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Charge Separation in Confined Charged Fluids
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A charge segregation phase is found in a charged fluid confined by a charged spherical pore:
The negative ions are completely separated from a spherical core comprised of only positive ions.
Within the segregation regime, there is a region for which the pressure decreases with increasing fluid
confinement. [S0031-9007(97)04362-7]

PACS numbers: 61.20.Gy, 61.20.Qg

The structure of ionic solutions near the inside andZernike (OZ) equation, by applying the so-called direct
outside surfaces of spherical cavities is relevant to sommethod (DM) [9],
biological and complex fluid phenomena [1,2]. The struc- 2
ture of fluids inside micropores and near charged planar, . (y) =exp{—ﬂua,-(r) + Z me Cim()am (1) dv3},
and curved surfaces have attracted wide attention [2—13]. =1
Some interesting features of inhomogeneous charged flu- (1)
ids have been uncovered theoretically and confirmed byyheredv; is the volume differential in a spherical coor-

Monte Carlo (MC) simulations [8] and some experimentsginates system, with its origin at the center of the sphere
[5]. Particularly, it has been predicted [3] that a local elec-defined by the shell.p,, is the bulk concentration of the

troneutrality condition (LEC) is, in general, not satisfiedjons of speciesn; c;,(s) is the MSA direct correlation
and that Charged fluids at both sides of a ChargEd wall arﬁjnction for ions of Speciea'; and m, a distants apart;

correlated under certain circumstances [13]. These resuls , .(r) is the local concentration of ions of speciest

may be of some relevance for confined charged fluid sysa distancer from the coordinates origin. (), defined
tems. Apparen_tly these.effects have not been taken intgsy (1) = gam(?) — 1, is the total correlation function;
account in previous studies [12,13]. _ B = 1/ksT, whereks is the Boltzmann constant and
The inhomogeneous fluids inside a spherical shell (SS the system temperature;,;(r) is the direct interaction
have been studied extensively in recent years [274:6,7b0tential between an ion of speciesnd the SS, repre-
However, the violation of the LEC in spherical pores or SSsented by the subindex. The shell-ion interaction is de-
(a Spherical pore is a SS of infinite thiCknESS) and/or th%cnbed by a hard-core termzi(r), plus an electrostatic
correlation_betwegn the fluids separated b_y asSSs have_ngbrt, u%;(r). The hard sphere—hard shell potential takes
been considered in the past. Here we give a theoretic@to account the fact that the ions cannot penetrate or de-
description of a (SS) model immersed in an electrolyteorm the shell. By applying Gauss's law the electrostatic

solution, where no LEC is imposed and the correlationyotential between the SS and ions is found to be
between the fluids internal and external to the shell are

taken into account: We find a segregation of charge in dmezi[(R + d)?oou + R*oinl/er,
the confined, inhomogeneous, charged fluid. Within this L (r) = r=R+d,; )
segregation phase an interesting state characterized by ¢ dmezi[(R + d)oou + Roinl/e,

dp/olnv > 0 is found, wherep is the confined liquid r <R,
pressure and is the pore’s volume. It is well known that N o
a negative compressibility is unphysical in homogeneou¥/hereoi, and o, are the charge densities on the inside
fluid systems. and outside surfaces of the shell, respectively. The pres-
Our model system consists of a hard, charged SS witgnce of the charged shell in the electrolyte will result in an
finite shell thickness, immersed in an ionic solution. Weinduction of charge in the solution inside and outside the
denote the radius of the inner surface of the SSRpy Pore. The induced charge density on the inner and outer
and the shell thickness by. The SS could mimic the liquids are ol = —(1/R2) [t “* 2pu(R —a/2 — 1) dt
membrane of a vesicle or a micelle. A widely usedand o}, =~[1/(R +d)*] [giqiasn Pt =R —d —
model for the electrolyte is the restricted primitive modela/2) dt, respectively, whergei(r) = > _1 ezZmpmham()
(RPM) [13]. is the induced charge profile. The LEC is satisfied;jf =
The hypernetted chain/mean spherical (HNC/MSA) the-v}, ando., = o/, The total electroneutrality condition
ory for a hard, charged SS immersed in a RPM electrolyt¢ TEC) is given byR?ci, + (R + d)*0ou = R*0ly +
can be readily derived from the homogeneous OrnsteinR + d)*>c’,

out*
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The pressure on the confined liquid can be found to be

