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Pull-off of a polyelectrolyte chain from an oppositely charged surface
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The conformation at equilibrium of a single polyelectrolyte molecule adsorbed electrostatically at an ideal
planar charged surface with one of its ends constrained at a distéfnom the surface is investigated using
different theoretical methods, and in particular a scaling theory. The fofzeapplied at the fixed end of the
chain is calculated. Exact results are obtained for a Gaussian chain when all screening effects are negligible,
and at high salt concentration, using a self-consistent field theory. When the salt concentration is large enough,
the force profile=(z) reaches a plateau where the force is independent of chain length. When the electric field
is screened by the counterions, a pseudoplateau is obtained, where the force increases logarithmically with
The chain leaves the surface before it is fully extended, although the distance of detachment from the surface
is proportional to the number of monomes The electrostatic interactions between the charged monomers of
the polyelectrolyte chain can be taken into account using scaling argurf®h@63-651X98)12106-3

PACS numbeps): 68.45-v, 82.65.Dp, 82.70.Dd

[. INTRODUCTION electrostatic field by the free ions of the solution is charac-
. . terized by two length scales: the Gouy-Chapman length
The 'phy5|cs of adsor'bed ch'arged macro_molecul_e; IS Of2a/x that describes the screening due to the counterions of
central interest to such diverse fields as colloidal stablllzatloqhe surface charge and the Debyéekel lengthx 2, related

[1], biophysics, and lubrication. In particular, such molecules[0 the salt concentration

u_sually achieve a better solubility in water, due to the repul-_ Hence, six independent parameters come into play in our
sion between t_he charged groups, _and are att_ractlve Ca“CH'escription:N, a, f, x, k1, andkgT. As it will appear, a
dates for a wide range of industrial applicatiofsater- yery rich variety of situations can be obtained, simply from
soluble paints, ett. The existence of long-ranged these few parameters. For clarity, and as mentioned above,
electrostatic interactions, and of additional control paramywe decided not to include in this work other effects, for
eters, such as the salt concentration or the fraction of chargagstance, excluded volume.

monomers, leads to a rich variety of behaviors, for which  The many different expressions for the foileéz), corre-
there is no detailed understanding. A first problem, whichsponding to the various structures adopted by the chain in
has already been studied in detail theoretically, is the adsorpesponse to the constraint of having one of its ends at a
tion of a single chain on a surfag2]. In this paper we focus distancez from the surface are described in this paper. A key
on the reverse problem, the desorption process of a singlgoint is that the structure of the chain depends on the length
chain when one of its ends is pulled away from the surfacescale at which it is considered, and can be described in a
We impose the constraint that one end of the chain is fixed dough approximation either as rigid, i.e., rodlike, or as
a distancez from the surface and consider the equilibrium Gaussian, i.e., similar to that of a random walk. A few
configuration of the chain in response to this constraint. Théimple general results can be given without entering into the
stretching of a chain adsorbed at a surface has been invesfietails: at very large values af the chain is detached from
gated experimentally using atomic force microscépEM) the surface and the electrostatic field is scre_ened; obvu_)gsly
[3,4]. This technique measures the force required to stretch (Z2—~%)—0. On the other hand, due to the impenetrability
the chain. It is therefore interesting to make predictions fol0f the surfaceF(z<0)=—< (as a convention, repulsive
the force profileF(z), which gives the force applied at one forc_es are counted negaﬂv&lythe c_onformatlons of the
end of the chain to keep it at a distancérom the surface. chains with monomers in the negative half-space Zarre

. . ) forbidden. More generally, the entropic repulsion of the
All over this paper, we consider a single polyelectrolyte | . s .
) ) . chain by the surface tends to be predominant at stpabi-
molecule in af solvent(no excluded volume interactions

ithad t ol atioN and hed fraction tive) values ofz, leading to negative values of the force
with a degree of po ymenzgu anda quenche ract! F(2): the end point of the chain has to be pushed toward the
of charged monomers. Without any loss of generality,

2 , W& urface to be maintained at a short distané®m it. On the
assume that the chain is negatively charged, and denote bynar hand, as the end point of the chain is pulled further

q=—ef the average charge per monomer. We suppose thglyay from the surface, the for@(z) increases and reaches
the chain is flexible so that the Kuhn lengthis equal to the 5 maximal positive value before the chain escapes from the
monomer size. The adsorbing surface is perfectly flat angjectrostatic attraction of the surface afgz)— 0. It will be
chemically homogeneous and carries a uniformly spreadhown that, in most cases, the attractive force is equal to the
charge that creates a fiel, in the half-spacel>0 (thed Coulombic force acting on the monomers detached from the
axis is the axis perpendicular to the surface, withO atthe  surface. Hence, in order to estimate the forde), we need
surfacg. We characterize the strength of the field by a di-to determine the distandd, at which the attraction of the
mensionless parametge=eEya/kgT. The screening of the surface becomes larger than the entropic repulsion and the
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number of monomerdly(z) detached from the surface but even for a single chain in solution, several different struc-
still close enough to experience the electrostatic figjJdFor  tures can be found. Additional substructures would have to
z>H,, the force is given by (z) ~Ngy(2)qE,. be considered for a chain that would not be i@ aolvent.

The paper is organized as follows. In Sec. Il, the main The adsorbing surface in our model is described by the
length scales and the methods used throughout the paper akectrostatic fieldg, that it createskg is directly related to
introduced. In Sec. lll, we consider the academic case of athe surface charge density, whose value is sinafdly. In the
unscreened surfadeery large values ok and«~1). Section  following, the parametex=eE,a/kg T will be used in many
IV is devoted to the effect of salt. In Sec. V, we discuss theinstances as the parameter characterizing the intensity of the

situation of a salt-free solution. electrostatic fielde,. The associated length scale, the Gouy-
Chapman lengthh =2a/x=2kgT/(eE,), defines the dis-
Il. LENGTH SCALES AND METHODS tance at which the counter-ions of the surface start to screen

the electrostatic field created by the surface.

In this section, the basic length scales associated with a Whenx is large enough, a polyelectrolyte chain adsorbs
polymer chain and a polyelectrolyte chain in solution are firstat the surface. Several lengths are usefully defined, where the
introduced. Then those corresponding to the charged surfaegtraction of the surface is found to balance another effect:
and to the chain interacting with the surface are defined. The (i) The chain tends to get confined within a distahte
section ends with a summary of the methods used. from the surface. The value df. results from a balance

The independent length scales characterizing a linear hdsetween the electrostatic attraction and the entropic repulsion
mopolymer chain are the persistence length, supposed heg¢ the surface. We expect that adsorption can take place only
to be equal to the size of a monomar and the contour when the screening of the electrostatic field occurs at dis-
length of the chairNa, whereN>1. Typically, a is of the  tances larger thahi,.
order of 1 A, while the contour length can reach a few mi- (i) When an adsorbed chain is pulled away from the sur-
crometers for industrial polymers and centimeters in the casface, the electrostatic attraction of the surface becomes too
of human DNA. Note, however, that DNA is not a flexible weak to compensate the entropic stretching energy of the
polymer: its persistence length is much larger than its monoehain whenz=Hg. H represents the maximal extension of
mer size. A neutral polymer in a solvent is Gaussian. It is the chain. Wherz>Hg, there are no monomers left on the
isotropic and its size is of the order B,=N"2a/6. surface.

