
Adsorption of a Polyelectrolyte Chain on a Charged Surface:A Monte Carlo Simulation of Scaling BehaviorV. Yamakov1;3, A. Milchev1, O. Borisov2 and B. D�unweg31 Institute for Physical Chemistry, Bulgarian Academy ofSciences, G. Bonchev Street, Block 11, 1113 So�a, Bulgaria2 BASF AG, ZX/ZC, D-67056 Ludwigshafen, Germany3Max-Planck-Institut f�ur Polymerforschung, Ackermannweg 10,D-55128 Mainz, GermanyWe study the adsorption of a charged polymer chain (polyelectrolyte) grafted to an oppositelycharged surface by means of an o�-lattice Monte Carlo simulation. We consider the e�ects of chainionization, surface charge density, and solution ionic strength on the conformational and interfacialproperties of the model system. By varying the chain length of the polyelectrolyte over a broadrange we determine the critical parameters for adsorption and �nd a very good agreement withrecent scaling predictions for polyelectrolyte adsorption in the various regimes of chain ionizationand salt content of the solution.1. IntroductionPolyelectrolyte adsorption on charged surfaces is nowadays broadly used in industrial applications. Many colloidalsuspensions, for instance, can be stabilized by the adsorption of polyelectrolytes. Surfactant mono- and bilayers atinterfaces are usually charged too, due to the dissociation of ionogenic chemical groups. The interaction of longoppositely charged macromolecules (polyions) with the surface can dominate the other non-electrostatic interactionsand determine the grafted polyion conformation.Being a problem of both fundamental and practical interest1, the adsorption of polyelectrolyte molecules ontooppositely charged surfaces has been studied intensively in recent years by means of analytic treatments2{6, theoreticalapproaches, such as numerical solutions of mean-�eld models7{11, and Monte Carlo simulations12{15. A number ofexperimental techniques like spectroscopy16 and ellipsometry17 has been used to measure the widths of adsorbedlayers, and even the entire pro�les of the adsorbed layers have been measured by means of neutron scatteringtechniques18;19.However, despite these intensive investigations the full picture of polyelectrolyte adsorption on charged surfacesis still far from complete, due to the delicate interplay between chain interconnectivity and the long-range natureof the electrostatic interactions20{22 as well as to the existence of several length scales6. In fact, the Monte Carlosimulations of Beltran et al.14 and Kong and Muthukumar15 seem to be the only studies of the conformations ofisolated polyelectrolytes in the vicinity of a charged surface which provides results beyond the level of mean-�eldarguments.Meanwhile, a scaling theory of conformation of a weakly charged polyelectrolyte molecule attached onto a chargedsurface, developed by Borisov et al.4, has proposed a number of distinct regimes of adsorption depending on thestrength of electrostatic attraction to the substrate. The orientation and stretching of the grafted polyion near anoppositely charged surface are predicted to scale with the number of repeatable units (i.e. the chain length N) ofthe polyion as power laws with characteristic exponents in the limit of weak screening of the Coulomb interactions.In the present investigation we use an e�cient o�-lattice Monte Carlo simulational method to test these recentpredictions of scaling analysis with respect to conformational and interfacial properties, and establish the criticaladsorption conditions. We vary the surface and polymer charge density, the Debye-H�uckel screening length, and thelength of the polyion within a rather broad range (N � 512) so that in result we are able to con�rm the majority ofthe theoretical results.
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2. The ModelWe use a three-dimensional o�-lattice bead-spring model23 for a polyelectrolyte chain grafted with one end to anin�nite plane surface, as seen in a snapshot in Fig.1.