P(R) = kgT[pas(R + d + a/2) — pas(R — a/2)] + zf[wc’,m)z — (o}’

e 1 * 1 R—a/2
e ey PCCLS v LY ©)

where p.(r) = Zﬁ=1 Pngan(r) and E(r) is the local | is not plotted. A relevant feature here is the anomalous
electrical field, obtained fromp. (). We have numeri- decrease in pressure, Bsdecreases, arountl = 3.8a.
cally solved the HNC/MSA equations under the conditionThese curves closely resemble the liquid-vapor phase tran-
of constant surface charge density. From Eq. (1) it folsition (LVPT). In the LVPT, the van der Waals (VW)
lows that the ionic concentration profiles inside the SS ar@ressure prediction inside the spinodal curve is unphysi-
coupled with those outside it, since the integral is over alcal. In Fig. 1 we also show Monte Carlo results for the
the space [3]. If the LEC is violated, the net charge insidepressure. We will discuss them later.
the SS will produce an electrical field, which will affectthe  In Fig. 2, we show the concentration profiles for coun-
structure of the outside charged fluid. The violation of theterions and coions. For large valuesRfinside and out-
LEC is due to the combination of two effects: the confine-side the SS, we see a local charge oscillation induced by
ment of the fluid [3,12] and the correlation between thethe fixed surface charge on the SS, a property typical of
separated fluids [13]. When the modified Poissoninhomogeneous divalent electrolytes [3,8,13]. Charge os-
Boltzmann theory is applied to a confined, point ioncillation occurs due to a combination of ionic size, con-
model electrolyte a violation of the LEC is also presentcentration, and valence, and the surface chargeR At
[12], indicating that the ionic size is not a crucial factor 3.8a/2, we find that in addition to a layer afnly coun-
for the breakdown of the LEC. terions next to the inner surface of the SS, there is a cen-
We have calculated the radial distribution functionstral core formednly by coions. The concentration of the
g«i(r), the pressure on the confined liquid, the mearcounterions next to the inner surface of the SS is of the
electrostatic potential, and the induced charge for a 2:2ame order as that of the coions in the center of the SS.

0.971 M RPM model electrolyte 8t = 298 K, ande =  Since the counterions and coions are completely separated
78.5. The diameter of the ion is taken to be= 4.25 A. and located in different regions, ghase transitiorfrom
The surface charge density on the SSoig = oon¢ =  the mixture state to a segregation state occurs in the con-

0.272 C/m?. In Fig. 1 we show the HNC/MSA pressure fined fluid system inside the spherical pore. This segre-
on the confined liquid as a function of the SS radius, in-gation phase results from the confinement, and does not
logarithmic scale. Three thicknesses of the SS are cordepend on the shell thickness in the sense that when the
sidered:d = a, 10a, and 20@. Thed = 200« curve is, shell thickness is increased, the segregation phase does not
for plotting purposes, on thed = 10a curve; hence, it disappear. Nevertheless, the correlation between the flu-
ids at both sides of the shell affects the magnitude of the
20 pressure curve and the ionic concentration profiles. The
MC appearance of the coion core is somewhat puzzling, be-
d=a cause the formation of such a structure generally requires
more energy. This might, in principle, be similar to the
condensation transition where the likely charged particles
are bounded in a way such that the whole system is in its
0 Ri@2) 100 lowest-energy state. As we further decre&sehe con-
dea centration of the coions in the central core decreases until
all coions are rejected out of the pore. The ionic con-
centration profiles outside of the SS are not qualitatively
modified ask changes, although quantitative changes are
present: This shows that in spite of the fact that = oou:
a correlation between the liquids inside and outside the
SS is present [13], due to an asymmetry in charge pro-
100 duced by the violation of the LEC inside the SS. For
values ofR larger than that where a “coexistence curve”
FIG. 1. Pressure on the confined liquid as a function of the(defined by a Maxwell equal-area construction; see lower

