PHYSICAL REVIEW E 70, 051802(2004)

Effect of image forces on polyelectrolyte adsorption at a charged surface
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The adsorption of flexible and highly charged polyelectrolytes onto oppositely charged planar surfaces is
investigated by means of Monte Carlo simulations. The effect of image forces stemming from the dielectric
discontinuity at the substrate interface is analyzed. The influence, at fixed polyelectrolyte volume fraction, of
chain length and surface-charge density is also considered. A detailed structural study, including monomer and
fluid charge distributions, is provided. It is demonstrated that image forces can considerably reduce the degree
of polyelectrolyte adsorption and, as a major consequence, inhibit the charge inversion of the substrate by the
polyelectrolytes.
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I. INTRODUCTION scaling predictions of Borisoet al. [9], where different re-
) gimes of adsorption are identified. Elis$ al.[29] considered
The adsorption of charged polyme{polyelectrolytes ihe interesting case of heterogeneously charged surfaces
(PE9] on charged surfaces is an important phenomenon ifimade of positively and negatively charged surface jsies
industrial and biological processes. Well controlled modelyemonstrated that a PE carrying the same sign of charge as
experiments1,2] were devoted to characterize PE adsorp-ihat of the net charge of the substrate can adsorb. Cheng
tion. The understanding of PE adsorption remains an outy 23] also investigated the effect of image charges on a
standing problem because of the many different typical inigh-_dielectric constant substrate. It is important to mention
teractions involved there: strong electrostatic substrate-PE 5t all these MC simulation§23,26-29 use the Debye-
binding, monomer-monomefPE-PB repulsion, chain en-  pijckel approximation. The problem of PE multilayering was
tropy, excluded volume, etc. Another complication arisesyery recently studied by Messini@0], where the full un-
from thedielectric discontinuitypetween the solvent and the g.reened long-range electrostatic interactions were consid-
substrate generating surface-polarization charges. In mogleq put without image forces.
practical cases, water plays the role of the solvent for PEs, |, this paper, we investigate multichain adsorption in the
whereas the substrate corresponds to an unpolar dielectrigyte regime at fixed PE volume fraction in a salt-free envi-
medium leading to considerable polarizatigmage forces.  ronment but where counterions from the substrate and the
On the theoretical side, PE adsorption on planar chargepes are explicitly taken into account. In order to clearly
surfaces has been intensively studied by several autho;gemify the effect of image forces on PE adsorption, we

[3-24 on the level of mean--field theories. The case of PEsystematically compare situationgith and without image
adsorption on heterogeneously charged surfaces was recenffjtces which was not properly done in the literatdsee

theoretically addressed by de Vriesal. [21]: A remarkable e.g., Refs[9,16,24). The influence of chain lengitfor short
common feature of some of these studies is the charge revetnaing and substrate-charge density is also considered. Our
sal(overcharging of the substrate by the adsorbed REse, paper is organized as follows. The model and simulation
e.g., Refs[12,13,15,16,19,25. The problem of PE adsorp- iachnique are detailed in Sec. II. Our results are presented in

tion onto similarly charged substrates was recently investi-gac |11 and Sec. IV provides concluding remarks.
gated by Dobrynin and Rubinste[ii9] and Cheng and Lai '

[23,24. In the latter situation, the PE adsorption is then
driven either bynonelectrostatic short-rangérces[19] or
attractive image forceg23,24 stemming from a high-
dielectric surface. The problem a€&pulsiveimage forces A. Simulation model
stemming from a low-dielectric surface was studied by
Borisov et al. [9] and Netz and JoannjL6] on the level of
the Debye-Huckel approximation.

