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Wetting, Drying, and Layering of Colloid-Polymer Mixtures at Porous Interfaces
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The influence of interface porosity on the wetting properties of colloid-polymer mixtures is studied
within density functional theory for the Asakura-Oosawa-Vrij model at the surface of a quenched hard-
sphere matrix. While the porosity hardly changes the location of the transition from partial to complete
wetting at colloidal bulk gas-liquid coexistence, the onset of wetting, as signaled by the first discontinuous
layering transition, can be efficiently controlled by tailoring the porosity. We furthermore find that the
penetrability of the porous interface induces complete drying into the matrix upon approaching capillary

coexistence.
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Close to gas-liquid coexistence, the liquid phase can wet
a substrate although the gas is stable in bulk. Research in
the last decades [1,2] has revealed that the wetting behavior
depends crucially on the microstructure of the substrate.
This knowledge has led to various applications like, e.g.,
exploiting the lotus effect to arrive at self-cleaning surfaces
[3]. In particular, various phenomena like imbibition, sorp-
tion, and liquid infiltration, relevant for inking and printing
techniques, are initiated by wetting on a porous interface.
In order to achieve a fundamental understanding, the
spreading kinetics of different liquid droplets on porous
substrates has been investigated using polymer solutions
[4] and oil droplets [S]. A proper theoretical description of
wetting on porous interfaces based on the molecular inter-
actions, however, is still in its infancy. This situation is in
contrast to the cases of rough [6], chemically [1,7,8], or
topographically [9,10] structured substrates. Interface po-
rosity is expected to alter the wetting characteristics due to
permeation of the liquid into the substrate. Moreover,
different wetting scenarios can occur at the inner interface
of the porous material and on top of a porous surface, since
due to capillary condensation deep inside the porous ma-
terial, the gas-liquid coexistence line is displaced in the
phase diagram relative to that of the free bulk system.

Colloidal dispersions are excellent model systems to
study interfacial phenomena. The addition of nonadsorbing
polymers to dispersions of colloidal particles generates an
effective attraction between the colloids due to the deple-
tion effect. The strength and range of the attraction can be
controlled through the polymer concentration and size,
respectively [11]. Under appropriate conditions macro-
scopic phase separation occurs into colloid-rich (liquid-
like) and colloid-poor (gaslike) phases [12]. Such colloid-
polymer mixtures allow the study of fundamental interfa-
cial phenomena using real space techniques (see, e.g.,
[13]). Wetting of various substrates has been investigated
experimentally [14,15], and there is the fascinating possi-
bility to prepare well-defined model porous media com-
posed of aggregated colloidal rods or spheres [16]; the
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latter realize a model used frequently in theory (see, e.g.,
[17,18]).

In this Letter, we study the influence of interface poros-
ity on the wetting behavior of colloid-polymer mixtures.
We use the standard Asakura-Oosawa-Vrij (AOV) model
of sterically stabilized (hard-sphere) colloids mixed with
nonadsorbing ideal polymers and expose it to the planar
surface of a model porous matrix composed of quenched
(immobilized) hard spheres. We calculate the induced
wetting behavior using a recent density functional theory
[19,20] that has been shown to reliably describe details of
wetting and layering for hard structureless walls [21,22].
We systematically study the location of the complete wet-
ting point of the porous interface and that of the first
layering transition indicating the onset of wetting. We
find that interface porosity drastically affects the location
of the first layering transition but hardly influences the
location of the wetting transition. In particular, matrices
with porosities compatible with the colloid size strongly
favor the onset of wetting. This finding can be exploited to
tailor substrates with optimal wetting properties leading to
potential applications for microfluidic devices. Further-
more, we find complete drying at the inner porous interface
and as well as wetting on top of the interface depending on
the statepoint. This is a scenario involving two different
interfacial phenomena. As a consequence, a liquid-filled
porous material will dry from its free boundaries upon
approaching capillary gas-liquid coexistence [23]. All our
predictions can in principle be assessed in experimental
colloid-polymer mixtures exposed to porous substrates.

