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1 Preamble

The presented habilitation thesis is based on ten selected papers I have published
during the period of years 2010-2014. The timeliness of the works was not, however,
the main criterion for the selection of the publications. Instead, I attempted to choose
such studies which would well illustrate one particular topic of my recent research.
These studies concern with a statistical-mechanical description of phase transitions
and critical phenomena of continuous model systems that experience an influence
of an external field, generated by confining walls. Although it is quite common in
the theory of phase transitions to formulate the problems in terms of magnets, I
will use the language of fluids throughout the thesis as I also do in my works. As
the focus is on phase behaviour driven by the presence of a (solid) confinement, we
study interfacial phase transitions that are not present and should be distinguished
from bulk phase phenomena. I have studied the interfacial phenomena of the model
systems in the framework of the statistical physics and in particular using the two
following statistical-mechanical treatments. A microscopic approach, represented by
the classical density functional theory (DFT) regarded nowadays as a standard tool
in the statistical physics of liquids that provides a general framework for calculating
density profiles, correlation functions and phase behaviour of model fluids defined by a
given effective Hamiltonian. The only input to the theory is the interaction potential
between fluid particles and the potential between fluid and wall particles. Although
DFT can also be applied for modelling of complex systems, such as polymer solutions
and polymer melts, colloidal dispersions and colloidal liquid crystals, the focus in
the presented papers is on simple atomic systems. It is not only because it is for
this class of models that DFT approximations are successfully developed but also
because the main concern of the presented works is on general, fundamental aspects
of a given model system, for which a selection of a particular fluid model is largely
irrelevant. The second approach is a field-theoretical treatment based on a coarse-
grained interfacial Hamiltonian model. In this case, rather than p(r), the equilibrium
density profile of the fluid, one attempts to find a solution for the local interface
position /(x) separating two coexisting fluid phases, stabilised by a presence of the
wall. This mesoscopic approach considerable simplifies the problem and the great
advantage of this approach is its mathematical tractability which often allows for
analytic predictions. There exist well-developed mathematical methods that can be
used to determine approximately or even exactly the partition function corresponding
to a given model. This is, of course, at the cost of sacrificing a contribution of the
microscopic degrees of freedom that may play a crucial role especially in the cases
of strongly inhomogeneous systems. The combination of the two methods both of
which have its pros and cons and which complement each other proved to be very
fruitful in addressing the questions such as: What kind of phase transitions does the
given system exhibit? What is the order of the transitions? What is the equilibrium
structure of the fluid? What are the values of the pertinent critical exponents? Are



the fluctuation effects important (or even dominant) or is a description based on
a mean-field theory sufficient? What is the effect of the system geometry and the
microscopic features of the system constituents? What is the relation between phase
behaviours in different geometries? What is the effect of the range of the inter-
molecular forces and what are the universality classes?

Although the phase behaviour of fluids adsorbed at a planar wall (wetting) or con-
fined between two parallel walls (capillary condensation) is nowadays well understood,
our understanding of the behaviour of fluids in systems of non-planar symmetries is
still developing and a microscopic insight in this field is almost entirely lacking. One
of the main motivations to pursuit such systems is the fact that the perfectly flat,
structure-less walls, as commonly considered to be a model of solid substrates, are
idealized. In fact, a fluid upon adsorption encounters geometrically and energetically
heterogenous walls. It has been recognized that corrugation and roughness of the ad-
sorbing surfaces can have a significant influence on their wettability and may induce
entirely novel phenomena and fluctuation regimes.

Prior examining an influence of a geometrical heterogeneity of surfaces on their
wettability it is necessary to understand the nature of the interfacial properties of fun-
damental non-planar objects, such as sphere, wedge-like cavity, edge-shaped structure,
groove etc. It reveals that all of these geometries have some very specific features in
terms of phase phenomena they induce. Furthermore, there exist hidden symmetries,
or so called covariances, which relate local adsorption properties in different confin-
ing geometries. For more complex but still rather simple geometries, there may exist
appealing interplay between these phenomena which eventually gives rise to very rich
phase behaviour of the adsorbed fluid. The presented thesis describes my contribution
to this intriguing field of the current research.

