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Adsorption transition of a polyelectrolyte on a high-dielectric charged substrate
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The behavior of a polyelectrolyte adsorbed on a charged surface of high-dielectric constant is studied by
both Monte Carlo simulation and analytical methods. It is found that in a low ionic strength medium, the
transition is first-order with the repulsive charged surface. The surface monomer density, which is the order
parameter of the adsorption transition, follows a linear relation with surface charge density. It indicates that the
polyelectrolyte is compressed on the substrate without any conformational change before the desorption.
Finally, a different scaling law for the layer thickness is derived and verified by simulation.
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Polymer adsorption on an attractive surface has drawstrate of dielectric constast. Just above the substrate, there
considerable interest due to its relation to surface effects iis a uniform surface charge density The adsorbed poly-
critical phenomena and practical importance in material scielectrolyte always stays above the surface charge layer. De-

ence and biophysics. It is well established that the adsorptiofoting the charge on a polymer segmetst by gyds, the
transition is continuous if its attraction on the surface is shorHamiltonian is

ranged[1-4]. On the other hand, long-ranged electrostatic
interactions in polyelectrolyte systems pose many challeng- 3kgT N ar(s)\? 1N N
ing theoretical problems. Recently the macroion adsorption H:?f a8\~ +§f dsf ds
on an electrostatically attractive interface and the associated 0 -0 0 0
charge inversion phenomena of adsorbed polyelectrolytes ac- ( e Klf(9)-(s")| g Hlf(e-"(s")| )
quire lots of attentiorf5-7]. XN - 1"2- ) o=
Previous analytical approaches using the Edwards equa- [7(s) = (s")] [F(s) = ()]
tion imposed the continuity of the monomer density across
the surface and setting the monomer density to zero at the + hf
surface[8,9]. Within the framework of the self-consistent
field method, both the Poisson-Boltzmann equation and the (1)
Edwards equation were solved simultaneoydl§—17 with
zero monomer density at the surface. These treatments, howhere s is the variable to parametrize the chaig, the
ever, cannot faithfully respect the electrostatic boundary conbare persistence length, and’ the Debye screening
dition. As a result, the adsorption transition would still be length. r(s)=(x(s),y(s),z(s)), r'(s')=(x(s"),y(s'),-z(s"))
continuous whatever the surface potential looks like. are the positions of the monomers and their electrostatic
Recently, the theoretical interest to the problem is due tamages, respectively’'=g3/¢, I''=I'(¢'—€)/(¢' +¢), and h
its importance for multilayer polyelectrolyte adsorption =4wqyo/ (€' +¢€) are the coupling parameters governing the
[13-14. It also raises the question of applying Poisson-strength of Coulomb interactions among the monomers
Boltzmann theory to polyelectrolyte adsorption because théhemselves, between the polymer and its image, and between
theory fails to capture the correlation effects. the polymer and the charged surface, respectively. The last
In this paper, we study the adsorption of a single polyelecterm in Eq.(1) represents the excluded volume interactions
trolyte on a high-dielectric substrate in which the imagewith >0 (good solvent regimein this study. We shall fo-
charge attraction is strong. At low ionic strength, the adsorpeus on the case of a charge polymer in a low ionic strength
tion transition occurs when the surface charges are repulsivi@edium.
instead of the attractive cases that were usually studied. The The above continuum model is discretized to perform
problem is tackled by performing Monte CafMC) simu-  Monte Carlo simulation. The continuous cur¥és) is re-
lations and also by analytical methods in polymer physicglaced by a chain of bead$ (i=1,... N) with hard-core
taking full account of the appropriate boundary conditions. Itexcluded volume of finite radiua. Total lengths up toN
is found that the order of the adsorption transition, the physi=120 are employed. Units of length and energy are set to be
cal mechanism, and the scaling behavior are all differenpa andq2/2ea, respectively. Dielectric ratios / € are chosen
from those of the attractive surfaces. from 2 to 12.5(aqueous solution with a metallic substiate
A polyelectrolyte carrying positive charges is immersed inRuns up to 18 MC steps are performed to achieve good
a medium(z> 0) of dielectric constant. At z=0 there is an  gtatistics.
impenetrable surface. Below the surfdee<0), it is a sub- The adsorption layer can be characterized by the normal-
ized monomer densitp(z). p,=p(a) representing the frac-
tion of monomers being adsorbed on the substrate is chosen
*Electronic address: phcch@phy.ncu.edu.tw as an order parameter to describe the adsorption transition.
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e L e =0" to z=a", and using Eqgs(2)«4), one gets the linear
1 behavior

