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Binary mixture adsorbed in a slit pore: Field-induced population inversion
near the bulk instability
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The recently proposed method for modulating through an external field the composition of a binary fluid
mixture adsorbed in a slit pore is discussed. The population inversion near the bulk (demixing) instability is
first analyzed in the case of a symmetric mixture of nonadditive hard spheres, without field. It is next inves-
tigated for a mixture comprising dipolar particles subject to an external field. The influence of several factors
on the adsorption curves including bulk composition, pore width, field direction, polarizability versus perma-
nent dipoles, and temperature on this field induced population inversion is shown by Monte Carlo simulation.
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I. INTRODUCTION

When a porous material is put in contact with a bulk fluid,
most of its properties—mechanical, electrical, optical, etc.—
are modified by the fluid that adsorbs in the pores. The ques-
tion of the control of the associated physical parameters—
viscosity, conductivity, permittivity, etc.—is thus of
considerable practical interest in materials science. More
generally, understanding the factors that regulate the adsorp-
tion process—composition of the adsorbing fluid, adsorption
geometry, various interactions, etc.—is important in domains
ranging from separation processes to nanotechnology [1]. Of
course, different methods have been developed to control the
behavior of the adsorbed fluid for specific needs and a vast
literature exists on these questions. In the case of a pore in
equilibrium with a bulk mixture, we have recently proposed
[2] a method for modulating the composition of the adsorbed
fluid that combines three mains characteristics: (1) the con-
trol is through an external field. (2) It leaves the thermody-
namic state of the bulk fluid unmodified. (3) It is based on
generic mechanisms. Concerning point (1) we considered the
action of an external field that couples with the particles
(here their dipole moment). This was partly motivated by the
experiments of Marr et al. [3-5] on polystyrene spheres with
a diameter of about 3u, confined between two planar con-
ducting surfaces. These authors have shown that the structur-
ing of the confined fluid depends on the separation between
the plates or the strength of the applied field. Combining this
geometrical confinement plus external field with the presence
of several species is expected to allow an even greater con-
trol of the state of the confined fluid. We thus considered a
mixture in which one species bears a dipole moment, perma-
nent or induced, that interacts with a uniform external field
(produced for example by two parallel metallic plates as in
the device of Marr et al. This may also be to a magnetic
field, for ferrocolloids). About point (2) now, it is clear that
the possibility to control the pore filling at fixed bulk state
would greatly facilitate applications in comparison with stan-
dard adsorption methods based on a change in bulk thermo-
dynamic variables, such as the pressure or the density. The
same holds with point (3)—generic mechanisms—since a
control that does not rely on a subtle combination of specific
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interactions should be robust and feasible with simpler com-
ponents. We thus choose to point out the basic mechanism on
a simple model with only hard sphere and dipolar interac-
tions and perfectly smooth pore walls. The physical situation
closest to this model is then the adsorption of colloids (see
for example [6]), in contrast with molecular adsorption in
which specificity is important (see for, e.g., [7,8] and Ref. [9]
for more recent work). One additional advantage of the
former is the possibility to tune their effective interaction
(e.g., by adding polymeric depletants) and their coupling
with external fields, in confined geometry [10]. This makes
them more flexible candidates than molecular systems for the
realization of the optimum conditions for the proposed
method.

Finally, a study by analytical approaches usually involves
approximations whose effect might be difficult to estimate.
Even for the crude model we consider here, we indeed have
to deal with an inhomogeneous asymmetric mixture, aniso-
tropic interactions, variable number of particles, etc. We thus
used computer simulations. Since a complete study of the
pore/binary mixture equilibrium would then be prohibitive,
we will focus on the new mechanism presented rapidly in
our previous work [2]. We choose the Monte Carlo method,
more convenient than molecular dynamics in the situations
we consider that combine anisotropic forces and variable
number of particles. The main result we have obtained in
Ref. [2] is the possibility to produce, in the pore, a field
induced population inversion when the bulk is near (the de-
mixing) instability: we start from the situation of a pore in
equilibrium with a bulk mixture having a tendency to demix
and widely different concentrations of the two components;
when the strength of the field applied in the pore region is
varied, a jump in the adsorption of the minority component
occurs. After a certain threshold value, the pore becomes
filled with this species, while the former majority component
simultaneously desorbs. One may accordingly produce a
jump in the physical responses mentioned above by the sole
action of the external field. A similar effect induced by a
variation of the bulk density has been described in Refs.
[11,12], but in contrast with these studies, the thermody-
namic state of the bulk fluid is here unaffected. As an ex-
ample, one may induce in this way a field activated revers-
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FIG. 1. Schematic representation of the pore/bulk fluid equilib-
rium. The binary mixture (different species are represented by white
and black circles) confined in a slit pore (thick lines) exchanges
particles with the bulk fluid (dashed boundary). The region far from
the interface (dotted boundary) in which the uniform field is applied
is simulated by two parallel walls with separation H and infinite
extent in the direction X, y.

ible jump in reflectivity of the porous medium, say for
display applications. The objective of this work is to deepen
the analysis of this field induced population inversion near
the bulk instability (referred to here as the F-PINBI effect)
and show how the predictions depend on various parameters:
bulk composition, temperature, pore width, field direction,
permanent, and induced dipoles. This paper is then organized
as follows: in Sec. II, we present the model and detail the
methods we used to study it. In Sec. III, we discuss the
population inversion first for nonadditive mixtures without
dipoles. We next present the results for mixtures with dipolar
particles subject to an external field including the influence
of the most important parameters. In the conclusion, we con-
sider the possibility to extend the main results to more gen-
eral confined mixtures.