Attempting to make the text of the thesis self-contained, I start with a very brief
overview of bulk critical phenomena (section 2) which is followed by a concise intro-
duction to the theory of wetting transitions on planar surfaces (section 3). Regarding
the latter, there has been no attempt to give a comprehensive review of this topic
which has enormously grown over the last three decades. There are several classic
textbooks or sections in monographs devoted to this subject!. In section 4, I give
a brief description of the classical density functional theory. The main part of the
thesis is section 5 which is devoted to interfacial phenomena in non-planar confining
geometries that have been studied in the selected papers. The final part of the thesis
form the enclosed publications.

1See, e.g., D. E. Sullivan and M. M. Telo da Gama, in Fluid Interfacial Phenomena, edited by
C. A. Croxton (Wiley, New York, 1985); S. Dietrich, in Phase Transitions and Critical Phenomena,
edited by C. Domb and J. L. Lebowitz (Academic, New York, 1988), Vol. 12.; M. Schick, in Liquids
and Interfaces, edited by J. Chorvolin, J. F. Joanny, and J. Zinn-Justin (Elsevier, New York, 1990).
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2 Bulk Critical Phenomena

Bulk phase transitions and critical phenomena occur in macroscopic systems where
no confining walls and other external fields exist (or can be neglected). In figure 1 we
sketch a P-T diagram where the lines represent the loci of points where two distinct
phases coexist. When such lines are crossed during a thermodynamic process, the
system undergoes first-order phase transition, characterised by a non-zero value of a
latent heat which is adsorbed or released as the system transforms from one phase
to another. The liquid-vapour line terminates at the critical point beyond which no
distinction between the two phases can be made. This means that the coexistence
line can be bypassed in a path connecting two distinct fluid phases. This contrasts
with the solid-liquid and solid-vapour transitions since in these cases two phases of
different symmetry are involved. The phenomena that occur near the critical point
are called critical phenomena and can be characterised by strong fluctuation effects
and by a power-law divergence of several physical quantities. The order parameter is
a measure of the degree of order across the boundaries in a phase transition system.
For the liquid-vapour system the order parameter is the density difference between
the two phases, p;, — py, so that its value is zero above the critical temperature 7T, and
non-zero below. Instead of the critical temperature itself it is often more convenient
to consider the reduced temperature t = (7, — T')/T.. The critical behaviour of a
given system can be characterised by a set of critical exponents which quantify the
singularities of the free-energy at the critical point as follows:
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-
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Figure 1: Temperature-pressure phase diagram of a simple substance. All the transi-
tions are discontinuous except at the critical point (C).



Specific heat: C, o« |t| ™ ast — 0 at p = p.;

Density difference: pj, — py o t# as t — 0;

Isothermal compressibility: xr o [t|~7 as t — 0;

Critical isotherm: p; — py o< |P — P.|'/? as P — P. at t = 0;
Correlation length: £ o [t|™ as t — 0;

Density-density correlation function: G(r) o< = at t = 0.

The concept of the critical point was introduced in 1869 when Andrews presented
his experimental results on carbon dioxide. Soon after, van der Waals formulated first
microscopic theory for fluid phase behaviour in which the critical point was included.
Almost simultaneously, the critical point? was introduced in the theory of ferromag-
nets proposed by Weiss. These advances revealed a very interesting similarity between
fluids and magnets; when the pressure is taken as the analogue of magnetic field H
and the pressure difference as the analogue of magnetization M, the critical expo-
nents for magnets can be defined in complete analogy to those for the liquid-vapour
critical point. One of the most remarkable features of the van der Waals and Weiss
theories is that they result in the same set of critical exponents. A more general view
on the subject was later on provided by Landau’s theory of critical phenomena, which
also allowed an inclusion of small (Gaussian) fluctuations, an extension known as the
Ornstein-Zernike theory. All these theories belong to the same class of mean-field
(MF) theories and, as a result, predict identical, so called classical critical exponents
that, however, do not match with the experiments. This is because the mean-field
character of the theories underestimates (or neglects completely) critical fluctuations
that turn out to play a dominating role near the critical point.