Fig. 1. Polyelectrolyte chain of length N = 128 grafted to an oppositely charged surface. Linear charge density of thechain is q = 0:1 elementary electrostatic units per bead. Plane charge density of the plane is � = 0:01 elementary electrostaticunits per square unit length at the absence of salt.The coarse-grained polymer chain consists of N beads/monomers which are successively connected by spring bondsusing a �nitely extensible nonlinear elastic (FENE) potential,UFENE = ��2R2 ln"1�� l � l0R �2# (1)where l is the bond length, R = lmax � l0, while l0, lmax, and lmin are the equilibrium value of the e�ective bondlength, and its maximum and minimum values, respectively, such that lmin < l < lmax and lmin = 2l0 � lmax. Asin most studies using this model, we set lmax = 1 which is taken for the elementary unit length in the simulations,lmin = 0:4, l0 = 0:7. The strength of the spring constant � is �xed at � = 40 [kBT units] and all simulations havebeen run at kBT = 1.The non-bonded excluded volume interactions among the beads are described by the Morse potentialUM (r) = �[exp(�2�(r � rmin)) � 2 exp(��(r � rmin)) + 1]; r < rmin (2)where r is the distance between the centers of the beads. The potential (2) is cut at its minimum point rmin = 0:8,and shifted upward with the value of � = 1 so that at rmin it becomes equal to zero. This eliminates the attractivepart of the Morse potential and ensures a good solvent regime for the polymer chain.The parameter � = 24 is the same as in a number of previous simulations where this polymer bead-spring modelhas been used extensively24. With this choice of parameters of the potentials, Eq.(1) and (2), the e�ective radius ofthe bead is large enough to ensure that chains do not intersect.The electrostatic interactions which act between two beads are described by a repulsive Debye-H�uckel potentialwhich accounts for the electrostatic screening due to the presence of salt in the solutionUDH(r) = Aq2 exp(�Kr)r : (3)The physical meaning of the parameters in Eq.(3) is as follows: A = lBkBT represents the dielectric properties of themedium where lB = e2=(4��kBT ) is the Bjerrum length (the other quantities have their usual meaning) which in oursimulations is kept equal to the equilibrium bond length lB = l0 = 0:7. K2 = lBI expresses the ionic screening of thesolvent, characterized by its ionic strength (salt concentration) I . We vary K from K � 1=(Nlmax) to K = 2:0 sothat we study all the regimes from a complete non-screening one with Debye length 1=K � Nlmax down to strong2



screening with 1=K < l0. Finally, the linear charge density q takes into account that not necessarily every monomeris charged. Our model distributes the charge homogeneously over the chain, such that q is the (fractional) charge onthe bead (q = 1=m, where m is the number of neutral monomers between the charged beads along the chain) - atleast for weakly charged polyelectrolytes this is a valid procedure25. In our simulations we varied q in the intervalfrom q = 0:1 - weakly-charged chains - to q = 1:6 - strongly-charged chains.The plane surface in our simulations is oppositely charged to the chain so that it attracts the beads of the chainwith a potential that is an integral of the Debye-H�uckel potential over an in�nite plane. At distance z from the planeone hasUS(z) = �Aq2 exp(�Kz)K ; US(z) = ��Aq2 (z � Kz22 + K2z36 ); K < 0:001: (4)where � is 4� times the plane charge density of the surface and varies from � = �10�5 to � = �10. To avoid thesingularity of US at K ! 0, we use the Taylor expansion for small K and cancel the �rst constant term (�Aq=2K)which gives no contribution to the attractive force between the plane and the beads.3. Simulation TechniqueWe used the Metropolis Monte Carlo method, as described for this model in detail by Gerro� et al.23, with thefollowing modi�cations:(a) Since one of the chain ends is grafted to the plane surface, the system is localized in space and the use ofperiodic boundary conditions is not necessary.(b) Because of the long-range electrostatic interactions one needs to calculate the potential energy between everypair of beads and of each bead with the plane surface. Our tests show that for a small system like a single chain ofN � 512 the fastest procedure is to calculate its energy by direct counting of all the pair energies of the beads.