Neglecting the effects related to the inhomogeneities in (iii) When the chain has a Gaussian structure at small
the distribution of the charges along the chain, a polyelectrolength scalesi.e., whena<¢, or f<1), the electrostatic
lyte chain in a salt-free solution is characterized by two adfield might be strong enough to impose a rodlike fully
ditional length scales: the average distaa¢e between the stretched structure when the chain is pulled away. This oc-
charges along the chain and the Bjerrum lendfh curs if F(z)>kgT/a, as will be shown in Sec. Il B. In that
=e?/(4mekgT), specific to the solutione being the dielec- caseH is defined as the distance from the surface at which
tric constant of water. Sincks=0.7 nm, in pure water at the local Gaussian structure is lost to the benefit of a rodlike
room temperaturelg/a is of order unity. In the following, structure:F(Hy)=kgT/a.
for the simplicity of the notations, we do not indicate the (iv) The internal stretching of the chain due to the repul-
dependence of the results bgya and the only independent sions between the charged monomers becomes smaller than
parameters characterizing a polyelectrolyte chainaardl, the stretching due to the electrostatic field of the surface at a
andf. lengthH; .

The electrostatic interactions between the charged mono- As it will appear later, the lengthid., Hg, Hy, andH;
mers become relevant WheN(])Z/(eRg)>kBT, i.e., when determine different regimes for the forE€z), together with
f>N~34 stretching the chain up to a site,~Naf?*>R;  the screening lengthe * andA.

[5]. In this situation, it can be represented as a linear string of In Sec. Il A, the case of a Gaussian chain in an un-
so-called electrostatic blobs, of size-af™ ?3< Ry, with a  screened field corresponds to the limit whetg=0, and
lengthH, and a lateral siz&;. Within each blob, the chain Hy, A\, k 1=+, When the electrostatic field is strong
retains its Gaussian structure of a random wWélk Note that  enoughH.<Hg, and three asymptotic regimes are obtained:
whenf is of order unity,¢ is of the order ofa and the chain z<H_, H.<z<Hg, andz>H;. Section Ill B considers the
is fully stretched. possibility of a non-Gaussian elasticity;<<Hg, while Sec.

In a salt solution, electrostatic interactions are screened bl C takes into account the intramolecular electrostatic re-
the ions present in the solution at distances larger than theulsions,H;>H_. Section IV and V investigate the effect of
Debye-Huckel lengthx~*=(87lgn) Y2 n being the con- screening due to the ions. In Sec. IV, the added ions are the
centration of salt molecules. Hence, in a salt solution, a polyscreening factor # *<\), while in Sec. V counterions of
electrolyte chain is Gaussian when '<¢. Whenk !'>¢,  the surface are predominant€« ). The charged mono-
the chain is Gaussian at distances smaller thesiretched at mers are not expected to play a major role in the screening of
distances larger thag but smaller thanc! and its behaves the electrostatic field unless the density® of chains on the
as a self-avoiding walk at distances larger than'. The  surface becomes finite. But since a thorough study of this
exact large-scale structure of a flexible polyelectrolyte chairproblem would necessitate the introduction a new parameter,
is still a matter of current resear€], but the blob represen- the area per chail, we leave it for future work.
tation is believed to be justified, at least at distances smaller Throughout the paper, the scaling structure of the results
than the screening lengtti * [8]. can be understood with simple arguments where the different

These introductory remarks on polyelectrolytes show thaentropic or energetic effects mentioned in this section are
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compared. Neglecting the intramolecular electrostatic repul- G a2 3G U(z)

sions between the charged monomers, exact results for the ——(z,N)=— ——(z,N)+

partition function are possible in the limit of an infinitely oN 6 972 KT

long chain N—x) in two cases: a Gaussian chain in an

unscreened electrostatic fiel@ec. Il A), and a Gaussian Equation(2) has the same structure as a Sclimger equa-

chain in a salt solutioiSec. IV). The limit N—co is similar  tion. Hence, this problem is related to the behavior of an

to a ground state dominance approximation in quantum meelectron close to a charged surfa@. We introduce the

chanics. The opposite case of a fully stretched chain (|engths=a/(6fx)*3=E, " and define the reduced variables

~a) can be modeled exactly by a rigid rod as long as thezEZ/5 and N=R_2=Na?/(66%). Equation(2) can be re-

electrostatic field is not strong enough to bengée Appen- . . 9 . . . ~

dix D and Sec. Il G. In addition to scaling arguments and erltten in terms of the dimensionless variabkeandN. For

“exact” calculations, we consider a freely jointed chain z=

model in Sec. Il B, allowing one to obtain the crossover

behavior of the chain between the regime of Gaussian elas- G PG _

ticity and the regime of a fully stretched chain. Finally the ——=(ZN)=~—(ZN)+ZG(Z,N). (©))

position of the various monomers of the chain when it re- N 9z

mains locally Gaussian can be obtained in a mean field

theory by neglecting the fluctuations of the position of aThe set of the eigenvectors of E®) forms a complete basis

given monomer by writing a force equilibrium on a group of onto whichG(z,N) can be expanded. The eigenvectoy)

consecutive monomerSecs. Il B and IV and Appendix)C  are bounded and obey the hard wall conditigtz=0)=0.
We find

G(z,N). (2

I1l. POLYELECTROLYTE CHAIN AT A CHARGED
UNSCREENED SURFACE
A. An exact calculation of the partition function uj(2)= SY2AI" (=N ) AI(Z=)j) 4
i

The conformation of a polyelectrolyte chain adsorbed at a
charged surface with one end fixed at a distanéem the
surface is described by the partition function, denote
Z(z,N), where all internal degrees of freedom except for the
position of the chain end point have been integrated out. For Ai(y)= W’lfwdt cos 931y ©
a Gaussian chaifignoring the electrostatic interactions be- 0

tween the monome)s

N N
Z(z,N)=L(S_O)_Z[dr(s)]ex%—L_Ods

N U(z(s))

d/\/here Ai(y) is the Airy function defined by

3 (dr\? and—\; is thejth negative zero of Al) [10]. Ai’(y) is the
(—) (s) derivative of Ai(y). The normalization constant in E4)
ds ensures thaf jdz Lf(z)zl [11]. G(z,N) is expanded as

. (1) o
] (] ayaie

The monomers are labeled by a continuous paranseté) G(Z’N):,Zl AI'2(—\))
andz(s) are respectively the position and the distance from (6)

the surface of monomes. fz(szo)zz[df(s)] denotes an in-

tegration over all possible conformations of the chain suchp simpler form of the partition function is obtained by taking

tfgt r_nonomdeS—O IS _at arl]d|stance lfrom th? ;surface;(s q the Laplace transform oG('Z,N) with respect toN; it is
g )=z, an (X(S)) IS the fxterna goft_enu?r] expenerfme ' presented in Appendix B. Fa=0, G(z,N)=0, as required
Y MONOMETS. AS a conven |on;we efine the zero of en by the hard wall condition. Close to the surface, wfien

ergy at the surfacel(z(s)=0)=0. For a free Gaussian o~ ) ~

chain, U(z(s))=0, and we denote a&q(N) the partiion 0 at fixedN, G(z,N)=z. At large distances, wheh— o

function. In that case, the system is translationally invarianét fixedN, the presence of the surface is no longer felt by the
and Zro(N) depends only om. In our problem, modeling Polyelectrolyte chain an@(z,N)=G°(z,N) (see Appendix

the surface as a hard walll(z(s))=qEyz(s) for z(s)=0 A), with

andU (z(s))= for z(s)<0. A quantity related t&(z,N) is

the Green functiorG(z,N), defined by the relatio(z,N) 0 _ N3 _N

=Z(z,N)/Zgg(N). For a free Gaussian chain, the Green G(2.N) =exp(N“/3)exp(~ N2). @

function is equal toGgg(z,N)=1. Note thatG(z,N=0) _

=Grg(z,N=0)=1. The instructive case of a polyelectrolyte For N=0, in the absence of electrostatic interactions,
Gaussian chain in infinite space with a constant figjdis ~ G(zN)=Ggg(z,N)=1. On the other hand, when, for a
presented in Appendix A. The Green function contains thegiven value ofZ, N—<, the ground state dominance ap-

same information as the partition function and it is shown toproximation can be used and the ground state eigenvector
obey a diffusionlike equation: dominates the sum in E@6)

2a?