Our model consists of the AOV description [11] of hard-
sphere colloids (species c¢) and ideal polymer spheres
(species p), brought into contact with a porous matrix of
quenched immobilized hard spheres (species m), see
Fig. 1. The pair interaction potential between particles of
species ij # pp is that of hard spheres: ¢;;(r) = o0 if r <
(0 + 0;)/2 and zero otherwise, where o is the diameter
of particles of species i = ¢, p, m, and r is the center-to-
center distance. The pair interaction between polymers
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FIG. 1 (color online). Illustration of the model of hard-sphere
colloids (light blue) and ideal polymer coils (white) adsorbed
against the porous surface of a matrix of quenched hard spheres
(dark gray). The matrix particles are distributed homogeneously
in the half-space z < 0; only colloids and polymers are mobile.

vanishes for all distances: ¢,,(r) = 0. This system is
characterized by the size ratios between polymers and
colloids, g = 0',,/ o., and between matrix particles and
colloids, ,,/0,. Packing fractions are denoted by n; =
V;p;, where p; is the number density and V; = 70?3 /6 is
the particle volume of species i = ¢, p, m. The chemical
potentials of species i = ¢, p are denoted by u;, and we
also use the packing fraction in a polymer reservoir in
equilibrium with the system, n,, = V,exp(Bu,), where
B = 1/(kgT), kg is the Boltzmann constant and T is
temperature. To model the matrix surface we cut away a
half-space from a homogeneous matrix [distributed ac-
cording to the hard core interaction ¢,,,,(r) in the absence
of colloids and polymers]. The resulting density distribu-
tion for the centers of the matrix spheres is p,,(z) =
Nm/V, for z <0 and zero otherwise, where z is the coor-
dinate perpendicular to the surface.

We use a recently developed fundamental measure den-
sity functional theory for this quenched-annealed mixture
[19,20]. Equilibrium distributions are obtained from the
grand potential functional, Q[p.(r), p,(r); p,,(r)], by nu-
merical minimization, §{2/8p.(r) = 0 and 62/8p ,(r) =
0, where p,,(r) serves as a fixed input field. The required
“double average” over colloid-polymer configurations and
over matrix realizations is taken into account properly in
this framework; rather treating the matrix particles via an
explicit external potential would be tedious, if not prohibi-
tive. A key quantity measuring the change of particle
number due to the presence of the interface is the (excess)
adsorption I'; of species i = ¢, p as obtained from I'; =
f(loo dzlpi(z) — pi(—o0)] + ff)o dz[pi(z) — pi(e0)], such
that the Gibbs dividing surface is located at z = 0.
Possible measurements of I'; involve the need to determine
the average densities inside the porous matrix, p;(—0o0); we
imagine that using real space techniques like confocal
microscopy [13,14] in conjunction with transparent (not
fluorescently labeled) matrix particles can facilitate this
task. The interface tension, vy, is obtained from the differ-

ence of grand potentials in the inhomogeneous situation
and that of two bulk half-spaces, y = (Q[p.(z), p,(2):
pm@]— Q. —Q_)/A, where . is the grand poten-
tial of a homogeneous half-space with constant den-
sities p.(*0), p,(*¥), p,, (+00), and A is the area of
the interface. In the following, we restrict ourselves to
the size ratio g = 0.6, large enough to induce stable
fluid-fluid demixing.