(c) In order to generate uncorrelated polymer con�gurations we use the e�cient pivot algorithm26. We select twobeads of the chain that form a rotational axis and rotate by a random angle either the chain part between them, orthe part between the free end of the chain and the nearest of the selected monomers. Instead of the slower procedureof Stellman and Gans27 to correct the accumulating numeric error in o�-lattice applications of the pivot algorithmwe apply a number of local moves in addition to a pivot rotation. This, on one hand, keeps the chain elastic, and,on the other hand, corrects automatically the numeric errors in the pivot rotation coordinates.However, the bond links, which are inuenced by the local moves only, relax slowly to their equilibrium length,a�ecting eventually the estimated size of the chain as a whole. Thus one needs a fast method that can generateinitial chain con�gurations with already equilibrated bond lengths. To this end we apply the enhanced con�gurationalbiased28 Monte Carlo method. The chains are then constructed by taking into account that the bond lengths lbetween the successive beads along the chain are distributed with the proper Boltzmann probability, correspondingto the bond potential UFENE. Although the con�gurational biased Monte Carlo method is not appropriate for thesimulation of long chain molecules, it happens to be good for generating initial con�gurations close enough to thethermodynamic equilibrium con�gurations, so that the equilibration time can be decreased signi�cantly.Therefore our simulation procedure is as follows:1. For each system we start with about 100 con�gurational biased Monte Carlo steps which generate a chain oflength N with equilibrated bond lengths.2. We use a repeated sequence of 1 pivot with 8 local move Monte Carlo steps for a certain period of time ofabout 1000 sequences to equilibrate the conformation of the chain without performing any measurements.3. We continue with 1 + 8 sequences performing measurements after each pivot Monte Carlo step for a period of103 � 104 sequences.With the help of this technique we were able to study strongly charged polyelectrolytes with chain lengths of upto N = 512 monomers.Such a complex simulation technique cannot be used without a proper test of its reliability and statistical correct-ness of the results. For N = 64, the local move Monte Carlo method is still feasible. We could therefore compare the3



results for various quantities (like the bond length, the end-to-end distance, the distance of the last monomer fromthe surface, etc.) for both methods, and found complete agreement within statistical error bars. However, the pivotmethod is much more e�cient: While a sweep over 25 � values required a total of 90 h of CPU time on an ALPHADIGITAL AS8400/440MHz workstation for the local move method, the pivot method permitted us to obtain dataof the same quality just within half an hour CPU time.Finally we should point out that the pivot technique fails when the chain is adsorbed and lies on the surface. Toavoid this problem we introduced another type of rotation around an axis passing through a random bead of thechain and perpendicular to the surface since the acceptance rate of trial 2D rotations is an order of magnitude largerthan that of 3D pivot moves. Thus 2D rotation is mixed at random with 3D rotation, described above, ensuring anaverage acceptance rate of � 0:4 in the pivot algorithm.4. Predictions of scaling analysisA. Bulk behaviorHere we briey recall the main results of the scaling theory4, describing the conformation of a weakly chargedpolyelectrolyte molecule attached onto a charged surface. In this theory one considers single chains immersed in asalt-free solution whereby due to the long-range character of electrostatic interactions the cooperative e�ects (chainorientation and additional stretching) become signi�cant, in pronounced contrast to the case of strongly screenedinteractions.In the absence of a charged substrate the equilibrium end-to-end distanceH = H0 of a single charged macromoleculeis determined by the competition between the force of intramolecular Coulomb repulsion of charged monomer units,fel, and the entropic force of chain elasticity, fconf :fel � kBT N2q2lBH2 ; fconf � kBTl � HNl� �1�� : (5)The balance of these two forces