II. MODELS, METHODS
A. Models

The physical situation we consider is depicted schemati-
cally in Fig. 1: a binary mixture confined between two par-
allel, perfectly smooth walls is in equilibrium with a bulk
mixture. This model should be appropriate to a real slitlike
pore whose lateral dimensions are much larger than the sepa-
ration H between the walls and that exchanges particles with
a reservoir through an interfacial region much smaller than
the remainder of the pore. Since this region plays then a
negligible role [13], the fluid in the reservoir away from the
interface will be referred to as the “bulk.” As in [14] the
mixture comprises pure hard-spheres (species 1, diameter o)
and dipolar hard-spheres (species 2, same diameter o), with a
nonadditive diameter o, in the potential uﬂs. A positive non-
additivity will be considered in order to favor demixing in
the bulk (a Yukawa repulsive interaction between unlike
spheres will also be used to test the sensitivity to this aspect
of the model). Both species have a hard-sphere interaction
with the walls. A uniform electric field either normal E
=Eu, or parallel E=Fu, to the walls is applied in the pore
but not in the bulk. This field interacts with the dipole mo-
ments u;, the latter being either permanent or the ones in-
duced by the local field, as a result of an applied external
field.
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In recent work, we already pointed out how the structure
could be modulated by the combination of various interac-
tions [15,16] and by the action of the field [14]. However,
only the density profile of the particles through the pore
could be modulated in [14] since the total number of par-
ticles was kept fixed (simulations in the canonical ensemble).
Here, we consider an open pore to allow variations in the
mean composition of the fluid filling the pore and much
stronger variations of the density profiles. This simple con-
finement geometry has been considered in numerous theoret-
ical studies of confined fluids—see for example [7,12,14-19]
and references therein. The role of the thermodynamic vari-
ables or the action of an external field on the adsorption has
also been considered several times. See for, e.g., [17] for the
role of the pressure in one-component fluids, or [11,12,18]
for the effect of changing the density or the composition in
the adsorption from bulk mixtures. Our method differs from
these studies since we use an external field as the control
parameter. On the other hand, when the latter was present—
the field induced filling of a pore was studied for example in
[20] (cylindrical) and in [21] (slit)—this concerned only one-
component fluids.

In the method we proposed, the novelty resides precisely
in the combination of selective field effect (through the cou-
pling with the dipolar species) on the adsorption from a mix-
ture and closeness to the bulk demixing that also favors
strong variations in composition in the pore. A field induced
PINBI effect triggered by a slight change in the field strength
becomes then possible. All the other parameters—pore ge-
ometry, interactions (between the particles and the particles
and the confining medium) as well as the bulk thermody-
namic state remaining fixed, this method constitutes in prin-
ciple a very flexible way of controlling the state of the ad-
sorbed fluid. In connection with real systems, the choice of a
model with purely hard-sphere potential and smooth walls
makes this model more appropriate [16] to a mixture of hard-
sphere-like colloidal particles, than to a molecular mixture
(see however the final remarks). This should always be pos-
sible since besides particles having a permanent dipole such
as magnetic colloids, colloidal particles are always polariz-
able to some extent. The possibility to prepare even hollow
core shell particles [22] illustrates one possible way of
achieving the required difference in polarizability.

B. Methods, simulation details

As explained above, an inhomogeneous multicomponent
mixture with anisotropic interactions being difficult to study
by analytical methods (see the study by density functional
theory of the adsorption from a mixture of polar molecules
[23] and of a confined one-component dipolar fluid [24]), we
used Monte Carlo simulation (for references on similar simu-
lations of confined dipoles see, for e.g., [14,25-27]). We thus
detail below the method we used to study the pore-fluid equi-
librium.

1. Simulation strategy

The pore/fluid equilibrium is usually studied by the appro-
priate version of the Gibbs ensemble Monte Carlo method
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TABLE 1. Nonadditive hard-sphere mixture.
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TABLE II. Nonadditive dipolar hard-sphere mixture.

Db Bui* ABu* Buy" ABus* Pb But* ABus* Bus" ABus*
0.53 4.3792 +4x 107 7.948 +2% 1073 0.51 4.0824 +5% 10~ 7332 +5%1073
0.54 4.5307 +6X 1074 8.226 +3%1073 0.53 4.3745 +1x1073 7.85 +1x1072
0.55 4.6880 +4x 1074 8.513 +2% 1073 0.54 4.526 +2% 1073 8.15 +1x1072
0.56 4.8482 +3%x 107 8.801 +2% 1073 0.55 4.683 +7%1073 8.41 +1x1072
0.57 5.0155 +3%x 1074 9.097 +2Xx 1073 0.56 4.845 +1%x 107 8.69 +2% 1072

[13] (GEMC). Since we do not attempt here to do a full
mapping of the pore/bulk fluid phase diagram we adopted a
simpler strategy. The pore/bulk mixture equilibrium is deter-
mined by the equality of the chemical potentials u; and u,
of the components of the binary mixture, in the bulk and in
the pore. This is in principle achieved by explicitly allowing
particles exchanges between the pore and the bulk as in the
GEMC method.

Here, a combined canonical/grand-canonical simulation,
more adapted to our needs was used. Indeed, the practical
control variables are the total density p, and mole fractions
xf =N,/N, in the bulk. The bulk is thus considered in the
canonical ensemble by a (N;,N,,V,T) MC simulation. Spe-
cies 2 is the dipolar one, with a mole fraction xg with N
=N, +N, the total number of particles and p,=N/V the total
density. Note that these overall composition xg and density p,
need not necessarily correspond to a homogeneous mixture
(the subscript b is used only to distinguish the bulk from the
pore). By considering only homogeneous states or meta-
stable states very close to the coexistence boundary, w; and
Mo in the bulk are determined with sufficient accuracy from
Widom’s insertion method (see for, e.g., [28] for this point).
My and u, are then used to study the fluid in the pore in the
grand-canonical (GC) ensemble, by a (u;,u,,V,T) MC
simulation, where V=S(H-o) is the accessible volume in
the pore, with H the pore width and S=L? the surface of the
walls, with periodic conditions in the x and y directions. We
can then compute the average density of each species in the
pore as a function of p, and x,. The reduced densities in the

pore are p;=N,0°/V, with N; the average number of particles
of type i for a lateral surface S. The chemical potentials in
the bulk are measured with sufficient accuracy after 2!7 to
220 MC steps (1 step involves the displacement of all the
particles and 10° insertion trials for each species) depending
or not on the presence of dipolar particles. The values of u{*
and 5" that were used to obtain Figs. 5 and 7 below are
given in Tables I and II. In the pore, the grand-canonical
simulation with dipoles involved between 10 000 and 40 000
MC steps for x5=0.02 and 50 000 MC steps for x5=0.04 (1
step involves translation, rotation—for permanent dipoles-
insertion-deletion trials corresponding to the average num-
bers of all particles). When dipolar particles are considered,
reduced variables E*=E(c>/kT)"? and u*=u/(kTo>)"? will
be used (in SI units, o should be multiplied by a factor
4ar 60).