The behaviour of equilibrium systems with many degrees of freedom is generally
governed by laws of statistical mechanics. It means that all physics of such systems
can be obtained from suitable derivatives of the partition function

7 = Tre " (1)

where H is the Hamiltonian of a given system and § = 1/kgT is the inverse tem-
perature with kg being the Boltzmann constant. Generally, a computation of Z is a
formidable task which becomes hopeless for any realistic Hamiltonian. Fortunately,
an inherent feature of critical systems, so called universality, can be exploited. The
universality principle tells us that the behaviour of a critical system is largely insen-
sitive to the details of the model and is governed solely by the system dimensionality,
the nature of the order parameter and the range of the interactions. Therefore, even

2For magnets, the critical point or critical temperature is often termed as Currie point and Currie
temperature, respectively.



very simple models can be exploited to determine the values of the critical expo-
nents for a wide range of fluids and magnets belonging to the same universality class.
Especially fruitful turned out the studies of the famous Ising model, a model for a fer-
romagnet on a lattice, which nowadays serves as a metamodel in the theory of phase
transitions and critical phenomena and which is usually defined by the Hamiltonian

H=—J% 55 —-HSS,, 2)

(i) i

where J is the interaction parameter and where it is assumed that the degrees of
freedom S; = =1 interact only on neighbouring sites. Using the transfer matrix
method, the model can be solved exactly for the dimension d = 1 to show that there
is no phase transition at any finite temperature. In 1944 L. Onsager famously solved
the Ising model in two dimensions for the quadratic lattice in a zero field and found
non-classical critical exponents. Most importantly, the partition function was found
non-analytic at 7, so that an expansion of the type used by Landau was invalidated
and so the whole class of the mean-field theories.

In the next few decades, an enormous effort of the frontal theoretical physicists
has been made to formulate a satisfactory theory for critical phenomena that would
incorporate the influence of the fluctuations from the scratch, which turned out to
be an extremely non-trivial task. In particular, it was found out that the critical
exponents are not independent but they appear to satisfy several exponent equalities,
such that they can be parameterized in terms of only two values. As first shown by
Widom (1965), the existence of the exponent relations can be explained by scaling
properties of the free energy near the critical point. This Widom’s hypothesis also
explains the phenomenon of data collapse when the plotted data are expressed in
reduced units. The origin of the scaling has been heuristically explained by Kadanoff
(1966) who introduced the block-spin idea that have been further elaborated and
completed by Wilson (1971) who formulated the famous renormalization-group (RG)
theory. The importance of RG theory is not only in its capability of estimating
the critical exponents by proper treatment of the fluctuations but it also provides a
natural framework in which the origin of scaling and universality can be understood.
It also explains the onset of the upper critical dimension, d*, above which the effect
of the fluctuations is not essential and MF treatment is thus correct.



3 Interfacial Phase Transitions: Planar Geometry

Consider a planar wall®> onto which some amount of liquid is poured. From a macro-
scopic viewpoint the wetting properties of the wall can be characterised by the contact
angle ¢ at which the liquid drop meets the wall. If § > 0, the system is in a partial
wetting regime and the liquid forms a hemispherical cap*. Balancing the net force per
unit length acting along the boundary line between the three phases, the equilibrium
contact angle is given by Young’s equation

Ywv = Ywl + 7y COS 7 ) (3)

in terms of the tensions of the wall-vapor, wall-liquid and liquid-vapour interfaces. If
adsorption properties of the wall are strong enough, the system can exhibit wetting
transition at a wetting temperature 7T, at which the wall surface becomes completely
wet and § = 0. Eq. (3) then becomes Antonow’s equation:

TYwv = Ywl + e (4)
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Figure 2: Phase diagrams of a first order (left) and a continuous (right) wetting
transition. Also shown are representative thermodynamic paths on diagrams below.

Alternatively, the wetting transition can be viewed as an intrusion of the liquid
layer into the wall-vapour interface. The partial wetting regime corresponds to a
finite value of the liquid film thickness ¢, or, equivalently, the surface adsorption (or
coverage) I'. The film thickness (or adsorption) serves as the natural order parameter
for the wetting transition, at which ¢, (or I') diverges (in the absence of gravity).
There are two possible ways how this divergence can be realized:

3The wall is typically assumed to be of a solid material although this assumption is not necessary
at this point.