leads29 to linear growth of the end-to-end distance H0 with N :H0 � Nl�q2 lBl � 1��2�� (6)provided N2q2lB � Rg where Rg = lN� is the size of the coil, unperturbed by the electrostatic interactions.In the framework of a blob picture, the polyelectrolyte molecule adopts a cigar-like form which can be presentedas a succession of Nb blobs, each of size �0 � kBT=fel, so that with Nb � N=(�0=l)1=� the mean end-to-end distance(and the radius of gyration) is given by H0 � Nb�0, while the dimensions of the chain perpendicular to the end-to-endvector scale as R? � N1=2b �0.B. PreadsorptionIn the presence of a weakly charged attractive plane with a force fz acting on the polyelectrolyte chain, for H0fz �kBT a reorientation of the cigar-like polyion occurs whereby its conformation becomes randomly oriented in the halfspace above the surface, being frequently nearly parallel to the plane, so that the height Hz of the chain free end isdiminished. In this regime, termed preadsorption, the average dimension of the chain in z-direction decreases withincreasing surface charge density � likeHz � kBTfz � 1jq�jlBN ; (7)while the chain longitudinal dimensions remain equal to H0. This decrease of the height, Hz / 1� , continues as longas Hz � R?. 4



C. Weak compressionUpon further increase of � the chain becomes laterally compressed by the electrostatic force on scales smaller thanR? but larger than �0. The entropic force due to compression in z-direction is given by fconf � kBT Nb�20H3z and thebalance with the compressing electrostatic force, fz = �q�NlBkBT , results in Hz / ��1=3. The thickness of theadsorption layer formed by the polyelectrolyte molecule at the surface is thus expected to decrease with �, until Hzfalls below the electrostatic blob size �0, while at Hz � �0 the chain acquires a 2-dimensional conformation completelyspread on the surface. In fact, the point Hz � R? can be viewed as the onset of the adsorbed state, since at highersurface charge densities Hz becomes independent of N .D. Strong compressionFurther increase in the surface charge density � (and in the attraction force) deforms the electrostatic �0-blobsthemselves into adsorption blobs of size Hz so that the the chain part inside such a blob retains excluded volumestatistics unperturbed by the electrostatic interactions. Since the charges within each blob interact with the surfacewith an energy� kBT , the blob size (and the adsorption layer thickness) is given byHz � l (j�qjlB l)� �1+� . Eventually,at still further increase of �, the charges on the chain are expected to become screened by the counterions at thesurface from the surface potential so that the thickness of the adsorption layer becomes independent of �.In the case of a very weakly charged chain, which in the bulk is unperturbed by Coulomb interactions, the variationof Hz with � is governed by the deformation of a 3-dimensional into a 2-dimensional coil, consisting of adsorptionblobs of size Hz and beginning at fzRcoil � kBT . According to Borisov et al.4, one observes in this case a singlecrossover regime with slope ��=(� + 1), spanning the two intervals of no adsorption and very strong adsorption inwhich Hz does not change upon variation of the surface density �.5. Simulational resultsA. A polyelectrolyte chain in the bulk
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Fig. 2. (a) Scaling dependence of the dimensionless distanceH0=l on the linear charge density q for charged macromoleculesof di�erent length N in the bulk at K = 0. The variation of the measured exponent x in the power-law H0=l / qx with inversechain length is shown in the inset. The horizontal line marks the predicted value of x = 2(1 � �)=(2 � �) � 0:5834 . (b)Variation of the reduced end-to-end distance H0=lN� with N = 32; 64; 128; 256 with the generalized charge strengthx = N� �q2=l��=(2��), Eq.(8) at the absence of salt, and zero surface charge density. The linear charge density q is given as aparameter. Dashed and dotted lines denote the limiting scaling behavior.5