We first consider a matrix with high packing fraction,
1n,, = 0.5, such that the (capillary) phase behavior inside
the matrix plays a minor role as adsorption in the bulk
matrix is strongly suppressed. Figure 2(a) shows the phase
diagram of the AOV model as a function of 1, , and 7., the
latter being the colloid packing fraction in the free bulk,
z — o0, The density functional theory result for the bulk
binodal is equivalent to that from free-volume theory [12].
The mixture in contact with the porous interface exhibits
purely entropy-driven surface phases. On the gas side of
the bulk gas-liquid binodal, at high values of 7, , (= 1), the
colloid density profile is practically gaslike and shows only
a tiny amount of colloid adsorption at the interface. Upon
reducing n,, ,, there occurs a discontinuous surface phase
transition from this gaslike state to a state with one ad-
sorbed colloid layer. This transition possesses an accom-
panying adsorption spinodal point at still lower values of
M, Where the gaslike state loses its metastability. The
first layering transition can be viewed as a precursor of the
wetting transition, which occurs upon reducing 7, , fur-
ther. Such a pattern of phase transitions has been found
previously for the AOV model exposed to a hard smooth
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FIG. 2. Interfacial phase behavior of the model colloid-
polymer mixture of size ratio ¢ = 0.6 adsorbed against the sur-
face of a porous matrix with varying interface porosity. (a) Phase
diagram as a function of 7. and 7, ,. Shown are characteristic
points on the free bulk gas-liquid binodal (full curve): first layer-
ing transition (filled circle), accompanying adsorption spinodal
point (open circle), wetting transition (star) at a smooth planar
hard wall, and bulk critical point (filled square). (b) Location, in
M, Of these characteristic points [same symbols as in (a)] vs
size ratio o,,/o, for i,, = 0.5. The smooth planar hard wall
results shown in (a) are recovered for o,,/o, — 0.
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wall [21,24], and indeed we recover these earlier findings
in the limit of vanishing matrix particle size, o, /0. — 0
and 7,, = const, and hence p,, — 0.

Strikingly, the location of these surface phase transitions
depends strongly on the relative size of the matrix particles,
o,/ 0. Increasing o,,/o,. from 0, the location of the first
layering transition moves to smaller values of 7, ,, reaches
a minimum at around o,,/o, = 0.4, and then increases
dramatically (by about a factor of 2) until o,,/o,. = 0.95.
Further increasing o,/ beyond 0.95, the value of 7, ,
at the layering transition decreases again smoothly. The
accompanying jump in colloid adsorption remains of the
order of 3.6/c? in the regime o,,/0, = 1.5 — 2.5, so the
transition seems to persist without indication of a terminal
critical point. In contrast, the adsorption spinodal point and
the location of the wetting transition are affected only little
by variation of o,/ ,. Both also pass through a minimum
around o,/ o, = 0.4, though much less pronounced, and
lack any strong peak. In order to illustrate the structure
associated with the surface phase behavior, we plot colloid
density profiles for four representative size ratios in Fig. 3.
As the first layering transition is at the bulk binodal, both
the gaslike state and the state with one adsorbed colloid
layer are in coexistence with the liquid state against the
wall. Increasing o, /o,, the interface becomes increas-
ingly penetrable and the colloid density profile becomes
smoother and less modulated. We have calculated contact
angles using Young’s equation, cosf = (¥, — Y1)/ Vie-
with .., ¥,, and 7y, being the wall-gas, wall-liquid, and
gas-liquid [24] interfacial tensions at bulk coexistence,
respectively. We obtain the sequence 6 = 18.2°,8.1°,
7.7°,3.6° for the statepoints shown in Figs. 3(a)—3(d),
respectively [25]. All these findings are consistent with
the observation that for o,,/o, = 1, the matrix is in effect
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FIG. 3. Density profiles at the layering transition for ¢ = 0.6
and 7,, = 0.5 corresponding to Fig. 2. Shown are results for the
coexisting gaslike state, the surface state with one adsorbed
colloid layer, and the coexisting liquid state (full lines, from
bottom to top), as well as the matrix density profiles (dashed
lines, p,,(2)V,,) for o,,/o. = 0 (a), 0.4 (b), 0.95 (c), and 1.5 (d).
Polymer density profiles are omitted for clarity.

a quenched liquid that stabilizes colloid adsorption at the
interface. For increasing o,,/o, > 1 the matrix becomes
increasingly penetrable and the significant amounts of
capillary condensed liquid inside the matrix again stabil-
izes adsorption of colloidal liquid.