The simulation for this model raises two additional ques-
tions. The first one, specific to the long-range dipolar inter-
actions will be detailed in the next paragraph. The second

one is the treatment of mixtures that are highly asymmetric
in composition, typically x,=0.02. For this last point, the
main concern is to have sufficiently large volumes (in the
bulk) and lateral surfaces (in the pore) to have a significant
statistics given the relatively small numbers of particles of
the minority species. However, when dealing with dipolar
particles, their number N, can hardly exceed a few hundreds
if the simulation length is to be kept reasonable. The simu-
lations in the bulk are thus done with a box size L=300. For
the simulations in the pore, the lateral box size is adjusted,
depending on the concentration of the dipolar species, so as
to keep a minimum number of dipoles around N,=100. This
corresponds typically to N;=5000 hard spheres. When the
dipoles become the majority species in the pore, the box size
is reduced for saving time. Thus, the lateral box size in the
pore ranges from L=500 to 150, for H=30. In this last
situation, the corresponding number of hard spheres is rather
small, but we checked that when the pore surface is doubled,
the average particle densities do not change significantly.
With x3=0.02, p,=0.51, E*=5, for example, we find p,
=0.0216 for L=150 to be compared to p;=0.0215 for L
=200.

2. Treatment of the dipolar interaction

The treatment of the long-range contributions to the po-
tential energy is a well known difficulty in the simulation of
dipolar systems. For permanent dipoles, these contributions
are in the dipole-dipole contribution Ugip

_”i'l‘j_3(ﬂi'rij)£l‘j'rij)‘ (1)

ij

UDlp - ri}j rij
For bulk systems with periodic conditions in three directions,
the total dipole-dipole potential energy is usually treated by
the three-dimensional (3D)-Ewald summation method (see
[29] for implementation details). In slab geometry, adapted
3D-Ewald summation techniques [26,30-32] are usually
used. As in our previous work, to treat this long-range dipo-
lar interactions [Eq. (1)], we used the simple version pro-
posed by Yeh and Berkovitz [30]: a simulation box of dimen-
sions L,, Ly, L, is used in which a vacuum region is
incorporated in the z direction such as L =H+L,cquum="7YL
where L is the lateral dimension: L,=L,=L. Our implemen-
tation of this modified 3D-Ewald summation is similar to
that detailed in the paper by Klapp and Schoen [26]). In Ref.
[14], we made comparisons with their results to check the
correctness of our implementation of the 3D-Ewald summa-
tion. In our recent work on induced dipoles [33] (see below),
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we made further comparisons with the exact results for di-
poles on a lattice. We took for the Ewald summation the set
of parameters: a=7/L, y=10 that gives a gap width yL—-H
and n?=80 for the terms in reciprocal space. As with perma-
nent dipoles, no significant deviation was found between the
exact electrostatic energy for a cubic lattice of permanent
dipoles and the one obtained with these Ewald parameters
and gap width. We moreover tested the impact of a variation
of 7y in situations where the pore is filled with the dipolar
species and this for two pore widths H=30 and H=90. The
results shown below were obtained with y=10. Although
such a large gap might be unnecessary in view of the possi-
bility to use the electrostatic layer correction (ELC) [31,32]
we kept it here since our objective was to test the physical
ideas rather than to propose an optimized algorithm.

As detailed in [33], the specific situation of induced di-
pole raises the question of the time needed to compute the
induced dipoles, in addition to the usual difficulty caused by
the long-range dipolar interaction. This is especially true in
slab geometry, since the standard reaction field method can-
not be used then. In this work, we have shown that it is
possible to combine the slab adapted 3D-Ewald summation
with the appropriate treatment of the local field to efficiently
treat induced dipoles confined in slab geometry. The main
difficulty is then the computation of the induced dipoles, for
a set {r;} of particles coordinates sampled by the simulation
algorithm. The {m;} are formally given by the system of
equations,

Mi:ap(Eem-i-E Tﬁ'ﬂj), (2)
J
j#
where
1 (3r;r;;
Tij=_3(—2Ll_I> (3)
ry\ o Ty

and I is the identity matrix. Since the direct solution of Eq.

(2) is impractical [34], it is more convenient to compute the

local field E*'+ X T';- m; by an iterative scheme. The one we
j

j#i
have proposed for the specific case of the slab geometry is
detailed in Ref. [33]. Once the {u;} are known, the potential
energy is computed as

Ulr)) =33 B @

Note that since U({r;}) depends only on the particles coordi-
nates, the simulation steps do not involve the orientational
moves required for permanent dipoles.

I11. RESULTS, DISCUSSION
A. Nonadditive hard spheres: the PINBI effect

As recalled in the introduction, the proposed method for
controlling the state of the adsorbed fluid takes advantage of
the large variations in composition that occur in the confined
fluid when the mixture with which it is in equilibrium in near

PHYSICAL REVIEW E 82, 021504 (2010)

the demixing instability. The simplest one is the mixture of
nonadditive hard spheres in which the diameter is O'UZ%(O}
+0;)(1+6) with 6>0. The previous studies of refs [11,12]
have shown that when the pore is in equilibrium with a mix-
ture having a tendency to demix and which is highly asym-
metric in composition—say x12’=0.02 for a non additivity pa-
rameter 6=0.2—a population inversion occurs in the pore
when the total bulk density p, is varied: a jump in the ad-
sorption of the minority species occurs after reaching a
threshold value close to the coexistence density pp”*, and
vice versa for the majority species. The population of the
pore by the different species becomes the inverse of that of
the bulk. This effect was thus referred to [11,12] simply as
the population inversion (PI). To emphasize the importance
of the closeness to the bulk instability, we found it better to
designate it as the PINBI effect. In Ref. [11], the PI was
found to be akin to capillary condensation of one-component
fluids. An interpretation in terms of chemical potential and
entropy was proposed. In the next section, we compare the
phase diagrams of the nonadditive hard-spheres mixture in
the bulk and in the pore to gain a better insight on this PINBI
effect.

