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We report studies of adsorption of helium in translationally invariant polygonal pores
at zero temperature, with emphasis on the route to capillary condensation and the ap-
pearance of metastable states. We analyze hysteresis and hysterectic—like phenomena
associated to the existence of multiple equilibrium states in a rhombic pore and examine
the effects of the angular geometry, as opposed to the smooth curvature of cylindrical
tubes.
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1. Introduction

The current research focuses upon adsorption of helium inside nanopores and on
real surfaces which are not flat within the atomic scale. It is well known that imper-
fections on a physical adsorber such as steps, stripes, cavities and grooves give rise
to corrugation and roughness, which modify the thermodynamics and dynamics of
wetting with respect to a planar surface. In particular, recent experiments' ?of wet-
ting of superfluid *He on rough Cs show memory effects and hysterectic dynamics of
the contact line, attributed to the persistence of filled micropuddles after dewetting.
Although planar Cs and cesiated surfaces are known to be heliophobic at temper-
atures below 2 K, the presence of cavities limits Cs heliophobicity, as 1s the case
i.e., in the interior of hollow spheres and cylinders® and at the inner angle of pla-
nar wedges.* It is a general characteristic of confinement potentials that a concave
curvature or angle increases the adatom-adsorber attraction and may change helio-
phobicity into heliophilicity. A similar enhancement of the adhesive forces could be
expected in the case of an irregular Cs surface, for which a simplified model consists
of a collection of heliophilic sites on a heliophobic surface, as realized in a recent



March 28, 2008 9:20 WSPC/INSTRUCTION FILE paper

2 E. 8. Herndndez, A. Hernando, M. Pi and R. Mayol

experiment® of adsorption of hydrocarbon liquids on silicon surfaces patterned with
an array of parabolic nanocavities.

Our present project and emerging studies include, as a first step, adsorption of
helium in translationally invariant polygonal pores, that is expected to give rise to
capillary condensation (CC) with adsorption—desorption branches arranged into a
hysteresis loop, as for classical fluids. The interest of polygonal pores lies in the
presence of angles, which permit the appearance of density distributions with either
high or low symmetry. The latter implies the simultaneous appearance of various
meniscus shapes, which can be associated to drops and bubbles on the walls, in con-
trast with the much simpler configurations that show up in the popular cylindrical
tubes. Furthermore, we intend to investigate adsorption of He on planar Cs at finite
temperatures, involving the construction of adsorption isotherms with subsequent
appearance of metastability and instability regions, and adsorption of He in finite
pores on a flat surface at nonvanishing temperatures, that would originate changes
in the wetting-prewetting phase diagram with respect to the case of a perfect planar
adsorber.

In this report we provide a brief account of the current state—of-the-art re-
garding adsorption of classical fluids in nanopores (section 2) and in section 3 we
describe our calculations and results, which are summarized in section 4.

2. Classical fluids in nanopores

Although nanoporous materials have been used since antiquity as adsorbents and
filters, the industrial production of activated carbon began in 1900 and of zeolites
around 1950 and today various processes permit to manufacture porous materi-
als with multiple chemical, geological and geophysical, and industry applications.
Very useful reviews on production, classification, uses, and topics of general inter-
est regarding nanopores can be found in Refs. 6, 7. In general, one refers to these
environments as micropores if their diameter D is below 2 nm, mesopores if D 1s
between 2 and 50 nm, and macropores for diameters larger than 50 nm. The ad-
sorption sequence of a fluid in a pore permits one to identify two clearly different
regimes or ”"phases”, namely a low—density, vapor-like configuration where a thin
layer of fluid adheres to the inner walls, and a high—density, liquid-like one with the
fluid homogeneously condensed in the tube, corresponding to CC.

A well studied phenomenon occurring along the CC regime of the adsorption
isotherm is hysteresis. In addition to abundant experimental evidence, a very clear
picture of hysteresis can be attained by means of Monte Carlo simulations as re-
ported for example in Ref. 8. The classical explanation of this phenomenon goes
back as far as 1911 ° and received stronger support in 1938,'° with simple thermo-
dynamic arguments that permit to relate the adsorption and desorption pressures
to the saturation properties of the unconfined fluid. The general understanding is
that the vapor pressure at the adsorption branch is close to the spinodal pressure
of vapor in the pore, while the lower desorption pressure is that of liquid—gas coex-
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istence under confinement. However, this simple scenario can be strongly modified
by the geometry of the pore and/or the pore array.

