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Counterion evaporation
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We study the adsorption behavior of a highly charged rodlike polyelectrolyte approaching an oppositely
charged planar wall in an unbounded electrolyte solution. The grand potential, the entropy, and the total
number of screening particles are calculated as functions of the rod-wall distance, using input parameters that
are typical of a DNA-molecule and charged lipid bilayers. It is found that counterions which are bound to the
polyelectrolyte at infinite rod-wall distances will be released, or “evaporated,” as the DNA molecule moves
closer to the charged wall. This effect can be regarded as the opposite of the ion-condensation process. The
transition of ions from the system of screening ions into the reservoir of bulk ions can lead to an increase of
the enthalpy. This gain of enthalpy for the whole system manifests itself as an attractive contribution to the
effective interaction between the wall and the polyelectrolyte.
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[. INTRODUCTION a gradient, this mechanism should therefore result in an ad-
ditional evaporation-induced forcéor “counterion-release
The possible occurrence of a phenomenon known aforce”) which pulls the whole polyelectrolyte in the direc-
counterion condensation is perhaps the most prominent feaion of the growing field strengths. It is the aim and purpose
ture of polyelectrolyte suspensiori4,2]. These chainlike of this paper to show that this counterion-release force in-
macromolecules become charged, when solved in a liquideed exists, and on what mechanism it is exactly based.
characterized by the Bjerrum lengtlz =e?/ ek T (with e be- That there is energy to be gained from the release of
ing the elementary charge, the dielectric constant of the counterions is a fact long known in the theory of
solvent, andkT the thermal energy{3]. This is due to the polyelectrolyte-ligand binding4]. Relatively new, however,
dissociation of certain molecules at their surface. The counis the incorporation of these ideas into a theory of polyelec-
terions leaving the surface can either stay in the vicinity androlyte adsorption by Sens and JoanBy: This work, as well
thus remain under the influence of the charged polymeas the current interest in counterion release, was triggered by
(bound counterions or they can free themselves from the a number of experiments by Rlar and co-workers on cat-
field of the polyelectrolytdfree counterions If d, the mean ionic lipid DNA condensatioi6], and only recently a paper
distance between two charges on the polyelectrolyte, is largappeared where, for the first time, counterion release seems
compared to\g, the number of free counterions in the sus-to have been observed direcfly].
pension will increase parallel with the line charge density A good theoretical model system to address these ques-
=1/d. However, once the line charge densitypecomes so tions consists of an infinitely long, charged, cylindrical rod
high that\g7=1, i.e.,d<\g, the number of free counteri- that is immersed in an unbounded electrolyte, and brought
ons ceases to grow with and remains constant. New coun- into the external field of an oppositely charged, planar wall
terions produced by further increasing will now become [8,9]. This model system was studied in Rg5] where a
bound counterions. This behavior is reminiscent of the coexeounterion-release induced force was analyzed in the case of
istence of saturated vapor pressure and liquid in the usual weakly charged polyelectrolyteg7<<1, where the nonlin-
condensation process, where any increase in the densigar Poisson-Boltzman(PB) equation[10] can be treated
leaves the number of molecules in the gas pliis=analogs perturbatively. Their perturbative treatment failed, however,
in our case are the free ionanaffected, and only changes for the case of highly charged polyelectrolytess(>1), a
the total amount of liquidbound iong. This analogy ex- charge regime that is of considerable importance as a large
plains the term “ion condensation[1]. number of biomolecules fall into this class of polyelectro-
This paper is concerned with the question of whether dytes (for example, the DNA molecule for whichgr~4).
reverse process of condensation is possible, that is, if som@dore importantly than this\g7>1 characterizes the charge
thing like ‘“counterion evaporation” can occur. Supposeregime where counterion condensation sets in, and where
some of the bound counterions could be freed, or evaporatedne thus would expect evaporation-induced forces to become
for example, by an additional external electric field of amost pronounced.
charged wall. These ions then leave the system and enter the Here we focus on the cases7>1, and study the total
bulk reservoir of electrolyte ions. Here and in the following, grand potential energy of the system as a function of the
the term “system” refers to all those ions that are involveddistanceh between the rod and the wall, a quantity which
in screening the fixed charges of the polyelectrolyte and thean be regarded as the effective wall-rod interaction poten-
wall. The disappearance of ions leaves more space for thial. To this end, we choose a mean-field approach, and solve
counterions remaining in the system, so that their entropy ishe nonlinear PB equation for a fixed wall-rod distatcia
increased. This can lead to a substantial reduction of therder to first find the electrostatic mean-field potential in the
grand potential energy of the system. If the external field hasegionG between the surfaces of the cylindé6., and the
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wall, 3Gy, . Using this potential to evaluate the grand poten- 1 R ) T .
tial and repeating this procedure for varyihgwe obtain the BOA*[p*]=— —f dr(Ve*) - j dre*
. . . . 8m\glc 27 o) s6c
effective potential as a function df, which we then can

analyze in regard to the counterion release force.