II. MODEL AND PARAMETERS

The setup of the system under consideration is similar to
that recently investigated with a planar substratéthout
.image forcep [30]. Within the framework of the primitive
ﬂ’lodel, we consider a PE solution near a charged hard wall
with an implicit solvent(water atz> 0) of relative dielectric
permittivity e~ 80. The substrate located &t 0 is char-
acterized by a relative dielectric permittivitys,,s Which
leads to a dielectric jump, (when e, # €59 at the inter-
face defined as

few Monte Carlo(MC) studies about PE adsorption on pla-
nar charged substratg®3,26—-3Q. The first MC study on PE
adsorption was that of Beltaat al. [26], where a lattice
model was employed. Yamakat al. [28] performed exten-
sive MC simulations and found excellent agreement with th

A = €solv ™ €subs _ 0 (1)
*Electronic address: messina@thphy.uni-duesseldorf.de ¢ €sovt Esubs '

1539-3755/2004/16)/0518029)/$22.50 70051802-1 ©2004 The American Physical Society



RENE MESSINA PHYSICAL REVIEW E70, 051802(2004

The negativebare surface-charge density of the substrate  TABLE I. List of key parameters with some fixed values.
is —ope, where e is the (positive) elementary charge and
0o>0 is the number of charges per unit area. Electroneutral- Parameters
ity is always ensured by the presence of explicit monovalent

(Z.=1) substrate counteriong.e., monovalent cationsof T:zgg K room temperature
diametera. PE chains are made up b, monovalentosi- ool charge number of the substrate
tively charged monomer&,,=1) of diametera. Each mono- A.=0o0r 0.951 dielectric discontinuity
mer is charged so that the fraction of charged monomers is Z=1 microion valence
unity. Their counteriongmonovalent anionsare also explic- a=4.25 A microion diameter
itly taken into account with the same parameters up to the |;=1.68=7.14 A Bjerrum length
charge sign as the monomers. Hence, all microions are L=25a (x,y)-box length
monovalentZ=7,=7,,=1 with the same diameter size — 753 2box lenath
] . . . T g

All these particles making up the system are immersed in N ber of PE
a rectangular. X L X 7 box. Periodic boundary conditions PE number ot F=s _
are applied in theXx,y) directions, whereas hard walls are Nm number of monomers per chain
present atz=0 (location of the charged interfacand z=r
(location of anunchargedwall). A

The total energy of interaction of the system can be writ- BU(cpclﬁe)(Zi) - |B{J_,27TUOZi + _f] , (6)
ten as 4z,

U= D [Uﬁ)slate)(zi) + Ugitle)(zi)] + 3 [Undris) where, for the first term;+ (—) applies to positively(nega-
I

tively) charged ions. The second term in Ef) stands for

the self-imageinteraction, i.e., the interaction between the
*+Ucoulris ) + Urenelriy) + U(rip], (2 joni and its own image. An appropriate and efficient modi-

where the first(single) sum stems from the interaction be- fied Lekner sum was utilized to compute the electrostatic

tween an ion (located atz=z) and the charged plate, and interactions with periodicity irtwo directions[32]. To link

P ; imulation parameters to experimental units and room
the seconddoublg sum stems from the pair interaction be- U Simuiation € ,
tween ions andj with r;; =|r;—r|. All these contributions to temperaturéT=298 K), we choos@=4.25 A leading to the

Uy, in Eq. (2) are described in detail below. Bjerrum length of WateﬂB:1.68327.14 A. In order to in-
Excluded volume interactions are modeled via a hardcor¥€stigate the effect of image forces, we take a value of
potential[31] defined as follows: esub§=2 _for the_dlelectrlc constant of th_e charged substrate
(which is a typical value for silica or mica substra{&s])
0 forr;=a and €,,,=80 for that of the aqueous solvent yieldiny,
3 =(80-2/(80+2 =0.951. The case of identical dielectric
constants gy, = €sups (A =0) corresponds to the situation

ii<j

Uhs(rij)z{

o forr;<a

for the microion-microion one, and where there are no image charges.
o The PE chain connectivity is modeled by employing a
Pt 7 = 0 foraz<z<r-a2 (4y  standard finite extension nonlinear elasfENE) potential
hs o otherwise for good solvent, which reads
for the plate-microion one. For clarity, we recall that a mi- 1, 2
croion stands either for &chargedd monomer or a counter- Upenelr) = - EKRO In| 1 _ES forr <Ry 7
ion.
The electrostatic energy of interaction between two mi- @ forr=R,
croionsi andj reads with k=27kgT/a? andR,=1.5a. The excluded volume inter-
1 A action between chain monomers is taken into account via a
BUcoulrif}) = * |B{— + = € = |, (5) shifted and truncated Lennard-Jor{es) potential given by
i VX +Yi+(z+2) \12 6
= - = 1/6
where + (—) applies to microions of the sam@pposite U(r) = 46{<r) (r) ]J'e for r<2""a (8

sign, lg=B€%/ 4mreyey, is the Bjerrum length corresponding 0 forr > 2163
to the distance at which two protonic charges interact with