For moderate matrix packing fractions, adsorption in the
bulk matrix is relevant, and we have chosen 7,, = 0.2 and
o,/ 0, = 1 for a detailed study of the surface phase be-
havior. The bulk phase diagram, displayed in Fig. 4(a),
possesses two gas-liquid binodals, that in the free bulk and
that deep inside the matrix. Considering the colloidal gas at
coexistence in the bulk outside the matrix against the
porous interface, we have again located the first layering
transition, the layering spinodal point and the wetting
transition. Moreover, we find complete drying of the inter-
face for all 7, , (we have gone as high as 1, , = 2) upon
approaching capillary coexistence from the liquid side in
the phase diagram. This provides a clear mechanism for
desorption. To illustrate the behavior, we monitor the
colloid adsorption at the interface, I, along three different
paths at constant values of 7,, . through the phase diagram,
see Fig. 4(b). For n,, . = 0.55, I, diverges upon approach-
ing the binodal of the free bulk, as expected in the complete
wetting regime. For 7, , = 1, the path crosses both bi-
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FIG. 4. Interfacial properties of the model colloid-polymer
mixture at the surface of a porous matrix for ¢ = 0.6, o,/ 0, =
1, and n,, = 0.2. (a) Phase diagram as a function of colloid
chemical potential, Bu., and polymer reservoir packing frac-
tion, 77,, .. Shown is the gas-liquid binodal in the free bulk (lower
thin line) and inside the matrix (upper thin line), either one
ending in a critical point (filled square). On the gas side of the
free bulk binodal there occurs the first layering transition (filled
circle), the layering spinodal point (open circle), and the wetting
transition (star). Shown are representative paths at constant
polymer fugacities of 7, = 0.55 (dotted line), 1 (thick line),
and 1.3 (dashed line). (b) The colloid adsorption, I'.02, as a
function of Bu,. corresponding to the paths in (a), and displaying
complete wetting (dotted line), complete drying and the layering
transition (thick line, arrows indicate the jump in I'. at the
transition), and complete drying and partial wetting (dashed
line).
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nodals with diverging (negative) adsorption at the matrix
binodal, indicating complete drying, and finite adsorption
at the free bulk binodal, indicating partial wetting. On
approaching the free bulk binodal from the gas side, there
is a jump in I'. just before coexistence, indicating the
crossing of the first layering line off-bulk coexistence.
For n,, = 1.3 again complete drying on the (liquid side
of the) capillary binodal and partial wetting at the free
bulk binodal is found, but without crossing a layering
transition. For the cases of diverging adsorption we have
checked that I', ~ In|1 — u,./ S|, with wS°* the chemi-
cal potential at coexistence, over more than two decades of
[T — w./u*|. Finally, essentially vanishing excess ad-
sorption is found on approaching the capillary binodal
from the gas side and the free bulk binodal from the liquid
side.

In conclusion, we have investigated interfacial effects at
an external surface of a random porous medium using
colloid-polymer mixtures as a model adsorbate. The loca-
tion of the layering surface phase transition from a gaslike
state to a state with one clear adsorbed colloid layer
depends strikingly on the porosity, as measured by the
size ratio of mobile and quenched colloids, while the
location of the transition from partial to complete wetting
shows similar, albeit quantitatively weaker dependence.
Both the order of the wetting transition and the existence
of further layering transitions, as appear in the case of the
smooth planar wall [24], are more subtle. The liquid phase
condensed inside the matrix dries completely from the
matrix surface as the capillary binodal is approached
from the liquid side. In contrast, the gas phase inside the
matrix is not macroscopically affected by approaching the
capillary binodal from the gas side. This possibly provides
an alternative mechanism, in equilibrium, for Rosinberg
et al’s observation [23], that introducing an external inter-
face may have a major influence on the hysteresis in
sorption curves. In experimental realizations of our model,
porous interfaces are readily constructed by sedimenting
heavy colloids or using laser tweezers [26]. In combination
with suitable colloid-polymer mixtures (density- and
indexed-matched in order to circumvent sedimentation
and laser trapping, respectively), interfacial behavior cor-
responding to that investigated here could be studied
[14,15]. In addition, such systems can be tackled with
computer simulations to test our predictions.
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