Ai(Z—\j)exp(—NX;)).
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G(z,N)=Ggspn(z,N) log1o[Fa/kgT]
A

© 3

dx Ai(x)

® == e

2 —

/
WhenN>1, we expect that the ground state dominance ap-  *||
proximation is justified at smallZ, while G(z,N) s
=G%zN) at large Z. The crossover occurs when
Geso(z,N)=G%(z,N), namely, for Z~N?, since Aify) FIG. 1. The force profile of a chain adsorbed at an oppositely

xexp(—2y>'%3) wheny—oo. In this limit, the chain proper- charged surface in an unscreened electrostatic field. The dashed line
ties do not depend on the hard wall arqzmzé shows the ground state dominance approximation. The full line
=NZ2fxal6 gives an estimation of the distance at which theshows the model of a freely jointed chain. Its slope crosses over
adsorbed chain leaves the surface when it is pulled away. from 1/2 to 1, corresponding to the crossover from the Gaussian
The Green function can be used to compute the forcéegime to the non-Gaussian regime. The horizontal line corresponds

required to maintain the chain end point at a distané®m to the Coulombic force at the plateau. The plot corresponds to
the surface al8=1/6/20 andz,=1600 nm. The plateau value corresponds to

Nfx=10,/6/8. These values are obtained, for instance, when

=0.2y6 nm, f=0.1, N=10°, and x=(,/6/8)1073, leading to &
kT dG

F(z2)=— — ). (9) =4 nm. At short distances, the force profile is best approximated
G(z,N) 9z ™ by the ground state dominance approximation, diverging in the
logarithmic plot for z=4, when F(z)=0. At intermediate dis-
Different limits can be simply considered: tances, wherF=kgT/a, the model of the freely jointed chain is

more adapted. The crossing point between the full line and the
horizontal line indicates the detachment of the chain. It occurs here
Ft z=10"5=Na.

(i) Close to the surface, whé&i-0 at fixedN, we obtain
F(z—0)=—kgT/z. This simple result is a consequence of
the entropic repulsion of the hard wall at small distances. |

Zé)bta(l)ne(tjhfortﬁ nehutrzzl CT‘T” cIo;etto a sur?ceoowlzlen Hc<Ry. The value ofH, is obtained by minimizing its en-
A n he other fm » atlarge distances, W efre a ~ergy[2], which is a sum of the confinement and of the elec-
fixed N, the force applied at one end of the chain to keep it arostatic energies

a fixed position tends to a constaf?(z,N)=NgE,, which

corresponds to the Coulomb force. Na2
(i) WhenN<1, electrostatic effects are unimportant and W.(H¢)~ kBTF +NQgEH,. (12
the polyelectrolyte molecule merely behaves as a neutral c

chain entropically repelled by a hard wll5) F(Z)f The value of the thickness whel¥(H.) is minimized is

—kgT/z for z<Ry and F(2)=NqE, for z>Ry. WhenN 1y _ 5 Hence,s can be interpreted as the thickness of the
>1, the ground state dominance approximation is correct fOf’ree|y adsorbed chain. The thicknesss independent of the

z<zo, while F(2)=NgqFE, for z>z,. , size of the chairR,. On the other hand, if the chain has one
Using Eq.(8), we obtain the ground state dominance ap-f jis end points fixed at a given position very far from the

proximation for the force surface, it stretches in the direction parallel to the electric
field Eo, with a lengthHs>R,. The value ofHs is also

F _ kgT AI"(Z—\y) 10 obtained by minimization of the free energy of the chain,
esl2)= 8 Ai(Z—\y) ' including an entropic elasticity and an electrostatic contribu-
tion

At small distances, when< §, we retrieveF ggp= —kgT/Z; b2
for z> 6 a simple and nontrivial regime is obtained: Ws(Hc)’NVkBTN;Z —~NgEH,. (13)

_ ksT [z z . ] .

FesoZ >1)~—~7 SZNqEO B (11)  This leads toH,~z,. Namely, the distance at which the
0

chain leaves the surface when one of its ends is pulled away
) corresponds to the length of the chain in the bulk, away from
Note thatFgsy(z) =NQqE, whenz=2z,. In Fig. 1, the force o gyrface. The forc&(z) is dominated by the entropic
profile F(z) is shown forN>1. repulsion of the wall forz< &; this effect being independent

A simple understanding of these results can be achievegf Ry, the only relevant length iz and, consequently,
by using scaling arguments. The electrostatic field applied of (z)~ —kgT/z. This result holds as long as>a and is
a polyelectrolyte molecule is significant MqEyRy>kgT,  characteristic of a Gaussian structésee Appendix D for a
which can be rewrittefN>1. In that case, the chain tends to rodlike structurg On the other hand, whersz,, the only
get confined close to the surface, within a layer of thicknesgontribution to the force is the Coulomb foré¢z) =NqkE,.
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FIG. 2. A schematic view of a chain adsorbed at an opposite FIG. 3. The different regimes of adsorption for a polyelectrolyte
surface with one end fixed at a distanzdrom the surfaceN,  chain in an unscreened field, in the linNt—co.
monomers are desorbed from the surface(@nthe chain remains
Gaussian. In(b), the chain exhibits a nonlinear elasticity far In Fig. 3(a), we represent the different regimes of adsorp-
>Hg. tion of a polyelectrolyte chain in an unscreened field, de-

pending on the strength of the electrostatic fieldnd on the

At §<z<z, we divide the chain into two section®y, fraction of charged monomers. When x<f~*N~%2 (N
monomers are desorbed from the surface, l[drdNy mono-  <1), electrostatic interactions between the surface and the
mers are still confined close to the surfdeee Fig. 2a)]. monomers have little effect on the chdirgions of no ad-
The force isF(z) = NoqE,. Forz<z,, the scaling expression sorption and of preadsorption; see Figa)3 On the other
for the number of desorbed monomers is written as a poweiand, whenx>f N~%2 adsorption is expected to take
law place, andH>H..