1/B8=kgT, andA_ is given by Eq.(1). The first term in Eq. wheree=kgT. These parameter values lead to an equilibrium
(5) corresponds to the direct Coulomb interaction betweerbond lengthl=0.98.

real ions, whereas the second term represents the interaction All the simulation parameters are gathered in Table I. The
between the real ionand the image of iof. By symmetry,  set of simulated systems can be found in Table Il. The equi-
the latter also describes the interaction between the regl ionlibrium properties of our model system were obtained by
and the image of iom yielding an implicit factor 1/2. The using standard canonical MC simulations following the
electrostatic energy of interaction between an iiaand the  tropolis scheme[34,35. Single-particle moves were consid-
(uniformly) charged plate reads ered with an acceptance ratio of 30% for the monomers and
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TABLE II. Simulated systems’ parameters. The number of coun- a(2)
terions(cations and aniongnsuring the overall electroneutrality of o* (29 =—. (13
the system is not indicated. 90

Thereby,o* (z) corresponds, up to a prefactege, to the net
System Npe Nm ool? fluid charge per unit are@mitting the surface charge density
—age of the substratewithin a distancez from the charged

A 96 2 o4 wall. At the uncharged wall, electroneutrality imposes(z
B . 4 64 =7-al2)=1. By simple application of Gauss’ lag* (2)
C 24 8 64 —1] is directly proportional to the mean electric field at
D 12 16 64 Therefore,o* (z) can measure thscreeningstrength of the
E 6 32 64 substrate by the neighboring solute charged species.

F 12 16 32

G 12 16 128 IlI. RESULTS AND DISCUSSION

H 12 16 192

From previous studief,16,36,37, it is well understood
that effects of image charges become especially relevant at

50% for the counterions. Depending on the parameters, th%ufficiently low surface charge density of the interface. It is
length of a simulation run ranges fromx2L0® up to 7 also clear that the self-image interactigrepulsive for

X 10° MC steps per particle. Typically, about<3L(° to 2.5 A.>0, as is presently the cgses higher the hzlgher the
X 10° MC steps were required for equilibration, afit-4) charge of the iongpolyiong since it scales likeze. In the

x 10 subsequent MC steps were used to perform measyréresent situation where we have to deal with PEs, the length
ments of the chain(N,,) is a key parameter that can be seen as the

valence of a polyion. Hence, we are going to stigythe
- influence of chain lengtiiSec. 11l A) and(ii) that of surface
B. Measured quantities charge densitySec. Il B). For the sake of consistency, we
We briefly describe the different observables that are gofixed the total number of monomersipeN;,=192, meaning
ing to be measured. In order to study the PE adsorption, wéhat the monomer concentrationfigsed (see also Table )i
compute the monomer densityz) that is normalized as fol- The PE volume fraction

lows: 3
47N al2
=_3Jﬁ¥§—1zzuxlo3
™~al2 3 Ler
2 _
J;Z N(Z)L°dz= NpeNp. © s fixed.
To further characterize the PE adsorption, we also compute A. Influence of chain length
the total number of accumulated monomé¥) within a In this part, we consider the influence of chain lenbjth

distancez from the planar charged plate that is given by at fixed surface charge density parametglt?=64. The lat-
ter corresponds experimentally to a moder§2¢ surface
charge density with exe~-0.091 C/n3. The chain length
is varied fromN,,=2 up toN,,=32 (systemsA-E, see Table

II). We have ensured that, for the longest chain with
It is useful to introduce the fraction of adsorbed monomers=32, Size effects are still negligible since the mean end-to-
N* (), which is defined as follows: end distance is about &dwhich is significantly smaller than

L=25a or 7=75a.