1. NAHS mixture: Phase diagram in the bulk and in the pore

Before presenting the results for the NAHS mixture we
are interested in here, it should be recalled that the general
phase diagram of binary mixtures can be quite complex,
even in the simplest case with symmetric interactions—see
for instance [35] and [36-38] for explicit calculations on
model systems. These calculations show that the diagrams
simplify somehow at high temperature, with a progressive
reduction of the domain corresponding to the evaporation-
condensation transition in comparison with that of the de-
mixing one. In the limit of pure hard-core interactions (or
infinite T) only the latter should survive, in accordance with
the behavior expected for symmetric athermal mixtures. The
general consequences of the symmetry on the fluid-fluid de-
mixing of the NAHS mixture are summarized by Gazzillo
(appendix of Ref. [39]) but in practice, the different approxi-
mate theories differ quantitatively. We thus consider here the
phase diagram obtained from simulation. As illustrated for
example in Refs. [18,40], the phase diagram of a symmetric
mixture is most conveniently obtained by using the semi-
grand ensemble, with particle identity exchange [41]. The
phase diagram of the confined and unconfined NAHS mix-
ture (for the latter situation see also [42,43]) we obtained in
this way for a nonadditivity 6=0.2 is shown in Fig. 2.

To understand the connection between the bulk phase
transition (here the fluid-fluid demixing) and the PINBI ef-
fect, we follow the analysis of the chemical potentials made
in Ref. [35] for a symmetric AB mixture of Lennard-Jones
particles, with strengths €,5 < €44 = €55 (see the discussion of
Fig. 2 [35]). This lower attraction between unlike-spheres
favors demixing, as does the nonadditivity in HS mixtures
with 6> 0. For such symmetric mixtures, one essential point
is the symmetry of the phase separation curves in the
concentration-total density plane (x,,p;), with respect to x,
=0.5. Upon increasing the density at constant x,<<0.5 (spe-
cies 2 is the minority species), we have for the chemical
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FIG. 2. Phase diagram (demixing) of the nonadditive hard-
sphere mixture with nonadditivity parameter 6=0.2, in the bulk
(full curve) and in a pore of width H=30 (dotted curve). The filled
symbols show the p—X, trajectory in the phase diagram correspond-
ing to Figs. 4 and 5 for a pore in equilibrium with a bulk mixture
with composition xg=0.04 (squares) and x[2’=0.02 (circles). The
empty symbols show the corresponding series of bulk densities at
fixed x'z’.

potentials the sequence u,<<pu, before the demixing transi-
tion, w,=pu, on the coexistence boundary (p,=p;"“"(x,)) and
Mo > inside the two-phase demixed region. The reason for
this sequence is the increasing role of the binding energy in
comparison with the entropy of mixing as the density in-
creases [35]. In the NAHS mixture, the role of the binding
energy is played by the packing effect, embodied in the ex-
cess chemical potential u¢* defined by Bu;=In pA’+In(x;)
+Bu;* (with A; the thermal wavelength of component 7). The
increase of the excess chemical potential of the majority spe-
cies (easier to insert due to the nonadditivity) eventually off-
sets the difference due to the ideal gas contribution In x;. In
the symmetric region x,>0.5, the sequence is the reverse
one: u,> u, before phase separation, w,=u; on the coexist-
ence line and u, <, inside the two-phase region (see Fig.
3). Therefore, the equality of the chemical potentials occurs
on the line x,=0.5, below the critical density pj, and on the
coexistence line for p,>p;. Now, as shown in Fig. 2, the
phase diagram in the pore is of course also symmetrical, the
key point being the stabilizing role of the confinement
against demixing: the critical density is then higher p“> pj
(see also Fig. 1 in [18]). In the concentration-density plane,
there thus exists a region p; <p<p® in which the order of
the chemical potentials in the bulk (u,> w; for x,<<0.5) is
the opposite of that in the pore (u, <pu,;). Recalling that the
pore/bulk equilibrium requires the equality of the chemical
potentials for each component in the bulk and in the pore, the
only possibility for having at the same density u,(X,)
> u,(x,) (in the pore) while w,(x,) > ui(x,) (in the bulk) is
to have x,>0.5. Since we assumed x, <0.5, this means that
the minority species in the bulk becomes the majority one
right after passing the bulk demixing boundary. One may
then anticipate that an increase of the bulk density p,, at fixed
composition x, <0.5 goes with a similar one of the density p

PHYSICAL REVIEW E 82, 021504 (2010)

P, p
slab H=3c
Ho> iy | Hp<hy
Hy<Hy ! Mo> 1y
[
HoF My

1
l
bulk |
| |
Ho> My g Mo iy !
1
l
Ho<Hy | Hy> My !
HoT 1y :
| 1

0.5 X, 0.5 X,

FIG. 3. Theoretical chemical potentials sequence in the NAHS
mixture and demixing lines in the bulk (left panel) and in confine-
ment (right panel). The equality u;=u, occurs either on the coex-
istence line or on the equal composition one, x’2’=0.5.

in the pore, first with an average mole fraction x, = x,. When
ones reaches the bulk boundary p;°“*(x,), the chemical po-
tentials u,(x,) and u,(x,) become equal, with u,= g, also in
the pore. If the associated average density p is lower than p°,
the critical density in the pore, the equality w,=u; in the
pore requires that the average concentrations be also equal,
X=x,=0.5. After the value Xx,=0.5, the minority species (in
the bulk) becomes the majority one in the pore. In that case,
the population inversion in the pore is progressive, as shown
by the black squares in Fig. 2, for x}2’=0.04. For the lower
concentration xg=0.02, shown by black circles, equal chemi-
cal potentials in the bulk and in the pore requires a higher
average density in the pore (recall that the coexistence curve
for which the chemical potential become equal is shifted up-
ward). p can then be above the critical density p°. Upon
increasing p;,, the demixing boundary is then reached both in
the bulk and in the pore. A slight increase of p, will thus lead
to a demixed mixture, the phase poor in the species 2 coex-
isting with the symmetric one. For the highly asymmetric
overall compositions considered here, the demixed mixture
will however consist mostly of the phase whose composition
is closest to the overall one (for the properties we are inter-
ested in, only the global composition is truly relevant). In a
grand-canonical simulation with u,# wu;, one may also
simulate metastable homogeneous states beyond the actual
stability limit, due to limited spontaneous transitions [44].
This might occur when one crosses the coexistence domain,
as shown by the black circles (xg=0.02) illustrating a sudden
change in population from X,~x} to ¥,~xj=1-x5. There-
fore, with an overall composition x2<0.5, the mean bulk
composition will in any case (metastable and demixed states)
differ widely from that in the pore, in the vicinity of the bulk
instability. The corresponding adsorption curves are shown
below.