No(z)=N(z/zp)". (14 B. Stretching of a freely jointed chain

We have assumed above that the polyelectrolyte molecule
could be modeled as a Gaussian chain. This assumption
clearly breaks down if the chain stretching becomes too im-
portant: A real chain cannot be longer than its contour length
Na. When the Gaussian chain theory predizgsNa, it is
therefore outside its range of validity. This occurs when
>f~IN"L. In order to investigate this situation, it is more
realistic to model the macromolecule as a freely jointed

chain. The energy of the chain under a tensfois —F - R,
Note that F(z=8)~NqEy(8/zy)Y?’=kgT/ 4, in agreement whereR is the end-to-end vector of the chain. For a freely
with the continuity of the force over the whole range of jointed chain, an exact counting of the conformations is pos-
values forz. sible and shows, in analogy with the average dipole moment

The exponentx is found by imposing thaNy(z) be inde-
pendent oN for z<z,, giving v=1/2, and we find again Eq.
(11). Ng(z) can also be obtained by minimizing the free
energy of the chain with respect by

2

A

0d”



6928 XAVIER CHATELLIER AND JEAN-FRANQOIS JOANNY 57

of a dipolar material in an electrostatic fie]d2], that the non-Gaussian adsorption in Fig(ap], the chain is fully

relation between the magnitude of the average end-to-enstretched at all distancesandF(z) =qEyz/a.
vector,R, andF is given by

keT C. Effects of intramolecular electrostatic repulsions

F=
a

R
Na

-1
g

' (16) A polyelectrolyte chain is stretched by internal electro-
static repulsions whefi=>N~%4 In this situation, different
where ﬁg(y):coth@)—y’l is the Langevin function. For regimes of adsorption have been defined by Borifdy
small values ofF, the Gaussian behavior is recoverdd: WhenNgEH,<kgT, or equivalentlyx<N~2f >3, the ef-
=3kgTR/(Na?). As the chain is strongly stretched, it can be fect of the electrostatic field on the molecule is negligible
characterized by the average position of monomegnor-  [region of no adsorption in Fig. (8]. When NgER,
ing the fluctuations around its average conformation. Using€keT<NQEgH,, i.e., N™2f "5P<x<f IN"%2 the mol-
Eg. (16), we write the local force balance on the monomersecule, keeping its natural conformation, comes in contact
located in the desorbed part of the chair; <N, [see Fig.  with the surface and starts to orient parallel to the surface; it
2(b)]. On the chain segment betwesio s+ds gets confined within a distandé.=a/(fNx) from the sur-
face. This regime was named as the preadsorption regime
_,(1dz [see Fig. 8a)] [2]. Forx>f~N~3%72 the chain adsorbs and it
(s+ds)=Ly7| 2 55/ (®) is confined within a distancél =& from the surface. The
size of confinemen® is independent of the length of the
=qdsk (17 chain, which is characteristic of a “real” adsorption, in con-
_ trast with the pre-adsorption. Whén*N~3?<x<f [regions
leading to of weak, Gaussian, and non-Gaussian adsorption in Fig.
3(a)], 6> &: the chain of blobs is stretched but it retains its
(s)=qEss—F(2). (18) internal s?ructure at length scalgs smaller t_tga[ﬁ]. When
x>f [regions of strong Gaussian adsorption, strong non-
Gaussian adsorption and very strong non-Gaussian adsorp-
For s=N,, the left-hand side vanishes in EG8) and we  tjon in Fig. 3a)], §<¢, and each individual blob is strongly
obtain F(z) =NoqE,. After integration of Eq(18), the ten-  adsorbed on the surfagg].
sion along the chain is obtained. In particular, the tension at \We now consider the situation where one end of the chain
the fixed ends=0, is is pulled at a distance from the surface. When there is no
adsorption, the chain can be modeled as a rigid charged rod
of sizeH. In this situationH; =+ andH;=H,. An ener-
getic cost is associated to the loss of entropy of the rod for
being confined close to the surfat®, ;= —kgT InQ, where
wherek(y)=In[sinhfy)/y] andzy=a/fx=kgT/(qEg). When () is the solid angle including all the orientations for the rod
z<z4, Eq.(19) gives the Gaussian chain result, Efjl). On  forbidden by the presence of the surface. WhenH,, Q
the other hand, whee>zy, F(z)>kgT/a and the relation =0. Whenz<H,, Q=2x(1—2/H,), hence the solid angle
between the forc&(z) andz is given by corresponding to the configurations allowed by the presence
of the surface isQ.=47—Q=2nw(1+2z/H,). The force
profile is consequentliF(z) = —kgT/(z+H,) for z<H, and
F(z)=NgE, when z>H,. The statistical physics of a
charged rod at an oppositely charged surface are presented in
Namely, F(z)~qEyz/a for z>z,. Hence, sinceHy is the  Appendix D. Note that the chain can be modeled as a rod
distance above which the chain is no longer Gaussian, in thenly at length scales larger than the lateral size of the rod,
freely jointed chain modelH,=2z,. Consequently, the namely, the radius of gyratioRy, in the case of a polyelec-
Gaussian model can be used whgpr z,, i.e., x<f"IN"L  trolyte chain. At short distanceg<¢, the polyelectrolyte
Note that this condition is equivalent ly3<<Na. The oppo- behaves as a Gaussian chdifz) = —kgT/z.
site casez,>Na (or, equivalentlyzo>z,), is characterized In the preadsorption regime, the chain can still be mod-
by a non-Gaussian entropic elasticity of the chain, and weled as a rod. But, in contrast to the previous case of no
call it the non-Gaussian regime. Regions designed as nomdsorption, thermal fluctuations are small. The second end of
Gaussian adsorption, strong non-Gaussian adsorption artde chain remains at the surface wheraH, (see Fig. 4,
very strong non-Gaussian adsorption in Figg)Zorrespond and the chain is parallel to the electric field whenH . The
to the non-Gaussian regime. force F(z) is dominated by the electrostatic interactions:
These results can be interpreted in terms of simple scaling(z) =NqgEy/2 for Ry<z<H,, and F(z)=NqE, when z
arguments. Close to the surface, the chain remains GaussiarH, (see Appendix [ This problem is very similar to that
andF(z)~NqE,\z/z,. The distance at which the chain be- of a weightlifter liting a dumbbell of massl and of length
comes fully stretchedr(z) =kgT/a, is found to bez=z,. Ho by one of its sides. At heights smaller thé&iy, the
For z>z4, the desorbed part of the chain is a rod, and theweightlifter has to exert a forcklg/2, since it is lifting only
number of desorbed monomers Ny(z)=2z/a [(see Fig. half of the dumbbell. At short distances, the situation is simi-
2(b)]. Hence,F(z)=qEyz/a for z>z,. Whenx>f~1 note lar to the regime of no adsorptiof(z)=—kgT/z whenz
that <a andzg<a. In this regime[regime of very strong <¢.

1dz

kgT
a | ads

a

-1
9

1dz

keT .,
‘a9 lads

a 9

_ :kBT 1 Z
F(2)=No(2)qEo=——k *| 7|, 19
(]

ksT (2F(z)a
F(z)—%ln(%

Z
=46 (20)
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1d log10[Fa/kgT]

A
0

3 . > log10[2/9]

_ | o FIG. 5. The fqrce profile=(z) for a chai_n in a salt s_qutjon.
S e e et e v e, o
the ground state dominance approximation. The second part of the
FIG. 4. A chain of electrostatic blobs that remains rodlike whenplot, indicating where the chain detaches, is obtained from previous

it is detached. The circles picture the blobs. results on the detachment of neutral chains, and is obtained by
continuation of the first part. The chain detacheg=a7x10° nm.