— The profiles of the monomer distribution(z) can be
ﬁ' (1)  found in Fig. 1 and the corresponding microstructures are
NpeNp, sketched in Fig. 2. Let us first comment on the more simple
case where no image charges are preg&pt 0—see Fig.
1(a)]. For (very) short chainghereN,<4), Fig. 1(a) shows
that the density profiles exhibit a monotonic behavior even

N(2) = Zmzn%z. (10)
al2

N* (2) =

Another relevant quantity is the globakt fluid charge
o(2z), which is defined as follows:

2 near contact. Within this regime of chain length, the mono-
a(2) = [n.(z')-n.(z)]dZ, (12) mer density near the charged wall increases with increasing
a2 N This feature is fully consistent with the idea that stronger

lateral correlations, the latter scaling likg*’? for spherical
where n, and n_ stand for the density of all the positive counterions at fixedr, [38,39, induce a higher polyion ad-
microions(i.e., monomers and plate’s counteripasd nega- sorption. In other words, awery) low N, conformational
tive microions(i.e., PEs’ counterionsrespectively. It is use- entropic effects are not dominant and the short-chains sys-
ful to introduce the reduced surface charge densitfz)  tems can be qualitatively understood with the picture pro-
defined as follows: vided by sphericajor pointlike) ions. The scenario becomes
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FIG. 1. Profiles of the monomer densityz) for different chain
length N, with ogL?=64 (systemsA—-E). (a) A.=0. (b) A.=0.951.

qualitatively <_jifferent at higher chain Ien_gtl"[here FIG. 2. Typical equilibrium microstructures of systerAsE.
Nm>8_se_e F!g. aa)],_wheren(z) presents a maXIm_um N€ar The jittle counterions are omitted for clarity.
contact which is the signature ofshort-range repulsiothat

was also theoretically predictgd0]. This nontrivial feature parameters under consideration. In fact, for (ane-
can be explained in terms of entropy: Near the surface of theomponentelectrolyte, the density at contact canédectly
substrate, the number of available PE conformations is corebtained [41] via the relation n(z=a/2)-n(z=7-a/2)
siderably reduced, yielding to an entropic repulsion that carF2mlgo3 yielding n(z=a/2)~0.11a™% [where basicallyn(z

be detected if the driving force of PE adsorpti@nucially = =7—-a/2)=0], which is in remarkable agreement with the
controlled byoy) is not strong enough. This latter statementvalue found in Fig. {a). One can wonder why such a simple
will be properly examined and confirmed in Sec. Il B, theorem is “equally” well satisfied for PE systems that sig-
where the influence otry is addressed. Nonetheless, the nificantly deviate from simple structureless spherical ions. In
highest value of(z;N,,) increases wittN,,, as it should be. fact, this is a nontrivial finding since already fardlike PEs

All these mentioned features can be visualized on the microa fully different behavior is observed. Certainly more data
structures depicted in Fig. 2. One can summarize those rekre needed to clarify this point.

evant findings, valid for small enoughy and A_=0, as We now turn to the more complicated situation where
follows: (i) For very short chains, the PE adsorption isimage forces are presejt.=0.951—see Fig. (b)]. An im-
similar to that occurring with spherical electrolytg¢s) PE  mediate remark that can be drawn from a comparison with
chains experience a short-range repulsion near the substratee A_=0 case is that the PE adsorption is much weaker due
due to conformational entropic effects. Now,taie con- to the repulsive image-polyion interactions. At all,, n(z)

tact (i.e., z=0.5) it seems that the monomer densityz  presents a maximum a=z* that is gradually shifted to
—al2) [40] seems to be nearly independentNy, for the  largerz with increasingN,,. In other words, thehicknessof
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A,=0 clearly smaller tharN* (z;N,,=16) and even smaller than
0.8 ' ' ' N* (z;N,,=8) when one is sufficiently far from the wall. This
(a) remarkable phenomenon is going to be explained later by
advocating the role of overcharging. Upon switching the im-
.| 32 16 | age forces oA ,=0.951—see Fig.®)], N* (z;N,, shows a

qualitatively different behavior from that found At=0, in
__8’-————-"‘"/_/ accordance with our study concerninfg). More precisely,
(i) very close to the wallN* (z;N,,) decreaseswith N,
while (ii) sufficiently far away from the wallN* (z;N,,) in-
creaseswith N, This behavior is fully consistent with our
2 mechanisms previously discussed fuz). Below, we are
going to show that the reduced net fluid charge(z) is a

