E¢17). Namely, the added salt lowers merically the adsorbed amount framto . Note that in the
the surface charge overcharging, in agreement with experlow salt limit, fAT'= Ao can be thought of as the overcharg-

mental[30] and numerica[10] results. ing parameter used earlier. It is then possible to make a direct
_ _ » o comparison with the two limits discussed above. The adsorp-
2. Intermediate charged regime:vepi, (77— 1) >f{, tion excess as a function dfis presented in Fig.(@). For

+
X=X¢

In this regime, the excluded-volume interactions dominatesmall f values, AT scales likef'?, in agreement with Eq.
the decay of the PE concentration. Using the regime validitfA6), while for larger values of the excess adsorptiohl’
condition and neglecting the first term on the RHS of Eg.Scales likef™ in agreement with Eq$18) and(A3). These
(A2) yields an expression for the monomer concentration afwo limiting scaling behaviors are shown in Figay. In Fig.
Xe: 7(b), AT is presented as a function @fJ. The scalingAT’
~1¢4%2, also shown in the figure, is in agreement with Egs.
5 a [dgy\? K2+, (18), (A3), and(AB). We note, by comparing Fig(#) to Fig.
=1+ 3vdd dx k,znvqbz fic. (A4) 7, that the overcompensating PE’s are of the order of less
b b than 1% of the total adsorbed amount, showing that the
Noting that thed»/dx is continuous atk=x., we use the mean-field overcharging of repulsive surfaces is an ex-
compensation layer scaling estimates to fimﬂy//dx|X:XC tremely small effect.
= ¢/ (d,D). Substituting the latter into EqA4) and ex-
panding to first order in both the ionic strengtbsge+f ép 3. Undercompensation threshold
:(K2+k§1>/47ﬂ8 2nd2the ratiozof the bulk and peak monomer So far we presented the case where the PE layer is over
. 2 5 .
concentrationshy/ ¢y =l ¢/ |£4* yields compensating the surface charge, and discussed it in two
) 3 |¢Pt2 2Cqq+ f b2 27l @ limits of strong and intermediate charged PE's. In some
me=1+ o 220 &2 - 2f 2 ¢+ 3¢2 | range of system parameters the PE charges do not overcom-
Vigav b S pensate the surface ones. The threshold for havingutinis
(A5)  dercompensatiois briefly discussed here.
2 g Re-examining the validity of EqQA2), it can be seen that
\tlivvhe?f Eaqs,(15) and (16) are used forD and dy, respec for high enough salt the third term on the right dominates the
The overcharging is calculated from E€f) where the largest of the first two terms when
characteristic Iengtrﬁue entering the integral is the Ed- 1, flgd
wards length&.=a/ \3v ¢2, depending only on the excluded- Csalt §f¢b ~ 2 (AT)
volume interactions and not on the salt. The overcharging B

Ao=Tgi(nP-1)é& is up to some numerical pre-factors. Note that the same in-
3/2¢3/2 2 2,2 equality is valid in both limits of strong and intermediate
o= €l [1 _ 2Csan+ f¢b| |+ 2mlga ¢b] regimes, as long as we are in high salt conditions. It should
V27l g v 2f g2 70 3|44 be noted that a similar scaling rule was found in Refs.
[1,2,10,14 for the adsorption-depletion crossover. Numerical
(AB) : .
results show that the overcharging-undercompensation tran-
In the limit of no ionic strengthics,=0 and negligible coun- sitions indeed have the same scaling, but differ in the con-
terion contribution, the overcharging from EqA6) scales  stant multiplying the scaling result.
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