41f not stated otherwise, we will implicitly consider only hydrophilic walls, such that 6 < 7/2. In
the opposite case, the wall is called to be dried (i.e., wetted by the vapour) which is just a reverse
phenomenon to wetting.



e Firstly, as the wetting temperature is approached from below, ie., as T — T,
along the bulk liquid-vapour coexistence line, such that the chemical potential y =
to(T'), where pi(T') is the saturation chemical potential at a given temperature. This
transition can be either discontinuous, i.e. first-order wetting (figure 2, left panel,
path No. 4) or continuous — usually called critical wetting (figure 2, right panel, path
No. 3). Clearly, the free energy is non-analytic at 7, in both cases and its singular
part which is defined as

fsing = Ywv — (’7w1 + ’7) (5)

vanishes at T, according to
foing ~ 770 1> 0, (6)

where t = (T, — T')/T,,. For further purposes, it is useful to note that by combining
(3) and (5) we obtain
6’
fsing ~ _7 (7)

near 7T, where the contact angle is small.

The value of the critical exponent o determines the order of the transition. From
Egs. (3) and (6) it follows that

1 —cosf ~t** t>0. (8)
Now, the derivative of the contact angle with respect to the temperature,

dcost | .
~t s
dT ’

9)

must be continuous at 7, for critical wetting (no latent heat) and therefore o, < 1.
For first-order wetting, there is a latent heat at the transition, cos6 is therefore
discontinuous at T, and oy = 1. For critical wetting we also define the critical
exponent 3, which characterises the divergence of the film thickness (or adsorption)
as T" approaches T,,:

lp ~ 7P (10)

e Secondly, as the temperature T,, < T < T, is fixed and the coexistence line is ap-
proached from below (the lines Nos. 2 and 3 in the left panel and the line No. 2
in the right panel of figure 2). Within this process, the thickness of the liquid layer
diverge as u — p, according to the power-law

Ce(Op) = ™%, (11)

where o = pg — . This continuous divergence of the liquid film is called complete
wetting. For the singular part of the free energy, we have by analogy with Eq. (6):

foing ~ 6p> 7 5> 0. (12)
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For the first-order wetting transitions, the singularity in the surface free energy at T,
extends above T, and below p to a pre-wetting line which is the locus of coexistence
between two distinct phases with thin and thicker wetting layers. This line terminates
at its own critical temperature T,. and approaches the coexistence line tangentially
at T, as op ~ (T —T,)2.

In general, the surface critical exponents depend on the range of the fluid-fluid
and wall-fluid interactions. Our main focus will be on models where the interaction
between molecules is long-ranged (decaying as a power-law at infinity), with a par-
ticular emphasis on the most relevant case where the particles interact via van der
Waals (dispersion) forces.

Wetting phenomena (in d dimensions) can be studied using the interfacial Hamil-
tonian model in terms of the height ¢(z) of the liquid-gas interface (i.e., the local
wetting film thickness)

M (0] = [ dx [gm)uww) , (13)

where x denotes the (d — 1) coordinates parallel to the wall. The first term in the
integral is the energy cost of an undulation of the interface due to thermal fluctuations
that are assumed to be small (|V¢| < 1). The second term, W ({), represents effective
interaction of the interface with the wall and is called binding potential. For the long
range interactions, the binding potential has the asymptotic form:

oT) , uT)

W(l) = T /e

+--30>0, (14)
where p = 2 and ¢ = 3 for (non-retarded) van der Waals forces in three dimensions®.
This binding potential is appropriate as far as two-phase coexistence is concerned,
i.e, for 1 = pg; this is the case of first-order or critical wetting. For complete wetting,
we have p < pg, and the energy cost for the presence of the metastable liquid must
also be included:

a(T)

W) = oo = pg)l + =5

If the interfacial fluctuations are neglected, ¢(x) = const, and the equilibrium
wetting configuration is given simply by minimising the binding potential. The system
is wet if the minimum corresponds to ¢ infinite which requires a(7") > 0. There are
two mechanisms by which this global minimum can shift to a finite value of . The
first mechanism can occur as a(7") changes its sign with b(7") positive. If a(T") < 0, the
binding potential approaches zero asymptotically from below, which means that the
minimum is at finite value of £ ~ a™!; the wall is not wet. However, as a(T) — 0, the
film thickness grows continuously and eventually diverges at T, for which a(7,,) =0
and b(T,) > 0. Clearly, this mechanism corresponds to critical wetting. Note that