We �rst examine the simplest case of salt-free solution and vanishing surface charge, in which case the chain dimensionshould be given by Eq. 6, for su�ciently long chains. Fig. 2a presents the \raw data" for the dependence on thelinear charge density q. Only for the longest chains one can observe the asymptotic q(2�2�)=(1��) behavior. Inorder to study also the crossover to self-avoiding walk statistics for short chains and/or weak charge, we plot inFig. 2b the dimensionless ratio H0=(lN�), i. e. between the chain's actual size and its unperturbed size for zerocharge. The proper scaling argument is the ratio between unperturbed chain size and electrostatic blob size, i. e.H0 = lN�F(N� �q2 lBl � �2�� ).From the requirement H0 / lN� for q ! 0, and H0 / lN for large q one gets for F(�):F(�) / � const: � ! 0;� 1��1 � � 1; (8)this behavior is indeed observed (some scatter in the data is presumably due to corrections to scaling which areimportant for the shorter chain lengths, N = 32; 64). It should be noted that the measured values of H0 are dividedhere by the actually measured bond length l in order to take into account its systematic increase with q, amountingto up to 10% for the strongest charge.B. A polyelectrolyte chain near an oppositely charged surfaceIn Fig. 3 we show the measured variation ofHz, the chain free end distance from the charged plane, with �, the surfacedensity, which is here varied over more than �ve orders of magnitude, for di�erent values of the screening parameterK. Evidently, all data for K ! 0 saturate to a single curve that corresponds to the unscreened Coulomb interactionregime, K = 0. In this regime the data con�rm rather well the expected behavior in the regimes of preadsorption,Sec. 4B, and strong compression, Sec. 4D. For a strongly charged chain with N = 256, (Fig. 3a), at K ! 0,the sampled Hz vs. � relationship matches closely the slopes of �1 ("preadsorption"), and of ��=(� + 1) � �0:37("strong compression"), considered in Section 4. The only regime which is not observed here is the intermediateslope of �1=3 in between these two regimes. This transitional regime, if existent, is masked by the curvature of thecrossover region. The proximity of its exponent (�0:33) to that of the strongly adsorbed macromolecule (�0:37)gives little hope that it can be unambiguously established. One also cannot rule out a possible "�nite size" e�ectdue to insu�cient chain length, although with N = 256 the other regimes are observed clearly. For a weakly chargedchain, it is evident from Fig.3b that at K ! 0 the expected behavior Hz / �� ��+1 is very well established. As thescreening parameter K grows, the transition from the non-adsorbed to the adsorbed state becomes steeper, Fig. 3.
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Fig. 3. Distance Hz of the free end of a chain of N = 256 from the plane surface vs. surface charge density � for a set ofK values. (a) Strongly charged chain (q = 1:6) and (b) weakly charged chain (q = 0:1). Straight lines denote the expectedscaling behavior4 at K = 0.It is instructive to take a closer look at the case of completely unscreened electrostatic interactions, K = 0, usingthe relative height Hz=Rg of the chain, where Rg is the gyration radius. In the preadsorption regime, Eq. 7 states6



that Hz / 1=(j�jN), while Rg / N so that Hz=Rg / (j�jN2)�1. Thus one may expect that the plot of Hz=Rg vs.j�jN2 should give a region where the data for chains of equal charge density q, but di�erent chain lengths N shouldlie on a single master curve, which would mark the preadsorption regime. The data for the shorter chains with asmaller preadsorption region would leave the curve sooner on the right and left side, while the larger chain datawould keep staying on the preadsorption curve longer. This behavior is indeed observed in Fig. 4a for q = 1:6 and0:4. To be consistent with the transition plots of Fig. 6 and because of the fact that the measured quantities are< H2z > and < R2g > we have plotted in a semi-log plot the ratio H2z=R2g vs. j�jN2 (but not vs. (j�jN2)2, becausethe log-scale of the x-axis only turns the squaring of (j�jN2) into a prefactor of two). However, for weakly chargedchains (q = 0:1) no master curve is found, which is well understood by remembering that su�ciently weakly chargedchains do not exhibit a preadsorption regime (see Sec. 4D and Fig. 3b). In that case, one only has the strongcompression regime, in which the electrostatic blob size is identical with Hz / j�j��=(1+�). Building up the adsorbedchain from the blobs, one �nds a scaling argument N j�j1=(1+�) or j�jN1+� , veri�ed in the inset of Fig. 4a.