When adsorption takes place, the chain is confined within
a distances<Ry from the surface. When<¢, the entropic  and we can use the results of the previous secti(z)
repulsion of the wall is agail¥(z) = —kgT/z. Whenz>6,  =NqE;\z/z, for z<z, and F(z)=NqgEyz/a for z>z,.
several regimes can be obtained. We call the weak adsorpiote thatz;> & when 5> ¢, i.e., x<f. The adsorption re-
tion regime the case Whe‘ﬁo is the distance at which the gimes of “intermediate Strengths” Correspond H)C:5
chain leaves the surface. In this regimg<Ho, the stretch- <7 <H, z,. In these regimesH; =z, and, sincez; <z,
ing of the chain due to the electrostatic field is negligibIeHi<H _
with respe_ct to the. stretching caused by th_e intramplecular In the regimes of strong and very strong adsorption,
electrostatic repulsions; =+, and the cha!n can still be <6<, the effects of intramolecular repulsions are negli-
represented as a rod of lendii=H,. In addition, the en- fible, H;=0. In the strong Gaussian adsorption regime,

ergetic cost for bending the chain and breaking it up in on L . _ — e
adsorbed part and one desorbed part, as was represente i{dz)_ KgT/z for z<5, F(2)=NQqEoy2/z, for 5<Z.<Z°
andF(z) =NgE, for z=z,. In the strong non-Gaussian ad-

Fig. 2, is, neglecting logarithmic contributionkgT Nof*3, _ : _ S
where Ng=N2z/H, is the number of desorbed monomers, SO'Ption regime, the non-Gaussian elasticity;(2)
Whenz,<Hy, this energy is larger than the electrostatic en-=NdEoZ/a, is observed fozg<z<Na. In the very strong
ergy NgE,z of a fully desorbed rodlike chain. Hence, when @dsorption regime, the Gaussian behavior disappegss
one of its ends is pulled away from the surface, the chairf<a.
keeps its rodlike conformatiofias represented in Fig.).4 In conclusion, three main situations are observed:
Consequently, whelRy<z<H,, F(z)=NgEy/2 and when (i) Hj=+c°, in the regimes of no adsorption, preadsorp-
z>H,, F(2) =NqE,. The force profile in the regime of weak tion, and weak adsorptiorx&f~*N~1); the chain can be
adsorption differs slightly from the force profile in the re- modeled as a rigid rod of sizés=H, as long asz>R,,
gime of preadsorption only in the range of distanéesz  while it is Gaussian forz<¢. In these regimesF(z)
<Ry, which we did not investigate. The weak adsorption=NgE, for z>H, andF(z) = —kgT/z for z<¢.
regime is shown on Fig.(8), where its boundaries are de- (i) H,=60<H;=2z;<H.=2, or Na. The intramolecular
fined by f N~ ¥2<x<f N1, electrostatic repulsions are predominant as long<asi; .
When the electrostatic field is larger than in the weak (jii) H,=0, whenx>f. The intramolecular electrostatic
adsorption regime, the chain bends and breaks up into on@puisions can be neglected, as in the previous sections.
desorbed part and one adsorbed part, in order to minimize its
electrostatic energy, as represented in Fig. 2. Wéed, the
adsorption regimes of “intermediate strengths” are obtained.
Depending on the relative values af and z,, the non- So far, we have neglected all possibilities of screening of
Gaussian elasticity plays a role at large distances ofmet the electrostatic field. However, a real water solution con-
gimes of Gaussian and non-Gaussian adsorption in Fidgains at least the counterions corresponding to the charges on
3(a)]- On the other hand, at short enough distances, the dethe surface. The higher the charge on the surface, the larger
orbed part of the chain keeps its structure in terms of electhe number of counterions. The screening of the surface due
trostatic blobs. The number of desorbed monomers is theto the counterions is characterized by the Gouy-Chapman
No(z)=NZz/Hy and the force is dominated by the intramo- length A\=2a/x. In addition to the counterions, there are
lecular electrostatic repulsions. Its component ondhexis  other free ions in the solution: the counterions of the poly-
is F(z) ~kgTf?¥a. This expression foF (z) is valid as long  electrolyte chain, ions due to the dissociation of water, added
as d<z<z;=af¥x. Whenz>z,, the electrostatic energy salt, impurities, etc. These ions, called all together as “salt,”
due to the field dominates over the intramolecular repulsionsalso contribute to the screening, with a characteristic length

D. Limits of validity of the unscreened model
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InX/InN F(z)=NgE, atz=H;. It then decreases slowly and is pro-
counter-ion very 4 portional to the electrostatic field(z)=NgE(z). On the
Gaus B orption other hand, when1<H, or A<Hg, the screening of the

-3/4

electrostatic field is important. Even in a salt-free solution,
this occurs as soon as=z,, i.e., whenx>f Y2N"1 be-
cause of the presence of the counteripsee Fig. 8)].
\ An important question that we have not considered so far
NGS.A is the screening of the charge of the surface by the charged
monomers of the chain itself. This problem is very difficult
to handle exactly since it would involve a self-consistent
calculation of the partition function. We expect, however,
that the screening due to the chain is negligible when the
electrostatic field at the surface is large enough, namely,
when the charge on any given area of the surface is larger
- than the charge contained within the part of the chain that
adsorbs above this given part of the surface. For a Gaussian
chain confined within a distancé from the surface, this
condition is fulfilled whenx>f. On the other hand, if the
electrostatic field is low, the screening effects due to the
chain charges may become important. However, we saw that
32 when x<f, §> ¢ and the internal structure of the chain in
terms of electrostatic blobs is not modified by the field, even
when it is unscreened. Therefore we expect that the scaling
results obtained for the unscreened field are not modified
when a single chain is considered. However, even in a dilute
solution, polyelectrolyte chains may adsorb at an oppositely
charged surface and form a nondilute adsorbed layer. Hence,
situations where the screening of the electric field by the
FIG. 6. The different regimes of detachment for a chain, includ-chains cannot be neglected may occur even wkeif.
ing the effect of the counterions, in the linhit— <. The counterion  However, we did not investigate this problem here.
screened Gaussian adsorption is either intermedidte-H.) or
strong H;<H.). SGA, GA, WA, and PA refer to strong Gaussian
adsorption, Gaussian adsorption, weak adsorption, and preadsorp-
tion. NGSA stands for non-Gaussian counterion screened adsorp-
tion, and corresponds to values fobf order unity. Even in the absence of salt, the electrostatic field is
screened by the counterions of the surface and by the chain.
scalex '=(8mlgn) Y2 n being the concentration of salt The Gouy-Chapman length=2a/x is associated with the
molecules. The total electrostatic potential profileU$z)  screening due to the counterions. The electrostatic field is
=V(2) — Vo, where[13] E(z)=E, for z<\ andE(z)=2kgT/(e2) for z>\. Differ-
ent adsorption regimes are obtained depending on the frac-
tanl‘(e V(2) ) =tan|-( . Vo )exK—KZ)- (21)  tion of charged monomerisand on the intensity of the field
4kgT 4kgT x and are presented in Fig. 6. As shown in Sec. lll A, the
electrostatic interactions are expected to be unimportant
Note thatV(z=0)=V, andV(z—«)=0. The electrostatic whenx<f~IN~%? this corresponds to regions of no adsorp-

° IntinN

<1/2 = - -1/2

intermediate

-3/4 4 L 314

and No adsorption

744

IV. SALT-FREE SOLUTION

potential at infinityU (z— )= -V, is determined by tion and preadsorption in Fig. 6. For a Gaussian chain, the
theory of the unscreened Gaussian chain is straightforwardly