__ 2K ( +6’/6+1 ) )
Pa= = je-1\7 2 70)

Notice thatk anday, are functions ok’/e. The linear behav-
ior in Eq.(5) is confirmed by the simulation data as shown in
Fig. 1, the slope decreases monotonically withe. Substi-
tuting 0=0 into Eq. (5), we get the polarization surface
charge density as a function of dielectric constant ratio,

_ Pome
Op= K € +E. (6)

FIG. 1. Monte Carlo results for the normalized monomer den-

sity at the surface, as a function of surface charge densityin i fo gifferent dielectric ratios is obtained from the slopes of
units of go/4a°) for different e'/e at «==25. The fitted straight e rent straight lines presented in Fig.di, as a function of

lines are terminated at their adsorption transition points. The verti-e,/e is then fullv determined from simulation data as shown
cal dashed lines are drawn as guides to the eyes. Inset: The polay- y

ization surface charge density induced by the polyelectrolyig, 2 the mlsst_gfl?g' Iji It fits Vter)t/hwe" t?c Eqﬁ?[_ W'thf‘rtlﬁ'y d
as a function of dielectric ratie’ / . The sign ofo, is opposite ta, = Palo=0/K=0. - 1L suggests the conformation ot the ad-

and is negative. The solid curve is fitted from K@) with oy sorbed polymer is compressed on the _high-dielecltric SUb',
-0.118. strate. We have also checked the adsorption layer thickness is

independent of the number of mononi¢rwhich is consis-
p2>0 and p,=0 characterize the adsorbed and desorbedent with the picture of a compressed state. There is no con-
states, respectively. In Fig. p, as a function of the surface formational change during the desorption contrary to the
charge densityr for variouse’/e>1 is shown. The discon- scaling results as predicted by Borisev al. [19] for the
tinuous jump ofp, across the threshold indicates the transi-attractive surface.

tion is first order. We also verified that the energy jutte The polyelectrolyte behaves as electric blobs arranged
tent heat across the transition is proportional k0 Similar  longitudinally and lie down parallel to the surface. Increasing
results were obtained for larger™. the attraction from the charged surface reduces the

Furthermore, the data in Fig. 1 also indicate tpatis  zfluctuation amplitude of the chain, but the effective in-
linear in o with the slope depending on the ratio ef/e. plane surface charge distribution of the polyelectrolyte does
Such a linear relation betwegrn and o can be understood not change. Hence the polarizatiey is independent otr.
from the electrostatic boundary conditions that the systenThe excluded volume effect is safely ignored because it takes
has to satisfy. The electric potenti@alz) in the neighborhood almost no effect in thez direction. The effect from self-

of the z=0 boundary obeys electrostatic interaction of the polyelectrolyte can be ab-
b b arl 26 sorbed into the bare persistence length figro I. _
- + — = —< 0p>, 2) Because the monomer would feel the strongest attraction
0Z | o+ 0Z |0 € \€le+1 from its direct image around the adsorption regime, e

where g, is the polarization surface charge density induceuIerm n Eq.(l)_|s apprommat_ed by the interaction Of each
P monomer and its corresponding image only. The residual at-

by the po!ymer only, which dgpends @fi e but s !r)depen-. traction from the images of other monomers is then adsorbed
dent of o in the adsorbed regime near the transition. Notice