+ chJ dro* — 2C5j dr cosh¢*  (3)
WGy G
Il. THEORY

is the generating functional for the PB equation in EL,
We are faced with the following two-dimentional bound- i@ thg PB eqt?ation produces the func(tqi¢ﬁ=¢> wrge

ary value probleniBVP) for the electrostatic potentiah(r): SQ*[*1154* () vanishes(the saddle-point approxima-
tion). We obtain the grand potentid) of the system by

V2¢(r)=x?sinhg(r), reG, inserting¢ into Eq.(3), which after some rewriting becomes
Ny Vo= —4m\goy, [edGy, 1) 1
N R * — - = oy 2
nC'V(f)ZZ)\BT/ro, rEé’Gc, BQ [(b] IBQ 87T)\B\der(V¢))
where k?=8m\gCs is the usual screening constant charac- + 2 dea(|ngaA3—l)—,B,uSN. 4
a=* JG

terizing the electrolytec, is the bulk density of the electro-
lyte ions assumed to have a valency ofody is the number
of wall surface charges per unit aregg,is the radius of the

cylinder, ancﬁw andﬁc are two unit vectors directed normal
to the surfaces of wall and rod, respectivedy differs from 5

the usual potentiaky by a factoreB, ¢=eBy, with B S/k:(i—ﬁ'#s
=1/KT. Furthermore, we requiré to vanish at infinity. Note

that the wall is positively charged, while the charges on tthefining the enthalpy8H = S/k+ Bu.N, the grand potential

cylinder are negative. Note also that, with the boundary conBQ of Eq. (4) can now be understood as the difference of
dition at the wall, we have implicitly assumed that the ratios, o termsuU andH, Q=U—H, where

€'/ e of the dielectric constants of the wall and solvent van-

Taking dgBQ0*[ ¢* ] at ¢* = ¢, we find the internal energy
U, while —d:Q*[ ¢* ] at ¢p* = ¢ leads to the entropy

N-— §+ deFpalogpa/cs. 5)

ishes: an assumption that, for an aequous solution, is nearly 5 .

always justifiable. Thus image charges of equal magnitude BH= EN_ Z drp,logp,/cs. (6)
and polarity are fully included in the calculatiqi1]. To a=x JG

simplify the BVP of Eq.(1), we have subtracted the Gouy-

Chapman solutiongg , from ¢ for a single charged wall in Now inserting the solutio of Eq. (1) into Egs.(2), (4), and

i (6) provides us with the particle number, the effective poten-
a symmetric electrolyt¢12], and could then formulate a tial, and the enthalpy, all as functions of varying wall-rod

BVP for the potential differencéé= ¢~ ¢ . Itis also con- distancedh. In the following, we refer these three quantities

venient to choose a coordi_nate system tha’; is ad_apt_ed to ﬂfg the entire system, with an uncharged rod at the same po-
geometry of the problem; in our case this is a bicylindrical '

coordinate system, in which the regi@is mapped on to a sition, and i~ntroduce the tiIdNe symbol for this differenék:
rectangular domain, with the two confining surfaces,, =7—Q°% H=H"—H? andN=N"—N° (superscriptr and
and 4G becoming two opposing sides of the rectangle. 0 for charged and uncharged cylinders, respectjveyl

In writing the PB problem as in Eq1), we have implic- three quantities refer, furthermore, to a unit length of the
itly adopted a grand-canonical description of our problem (Polyelectrolyte rod; hence we give all three of them in units
is fixed). This ensemble is best suited for our case, where wef d=1/7.
want to allow ions to leave or enter the system. Thus there is TO be able to evaluate our expressions numerically, we
a "system” (ions involved in the screening procgsmd a choose a set of parameters typical of a DNA molecule
bulk reservoir of ions. The number of particles in the system(Ag7=4,o=1 nm), keeping in mind a number of recent
is not fixed but only their chemical potential. This is given experiments where the DNA adsorption behavior on lipid
by the bulk densitycg, Bus=logcA®, with A being the  bilayers[13,14 was studied6,15. To specify the surface
usual thermal wavelength. With the aid of the potengial  charge density of the wall, it is convenient to introduce the
we can now calculate the number density+p, , with  dimensionless quantit\g{=2mro\goy, which gives the
p+=cexp(F¢), and hence the total number of particles in surface density in numbers that are directly comparable to
the system, \g7. Surface densities derived from typical values of the
average area per lipid headgroup are theg=1.88, 0.94,
0.31, and 0.063.

