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Abstract

Using density functional theory and Monte Carlo simulations we investigate
the Asakura—Oosawa—Vrij mixture of hard sphere colloids and non-adsorbing
ideal polymers under selective confinement of the colloids to a planar slab
geometry. This is a model for confinement of colloid—polymer mixtures by
either two parallel walls with a semi-permeable polymer coating or through the
use of laser tweezers. We find that such a pore favours the colloidal gas over
the colloidal liquid phase and induces capillary evaporation. A treatment based
on the Kelvin equation gives a good account of the location of the capillary
binodal for large slit widths. The colloid density profile is found to exhibit a
minimum (maximum) at contact with the wall for large (small) slit widths.

1. Introduction

Capillary evaporation denotes the situation where a confining pore is filled with a gas in
equilibrium with its bulk liquid phase. The phenomenon is an antagonist of capillary
condensation, where the pore instead stabilizes the liquid phase that in turn is in equilibrium
with the bulk gas phase [1, 2]. Which of the two scenarios will occur for a given fluid
depends on the nature of the confinement and in particular on the interaction between the fluid
particles and the pore walls. Despite the fundamental analogy, capillary evaporation has only
recently attracted more attention, in particular for the Lennard-Jones fluid, which was studied
theoretically and with simulation, capillary evaporation being observed for purely repulsive
walls (and capillary condensation for attractive walls) [3-5].

Colloid—polymer mixtures are mesoscopic model systems that enable one to study
fundamental issues in condensed matter [6]. The Asakura—Oosawa—Vrij (AOV) model [7, 8]
of hard sphere colloids and ideal polymers is a simple model that has been studied extensively
using theory [9—13] and simulation [11, 14-18]. The presence of polymers induces an effective
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attraction between colloids driving, for high enough polymer concentration and large enough
colloid-to-polymer size ratio, a (colloidal) gas—liquid phase transition in bulk [7-10]. The
same (depletion) effect leads to an attraction between a single colloidal particle and a planar
hard wall (that is impenetrable to both colloids and polymers) [19]. Much attention has been
devoted to the wetting of a (single) wall by the colloidal liquid as studied theoretically [20-24]
and by means of simulations [14] and experiments [22, 25-27].

We have recently investigated capillary condensation of the AOV mixture confined
between two parallel hard walls. Corresponding experimental set-ups can be well controlled
due to their relatively large (as compared to molecular fluids) intrinsic length scales of the
order of ~100 nm particle diameter [22, 27, 28]. Furthermore, surface corrugations of the
confining walls are of minor importance as (glass) substrates are practically smooth on the
colloidal length scale. Our results from Monte Carlo (MC) simulations and density functional
theory (DFT) indicate that capillary condensation does occur. That purely repulsive walls lead
to such behaviour might seem surprising at first glance. However, although the bare interaction
between the wall and the two species is purely repulsive, the concept of integrating out degrees
of freedom, in this case those of the polymers, permits us to relate the properties of the binary
mixture to those of a corresponding one-component fluid (of colloids) interacting through
an effective one-component Hamiltonian which consists of effective many-body interactions.
The dominant term in this effective many-body Hamiltonian is the so-called depletion pair
potential, which is known to be attractive. Via the same mechanism an effective attraction
between the colloid and hard wall arises [19] as the dominant term for the effective polymer-
mediated wall—colloid interaction. This gives a qualitative explanation of the occurrence
of capillary condensation between parallel hard walls. However, care should be taken, as
previous work [14, 20, 21, 24] showed that the effective higher-body interactions (repulsive
and attractive) change the bulk phase behaviour and adsorption phenomena substantially from
those found for pairwise simple fluids; e.g. an anomalously large bulk liquid regime is found
and, far from the bulk triple point, several layering transitions in the partial wetting regime
prior to a transition to complete wetting by colloidal liquid are found.

In this work, we consider two parallel semi-permeable walls that do not generate an
effective wall—colloid attraction. The polymers are unconfined and can penetrate the walls
which act solely on the colloids. Such situations have been investigated before for random
sphere matrices [29] and for a single wall [23]. There are two possible experimental realizations
for selective confinement between two planes:

(i) A polymer-coated brush that is impenetrable to colloids but penetrable to polymers [26].
(i) Confinement of colloids via an appropriate set-up of laser tweezers to a thin sheet in space.