2. Density driven PINBI

In Figs. 4 and 5, we show the population inversion curves
for a nonadditive HS mixture with 6=0.2 and a pore width
H=3, for x5=0.04 and x5=0.02. In the former case, we ob-
serve the progressive inversion we have just discussed. We
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FIG. 4. Average densities in the confined NAHS mixture as a
function of the bulk density at fixed bulk concentration xg=0.04.
The filled circles correspond to the adsorption of the minority spe-
cies in a pore of width H=30 and the empty circles to the desorp-
tion of the majority one. The lines are guides to the eyes.

immediately check that the adsorption and desorption curves
precisely cross for the bulk density p;”**(x3=0.04) of Fig. 2.
For the smaller concentration, the adsorption is more abrupt,
the jump occurring for p,=0.555, slightly inside the bulk
demixed phase [the density at the jump is more evident than
in Fig. 2(a) of [2] due to a more accurate analysis of the
concentration histograms, as in Fig. 6].

In Ref. [11], Jiménez-Angeles et al. found that the inver-
sion line is close to the bulk fluid coexistence line but the
two phenomena are different. They stated that the PI occurs
before the bulk coexistence as p, increases at fixed x’j. They
however did not define precisely the threshold density for the
PI. If one takes as a criterion the condition in which the
average concentration becomes much larger than the bulk
one, say X,= 10x§, one might indeed consider that the PI
starts before the bulk instability. A criterion for a strict inver-
sion X, >x;>0.5 would however require crossing the bulk
demixing line. From the consideration of the chemical poten-
tials of the NAHS mixture, this density driven PINBI seems
actually directly connected with the bulk demixing instabil-
ity, through the sequence of chemical potentials. When it is
gradual, it is so because the mixture remains homogenous,
being stabilized in the pore by confinement. When it is
abrupt, it is related either to the demixing also in the pore or
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FIG. 5. Same as Fig. 4, for x12’=0.02.
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FIG. 6. Concentration Histograms of species 2 in the pore, at
fixed bulk concentration xl2’=0.02 and bulk densities p,=0.550
(dashes), 0.555 (lines), and 0.560 (dots). For p,=0.555, a mixture
poor in species 2 (¥,;=~0.12) coexists with a concentrated one (X,
~0.88).

possibly to metastable states and hysteretic behavior. As
shown in Fig. 6, there is a brief incursion in the pore de-
mixed phase upon varying the density about pi’*(x5=0.02),
the overall effect being always a sudden jump in the adsorp-
tion of the bulk minority species when crossing the bulk
demixing boundary (see below the case H=9¢ in which sta-
bilization by confinement is less efficient than for H=30).
Regardless of this, the essential point is then that the density
in the liquidlike phase should be close to the value after the
adsorption jump (see [44] for a similar discussion for one-
component systems). We will not discuss here further these
observations (for related phenomena, see for, e.g., [44-46]
and [47,48] for reviews) since an important mechanism in
the presence of dipoles is the coupling with the applied field,
a situation we will examine in the next section.

To anticipate this, we show in Fig. 7 the density induced
PINBI when one species bears a permanent dipole. For the
value of the dipole moment considered here, there is no es-
sential difference with the pure NAHS mixture: for the same
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FIG. 7. Average densities in the confined nonadditive mixture of
hard spheres and dipolar hard spheres of equal diameter o and &
=0.2 as a function of the bulk density at fixed bulk concentration
x127=0.02, pore width H=3¢ and u*=1; filled circles: adsorption of
the dipolar hard spheres. The lines are guides to the eyes.
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hard-core nonadditivity parameter 6=0.2 and x}27=0.02, the
population inversion occurs for p,=0.555 for a pure nonad-
ditive HS mixture and between 0.54 and 0.55 for the hard-
sphere dipole mixture with u*=1 and H=30. A relatively
small u* was taken precisely for not departing too much
from the conditions in which the PINBI in the NAHS mix-
ture occurs. However, the analysis made above from the se-
quences for the chemical potentials cannot be transposed di-
rectly to the mixture of hard-spheres and dipolar hard-
spheres since the particles no longer play a symmetric role.
The trend related to the increased free volume in the pore
[11] is consistent with a preferred orientation of the dipoles
parallel to the walls, but the competition of the parallel and
head to tail configurations of the dipoles which contribute by
a different sign to the electrostatic energy complicates the
analysis. It is also clear that the presence of dipolar interac-
tions complicates even further the general phase diagram of
the mixture. Even in the bulk phase, the study of the phase
diagram of mixtures comprising dipolar species remains still
challenging (see for instance Refs. [49-54]). According to
the different estimates made in these studies, a mixture of
hard-spheres and dipolar hard-spheres with additive diam-
eters and p*=1 should remain in a homogeneous state in the
range of bulk densities considered below p,=0.5-0.56. The
case of nonadditive diameters has not been considered before
and we made not attempt to determine the phase diagram in
this case (the stability of some state points in the vicinity of
the threshold density has been checked by studying the sys-
tem size dependence of concentration histograms in the
grand-canonical simulation). An indication was given above
that the bulk instability indeed plays an important role also
when one of the species is dipolar (compare Figs. 5 and 7).
This qualitative observation will be confirmed in the last
section by comparing the effect of the field on the filling by
mixtures of hard spheres and dipolar hard spheres, in the
additive and nonadditive cases. This is why a reference to the
closeness to the bulk instability should also be appropriate
when discussing the population inversion in mixtures com-
prising dipolar particles.