K)\sinl-<e—vo) _1 (22 generalized when>z,, i.e., whenx<f¥2N~! (regions of

2kgT Gaussian and strong Gaussian adsorption in BigOé the

other hand, wheri~2N~1<x, the simple scaling approach
Two different limits should be distinguished: when the saltof a Gaussian chain in an unscreened field breaks down as
concentration is very low\<k~!, E(z)=2kgTe Y(z soon asz>\. Note that, since;<\ (f<1), the effect of
+\) for z<k 1, while E(z)=(4xkgT/e)exp(—«2) for z  intramolecular repulsions is negligible at the length scales
> k1. This case is considered in Sec. IV. On the other handwhere the screening of the field by the counter-ions becomes
if the concentration of salt is high, in the Debyedkel important.
limit, x 1<\, a single simple expression is obtained for the We first consider the case whexe>§ (x<f'?). In this
electrostatic fieldE(z)=Eqexp(—«2). This situation is in- situation a polyelectrolyte chain adsorbed at a charged sur-
vestigated in Sec. V. Hence, the electrostatic field is unface is confined within a layer of thicknekk = §. When the
screened only up to lengths smaller tharand «~%. When  chain is pulled away from the surface, it remains Gaussian as
the lengthH of the chain extended by the field is small, long asz<H,. If the fraction of charged monomefsis of
He<k~ ! and Hs<\, the theory put forward for an un- order unity (along the vertical axis in Fig. )6 Hy~24
screened field can be used. The foFqg) reaches a plateau =a/fx=\ (see Sec. IIB For z(s)<H, the chain has
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Gaussian elasticity, the electric field is unscreened, and reion in Fig. 6, Hg>\. ForA <z<H,, the chain is Gaussian
sults of Sec. Il A are valid, while foz(s)>Hg the chain is  and the electric field is screened. In this limit, we write the
rodlike and the electric field is screenédy=z/a andF(z) local mechanical equilibrium of the chain, as in Sec. II B.

=2(kgT/a)f In(zZ\). On the other hand, if<1 (we define Equation(17) reads, for a Gaussian chain in a screened elec-
this as the region of counter-ion screened Gaussian adsorpeostatic field,

3kgT

3kgT d? du
> =——— —(s)ds=—ds——. (23
a

a2 32 dz

Integrating Eq.(23) yields an expression for the tension along the chain:

2 _
3kgT dz —\/FZ(z)—6(kBT) U(z) u(z(s))_

2 dsd~ a KaT

dz q dz T d°z
—d—s(s+ S)+ d_s(s) r

(24)

At s=Ng, z(s=Ng)=0, U(z(s))=0 and the left hand-side hand, whenz>\, the results corresponding to a screened

in Eq. (24) vanishes, leading to field are obtained. In particular, the number of desorbed
monomers is

kgT U(z)

F(2)= a kgT’

25
@ No(2)= @f‘l’zg[ln(zlk)]‘l’z. (30)

The expression for the tension of the chain is simplified )
Note that the scaling form of Eg$27) and (30) can be

obtained by ignoring the inhomogeneity of the distribution of
3kBTd_Z :_kB_T w (26)  the monomers and equilibrating the elastic force and the
a? ds a kgT electrostatic force acting on the desorbed part of the mono-
mer

Equations(25) and(26) are correct whem,z(s)>H.. They

apply for any form of the electrostatic potential. The case of kgTz 0 ) . No

a salt solution is presented in Appendix C. For an electro-  3— =f dN(z')qE(z") =2kgTf—In(z/\). (3D
- . . Noa 0 z

static field screened by counterions, we obtain

KT Equation(27) shows thatH ;=\ exp(1f). The chain remains
F(z)= L[lzf In(1+2z/\)]H2 (27) in contact with the surface until the end point is at a distance
a H., obtained from Eq(30). Assuming Gaussian elasticity,

. _ . _ H¢=Naf'? up to a logarithmic correction. At large dis-
There is no plateau for the force, in contrast with the situaances, when the chain is detaches>H,), the force de-

tion of an unsgreened electrosta_tic field, but the dependenggegses logarithmically. Note that the valuerpfis strongly

of the force withz is weak (logarithmig, and the order of jncreased, as a consequence of the screening of the electro-
magnitude ofF (2) is constantF ()~ f"%gT/a. The distri-  gtatic field by the counterions, ait,;>H, for f<1. Hence,
buti(_)n of the monomers along the chain is obtained by int€the chain remains Gaussian, even at strong values of the
gration of Eq.(26): electrostatic field, whefi<1.

We now consider the case wheke<s (x>f?). The
confinement layer reaches a minimal valdg=af 2 in-
dependent of the field strength as can be shown by a
minimization of the free energW(H.) of a chain homoge-
whereu(z(s))=[In(1+2zs)/\)]¥2 Whenz<\, we get back Nheously confined within a layer of thicknebk,, with
the results of an unscreened Gaussian chain. The position of

12 f*l/Z 71J‘u(z) d F( 2) (28)
S=— X uexpus),
V3 u(z(s)

L. Na? N He
monomers is given by W(H,)= kBTF+ H—qu)\f dtin(1+t/n). (32
0
 [Ng(2)—s)|?2 =T
As)=2 No(2) | ° 29 Whenf is of order unity,H. is of the order of the monomer

size. HenceHy~H_. The desorbed part of the chain is rod-
As expected, Eq(29) shows that the monomers are not ho-like, No=2z/a andF(z)=2(kgT/a)f In(zH,) (along the ver-
mogeneously distributed, in contradiction to what was astical axis in Fig. 6. Whenf<1 (region of counterion very
sumed in the simple scaling arguments developed so fascreened gaussian adsorption in Fig.tlee chain is Gaussian
However, the scaling results are not affected. On the otheand the results of the region of counterion screened Gaussian
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adsorption are generalized as soorzzH . by replacing\ increasesa decreases and the number of negative values
by H. in Egs.(27)—(31). A more precise approach, however, diminishes. Eventually, the last negative eigenvalue disap-
should take into account the inhomogeneity of the chairpears whena becomes equal to the first zero &§. The
within the layer of confinement. adsorption threshold is defined by,ys=jo,=2.408...,
These results hold as long as there is no salt in the solu-e.,

tion. If salt is added or naturally present in the solution, they

are modified at distances larger than the Debyekél Sags= (2000 ?Pk 1. (35
length « = (87lzn) "% n being the concentration of salt

molecules. The polymer has a Gaussian elastidity—¢ ) Inbterms qf electric field, it corresponds to a critica_l vz_ilue
as soon as<*1<zg, independent of the charge fractidn above which there are bo_und states and the cham‘ s ad-
The force reaches a plateau value farx ' F(2) sorbed: Be!ow the crlt'|cal'f.|eld, the+ground sta‘ge dominance
=(kgT/Q)[12f IN(1+x" Y2 if A<k and F(2) approximation can be justified whé&h™ —co at a given value

= (kgT/a)(3fk YN\)Y2 if k~L<\. This last result is dis- of z. In this limit, the ground state eigenvalue#isﬁé and

cussed in greater detail in the following section. The size of _ i Y02 2
full extension is increased by the presence of salt: when GGSD(Z’N)_C(Q)‘]ﬁO[anq 27)JexgN"(Bo—a)l,
k >\ this effect is negligible, but whenc 1<\ and (36)

-1 ~ 12 ,.—17y\ 12 . o .
K "<zg, He=Naf"*(x*/\)7% whereC(«) is a normalization constant, which depends only

on @. When a—ox, By~a——ca®® with c~1.855 75[10],
V. SCREENING OF THE ELECTROSTATIC FIELD and we obtain the result of the ground state dominance ap-
BY THE SALT proximation for the Green function of a polyelectrolyte chain
at a charged unscreened surface. The fé1¢®, defined by