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Fig. 4. (a) Variation of the ratioH2z=R2g with �N2 for three di�erent linear charge densities of the polyion, q = 0:1; 0:4; 1:6.The inset gives the ratio H2z=R2g for q = 0:1 vs. �N1+� . (b) Variation of Hz with �q of a polyelectrolyte chain with N = 256monomers. Both plots are at K = 0.
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characterized by an e�ective exponent �eff , describing how the chain gyration radius Rg scales with chain length N ,Rg / N�eff . This is illustrated in Fig. 5 where one can see that for largeK = 2:0; 1:0, there is a clear transition from3-dimensional behavior with �eff = 0:62�0:65 (a value slightly larger than �3d = 0:588 due to the existence of chaincharge q 6= 0) of a desorbed chain to �eff = 0:76� 0:78 in the adsorbed regime, characterized by �2d = 3=4. If theelectrostatic interactions become progressively unscreened by decreasing K (an thus increasing the Debye length),this crossover is gradually leveled o� and practically disappears at K = 0:0156; q = 0:4. In the latter regime ofnearly pure Coulomb interaction the chain is stretched in both desorbed and adsorbed state, and therefore no changein the exponent �eff � 1 is observed.C. The adsorption transitionAs long as the Debye screening parameter K is �nite, the chain will asymptotically (i. e. for su�ciently longchain length N) behave like a neutral chain, i. e. it will obey self-avoiding walk statistics in the absence of theattractive surface. Since, for K > 0, the attraction potential is also short-ranged, one has just the well-known caseof adsorption with short-ranged attractive interactions30. The adsorption transition then becomes a sharp second-order thermodynamic phase transition which occurs at a well-de�ned value � = �c (note that increasing the surfaceattraction is equivalent to lowering the temperature, in terms of which the transition is usually discussed). Of course,a sharp transition is only possible in the thermodynamic limit N !1, i. e. �c cannot depend on chain length.
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Fig. 6. (a) Variation of the ratio H2z=R2g with surface charge density � for polyions of length N = 32; 64; 128; 256 andK = 2:0. The resulting values of �c for three di�erent linear charge densities, q = 0:1; 0:4; 1:6 are marked by arrows. (b)Log-log plot of �c vs. K for three values of the linear charge density q.In order to determine the asymptotic sharp value �c, we employ �nite-size scaling by studying the variation ofthe ratio H2z=R2g (which can be viewed as a critical amplitude ratio) with �. For desorbed chains, j � j<j �c j, onewould expect that Hz=Rg = const. in the thermodynamic limit. However, for �nite chains the ratio will slightlygrow upon decreasing j�j, as the polymer \mushrooms" get deformed due to entropic repulsion from the wall. Onthe other hand, in the adsorbed state Hz should be independent of chain length N , such that the ratio H2z=R2g ! 0when N ! 1. This decrease of the ratio becomes sharper and sharper when N is increased. For � = �c thecurves corresponding to di�erent chain lengths N should intersect in a single point which is identi�ed as the criticalpoint at which the adsorption occurs. And indeed, by varying � over three orders of magnitude - Fig. 6a - thisexpected behavior of H2z=R2g can clearly be demonstrated for various large values of the inverse Debye screeninglength K = 2:0; 1:0; 0:5; 0:25. From Fig. 6a it is thus evident that the critical surface charge density �c may bereliably determined as long as K is su�ciently large.For larger screening lengths, one needs longer and longer chains in order to observe the correct asymptotic chainstatistics. Nevertheless, also in this case one will ultimately have a well-de�ned adsorption transition at a �nite value�c independent of chain length, although, due to our limitations in computer resources, we were not able to resolveit reliably for K smaller than 0:25. Since an in�nite Coulomb chain is always adsorbed, one obviously must have�c ! 0 for K ! 0. This behavior is studied in Fig. 6b in a log-log representation. We �nd a power law whose8