. , "
thatoy, in general is a complicated function since it relies On:‘rl]tr?cttit;i icsotjep(l;ggegat;ametdf from g to g. The partition
the polymer conformation. Also, if one treats the polymer as
a macromolecule with a well-defined surface, its surface

charge densi'ty atzashogld be proportional to thg monomer . f (9] exp{des{— i<@>2
den5|typa, this also applies to the electric field in tkze<0 0 212\ s
region, o
d¢ A1 LPUe ki Bhk‘le_'ﬂs}i} } : (7)
K= e ) 4 f(s)-2
b Am 26 Transforming the variable from(s) to the normalized mono-
K= FO_:‘?E,JFEPa, (4 mer densityp(F)=(1/N)[} dss(F-F(s)) by introducing an

auxiliary field, then applying the ground state dominance ap-
whereK >0 is the corresponding proportional constant. Ap-proximation in largeN limit and by variational principle
plying the continuity condition for the electric field from [17,18, one obtains the Edwards-Schrédinger equation,
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slope =1

Q FIG. 2. (a) Simulation results for the surface
charge density at the transition as a function of
dielectric ratio€'/e in logarithmic scale ai™*

- r 1 =25. The straight lines indicate slopes of 1 and 3
3 as suggested in the texh) Simulation results for
i 1= _ the inverse decay lengta (which is proportional
o to the inverse layer thicknesas a function ofo
(in units of gy/4a?) for €'/ e=12.5,k1=25. The
straight line is a linear fitoy=0.102 in this case.
slope = 3 o « is obtained from exponential fitting to the tail
. 0.8 — of corresponding density profile.
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I B but one can analyze it around the transition. Near the surface,
"6dZ2 4 2 +phe e (D) = eof(2), (8)  the image charge attraction dominates over the surface
charge repulsion and hence the binding energy is approxi-
whereeg, acts as a Lagrange multiplier to enforce the con-mated by ther=0 case in Eq(10). The polyelectrolyte un-
straint of the ground state wave-function normalization. Thedergoes a desorption transition when the binding energy
monomer density is given by(z)=|(2)|2. Equation(8) also  meets the barrier height(z,,). After some algebra, we have
describes a quantum particle at its ground state moving under,~ (¢'/e—1) for €' /e>1 ando,~ (¢’ /e-1)° for €'/ e=1.
a combined potential of a one-dimensiorfaD) screened This analytic result is consistent with our simulation data as
Coulomb attraction and an almost linear potential. Howevershown in Fig. 2a).
the boundary condition expressed by Es).is different from An approximate solution for the density profig€z) for
the hard-wall boundary conditiony{s=0 usually employed the ¢>0 case can be obtained by variational method with
for a quantum particle. Instead)|s=1p,# O for the present trial wave function,
problem implies that the steric force felt by the polyelectro- .
lyte from the charged surface should be modifigf]. Set- (2) = \pa1 + pa(z-a)le V2=, (11

ting ¢45=0[8,9,2] in the polyelectrolyte adsorption prob- wherea ™ is the decay lengthu is positive because the trial

lems in previous studies is not completely correct. S .
P pietely wave function is restricted to be nodelessand u are not

lie ggxggoahtehidcshogftg dn'sglfa:;dI_'It(ﬁeptﬁl%ilne:gsozttehfggzgfir_1dependent but related via the wave-function normalization
9 ' Rondition. The inverse decay length is calculated to be

tion layer is of the same order of the gyration radius inzhe
direction. At low ionic strength in which the Debye length is a=3BI"121%+ p,, (12
much greater than the layer thickness, the polyelectrolyte ) o _
cannot feel the potential of length scale much larger tidn ~ Where the leading term is independentoofNear the transi-

but only the potential barrier height is important. The origi- tion, the decay length and hence the thickness of the adsorp-

nal potentialV(z) in Eq. (8) can thus be replaced by tion layer incregse and remain finite. From E@®.and(12),
we get the scaling behavior

( Ed_z ~ BF! e—2KZ

+ oo, z<a
Vmod2 =1V(2, asz<z,
V(Zy), 2=z, where «; is the threshold inverse layer thicknessoat o, .