N (z)

02 key observable to account for those reported properties of
N* (z;Ny).
A deeper understanding of the physical mechanisms in-
0. d 5 Z s s " 12 volved in PE adsorption can be gained by considering the net
Za fluid charge parametes* (z) [Eq. (13)] that describes the

screening of the charged interface. The profilest{z) for
differentN,, can be found in Fig. 4. AA_=0 [see Fig. 4],
it is shown that for long enough chairijeere N,=4) the
substrate gets locallgverchargedas signaled by~ (z) > 1.
Physically, this means that the global local charge of the
adsorbed monomefd?2] is larger in absolute value than that
of the interface. In other words, the charged walloiger-
screenedby the adsorbed PE chains. Figur@ydindicates
that the degree of overcharging increases With as ex-
pected from the behavior of multivalent counterions, and
seems to saturate at hi¢ly,. This enhancedll,, overcharging
leads to a sufficiently strong effective repulsion between the
substrate and the PEs in the solution, which in turn prevents
further adsorption. It is precisely this mechanism that ex-
plains the apparent anomaly found in Figa)3 where, suffi-
ciently away from the surface, it was reported a significantly
2 lower monomer fractiorN* (z;N,,) at N,,=32 than atN,,
zla =16 orN,,=8. That is to say, although the amount of over-
charging is essentially the same fdf,=32 andN,,=16, the
FIG. 3. Profiles of the fraction of adsorbed monomtgz) for  effective repulsivénteraction between the waltovered by
different chain lengtiN, (as indicated by its numerical valueith  the adsorbed PEsnd the nonadsorbed PEs increases with
0oL?=64 (systemsA-E). () A.=0. (b) A,=0.951. N, leading to a stronger PE depletion above the PE layer at
large enoughN,, This spectacular effe¢tiue to electrostatic
the adsorbed PE layer as determinedzbyincreases with  correlation is well illustrated in Fig. 2(with N,,=32),
Nn,. This phenomenon is of course due to the fact that thevhere above théstrongly boung adsorbed PEs there is a
image-polyion repulsion increases why, similarly to what  depletion zone.
happens with multivalenpointlike or sphericalcounterions Upon inducing polarization chargéa,=0.951—see Fig.
[36,37. On the other hand, interestingly, the monomer den4(b)], overscreening is canceled. This, in turn, accounts for
sity at contactdecreasesvith increasingN,,,. This is the re-  the absence of plateau M (z;N,) at A_=0.951. That strik-
sult of a combinedeffect of (i) conformational entropy as ing disappearance of overcharging can be rationalized by es-
explained above andi) the N,-induced image-polyion re- tablishing again an analogy with multivalent spherical ions,
pulsion. All those features are well illustrated on the micro-as follows.
structures of Fig. 2. For the sake of simplicity, let us assume that the PE can
To gain further insight into the properties of PE adsorp-be electrostatically envisioned as a spherical polyion of va-
tion, we have plotted the fraction of adsorbed monomersenceN,, with a radius corresponding roughly to the radius of
N*(2) [Eg. (1] in Fig. 3. At A=0 [see Fig. 8], it is  gyration of the chain. Thereby, the image-polyi@pulsive
observed in the immediate vicinity of the watbughly for interactiongincluding the self-image repulsion as well as the
z=1.5a) thatN* (z;N,,) increases monotonically witN,,, as lateral image-ion correlations as given by the second term of
expected. However, further away from the wall, a nontrivial Eq. (5)] scale likeN2, whereas thattractivedriving force of
effect is found wheré\* (z;N,,) surprisingly exhibits a non- polyion adsorption due to Wigner crystal ordering scales like
monotonic behavior with respect t4,,. More explicitly, in Nf;{z [37]. The latter driving force corresponds to the highest
the regime of largeN,, we haveN* (z;N,,=32), which is  possible attraction between the substrate and the polyion, and

0.8

0.6 |
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FIG. 4. Profiles of the reduced net fluid chakg&(z) for differ-
ent chain lengttN,,, with ogL?=64 (systemsA-E). (a) A.=0. (b)
A.=0.951.