SS radius, in logarithmic scale. The fluid is a 2:2, 0.971 Minset in Fig. 1) could be present, a typical charge oscil-

RPM electrolyte. The solid and dashed curves aredfer a lation, as that shown foR = 6(a/2) in Fig. 2, is ob-

andd = 10a, respectively. The lower inset is an enlargement
of thed = a curve. The inset with the black dots are the MC served. For value oR smaller than that where the left

data, for an approximate bulk concentration of 0.960, while thedranch of this coexistence curve would be present, no posi-
solid line there is its interpolationoy, = ooy = 0.272 C/m?. tive ions are found inside the SS: A typical concentration
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7 of ions. The first 1000 simulation cycles were discarded
J 40 and 5000 complete cycles were used to obtain the final
1 1 R=6(a/2) data. Figures 3 and 4 show a comparison of the MC simu-
! lation with our theory: While quantitative differences are
! present, there is a very good qualitative agreement. Fig-
I — ure 4, inside the transition region, clearly shows the charge
! R=3.8(a2) 2?0 8 separation. Figures 3 and 4 show results for an ionic so-
'.
1
|
|
\
\
|

] lution with slightly different concentrations from that in
401 Re256(a12) Flg_. 1 The experimental concentration is qbtallaqnbs-
] teriori, as a consequence of the predetermined number of
o] N ions, surface charge densities, and the size of the SS. The
— . determination of the number of ions was made by attempt-
\ A -0 ing the desired concentration. All other parameters, how-
' ' ever, are equal to those for Fig. 1. For very small values
0 5 10 15 . .
r/(a/2) of r, the volume differential used to calculate the number

concentration of ions goes to zero. Therefore, no concen-

FIG. 2. Counterion and coion concentration profiles inside;, .. . B
and outside a charged SS, as a function of the distance to tk;[éatlon profile is reported for < 0.1(a/2). We have cal

geometrical center of the SS. Three different values of theculated the MC pressure as a functiorRpnd we find the
SS radius are considered. The left profiles are inside the SS$ame qualitative behavior as that shown by the HNC/MSA
whereas the outside profiles are at the right. The center of ththeory (see Fig. 1): We find a region ép/olnv > 0
isaig-gtro:@ﬂoi J?F}K‘Ai%ﬁggtsrzlozége shell is = 501.27T2h8/ﬂmu;d and the values oR for which dp/dInv = 0 closely cor-
£, U, in — Oout — V. .
The solid and dashed curves gre the HNC;MSA counterion amrjespond to those from the theory. The M.C (_:urve, h_owever,
coion concentration profiles, respectively. IS higher than the HNC/MSA' curve. This is due, in part,
to a HNC/MSA underestimation gf,;(R — a/2) and an

profile would be that shown in Fig. 2, f& = 2.56(a/2).  overestimation op,s(R + d + a/2) (see Figs. 3 and 4).
Inside this coexistence curve twmnuniformphases co- In Fig. 5 we show the deviation from the LEC, as a func-
exist: A core formedonly of coions and a shell abnly  tion of the SS radius, for thé = a case. The deviation
counterions, next to the inside surface of the SS. Thérom the LEC is given byAoy, = [R%/(R + d)*] (o}, —
transit from larger to shorter SS radius, inside this coexoiy) andAo o, = o, — oow. The deviation oscillates
istence curve, is characterized by a continuous increase @fith the radius and intersects the zero linerRat= R.,
the coions core to a maximum, for the SS radius correwhereR, = 2.56(a/2), at which the local electroneutral-
sponding to the inflection point of the pressure curve inty is restored. AtR — 0 and R — o« we recover the
the(dp/aInv) > 0 region, to then continuously decrease spherical electrode model [15] and one plate model [13],
until no more coions are inside the SS. respectively. The correlation between the separated flu-