e�ective exponent gradually decreases with charge density q, i. e. j�cj / K2:8 for q = 0:1 while j�cj / K2:4 forq = 1:6. It should be noted that this K dependence is similar to the exponents predicted by Muthukumar et al.3;15(K3 and K11=5 in various regimes). However, this analytical study also predicts a chain length dependence of thecritical adsorption parameter. In our opinion, this is a contradiction in itself, since the condition of criticality canonly be de�ned in the thermodynamic limit, which we try to reach by our �nite-size scaling procedure.D. Adsorbed layer thicknessFinally we consider an important quantity of practical interest - the width of the adsorbed polyelectrolyte layer. InFig. 7a we show the measured thickness of the adsorbed layer and examine its dependence on � and K. If the chainis adsorbed, the free end distance Hz from the substrate should not depend on the chain length N . We here de�nethe thickness of the adsorbed layer as the limiting value of Hz (if it exists) with growing chain length N . The plussigns on the vertical dashed lines on Fig. 7a mark these Hz values for several values of �. Indeed, in nearly all casesthe data for di�erent chain length N collapse on a single point (plus symbol), demonstrating that an asymptoticvalue has been found. The only questionable point is the upper-most plus sign at � = �3:2 concerning the data atK = 2:0. But from Fig.6a one can verify that for K = 2:0 we obtain �c = �2:6 which is a weaker charge than �3:2so that a long enough chain with N > 512 should have probably been used in the simulation in order to reach properadsorption. Unfortunately, such chain lengths are still beyond our possibilities in terms of computational e�ort sowe assume the value Hz of N = 512 to be the closest estimate for the layer thickness at � = �3:2 and K = 2:0.
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Fig. 7. (a) Variation of the polymer end distance Hz from the charged plane with surface charge density � for chainlengths N = 32; 64; 128; 256; 512 and K = 0:25; 0:5; 1:0; 2:0 for q = 0:1. (b) Variation of the measured layer thickness withthe Debye screening length K�1 at four surface charge densities �, given as a parameter.In Fig. 7b we plot the dependence of the layer thickness, measured from Fig. 7a, on the Debye screeninglength K�1. Evidently, for K � 1 this dependence is qualitatively in good agreement with the self-consistent �eldnumerical calculations of Varoqui8 and with the recent simulational results15 although our data do not comply withthe prediction by Muthukumar3 that the adsorption layer thickness should be proportional to K�1.6. ConclusionsPolyelectrolytes are fascinating materials that can be studied with the use of Monte Carlo simulations. We haveshown that a continuous model with rather simple potentials allows us to study in detail polyelectrolyte adsorptionand verify some recent theoretical predictions.In particular, we have shown that the scaling approach of Borisov et al.4 provides a faithful description of theinteraction of polymers chains with charged surfaces at small length scales. The simulational results reproduce thescaling con�gurational properties of adsorbed polyions remarkably well.We also suggest a �nite-size scaling method for the determination of the critical surface charge density at which9



the adsorption of the polyion takes place. With it we �nd a power law variation of the critical surface density withthe Debye screening length which is within the range of values for the exponent predicted earlier by Muthukumar3.However, despite of these new results a lot of work is still needed until the complex problem of polyelectrolyteadsorption for screened Debye-H�uckel chains (not even considering the richer physics which comes in from thecounterion degrees of freedom, like, e. g. Manning condensation) is fully understood. A scaling function, describingfaithfully the adsorption transition in terms of the polyion chain length, the Debye screening length, the electrostaticblob size, and the surface charge density, can only be constructed if there is a good understanding of the variationof the persistence length with the Debye length. This problem is complicated and a target of further research.7. AcknowledgmentsAcknowledgment is made to the Volkswagen Foundation (Grant No. I/72 164) for support of this research.
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