B. Mixture of hard-spheres and dipolar hard-spheres in an
external field: The field induced PINBI effect

The previous section has shown that strong variations in
the composition of the adsorbed fluid can take place when
the state of the bulk fluid is close to the demixing boundary.
One then anticipates that a tiny perturbation about this might
trigger these variations. This is the idea behind the field in-
duced population inversion (F-PINBI) effect. To better dis-
tinguish the two basic mechanisms that contribute to this
F-PINBI we discuss in the next section an external field
driven adsorption of a pure dipolar fluid.

1. Field-induced adsorption of dipolar particles

This second basic mechanism—field induced pore filling
by a one-component dipolar fluid is shown in Fig. 8. At
increasing field strength E*, the pore is progressively filled
by the dipoles. The filling rate depends on p,, E*, and u* and
the field direction. For the value used here, the explanation
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FIG. 8. Effect of the field direction on the field induced filling of
a pore by a one-component dipolar fluid for u*=1 and H=30. The
pore is in equilibrium with a bulk fluid with density p,=0.0102. The
field is not applied in the bulk. Circles: parallel field. Squares: nor-
mal field. The lines are guides to the eyes.

seems that the field-dipole interaction energy —>;u;.E off-
sets the entropy loss due to their orientation in the direction
of the field. This explanation is corroborated by the effect of
changing the field direction, the dipoles being more effi-
ciently adsorbed in a parallel field configuration. This is un-
derstandable from the formation of head-to-tail dipolar
chains oriented preferentially in the direction of the field.
These chains, a priori with arbitrary length, favor a much
greater decrease in electrostatic energy than in the normal
field configuration. In the latter case, indeed, the maximum
chain length is imposed by the number of dipoles layers that
can fit in the pore, depending on its width (here 3 for H
=30). This external field induced pore filling has of course
been demonstrated in previous studies—see for example
[20,21] for water in nanopores, in particular Fig. 1 in the last
reference. Note that the equilibrium state in presence of the
field may not always be the filled one at other parameters or
if more complex interactions are considered (see Ref. [20]
for example), due to the competition between energetic and
entropic contributions.

2. Field-induced PINBI

The previous sections have shown the two basic mecha-
nisms acting separately: strong variations in composition
near the bulk instability and field promoted adsorption of
dipolar species. We may now combine them to produce the
desired effect. To this end, we first need a bulk fluid state
(py.x5) that favors the population inversion in the pore, with-
out field, say (0.55,0.02) for H=30, 6=0.2, and u*=1 (the
results shown in this section have been obtained with these
values). We next apply the external field, only in the pore
region. The latter will thus act as a potential energy sink for
the dipolar particles. For the two mechanisms to combine in
the desired direction, the dipolar species must be the minor-
ity one in the bulk. We then anticipate that the closer we are
from the threshold density without field, the weaker will be
the external field E; required to trigger it. This is shown for
x,=0.02 in Fig. 9. In the most favorable case (E*=0.5), the
actual value of E, is about 3 10 V/um for T=300 K,
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FIG. 9. Dipoles mole fraction in the pore as a function of the
reduced applied field strength. The pore is in equilibrium with a
bulk fluid with x5=0.02 and total densities (from right to left) p,
=0.51,0.53,0.54. The inset shows the corresponding dipoles and
hard-spheres density in the pore for p,=0.53. Lines are guides to
the eyes.

o=1 pm and u=2X10°D. A small variation of the applied
field produces the inversion: the dipolar particles are selec-
tively absorbed by a weak change about E,,., the converse
being also possible.

To be convinced that this is a real change in composition
induced by the applied field, one just has to compare the
situation for p,=0.51 and 0.53 at zero field (Fig. 7) with the
corresponding one in the presence of the field. In the former
case, the average composition X, in the pore is close to the
bulk overall composition x12’=0.02, for both densities. Even if
the bulk were in a phase separated state, the pore composi-
tion after the jump is widely different from the mean one in
the bulk, dominated by the phase whose composition is clos-
est to the overall one, as recalled above. Since the field is
next applied only in the pore—and hence at fixed bulk
state—the observed sudden change in the pore composition
X, is thus certainly a true change in population. To better
ascertain the bulk state, we nevertheless checked that for
pp=0.51, the bulk concentration histograms obtained from a
GC simulation using the chemical potentials obtained from
the canonical simulation become more and more peaked
about x§=0.02, as the box size increases, independently of
the initial configuration. This confirms that this is a stable
state. For p,=0.53, closer to the threshold density, the same
trend was found when starting from a configuration with few
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dipoles (hence close to the overall composition) but the study
of the box size dependence is limited by the computer time
required when starting from a configuration representative of
the symmetric phase (x,~0.98), that involves a large num-
ber of dipoles. We may nevertheless state that a field induced
population inversion certainly exists in the range of densities
shown in Fig. 9.

The density profiles reflect of course these large variations
in the composition that occur at the adsorption jump, as
shown in Fig. 10. Note that in order to have a significant
number of dipoles in the pore before the inversion, a larger
box is used as discussed in section B.1. For a larger concen-
tration x,=0.04, the behavior is qualitatively similar (Fig. 11)
for p,=0.49, but the variation of the adsorption curve is more
progressive, as for the pure NAHS mixture at the same con-
centration (see Fig. 2). We tentatively included the data for a
higher value p,=0.50. The average concentration in the pore
is then difficult to obtain due to large statistical fluctuations,
possibly because the bulk is then close to the critical point.
Further simulations are necessary to clarify the behavior in
these conditions.