Although inside the LVPT spinodal curve (defined byids can change the magnitude of the induced charge, but
the points of infinite compressibility) the VW pressure pre-has no influence on the oscillatory behavior: RAt= R.,
diction is unphysical for homogeneous systems, our pres-
sure curve and concentration profiles are real. To show 20
this we have performed canonical Monte Carlo simulations
for our model. In the MC calculation we, necessarily, im-
posed the TEC, budid notimpose a LEC. The use of the 15
standard Metropolis Monte Carlo algorithm for our sys-
tem is justified since, clearly, the system can be divided
into two or more subsystems in order to check the accep-
tance of a change in position which can occur in the same
subsystem or between different subsystems. The canoni- ] - e o
cal MC simulation is equivalent to a particle destruction 5] 2 *tar) ©
followed by a creation; i.e., the energies of two configura-
tions are compared. Hard uncharged walls were located at
r = RM. Sincexk(RM — R — d) = 27, no consequence

00

in
R=6.2(a/2) .

on the diffuse layer structures was detected due to the ad- 01 : : : : :
sorption or desorption of the electrolytes on the simulation 9 10 11 12 13 14 15
wall. k2 = (4mBe?/e)Y>_, pmzZ andk ! (the Debye r/(a/2)

radius) is a measure of the range of penetration of the eEIG 3. As in Fig. 2, buR — 6.2(a/2). The fluid is a 2:2

feqtive electrical field, induced by the SS, on the chargeq'137 M RPM electrolyte. The lines have the same meaning
fluid around the SS [14]. The bulk concentration of theas in Fig. 2. The black and white dots are the MC counterion

electrolyte was adjusted by means of the constant numbend coion concentration profiles, respectively.
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slitlike pores [12]. This suggests that the phase transition
. o is regulated by the plasma parameter [14]. The appear-
12} out 804 R=3.8(a/2) ance of the segregation phase is a result of the correla-
i tion between the separated fluids and a violation of the
LEC [3,13], in strongly confined charged fluids. In spite

of the vast literature on fluids confined to a spherical cav-

ity, such phenomenon has not been observed. In those
works, however, a LEC is imposed, and no correlation

between the liquids inside and outside the SS is consid-
ered. While a spinodal curve has been found in the past
for homogeneous electrolyte solutions [17], the coexistent

0le-e--°~ phases there are ion-pairing and mixed independent ions,
and a negative compressibility region is unphysical. In
7 8 9 10 11 192 ourinhomogeneousystem, the SS electrical field allows a
r/(a/2) stable region of negative compressibility and an inter-

face between positive and negative ions as the coexist-

FIG. 4. As in Fig. 3, butR = 3.8(a/2). The fluid is a 2:2, ing phases: Nonuniform concentration profiles manifest

0.941 M RPM electrolyte. The lines and dots have the samghemselves in the local thermodynamical properties. The

earmg as :gdﬂg 3. The value &, for the MC data is  pressure as a function of the specific volume also shows
: ' a region of negative compressibility. We find it interest-

the local electroneutrality is reestablished and the electricalPd that a region of negative compressibility for confined
field across the shell vanishes, indicating that there is nfuids has been recently reported [18]. A phase separation
Coulomb-like long-range interaction between the chargedimilar to that reported here will probably be present in
fluids separated by the shell. F&r~ 3.8(a/2), we are Mixtures of confined Lennard-Jones fluids.
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