We now consider in more detail the case where theEq 9), is given by

screening is dominated by the salt ions. Whert<\, Egs.
(21) and (22) give a simple expression for the electrostatic
potential: V(z)=Eqox lexp(-x2) and U(z)=—-Eqo«x [1
—exp(—«2)]. The Green functiorG(z,N) for a Gaussian
chain is solution of Eq(2). We define

J;go[a exp(—z")]

Il exp—z")]

FGSdZ): %kBTa’K eXF(—Z+) (37)

N 1 Note thatGggsp(z=0,N)=0, as required by the hard wall
Gl(z,N)EG(z,N)exr{ qEox ) (33 co_ndition. For a given va_lue af>jo1, Ggsp(z,N)>z when
kgT z is small enough, leading tBgsp(z) = —kgT/z. At large

. . o ~ distances, the Green function also vanish@ggy(z— )
G1(z,N) is the Green function of the chain with a potential «exp(- 8,z*). Hence

V(z), instead ofU(z). Rescaling lengths in units of2 1,

the convenient reduced variables azé=«z/2 and N* Fosp Zz—®) =kgTBok/2. (38
=R, ?=«?R}/4. We also definer=2(x3) 3% G,(z,N) is
a solution of Equation(38) shows that the forc&(z) reaches a plateau
value at large distances. Wher>1 (i.e., <« 1), well
9G, G, above the adsorption threshold, the plateau value is equal to
e (z",N*)= P(z+,N+)+a2c;1(z+,r\|+) F(®)=kgTk ™ ¥25732=(kgT/a)J6fxx /a. This result

can be related to the case of a neutral chain close to a sur-
face, with short-ranged interactions between the surface and
the monomers of the chaji4,15. In our case, the range of
the interaction is of ordex 1. At distances much larger than

71 .
eigenfunctions of Eq(34) [6]. It can easily be checked that -, our model can be me_lpped onto a short-ranged interac
. ) ) tion model, monomers being attracted to the surface by an
the positive real numbers form a continuous set of eigenval- . . - 5
. . . attractive potential U(z) = — (Bo/12)kgTka“8(z), where
ues. In addition, there may be a finite number of negative ; ) ; . :
. : . ! . o(2) is the Dirac function, by imposing that the force has the
eigenvalues forming a discrete set. To a negative eigenvalug .
) ) . N gt same value. Using the results of Ref$4,15, the ground
— B, we associate an eigenvecton(z')*Jg(a€ ),  gtate dominance result can be extended at large distances.
whereJ(y) is the Bessel function of ordgg>0 [10]. The  \ye gbtain the lengti, at which the chain jumps away of

possible values oB are restricted by the hard-wall boundary ihe surface in order to minimize its elastic enerdys:

Xexp —2z"). (34)

The solution of Eq.(34) can be expanded in terms of the

cpndition Jﬁ(a)zo._ _The Bessel functiond, have an infi- =(1/12)8,kNa2. When a>1, this simplifies to H.

nite number of positive zeros, and we denotg as the nth = o~ 1257312\ g2/6= (fXK‘1/6a)1’2Na. An example for the
zero of Jg. The_value ofjﬂ,n increases wherB increases. \ynole force profile is shown on Fig. 5.

Hence, the maximal possible value 6 denoted from now These results can be interpreted with scaling arguments.

on asp, is determined by the conditiofy ;=a. It corre- A simple model consists in considering that, due to the ex-
sponds to the ground state, where the eigenvah,&(% is  ponential character of the screening, it is legitimate to ap-
minimal. The next possible value fg is obtained from the proximate the electrostatic field by a step functiBz)

equationj 4 ,= e, the third one byj z3=a, and so on. Note =E, for z<« ' andE(z)=0 for z>«*. The theory for
that the number of zeros df, smaller than is equal to the  unscreened fields can be used fst « 1. But for z>« 1,

number of negative eigenvalues. When the salt concentratiathere is no field and the forde(z) is a constant. It should be
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noted that as soon as*1<zg the chain always shows diMeglio and Senderi3]. In the performed experiments,
Gaussian elasticity. The plateau value for the forcE (i®) loops are pulled instead of the end of the chain. Several
=F(K_l)=NqEOw/K*1/20=(kBT/a)x/ﬁfXK*]-/a_ The loops may be pulled together, but since the loops have dif-
number of desorbed monomers is obtained by minimizingderent lengths, they detach sequentially and their contribu-
the free energy of the chainW(Ng)~NyqE,« *  tions can be separated in the force profile. Pulling one loop is
+kgTZ2/(Npa?), and we obtainNy=2z/a\a/fxx L. The merely like pulling two ends. We estimated that their system
stretched length of the chain, assuming that it does not jumgerresponded to the non-Gaussian counterion screened ad-
away from the surface, iblgzNam. Note thatH sorption regime(see Fig. 6 with a Debye-Hgkel length

scales asi.. It is shown in Appendix C thati,=H!/2. For «k~1=47 nm. A plateau in the force profile due to the screen-
S* s slé.

a non-Gaussian chain or for a chain stretched by intramoi—ng by the salt is obtained in the experiment by Senden and

lecular electrostatic repulsions, the same rufgo) di Meglio anq its value, Qf 'ghe order of 16’ N, is in good
=F(x 1) can be applied to obtain the order of magnitude Ofagreement with our predictions.

the value of the plateau. This explains for instance the last Some of the hypotheses of our model remain, however,
result of Sec. IV. too rough to allow for a quantitative comparison between

theory and experiment. For instance, the surface is, in real
samples, never homogeneously charged. Some elementary
V1. CONCLUSION charges are spread over the surface with an average distance

We have discussed theoretically the detachment of a polyéparating them. This average intercharge distance is of the
electrolyte chain when it is pulled away from a charged surOrder of a few nanometers, for mica in pure wzt8,17.
face carrying charges with opposite sign to that of the po|y_When zis smaller than thl§ characteristic distance, our re-
mer. The force that is necessary to maintain one of the engults are dubious and the discrete nature of the charges must
points of the chain at a fixed distanzefrom the surface D€ explicitly taken into account. Similarly, it may not always
increases with the distance and then reaches a plateau whdl@ correct to assume that the charge is uniformly spread
it is approximately constant. The chain detaches from th@long the chain, in particular whefi<1. And for annealed
surface when the end point is at a finite distance in the rePolyelectrolytegpolyacids or polybases for example, the av-
gime where the force has reached a plateau. erage charge per monomer depends on local properties such
The applied external force balances the electrostatic forc@S the local electrostatic potential. We did not consider in
on the desorbed monomers. At short distances the chain fetails annealed polyelectrolytes in this paper. Another as-
only weakly stretched and the force increase§ag2 At~ Sumption of our model is that the solution behaves & a
larger distances, the force becomes large and in some casevent. Taking into account the excluded volume and the
the nonlinear stretching elasticity of the chain must be take§hort-ranged interactions between the monomers and the sur-
into account; this leads to a faster increase of the féice face makes the problem more complex, but, in a poor sol-
«z. If the electric field of the charged surface is not VNt interesting predictions might b_e obtained, with a pos-
screened, the saturation value of the force is the total Cogible nonmonotonous force profile18,19. ~Another
lomb force on the chaiff =NqE,. If the electric field is imProvement of the model could consist in taking into ac-
screened either by the counterions or by added salt, the valgount the local variations of _the dielectric constant, in par-
of the force on the plateator the pseudoplateau where the tlcular.at the surface, where image charge effects can be of
force increases only logarithmically with distaiide inde- ~ SOME importance. _ o
pendent of molecular weight and decreases with the screen- This work could be extended in two directions. The AFM
ing (the ionic strength The distance where the chain de- €Xperiments are also able to probe the dynamical behavior of
taches from the surface grows linearly with the molecular® chain adsorbed on a surface. It would thus be interesting to
weight. make a theoretical study of the dynamical behavior of an
All these results have been obtained with several levels ofdsorbed polyelectrolyte chain responding to an oscillatory
approximation. In certain cases we were able to consider thfrce F(2). _
chain as a Gaussian and to calculate explicitly the partition The situation where many chain adsorb at the surface was
function. When the chain is highly stretched a classical ap@nly introduced briefly. We expect a quite rich variety of
proximation that amounts to writing a local force balance onP€haviors to occur, depending on the density of the chains at
the monomers turns out to be a good approximation. In alihe _surface and on their average gharge. In the case where the
cases the results can be explained in terms of simple scalirgf@ins are densely packed and highly charged, they might be
laws. We also have discussed in detail the limits of validityconsidered as grafted by the electrostatic attraction.
of our approach. A difficulty with polyelectrolytes is that the
exact effects of the electrostatic interactions on the structure ACKNOWLEDGMENTS
of a chain in solution are still badly understood at distances _ S
larger thank ! [7,8]. Hence the criterion obtained in Sec. ~ We thank Jean-Marc di Meglio, Tim Senden, Angel Alas-
Il C telling when these interactions can be neglectest{  tuey, and Albert Johner for useful discussions.
or z>z,) may be of interest. However, it should be noted