Since the combination of these two generic mechanisms
provides in principle a very sensitive and flexible control of
the pore filling, it is important before proceeding further to
see if the relevant physical parameters are realistic. In the
context of colloids, we first note that for a particle diameter
of 1 um and T=300 K, for example, a value E*=8 (beyond
which the slope of the adsorption curve in figure becomes
constant) corresponds to E=49X 107 V/um and u=2

X 10°D—see also Sec. D in Ref. [14] for a more detailed
discussion of the relation with the parameters of real sys-
tems. We will also show below that the required magnitude
of the dipole moment can be obtained with reasonable value
of the polarizability of the material forming the dipolar par-
ticles. A permanent dipole is hence not a necessary condition.
Considering now molecular systems, the same value of u* is
also appropriate for the dipolar interaction between molecu-
lar species, thanks to the scaling factor o2 in its definition.
The dipole moment being then of the order of one Debye, a
field strength of the order 10 V/nm is needed to obtain the
same reduced energy —u*E". Such field strengths are not
unusual for confinement at the molecular scale. Although the
basic parameters seem thus realistic also in this regime, the
remaining question is then the role of specific interactions
not considered in the present simple model, say a preferential
adsorption potential for the more polar molecule. A greater

FIG. 10. Density profiles in a nonadditive
mixture of dipolar hard spheres (filled circles)
and hard spheres (open circles), before (a) and
after (b) the population inversion. The pore is in
equilibrium with a bulk fluid at p,=0.53 and xlz7
=0.02. Some data points have been removed for
clarity
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FIG. 11. Dipoles mole fraction in the pore as a function of the
reduced applied field strength. The pore is in equilibrium with a
bulk fluid with x5=0.04 and total densities (from right to left) p,
=0.49 (right) and 0.50 (left). Lines are guides to the eyes.

diversity of scenarios becomes then possible (similar ones
for colloids are given in our previous work [14]). With this
reservation, we may safely discuss below the role of the
other, less critical, parameters (at least in this minimal
model).

3. Role of the different parameters

(a) F-PINBI in parallel field. The role of the direction of
the field has been shown above (Fig. 8) in the case of a
one-component dipolar fluid. Figure 12 below for a mixture
of hard spheres and dipolar hard spheres compares the two
field directions. It confirms a more efficient F-PINBI effect
in parallel field. This is in line with the discussion of the
potential energy decrease by long chains parallel to the walls.
From a practical point of view, however, a normal field con-
figuration with the pore walls acting as the plates of a “par-
allel capacitor” as in Ref. [3] is achieved rather easily
whereas the E; one would entail finite size effects, inhomo-
geneity of the field etc., that might complicate the design of
practical devices.

(b) Role of the pore width. One important parameter in

/’/I&‘»—_

FIG. 12. Effect of the field direction on the F-PINBI in a pore
with H=30. The pore is in equilibrium with a bulk fluid at fixed
density p,=0.51 and x[2’=0.02. Empty circles: parallel field, filled
circles: normal field.
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FIG. 13. Effect of the width of the pore on the F-PINBI with
normal field. Filled circles: H=30, empty circles: H=9a. The pore
is in equilibrium with a bulk fluid with density p,=0.51 and xg
=0.02.

this geometry is the pore width. It determines in particular
the maximum number of layers that can fit in the pore. Quite
generally, the stabilizing effect of the pore is less efficient as
the pore width increases, since one approaches then the bulk
behavior. The adsorption curves for H=30 and H=90 are
compared in Fig. 13. The greater steepness of the adsorption
curve for the larger pore seems indeed coherent with a
greater proximity to the demixing boundary. Having two
phases in equilibrium in the pore might constitute a limita-
tion if the desired effect is to have a stronger contrast in the
physical response between the empty and filled states by the
bulk minority species. This inconvenience might accordingly
offset the advantage of a larger pore width, more easily
achieved in practice. The extent of the two-phase domain
needs confirmation by a full mapping of the pore-pore and
pore-bulk phase diagram as a function of the pore width, a
rather lengthy task that requires the response for a specific
system to be undertaken. The possibility of having two co-
existing phases is illustrated in Fig. 14 in a pore with H
=90 and a parallel field. Note that the chemical potentials
are here fixed, the coexisting phases for a given field strength
being obtained by starting from different initial conditions.
No spontaneous transition is however found between the two
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FIG. 14. Effect of the width of the pore on the field induced
PINBI with parallel field. Filled squares: H=90, empty circles: H

=30. In the pore with H=90, a liquid (1) phase coexists with a gaz
(g) phase of dipoles around the adsorption jump (E*=1).
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FIG. 15. Effect of the applied field on the filling of the pore by
different model fluids. p is the density of the dipolar species, in the
pore (H=30). Empty squares: one-component dipolar fluid [for p,
=0.0102 as in Fig. 8; open circles: additive mixture of hard spheres
and dipoles (with x,=0.02 and p,=0.51 in the bulk)]. Diamonds:
same for a Yukawa repulsion between the dipoles and the hard
spheres; filled circles: same for the nonadditive hard spheres—
dipolar hard-spheres mixture. The range of the Yukawa potential
(with e*=8) gives the same contribution to the second virial coef-
ficient as the nonadditive hard-spheres potential with 6=0.2.

phases as for example in Fig. 6 because of the large free
energy separation between these phases. The question of the
metastability of such confined phases obtained from a grand-
canonical simulation should however be considered again
[44] (see also [55]), but the main effect—field induced ad-
sorption jump—is unaffected. The curve for H=30 also
shown illustrates the other scenario in which a jump in ad-
sorption occurs without having two coexisting phases, con-
firming again the stabilizing role of confinement. As regards
the confinement geometry, we notice that for the pure NAHS
mixture, the threshold density for a cylindrical pore [11] of
radius R=3.50 is quite similar for x,=0.02 to the one we find
here in slab geometry with H=30, without field (p,
~(.555). The fact that we find a more gradual PI for x,
=0.04 suggests that the confinement is “weaker” in the cyl-
inder of radius 3.50 than in the slab of width 3¢ The thresh-
old density (p,=~0.52) is again very similar in the two ge-
ometries, confirming the role of the bulk phase separation,
through the equality of the chemical potentials.