FIG. 5. Profiles of the monomer densityz) for different pa-
rameters of surface charge densiiyl? with N,,=16 (Systems
D,F—H). The casesyL?=64 (systemD) from Fig. 1 is reported
here again for easier comparis@a) A.=0. (b) A,=0.951.
is therefore a good candidate for the present discussion. Con- _ ] )
sequently, at large enough,, image forces are dominant Interestingly, the local maximum in(z) [present at smalbk,
and inhibit overcharging. (hereO'OL2$ 64)] vanishes at Ial’gero [See Flg 5a)] This

This behavior strongly contrasts with the casesjpifierical feature is the result of ag-enhanced driving force of adsorp-

substrates, where image forces do not affect the occurrend®n that overcomes entropic effects at large enoughThe
of overcharging37). strong adsorption at,L.°=192 leads to dlat PE layer as

well, illustrated in Fig. 6.
By polarizing the substrate surfa¢é,=0.951), it can be
seen from Fig. B) and the snapshot of Fig. 6 that there is a
To complete our investigation, we would like to addressstrong monomer depletion near contactogt?=32. This
the influence of the substrate charge density on the PE adeature is due to the combined effects(df conformational
sorption in the presence of image forces. In this respect, wentropy, (ii) image-monomer repulsion, ang@ii) a lower
consider (at fixed N,,=16) three additional values of the electrostatic wall-monomer attraction. Upon increasing
charge densityoL.2=32, 128, 192 corresponding to the sys- the monomer density near contact becomes larger, and con-
temsF,G,H, respectivelysee Table I\ comitantly, the maximum im(z) is systematically shifted to
The plots of the monomer densihyfz) at various values smallerz. That is to say, the thickness of the adsorbed PE
of opL? can be found in Fig. 5. Microstructures of systefns layer decreases wit,,
andH are presented in Fig. 6. Ax.=0 [see Fig. 5a)], the The profiles ofN* (z) are provided in Fig. 7, from which
monomer density at contact increases wifas it should be.  further characterization of PE adsorption can be obtained. At

B. Influence of substrate surface-charge density
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o,[* =32

GQL2 =192

B

FIG. 6. Typical equilibrium microstructures of systemandH.
The little counterions are omitted for clarity.

A.=0, Fig. 7a) indicates thatN* (z;o,) increases withoy (b)
but saturates at highy. This latter saturation effect should
only be relevant for a regime of charge where

=NpeN,/ ool? is about unity. Indeed, in a typical experi- 06 12 7
mental situation at finite monomer concentratiemen in the 138

dilute regimeg, we haven> >1 so that overcharging is al-

ways possible at large, and therebyN* (z; o) should al- oal

ways significantly increase witln, as long as packing effects Z,

(as generated by the excluded volume of the monoyrages
not vivid. In parallel, the plateau reported @L?>=128 and
ooL2=192 in Fig. 7a) is the signature of a monomer deple-
tion above the adsorbed PE laysee also Fig. bdue to a
strong screening of the surface charge by the latterA At
=0.951, Fig. tb) shows thatN* (z) is considerably smaller 0 s
than atA =0 even for highoy, in accordance with the be- z7a

havior of n(z) from Fig. 5. TheA_induced desorption is

especially strong atyL?=32, where the image-monomer re-  FIG. 7. Profiles of the fraction of adsorbed mononistsz) for
pulsion clearly counterbalances the electrostatic walldifferent parameters of surface charge densiy? (as indicated by
monomer attraction. More quantitatively, z£3a (a z dis-  its numerical valug with N,=16 (systemsD,F-H). The case
tance corresponding roughly to the radius of gyration of theroL?=64 (systemD) from Fig. 3 is reported here again for easier
chain with N,,=16), about 30%][i.e., N* (2)=0.3] of the  comparison(a) A.=0. (b) A,=0.951.