N= ZCSJ dr coshe, 2
¢ IIl. RESULTS AND DISCUSSION
which is, of course, dependent @hand thus orh. Let us Let us now come to a discussion of our results. For illus-
now turn to the energy calculation. The functional trative reasons, in the inset of Fig. 1 we show the equipoten-
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FIG. 1. NumberN of evaporated ions, as a function of the FIG. 2. The entropy3TS, cglculated using the same pa@meters
distanceh between the wall and the polyelectrolyalt concentra- @S in Fig. 1. The minima 0BT S correspond to the minima & in
tion k= =50 nm). The parameters used in the calculation are typiFig- 1
cal of a rigid DNA molecule approaching a charged lipid bilayer.
Labels specify the wall surface charge denaigy. The inset shows Pphase into the gas phase. In accordance with this picture, the
the mean-field electrostatic potentialfor a fixed wall-rod distance total fraction of evaporated ions should grow with the in-
of h=10 nm (\gZ=0.94x =50 nm). The potential drops from creasing “heat rate,” that is, increasingoy, and the four
+5 at the wall f=0) to —5 at the cylinder surface. curves of Fig. 1 reveal that this is indeed the case.

Evaluating the entropy expression of Ef) as a function

tial lines of ¢ for a typical wall-rod distancé. From a se- of h, one obtains the curves plotted in Fig 2. They look very
quence of such potentials for variots with Eq. (2) we  similar to those ofN in Fig. 1. The entropy becomes increas-
obtain a change of the particle numbérbetween a system ingly negative wherh is reduced, that is, the counterion-
with charged and uncharged rods as a functioh;afee Fig. release causeslass of entropyin the system. This is clear
1. We observe that, on reducihgions leave the system and from Eq. (5), which shows that the entropy is governed by
return to the reservoir. This can be interpreted as counterior BusN(Bus<0), and that thus a loss of particles leads to a
evaporation. To understand the reason for this ion evaporadess of entropy in the system. However, the tefigugN in
tion, one needs to recall that the total charge of a doubléhe entropy is energetically not relevant, because it is can-
layer surrounding either the wall or rod is equal to the totalceled by the last term of) in Eq. (4). Those terms of the
charge of the objectand is of opposite sign, of counse entropy that actually contribute to the grand potential are
When twooppositelycharged objects come sufficiently close given by the sunS/k+ BugN, i.e., byﬁﬁ of Eq. (6). This
to each other, théfixed) surface charges of one object can quantity is shown in Fig. 3 as a function bf It increases
help screen the charges of the other object, so that mobilghen h becomes smaller. The second term in the enthalpy
ions of the atmosphere become useless and can leave t@?pressmn in Eq(6), — afthdealogpa/Csv can easily
system. ThaN in Fig. 1 decreases with decreasinghows pe seen to be identical to
that the contribution of the fixed charges to the screening
grows with decreasing. Only for very small values oh,
when the image charges of the cylinder charges—both have p=
equal polarity and magnitude—become more important than
the interfacial wall charges, there is again a demand for mo-

0
bile electrolyte ions to help screen the image chargeshand it NO—ee. Thus gH= 5N/2+S /k. The inset of Fig. 3 now
again increases. Another way of looking at counterion reShows thatgH is dominated bySp and that it increases
lease is that two double layers of different charge polar|t|esbecausé5 increases. What is the meanlng$y|n Eq. (7)?
dissolve each other if the wall-rod distance becomes shofii” andS™ are the number of particles and the total entropy of
enough for these double layers to overlap. Returning to théhe system if the rod is charged; her88N" is the entropy
language of the gas-liquid phase transition, the electric fielgper particle if the rod is charged, ar@/N° that if it is
strength of the wall charges here plays the role of the heaincharged. Its difference gives the entropy change per par-
which one has to supply to transfer molecules from the liquidticle, where “particle” now refers only to those particles that

24!
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FIG. 3. The enthalpydH=5N/2+S,/k as a function of the FIG. 4. The grand potentia & = (U— 0,)— H and in the inset
rod-wall distanceh with the same parameters as in Fig. 1. The |nsetA(~) along with its two competing component‘a(—ﬁ ) and “H
. . . _ w.
displays the two contributions to the enthalpy fqs{=1.88, and for A\g{=1.88(same parameters as in Fig. The inset shows that

demonstrates the dominance of the tesm the minimum inAQ is due to the maximum ofl.

remain in the system. AccordinglySUN™—S”/N°)N"isthe  —F along with its two competing componentd € 0,,) and

total entropy change of all those ions remaining in the Sys-_§ piots of other surface charges look similar. This then
tem This (and not the entropy as sycimcreases when ions |eads us to the main point of this paper: Evaporation of ions
evaporate. This increase, as we will see, is responsible fqeads to an increase in enthalpy, which in turn is responsible

the counterion-release force. That the second term if@&d. for a net gain in energy. This explains the counterion-release
must increase wheh becomes smaller can also be under-force.