The paper is organized as follows. In section 2 we define the model explicitly and give
an overview of the DFT and MC techniques used. In section 3 results are presented and
concluding remarks are given in section 4.

2. Model and methods

The AOV model is a mixture of colloidal hard spheres (species c) of diameter o, and ideal
polymers (species p) of diameter o, interacting with pair interactions V;;(r) between species
i, j = c, p as a function of the centre—centre distance. The colloid—colloid interaction is that of
hard spheres: V..(r) = coif r < o, and zero otherwise. Polymers and colloids also behave as
hard spheres: V¢, (r) = oo if r < (o¢ + 0;,) /2 and zero otherwise. The polymers are assumed
to be non-interacting: V(1) = 0 for all distances.
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Figure 1. An illustration of the selectively confined AOV model of colloidal hard spheres (grey)
and polymers (white). (a) The confinement is such that the volume accessible to the colloids
is between two parallel planes at distance H. Polymers do not experience confinement. (b) The
confinement between parallel substrates (grey) at distance L coated with a polymer brush (wiggles).
The free distance between the two polymer brushes is H ; soluted polymers (open spheres) are able
to penetrate the brush but not the substrate; the brush acts like a hard wall for colloids.

We consider a confining external potential acting solely on the colloids:

Voo(2) = 20 0:/2 <z < H — (0:/2), N

otherwise,
where z is the space coordinate perpendicular to the confining walls. There is no external
potential acting on the polymer, i.e. formally Vey , = 0. See figure 1(a) for an illustration of
the model. Note that any substrate that supports the polymer coating will be decoupled from
the system due to the ideality of polymers provided that the separation distance between the
two substrate walls is L > H + 20, (see figure 1(b) for an illustration).

As control parameters we use the packing fractions n; = nof 0i/6, where p; = N; /(AH)
is the number density of species i = c, p; NV; is the number of particles and A is the lateral area
of the system (perpendicular to the z-direction). Furthermore, we use the packing fraction in
a pure reservoir of polymers, 7, that is in chemical equilibrium with the system.

The methods that we employ to study this model are very similar to those in a previous
study of capillary condensation [30], hence we will give here only a brief overview. To
obtain DFT results we use the excess free energy functional of [12, 13] that is an extension
of Rosenfeld’s fundamental measure theory for hard sphere mixtures [31] to the AOV model.
Results for density profiles and phase behaviour are obtained by minimizing numerically
the grand potential functional. Furthermore, we use the Gibbs ensemble Monte Carlo (MC)
simulation method [32, 33], where both the structure and the phase behaviour are directly
accessible. Fugacities are calculated via the test particle insertion procedure [34]. For more
technical details of both approaches we refer the reader directly to [30].

3. Results

We first display results for the fluid demixing part of the bulk phase diagram in figure 2 as a
function of the colloid packing fraction, 7., and polymer reservoir packing fraction, 7;,. In the
unconfined (bulk) situation, which we recover formally for infinite plate separation distances
H/o. — oo, the DFT result reduces to that of free volume theory which is known to be
accurate far away from the critical point [14-16], but it underestimates the critical value of 7.
Our results confirm this finding. For decreasing values of H /o, the binodal shifts significantly
to higher values of n;,. The shift of the critical point to higher n;, corresponds to the common
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Figure 2. The phase diagram of the AOV model confined between depletionless walls as a function
of the colloid packing fraction, 7., and polymer reservoir packing fraction, ’7{;» for plate separation
distances H/o = oo (bulk), 10, 2 and size ratio ¢ = 1. Shown are results from simulations
(symbols) and DFT (solid curves). The bulk binodal from DFT is identical to that from free
volume theory (dashed curve).

shift to smaller temperatures (i.e. larger inverse temperatures) in simple substances. As the
attraction between the colloids is diminished due to the confinement, more polymer, yielding
a stronger attractive depletion interaction between the colloids, is needed to drive the phase
separation. For L/o. = 10 the liquid branch of the binodal shifts to considerably smaller
values of 7., similarly to the case of capillary condensation between parallel hard walls. As
we will demonstrate below, when investigating structure in detail, this shift is accompanied
with the growth of colloidal gas films on both walls. Close to the critical point the coexistence
values of 7. in the capillary gas phase predicted by the two approaches deviate significantly
from each other, i.e. the simulation results indicate larger values of 7. as compared to the
theoretical calculation. This deviation is consistent with the (again) too high critical value of
77; from DFT as compared to the simulation results. Also the (estimated) critical value of 7,
is higher in simulation than in theory.