) ) The variation ofa as a function ofc obtained from the
where z, is chosen such tha¥’(z,)=0 andV(z,) is the  gimylations is shown in Fig.(B) which can be well fitted to
barrier height. In the limit ofr=«=0, analytic solution gives 4 |inear relation consistent with E@L3). On the other hand,

340" 3pA2 1 for the case of adsorption onto an attractive charged surface
Alf(Z):Wx,l/z(ﬁZ) BETTRG (100  (0<0) with substrate ofe’/e<1 (e.g., DNA in aqueous
solution adsorbed onto a charged lipid membjartae

whereW, 1, is the Whittaker’s notation of the confluent hy- asymptotic solution to Eq(8) reproduces the usual scaling
pergeometric functiofi22], and\ is the least value satisfying o~|o]® and is a continuous adsorption transiti¢h3],
the boundary condition. The bound state exists for arbitraryand the thickness swells to infinity as the polyelectrolyte is
€'le>1. It implies the threshold surface charge density, desorbed.
>0 at low ionic strength. A strongly charged polyelectrolyte immersed in a salt so-

For both o,k>0, no exact solution exists in general lution will attract oppositely charged ions to condense until

) a=-a~(o-0) for0<o<a, (13

) 8O_
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its effective charge density reaches the Manning thresholdn attractive surfacg26], the effect from large Guoy-
[23]. This means that one can just renormalizein our ~ Chapman length near the transition is irrelevant in the high-
system to Ballg if qq is larger than 2a/lg (I is the Bjerrum  dielectric case.

length. Similarly, the strongly charged surface of bare Our results on the single polyelectrolyte adsorption may
charge density larger that/ (lg) is just renormalized back Provide a starting point to study the charge inversion and
to «/(mlg) [24]. The Gouy-Chapman length, calculated from Multilayer adsorptior{27]. At low ionic strength, polyelec-
the nonlinear Poisson-Boltzmann theory, is of the ordefrolytes are adsorbed in a multilayer structure because of
(Ig)™2, which is very large around the transition. However, Strong Coulomb repulsion. Each layer is composed of paral-
the nonlinear Poisson-Boltzmann potenfi28] near the sub- €1 1D Wigner crystal [28]. The upper bound of the

strate is given by multilayer thickness ig,,~ o~ %€’/ e-1)Y2. It suggests we
can easily adjust a single layer adsorbed onto a high-
2kg T 1+ "2 2ez dielectric substrate by tuning the surface charge density. Rig-
bre(2) = e In 1 — ye <2 = o~ e\ +0(2), orous treatment based on this physical picture will be elabo-
e oBTGC rated elsewherg29].
(14) In conclusion, the adsorption transition of a single poly-

electrolyte on a high-dielectric substrate is first order since

) ) g ; the polyelectrolyte needs to overcome a binding energy from
—k\gc- Notice that the linear term iz is proportional to

Y oo ) ) its image charge. Because of the strong Coulomb attraction
A o and is identical to the linear term as expanded fromyg compared to the linear repulsive potential near the surface,
the Debye-Hickel potential.

_ It is not surprising since bothy,e hoyelectrolyte is compressed without any conforma-
Poisson-Boltzmann and Debye-Hickel potentials share thg,na| change before the desorption. A scaling law for the

same boundary condition. When the adsorbed polyelectrolytgysorption layer thickness is also derived and verified by
layer thickness is of one to two monomer sfas seen from i 1ation.

a*~1 in Fig. Ab)], the surface potential felt by the poly-

electrolyte should be linear. Physically speaking, it does not C.H.C. would like to thank M. Rubinstein for helpful
matter whether the potential is Poisson-Boltzmann or Debyeeomments. This work was supported by the National Science
Huckel, or even the linear one if the layer thickness is muchCouncil of the Republic of China under Grant Nos. NSC91-
smaller than\gc and ™. The potential near the surface is 2816-M-008-0009-6C.H.C) and NSC92-2112-M-008-051
determined from the boundary condition. Unlike the case ofP.Y.L.).

where\gc is the Gouy-Chapman length ang= Vk?\5c+1
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