monomers are adsorbed witt,=0 against only 10% with

0.2

A.=0.951[see Fig. M)]. that the counterion distribution is marginally modifig48]
even for trivalent counterions. Hence, we think that our re-
IV. CONCLUDING REMARKS sults will not qualitatively differ from the more realistic situ-

ation of non-smeared-out substrate charges consisting of dis-
We first would like to make some final remarks about thecrete monovalent ions.

presented results. As far as the charge surface distribution on Another approximation in our model is the location of the
the substrate’s surface is concerned, we have assumeddglectric discontinuity. More precisely, it was implicitly as-
smeared-oubne in contrast to a real experimental situationsumed that the latter coincides with the charged interface
where it isdiscrete Previous numerical studi¢43—49 have  (considered here as a hard walh fact, experimentally, it is
shown that the counterion distribution at inhomogeneoushnot clear where the dielectric discontinuity is located and the
charged substrates may deviate from that obtained dtansition is rather gradual and spreads out over several ang-
smeared-out ones at strong Coulomb coupling, multiva-  stroms[46], so that in a continuum description the dielectric
lent counterions and/or high Bjerrum lengibr strong sub-  discontinuity might be located somewhat below tad in-
strate charge modulations. Nonetheless, at standard Bjerrutarface. In this respect, our model tends to slightly overesti-
length (i.e., Ig=7.1 A for water at room temperature, as is mate the effect of image forces and namely, witf>0, the
presently the cageand with discrete monovalent ions gener- self-imagerepulsion Furthermore, in the presence stiort-
ating the substrate’s surface charge, it has been demonstratethge attractive interactions between the substrate and the

051802-7



RENE MESSINA PHYSICAL REVIEW E70, 051802(2004

PEs (for instance, stemming from some specific chemicalcurring with little (spherical multivalent counterions. For
properties of the chains and the substrate, i.e., chemisorpenger chains(here N,,=8), the PEs experiencéven at
tion), the effect of image charges might also be redd&il A_=0) a short-range repulsion near the substrate due to chain
This means that the substrate-chauyelercompensatioby  entropy effects. This latter feature is especially relevant at
PEs induced by repulsive image forces as reported in Figow substrate charge,.
4(b) is dependent on the relative strength of that short-range (ii) At fixed oy and in the presence of repulsiv@age
attractive interaction, which is not taken into account in ourforces(hereA_=0.95)), it was demonstrated that the mono-
model. Nevertheless, we are confident that our results praner depletion in the vicinity of the substrate as well as the
vide a reliable fingerprint for the understanding of the effectthickness of the PE layer grow with chain lenddy,. Con-
of image forces on PE adsorption in a salt-free environmentomitantly, and as a major result, tobarge reversabf the

It is not a straightforward task to access experimentallysubstrate by the adsorbed P&sishesThis latter point was
these effects stemming from image forces. One major diffiin fact overlooked in the literature(see, e.g., Refs.
culty arises from the fact that by changing the dielectric con{9,15,16,24).
stant of the solvente,,,, one changes the degree of ioniza-  (iii) Upon varyingoy at fixedN,, it was shown atA,=0
tion of the PEs. However, there is the experimentalthat the net substrate-PE force becomes purely attractive at
possibility to tuneA, by usingorganic solvents(i.e., with a  sufficiently high o, where chain-entropy effects are over-
low ey, but still polan with a mixture of large colloidal compensated. When image forces are present, theepke-
particles[e.g., latex particles with weak curvature afhow)  tion near the substrate as well as the thickness of the ad-
dielectric constanég,ssuch thateg,pe< €50,] and PEs. In this  sorbed PE layer decrease wit.
experimental context, one should be able to verify the trends A future work will address the adsorption of stiffdlike
of our current findings. PEs. This situation was recently theoretically examined by

To conclude, we have performed MC simulations to ad-Cheng and de la Crug22]. Nonetheless, simulation data
dress the effect of image forces on PE adsorption at oppovould be of great help to further characterize the arrange-
sitely charged planar substrates. The influence of chaiment of the rodlike charged particles near the interface as
length and surface-charge density was also considered. \Weell as to elucidate the influence of image forces on the
have considered a finite monomer concentration in the dilutéatter.
regime for relatively short chains. Our main findings can be
summarized as follows. ACKNOWLEDGMENTS
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