We also plot the same phase diagram as a function of the scaled colloid chemical potential
Bue = In(zcal), where z is the colloid fugacity, and the polymer reservoir packing fraction,
1y, infigure 3. Itis apparent that the binodals for the confined system are shifted towards higher
values of In(z.0¢), the shift being small for H /o, = 10 but considerable for H /o, = 2. This
trend implies that state points between the bulk binodal and the binodal of the confined system
(and for values of n;, larger than either critical point) describe bulk liquid states in coexistence
with gas states inside the capillary, clearly signalling capillary evaporation. The agreement
between results from simulation and theory is quantitative except for the aforementioned
difference in the location of the critical point.

As an alternative, simple treatment we use the Kelvin equation and restrict ourselves to the
application of its one-component version, i.e. keeping the polymer reservoir packing fraction
fixed. Previous density functional theory calculations showed complete drying everywhere
along the liquid branch of the binodal [23] and, thus, y1; = Yw1 — Ywg, Where yig, Y1 and yy,
are the interface tensions between liquid gas, wall liquid and wall gas, respectively. The shift
in colloid chemical potential A, due to the confinement reads

(PL = pE)(H — )’

Alle 2)
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Figure 3. The same as figure 2, but as a function of the colloid chemical potential, ln(zcag), and

polymer reservoir packing fraction, 7. Also shown are the results from the Kelvin equation (short

dashed curves) using the gas—liquid interface tension, yig, obtained from DFT as an input.
ol (pf)is the number density of the coexisting liquid (gas) bulk phase. Ajie = pe P —ps®™ > 0
indicates capillary evaporation, where ¢ © denotes the chemical potential at the capillary
binodal and p°* that at the bulk liquid binodal. We use DFT results for y, and display the
corresponding binodals in figure 3. For H /o, = 10 the result is (except very close to the
critical point) practically identical to the result from the full numerical DFT calculation. Even
for the strongly confined system of H /o. = 2 the binodal is reproduced reasonably, albeit with
a (typical) slope that is too small in the (ln(chrc3 ), 77;) plane. We emphasize that we use a slab
thickness reduced by one particle diameter, H — o, in the Kelvin equation (2). Commonly,
the bare value H is used, which we find to give far inferior results for the strongly confined
system, H /o. = 2, i.e. amuch too small magnitude of A .. This behaviour is consistent with
that found for capillary condensation of the AO model between parallel hard walls [30]. There
it was argued that the dimensional crossover to the two remaining spatial dimensions upon
approaching H — o, induces a divergence, which is correctly captured by a form similar to
that of equation (2). The only prominent deficiency of the results from the Kelvin equation is
the false prediction that the capillary critical point is identical to the bulk critical point.

We also display our results as a function of the colloid packing fraction of a bulk reservoir
of the colloid—polymer mixture, 7>, which is in equilibrium with the confined system. As
a second parameter we keep n;,. The topology of the resulting phase diagram, as displayed in
figure 4, resembles closely that of a simple substance with capillary evaporation binodals
running as lines along the liquid branch of the bulk binodal. The shift of the capillary
evaporation binodals with respect to the bulk liquid binodal is larger for stronger confinement.
The prediction from the Kelvin equation (not shown) is very close to the DFT result for
H/o. = 10, but differs somewhat (similar to the difference in observed in figure 3) for
H/o. = 2. As illustrations we display snapshots of coexisting states obtained from MC
simulation in figure 5.

We also investigate density profiles of both species inside the slit pore; see figure 6 for
MC and DFT results for H/o. = 10. In order to compare results from the two approaches,
we take equal values of 7 at (capillary) coexistence. Sufficiently far away from the critical
point, for n, = 1.39—see figure 6(a)—the gas phase is practically an ideal gas of polymers
without any colloids. The colloid density profile in the liquid phase is flat in the middle of
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Figure 4. The same as figure 3, but as a function of the colloid packing fraction in the coexisting

bulk mixture, n?“]k, and the polymer reservoir packing fraction, n;, Shown are results from DFT.