(c) Other parameters. As a first check of the sensitivity of
the conclusions to some other aspects of the model, we first
considered the effect of a different interaction u;, between
species 1 and 2. The tendency to demix in the bulk is indeed
a necessary condition for having a steep population inversion
curve. That this F-PINBI phenomenon is quite general and
not a lucky outcome of the nonadditive hard sphere potential
is illustrated in Fig. 15: a Yukawa repulsive potential having
a range of the order of the nonadditivity of the NAHS and
same contribution to the second virial coefficient gives a
very similar adsorption curve, whereas the pattern followed
by a mixture of pure hard spheres and dipolar ones with
additive hard-core diameters is very similar to the one for the
pure dipolar fluid. The requirement for observing a sensitive
field effect is that the self-coordination should be more fa-
vored in the mixture. With colloids, the poor miscibility can
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FIG. 16. Electric field controlled population inversion for a non-
additive mixture of hard-spheres and polarizable hard-spheres in a
pore with H=30. The total reservoir density is p,=0.53. The bulk
mole fraction of the polarizable hard spheres is x,=0.02. p;: density
of each species; E*: applied field strength. Filled circles: polarizable
hard-spheres, Open circles: hard spheres. Lines are a guide to the
eyes.

be favored by suitable chemical composition of the particles
surface layers (see for, e.g., [56,57]), the same being true for
the absence of specific interaction with the pore walls, cov-
ered say with polymer brushes (see for example [19] and
[58] and refs. therein for recent experimental work).

As recalled in the introduction, for this method to be as
generic as possible, with simple ingredients it is desirable
that this F-PINBI should also be observed with polarizable
(macro) particles rather with ones bearing a permanent di-
poles such as ferrocolloids. We thus considered a mixture of
hard spheres and polarizable hard spheres with nonadditive
diameters. For the latter, we took a polarizability «,
=0.04¢> (in order to model colloidal particles). The mixture
with nonadditivity parameter 6=0.2 is confined in a pore of
width H=30. Since the electric field is applied only in the
pore, the bulk fluid that fixes the chemical potentials is the
same mixture of nonadditive hard spheres, but without po-
larization. To remain close to the conditions of the PINBI for
permanent dipoles, we again took a total reservoir density
pp=0.53 and a bulk mole fraction of the polarizable particles
xg:0.0Z. In Fig. 16, we show the population inversion in the
pore for the polarizable particles. The technical details of the
treatment of polarizable particles in slab geometry are de-
tailed in our previous work [33] (see also [59]). The inver-
sion is still present but it occurs for a field that is four times
stronger than for permanent dipole [2]. These results depend
of course on the value of @, and the comparison with per-
manent dipole is not immediate, since the dipole moment
changes with the applied field. Even so, the threshold field
strength remains relatively small. This shows that polarizable
colloids are quite generic candidates for the observation of
this F-PINBI effect. Polarizable colloidal particles are actu-
ally rather common, since polarizability of the materials
forming the colloids, say the electronic one, is always
present to some extent. Examples are polymethylmethacry-
late (PMMA) [60] or polystyrene Latex particles [61]. Polar-
izability is also quite frequent in core-shell nanoparticles
[62].
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FIG. 17. Adsorption-field strength curves at different tempera-
tures. The symbols show the dipoles mean density in the pore at
T=285 K, 300 K and 325 K from left to right. The bulk mole
fraction is x,=0.02 and the total bulk density is p,=0.53. Here
E/Ey=E*(300)(T/300)!2. The value of E, which fixes the field
strength scale can be determined by specifying o, with 7=300 K

Finally we show in Fig. 17, the effect of a temperature
change, an important practical parameter indeed. Notice that
one cannot use the data for a given set of reduced variables
E* and p* to obtain directly the data at different temperatures
at a given value of the actual field strength E and dipole
moment w, because the reduced variables combine both E
and u with 7. Considering, for example, the data shown in
Fig. 17 for u*=1 as a function of E* as corresponding to T
=300 K with E and u fixed (this corresponds to the medium
curve in Fig. 9), one has to redetermine the new values of the
reduced chemical potentials and field strengths at different 7,
by rescaling E* by the factors 7-!/2. The simulation must thus
be rerun both in the bulk and in the pore for each tempera-
ture and field strength. The result is shown in Fig. 17 for T
=300*+25 K. We observe that near the adsorption jump
(p,=0.53, E*=0.5 for u*=1) a slight change in temperature
(6T=25 K in Fig. 17) produces a detectable change in ad-
sorption, which may be important for some applications.

IV. CONCLUSION

In conclusion, the results presented in this work confirm
that the combination of two quite generic mechanisms allows
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a flexible control of the adsorption of the different species in
an open pore in equilibrium with a bulk mixture. In particu-
lar, the main observation—a field induced population inver-
sion near the bulk demixing instability—has been shown to
be a robust phenomenon, by considering the effect of the
most influential parameters—bulk composition, field
strength and direction, polarizability of the particles and pore
width. This effect has been demonstrated from a minimal
model for the interactions between the particles and between
the latter and the confining medium. It should thus concern
first the systems that are closest to these optimum conditions,
say pseudobinary mixtures of hard-sphere-like colloids. In
order to benefit from the field effect, one species should be
either polar (e.g., ferrocolloid in magnetic fields) or much
more polarizable than the other (the presence of a permanent
dipoles being unnecessary). To conform to the simple condi-
tions considered here, the solution should not contain free
charges to avoid particle motion due to the action of the field
(electrohydrodynamic flows). On the other hand, the basic
mechanisms (demixing instability and coupling with an ex-
ternal field) exist also for some atomic or molecular mixtures
adsorbed in nanopores. Since the dimensionless variables we
used might correspond to the actual magnitude of the inter-
actions in such conditions, this prediction should concern a
broader class of systems than mesoscale ones. At such mo-
lecular scale, however, a great diversity of scenarios should
emerge due to specific interactions. In this respect, it is also
clear that even in the case of colloids, multiple scenarios
might be possible by varying the different physical
parameters—dipole moment strength, size asymmetry, non-
additivity, pore width, non uniform fields, etc. Only a small
part of it has been considered in this work. We thus believe
that the results presented here justify further experimental
studies and simulations of the system considered here, given
the diversity of possible applications of this field controlled
composition of the confined fluid and hence flexible control
of the physical properties that depend on the composition of
the confined fluid. This varying composition is the key fea-
ture which distinguishes the method discussed here from pre-
vious ones aimed at a similar control of the state of the
adsorbed fluid. As examples, we suggest to modulate in this
way the dielectric response of the confined fluid for optical
applications or its viscosity for electromechanical ones.
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