Studies of CC of classical fluids have been performed employing various tech-
niques such as grand canonical and canonical Monte Carlo simulations, nonlocal
density functionals, lattice gas models, molecular dynamics and other methods.% !
In particular, it has been proven that nonlocal density functional theory (NLDFT),
which has been applied to pore physics for more than 20 years, with appropriate
choice of the force parameters provides results in excellent agreement with both
simulations and experiments for CC in nanopores,'' and bridges the gap between
simulations carried on pores of around 2 nm diameter and the thermodynamic limit.
It is important to note that a well-known feature of both theory and experiments of
classical fluids in pores, that has been already discussed at length in the literature,®
is the possible existence of multiple metastable states with grand potential above
the equilibrium value at a given fluid density. according to the choice of the initial
condition. This is the basis for the appearance of hysterectic loops, although such
features may also show up below the CC regime, under proper choice of the initial
condition for the construction of the mass distribution.

In this work, we concentrate on adsorption of superfluid helium in polygonal
pores, as predicted by a specific NLDFT described i.e., in Ref. 4 and refs. cited
therein. Previous studies by our group'?!3 have undertaken hexagonal pores, for
which calculations based in rigorous many-body techniques exist in the literature.
However, these approaches make use of a rather crude approximation for the con-
finement potential, such as the summation of the planar Lenard-Jones potentials
of six planes meeting at angles of sixty degrees. Here we consider a rhombic pore,
an environment that can be regarded as a double-wedge and has been investi-
gated from various viewpoints. On the one hand, a symmetry—breaking localization—
delocalization transition of the liquid—vapor interface in a double wedge has been
identified.'*. Moreover, we have shown that helium in wedges can adopt various
meniscus shapes* and that helium samples adsorbed near a corner grow with accu-
mulation of quasi-onedimensional stripes.'® Finally, rhombic pores, which appear
naturally in mineral crystals and are manufactured in metallic and organic materi-
als since the 60’s,'® have been realized experimentally.!” The rhombic pore is then
a simple and feasible candidate to investigate a variety of aspects of the morphol-
ogy and the thermodynamics of adsorption in a tube, such as the coexistence of
different meniscus shapes at the smallest and the largest angle, the competition
of quasi—onedimensional stripes and quasi—twodimensional layers in the process of
filling, and the sensitivity of the equilibrium density profile to the initial condition,
among others.

3. Calculations and results

Our calculations employ grand canonical NLDFT for superfluid helium at zero



March 28, 2008 9:20 WSPC/INSTRUCTION FILE paper

4 FE. S. Hernandez, A. Hernando, M. Pi and R. Mayol

Fig. 1. Left panel: Four half—solids meeting at corners to form a rhombic cavity, overlapping at
the vertices. Right panel: Same environment created by four nonoverlapping cusps.

temperature, which amounts to solving a nonlinear Schrodinger—like equation for
the twodimensional density profile p(z,z) (we assume the pore infinity along the
y—axis) of the form

2

VU () 4+ U, )| Vo7 = 0o ) (1
Here U (p) is the mean field potential described by the density functional, U(z, )
the adsorbing potential of the pore walls and p the chemical potential of the helium
atoms. The density is normalized to a fixed number of particles per unit length
n=N/L.

In earlier descriptions of polygonal pores and walls meeting at a corner, the
adsorbing potential has been approximated by summing the contributions from
infinite planar surfaces. In this context, four half-solids make a rhombic pore with
strong overlap at the vertices —thus overestimating the strength of the confinement—
as indicated with the doubly hatched regions in the left panel of Fig. 1. In a recent
paper'® we have shown that this approach can be substantially improved by solving
first an inverse problem: in fact, given a planar potential U,.;(z), it is possible to
find a pair potential or source field V(r — r’) such that the reference field is the
convolution

Urer(2) = po /_Ooo dz’//d:c’dy’ V(r—r') (2)

For a half-solid with bulk density pg, one finds the exact solution

1

U..:(z
Vi) = gt ®
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Fig. 2. Grand potential per particle /N along the proposed paths (see text for details) in full
and dashed—dotted lines, respectively, in a rhombic Cs pore with small angle of 60° and 50 A side.
The insets (a) to (g) have been respectively drawn for linear densities n = 9, 9, 12, 16, 20, 26 and
29 A—1. The arrows point to the path (not to the value of n).

so that for other matter distributions n(r’) one can compute

Ur) = /dr’n(r’) M

2wpolr — 1/

(4)

As shown in Ref. 18, a convenient, infinite unit cell is the cusp, —i. e., the

complement of a wedge— for which the adsorbing field U(r) can be computed out
of the potential for a plane using Eq. (4). A rhombic pore can thus be viewed as
surrounded by four nonoverlapping cusps, as illustrated in the right panel of Fig. 2.