Figure 5. Snapshots of the coexisting capillary gas (left) and liquid (right) phases from MC
simulations. Colloids (light) are confined to a slab; polymers (dark) are unconfined. The pore
widths are H /o = 10 (upper panels) and H /o = 2 (lower panels).

(This figure is in colour only in the electronic version)

the capillary and decreases over a distance of ~o, to a significantly smaller contact value
at the wall. The emergence of such ‘depletion layers’ at polymer-like walls is a single-wall
phenomenon and it was found that there is indeed complete drying at a single polymer-coated
wall as bulk gas-liquid coexistence is approached from the liquid side, i.e. the thickness of
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Figure 6. Scaled density profiles, 7;(z) = p; (z)rrl-37r/6, of colloids and polymers inside the slit
pore as a function of the position between the walls, z/o. Shown are results from MC simulations
(symbols) and DFT (curves) in the coexisting colloidal gas (upper panel) and colloidal liquid
(lower panel) phases for size ratio ¢ = 1, wall separation distance H/o = 10, and polymer
reservoir packing fraction (a) 771') = 1.39 (with a statistical uncertainty of £0.01 in the MC case)
and (b) n; = 1.19 (with an uncertainty of £0.01 in the MC case).

the gas layer diverges [23]. In the present case of two walls at finite separation the capillary
transition happens well inside the one-phase (liquid) region of the bulk phase diagram (see
figure 3); hence any drying layer is expected to be of finite thickness, compatible with the
shape of the profiles in figure 6. That the contact density p{"™" = p.((0./2)*) is smaller
than that in the middle of the capillary can be understood from the condition of hydrostatic
equilibrium. For a single wall (one wall or the other) of our slab, it can be shown that

pESEt = BATL = B(P = pf), 3)
where AII is the osmotic pressure difference across the wall; the pressure ‘outside’ the slab
is just the (ideal gas) pressure of polymers, kg7 p;, and P is the bulk pressure of the binary
mixture. Using the free volume expression for P(pc, ,o;), one finds that we indeed have

pentact < p. for typical state points.
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Figure 7. The same as figure 6, but for a plate separation distance of H/o = 2, and polymer
reservoir packing fractions (a) 771') = 1.6, (b) 7]1') = 1.449.

Closer to the critical point—see the density profiles for n, = 1.19 in figure 6(b)—the
density of colloids in the gas increases and the density of polymers decreases. The depletion
layers in the liquid phase become slightly more extended. There is marked difference between
DFT and MC results, which can be explained by the difference in location of the capillary
critical point in the two approaches. For even lower values of 7, the DFT profiles (not shown)
resemble the simulation results displayed in figure 6(b) more closely. In the case of small
slit widths we expect the behaviour not to be explicable using considerations for a single
wall. Indeed results for H /o, = 2, as displayed in figure 7, indicate that in the liquid phase
the density profile of colloids rises at each wall, and the contact value is a maximum of the
density profile. This is consistent with findings for simple substance at a hard wall, where
density profiles are known to either turn upward or downward depending on the state point
(see e.g. [4]).
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4. Conclusions

In conclusion, we have investigated a simple model for colloid—polymer mixtures confined
between two semi-permeable parallel walls that are penetrable to polymers but exert a hard-core
repulsion on colloids. We have argued that such a set-up does not generate an effective depletion
interaction between colloids and the wall. Using DFT and MC simulation we find consistently
that the capillary stabilizes the colloidal gas phase and that capillary evaporation does occur.
As representative cases we have investigated (scaled) wall separations of H /o, = 2, 10.
For H /o, = 10 we find excellent agreement with the prediction for the shift of the gas—liquid
binodal from the one-component Kelvin equation (keeping the polymer reservoir density fixed).
The density profiles indicate a depletion layer of colloids near each wall. For the small wall
separation, H /o. = 2, the performance of the Kelvin equation becomes less good, but it still
gives results in reasonable agreement with those from both DFT and MC simulation. Packing
effects of colloids become more pronounced and we find the colloid density profiles to rise at
the walls.

In our model the colloids cannot penetrate the walls; hence condensation of the liquid
inside the wall, as found in references [35, 36] for one-component fluids exposed to penetrable
walls, does not occur. The topology of the phase behaviour found in these studies, however,
closely resembles that of an AOV model exposed to a standing laser field which exerts a
plane-wave potential on the colloids only [37].
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