that only the structure of the chain at distances smaller than APPENDIX A
the screening lengtk ! is important in this work, since at . )
larger length scales the electrostatic field is screened. We present here the calculation of the Green function of a

The results obtained in this paper have been compared fgaussian polyelectrolyte chain in infinite space in the pres-
recent AFM experiments performed in Strasbourg byence of a constant electrostatic fiélg. The plane where the
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electrostatic potential is zero is set to coincide with the plané\ particular solution of Eq(B2) is given by the Wronskian

z=0. The properties of the chain are invariant by translationof the integrals of the Airy function§i(Z+p) [10], given
if a given conformation of the chain in the integration do- py
main of Eq.(1) is shifted by a given vector, the corre-
sponding term in the summation is multiplied by a factor
exp(—~NqE,-r/kgT) depending on the translation vector but
independent of the conformation, which can therefore be ex-
tracted from the integral. Using this property, it follows that

Gi(y)= w—lj:dt Sin(t3/3+yt). (B3)

The general solution of the homogeneous equation associ-
NqEyz ated to Eq.(B2) is the set of the linear combinations of the
KsT ) (A1)  Airy functions Ai(Z+p) and BiZ+ p). Using the boundary

conditionsG(z=0,p) =0 andG(Z,p) bounded,

GO(Z,N)=h(N,fx)ex;{ -

Equation(3) is valid for the Green functio®°(z,N) for all

values ofz, and it leads to a simple differential equation for — 1 _ . . o
h(N,fx)=h(N): G(z,p)= m[AI(p)GI(Z—i— p) = Gi(p)Ai(Z+p)].
B4
dh _ (B4)
— =Nzh. (A2) _ , -
dN Denoting the inverse Laplace transform operatoras, we

define
Equation (A2) is easily solved. Taking into account the

boundary conditiorG°(z,N=0)=1, obtained from Eq(1),

Ai(z+ ~
we retrieve EQ.(7). Note that the energy of the chain is ﬁl[Gi(p)M (N)
. N . . . . o Ai(p)
proportional toN*. This result is also obtained by using Eq. K(z,N)= - ) (B5)
(13) with He=2,. L7YGiI(p)](N)
APPENDIX B The Green function is expressed as
The Laplace transform, with respect to the varialleof ~ o~

the Green function of a single polyelectrolyte chain in a con- G(z,N)<[exp(—N2z) —K(Z,N)]. (B6)
stant field in infinite space, Eq7), is not defined. However,
this is not the case for a single polyelectrolyte chain in semi- APPENDIX C
infinite space, attracted to the surface, as is shown by&tqg.
Hence, we introduce the Laplace transfoi®(z,p) of For a solution containing salt, such that'<\, Eq.(25)
Gz N): is written as

— PR~ R = kT [6fxx?

G(z,|0)=fO dN G(z,N)exp —Np). (B1) F(z):% : [1-exp—«2)].  (C))

By taking the Laplace transform of E¢R), a second order

. . . ) — ) ) _ Below the temperature of adsorption, whém« 1, we ex-
linear differential equation foiG(Z,p) is obtained. Fofz P P "

pect Eq.(C1) to be correct as soon as> 8. Forz>« 1, the

>0, plateau value predicted by the ground state dominance ap-
G proximation is obtained. An integration of E@6) yields the
—(Z,p)—(2+p)G(Z,p)=—1. (B2)  expression of the tension and of the distribution of the mono-
Fria mers along the chain

3kB_T d_z) _ keT 6fxk 1| V1—exp — kz)—tanh(s\fx«a/6) 2
a2 \ds/”” " a a |1-1—-exp —«z)tanis\fxxal6)|
_ ( V1—exp(— «z)—tanhs\fx«a/6) )2
z(s)=—« " "In| 1— . (C3
1—1—exp — kz)tanhs\/fx«xa/6)

The numbemN, of desorbed monomers is obtained from Ep):

No= (fxxa/6) Y2anh [ V1—exp — k2)]. (C4)

Whenz< k1, these results match with those of the unscreened field. \When 1, the relation between(s) ands is linear,
in agreement with the constant value of the tension at large distances.
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z(s)=z—s\2fxx tal3. (C5)

The point where the chain jumps away from the surface can be obtained by calculating the free energy of the stretched chain,
including its electrostatic and its entropic contributions, and comparing it with the energy of a desorbed chain. The electrostatic
energy is equal to the entropic energy. We find that the free energy of the adsorbed polyelectrolyte molecule is

1+ J1—exp(—«z)
1-J1—exp(—«2z)
Whenz> k™1, W(z)=2N,(2)qEox 1. Whenz is large enough, the criterion for the chain to jump away from the surface is

W(z)>NU(z)=NqgEyx 1. The chain leaves the surface before it is fully extended, wNgsN/2, i.e., whenz=H,
=Na\/fxx~1/6a, as was predicted in Sec. IIl. Heneg=H./2.

-1

W(z2)= kBTKT\/6fx

In . (Co)

) —2\1—exp—k2z)

APPENDIX D

The partition function of a rigid charged rod with one end fixed at a distarfcem an oppositely charged surface is

47ra Nfxz Nfx(2z+Hg) -H
NfxHo| P ™ 22 | "R~ 2a 2= To
22)= 8ma . |NfxHg Nfxz H (B1)
NfXHOQIn 2a exp — a , Z> 0-
This leads to a forc&(z) = NgE, whenz>H,, while whenz<H,,
F(z)=NQgEy(1— 3 {1—exg —Nfx(z+Hy)/2a)} ~1). (D2)

In the regime of no adsorptionN(fxHy/a<1), Eq. (D2) simplifies asF(z)=—kgT/(z+H;), while in the situation of
preadsorption or weak adsorptioM {xHgy/a>1), F(2)=NqgEy/2. The average position of a free rod close to a charged
surface can also be calculated:
F{NfXHO
ex

2a

L PN Ho
(2=t X3a

-1
1 ] (D3)

In the regime of no adsorption, E(D3) yields (z)=a/(Nfx)>H,; in the regime of preadsorptioRy<(z)=2a/(Nfx)
<Ho.
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