We have computed the equation of state (EOS) for helium atoms in a rhombic
Cs mesopore with sides of 50 A and small angle of 60°, solving Eq. (1) by means
of an imaginary—time evolution technique, whose details can be found in Ref. 4 and
refs. cited therein. The adsorption field U(r) has been obtained from the planar ab-
wnitio potential U,y for Cs developed in Ref. 19. The outcome of these calculations
is usually presented as a zero—temperature isotherm Q(n) where Q = E/L — un is
the grand potential per unit length, or as an isotherm of the form u(n). At finite
temperatures, the latter can be related to the experimental adsorption isotherms,
generally expressing the vapor pressure as a function of the amount of adsorbed
material.

The appearance of hysteresis and hysterectic—like loops can be due to two dif-
ferent situations. One can construct adsorption and desorption branches by a step—
by-step procedure that computes smooth changes in €2, y and the mass distribution
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Fig. 3. Same as Fig. 2 for a cylinder with the same transverse area as the rhombic pore.

due to small variations in the linear density n, giving rise to ”true” hysteresis. As
an alternative, one can evolve different initial density distributions for a fixed linear
density. In this case it is possible to find multiple equilibrium configurations; if this
happens, examination of the grand potential permits to identify the thermodynamic
equilibrium states and the metastable states.

In Fig. 2 we illustrate the curves p(n) obtained by imaginary—time evolution
of two different initial conditions, with the insets depicting the equilibrium density
profiles in the tube. Configurations (a), (d), (¢) and (f) correspond to an initial
mass distribution with helium filling uniformly the lower half-pore, while patterns
(b) and (e) are obtained from the fluid filling the whole pore. These two trajectories
merge together at a linear density near 28 A~'  showing that for larger helium
samples the fluid is capillary condensed in the pore according to profile (g).

The stability analysis by observation of the grand potential Q shows that sta-
ble thermodynamic equilibrium does not always correspond to the configuration
with the highest symmetry.!3. Typical symmetry-breaking patterns such as (c) and
(d) have been generated by adding noise to the initial steps of the imaginary—time
evolution and are thermodynamically unstable. For the lowest densities the mass
distribution, either stable or metastable, represents fluid located on the pore walls.
The crossing at the two trajectories at 17.5 A~! for a chemical potential of -8.5 K
is the vapor—like endpoint of a Maxwell construction with rightmost end at 32.5
A~1. Within this density range both the high and low symmetry patterns are ther-
modynamically unstable, while for higher densities the fluid is capillary condensed
in a stable fashion. We note that although configurations (e) and (g) are similar in
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appearance, only the latter corresponds to CC with a central density close to bulk
saturation, while the former contains a central void.

The behavior above described can be contrasted with the equivalent zero—
temperature isotherms for a cylindrical tube with the same transverse area, plotted
in Fig. 3. In this case the amount of symmetry—breaking is reduced, due to the
absence of corners which precludes patterns like (c) and (f) in Fig. 2; moreover, a
high symmetry pattern like (b) in the rhombic pore does not occur in the cylindrical
tube. One can recognize as well that the density distributions in the cylinder are
of type (a) and (d) at the lowest linear densities, while the configurations for n =
14 and 20 A~' present a bubble at the center, similar to the rhombic distribution
(€). The lowest branch, that resembles the adsorption curve in a true adsorption
isotherm, contains the cylindrically symmetric configurations, while those with bro-
ken symmetry can be associated to the desorption branch.

4. Summary and perspectives

In this paper we have reported studies of adsorption of helium in (translationally
invariant) polygonal pores at zero temperature, with emphasis on CC and appear-
ance of metastable states. We believe that at the moment we possess the appropriate
instruments to study and understand the road to CC, with accompanying hysteresis
and hysterectic—like phenomena associated to the existence of multiple equilibrium
states 1n a pore.

We plan to carry finite temperature calculations of adsorption isotherms on
a heliophobic Cs surface, employing a temperature-dependent density functional,
previous to undertaking a more stringent investigation of adsorption on a rough
surface. Since these isotherms present instability regions (i.e. du/dn < 0) an impor-
tant phenomenon that deserves further investigation is nucleation and cavitation
of helium in the presence of a wall. We hope to present these results in the near
future, as well as those of adsorption of He in finite pores on a flat surface, point-
ing at examining the changes in the wetting-prewetting phase diagram due to the
presence of interfacial irregularities.
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