stood if one considers that the average volume per ion re- For low surface charges\gZ=0.063), in Fig. 4 we ob-

maining in the system increases when ions disappear frogerye thatA{) is repulsive. This is the expected behavior:
the system. ) . The existence of wall charges here is of minor importance,

Hgving learned that the release of ions causes an increag@q the interaction is dominated solely by the hard wall,
of BH, the relationQ) =U —H suggests an enthalpy-driven which is responsible for an energetically unfavorable distor-
gain in energy when the cylinder approaches the wall. Let usion of the rod double layer from its perfect cylindrical sym-
therefore now consider the energy chafyeWe first note  metry. This confinement effect can also be obtained in linear
that there will be always a trivial electrostatic attractive in-theory, where we find thgBAQ ~\g7?Ko(2xh) (K is the
teraction between the fixed charges of the wall and rodusual Bessel function From Fig. 1 we see that, already for
which tends to mask the attractive counterion-release contriso low a surface charge density, there are ions disappearing
bution. Therefore, we separately calculate the trivial contrifrom the system, but the gain in enthalfsee Fig. 3 is not
bution arising from the attractive interaction of the bareyet large enough to overcome the repulsive confinement ef-
charged cylinder in theinperturbedGouy-Chapman layer fect.

(Gouy-Chapman potentiabg), Q,,=Q* Tdg]—Q* [ ¢, This changes on increasing{ to 0.94, when the loss of
and split the energy into two term& =0, +AQ. We can ions takes effect. Due to the evaporation the average volume

. . e i ining in th tem incr that {laeid
now concentrate on the more interesting contributiof per ion remaining € syste creases, so tha

. . i . .__only thein entropy is increased. Remembering tiiat U
coming from the interaction of the rod with the perturbation H, and acknowledging the fact that the internal energy is
of the Gouy-Chapman layer.

) ~ , , only very weakly affected by the loss of particles, we can
_Figure 4 showsA() for a typical salt concentration of jnfer that it is the evaporation-induced entropy gain of the
«~~=350 nm. This plot clearly reveals that a minimum in the jons remaining in the system, or more precisely, the enthalpy
self-energy forms when the surface density of the wall isyain of the system as a whole, that is responsible for the
increased. The first question must be if it is really the in-arractive counterion-release interaction observed in Fig. 4.
crease of enthalpy in the grand potential that is responsiblgpe position and depth of the minima in Fig. 4 match with
for the creation of minimum. We demonstrate that this is SGhe maxima of the enthalpy in the inset figure of Fig. 4. At
with the inset of Fig. 4, where we plotteflQ) =(U—-Q,,) very smallh, Fig. 1 shows that the return of ions again costs
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enthalpy, so thah{) in Fig. 4, at these distances, goes up In conclusion, we have clearly demonstrated that ions
again. This is the repulsive interaction of the rod with itscannot only condense onto a polyelectrolyte, but may also
own image charge. evaporate again. Two oppositely charged objects, immersed
As pointed out above, it is essential for the occurrence ofn an electrolyte, can take part in screening each other if they
this effect that the wall and rod by oppositely charged. Thisare close enough for their double layers to overlap. This
implies that inevitably there will be another attractive inter-allows ions which are involved in the screening of the ob-
action, namely, a direct interactiqin our case, the interac- jects at infinite distances to leave the system. This loss of
tion of the bare charged cylinder with the unperturbed Gouyions affects the effective interaction between both objects.
Chapman layer The corresponding force points in the same Studying a DNA approaching a lipid bilayer, we have shown
direction as the evaporation-induced force. Moreover, bothhat, due to this evaporation, the whole system can gain a
forces grow in the same wafwith increasingoy in our  considerable amount of enthalpy, because the ions remaining
cas¢. Thus, it is not easy to see how in an experiment ongy, the system can increase their entropy, and this gain for the
force could discriminate against the other. However, in anyysiem manifests itself as an attractive contribution to the
accurate quantitative measurement, it should be possible {gtective interaction between the polyelectrolyte and the
identify the contribution of the evaporation-induced force;Wa”_ This can also be regarded as the energy that is gained if

for instance, in DNA unbinding experiments as in Raf] one allows two ion atmospheres of opposite polarity to over-

or in experimental adsorption studies of polyelectrolytes a . . .
in Ref. [8] (also see Ref9]). We have calculated the poten- ?ap with and dls;_solve each other. The effective charge of the
polyelectrolyte is, of course, also affected by the change in

tial minimum for a variety of differentoy, and «; it can  _ _ _ i

make a measurable effect. mobile wall surface charges elsewhere.
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