+---50>0. (15)

5The coefficient a(7T') is often termed the Hamaker constant.
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as a(T) changes its sign at the wetting temperature, a ~ t. From this it follows
that 5, = 1 and upon substituting into (14) and (12) we get oy, = —1 for van der
Waals forces.® The second mechanism is realized if b(T') < 0 (or if the coefficient of
a higher-order term in the expansion (14) is negative) and a(7") > 0, in which case
the binding potential exhibits two minima at ¢ finite and /¢ infinite. In this case, T,
corresponds to the temperature below which finite £ minimum becomes the global
minimum. This is the case of a first-order wetting. This mechanism is pertinent
for systems in which the only forces that are long range are those between fluid and
wall atoms; in this case a(7T') remains always positive. For complete wetting, the
term linear in ¢ prevents from unbinding of the interface for any positive value of
o = pg — p- The wall thus becomes completely wet only in the y — pg limit with
the associated critical exponents a® = 4/3 and 5 = 1/3 for van der Waals forces.”
Note that all terms beyond the ¢~P order are irrelevant for complete wetting.

The MF analysis can be complemented by the OZ approximation to obtain further
critical exponents related with the structure of the interface. The OZ theory corre-
sponds to the functional Taylor expansion of H.[¢] up to second order in fluctuations
dl(x) = (x) — ¢, around the mean value of the interface height (¢) = ¢,. From this
it follows that the transverse correlation length, defined by the OZ theory as

d2W(£)
—2 16
’Y€|| ds2? —t ( )
behaves as
§ ~t7", (critical wetting) (17)
with 1| = 5/2 for critical wetting and
&~ 5,u_”ﬁ0 ,  (complete wetting) (18)

with i = 2/3 for complete wetting.®

The MF theory is no longer correct when the fluctuation effects become important.
The upper critical dimension where the MF theory ceases to hold, can be determined
using the Ginzburg criterion. The contribution of the fluctuations to the surface free
energy can be estimated as

fl = kpT /g™ ~ (19)
If compared with (6), we obtain the hyper-scaling relation

2 — Qg = (d - 1)1/” (20)

6More generally: a, = (2 —2p)/(q — p) and B, = 1/(q — p).
"More generally: a% = (p+2)/(p+1) and 8 =1/(p+1).
®More generally: v = (¢ +2)/(2(q — p)) and v{° = (p +2)/(2p + 2).
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and, similarly, for complete wetting:
2—a=(d-1y°. (21)

The hyper-scaling relations are only valid for the MF critical exponents for d = d*
and therefore

3 2
d =1 + (critical wetting) (22)
q+2
and 3p+ 2
/4 .
d" = complete wetting) . 23
)2 (comp g) (23)

For van der Waals forces, d* = 11/5 for critical wetting and d* = 2 for complete
wetting. These results are important because they tell us that the MF theory of
wetting is exact in d = 3 for long-range forces.

Although the MF theory of wetting is exact in the most relevant case of a three-
dimensional system with long-range forces,” it is nevertheless desirable to account for
the effect of fluctuations in systems of lower space dimensions. As we will see later
on, this may occur to be very useful for a description of other interfacial phenomena
that can be effectively mapped onto wetting phenomena at reduced dimensions. To
properly include the fluctuations, exact transfer-matrix or approximate RG techniques
have often been employed but much about their influence can be learnt from the simple
arguments that I will demonstrate for dimension d = 2.

Fluctuations in ¢ decays in a distance of £ and thus for the first term in Eq. (13)
we have

Vv~ L
5 (Vo) fﬁ . (24)
The fluctuations become important when ¢ ~ &, where
§o =/ (lx)?) - 42 (25)

is the perpendicular correlation length or roughness. The transverse and correlation
lengths are related through the wandering exponent as £| = £, so that

%(VK)Q ~ 0T (26)

with 7 = 2/¢ — 2. Adding this interaction term due to fluctuations to the binding
potential with long-range forces (14), we obtain an effective potential:

a(T)  b(T)  T)
Wer(t) = =57 + == + 50> 0. (27)
9For systems with short-range forces d* = 3 for both critical and complete wetting. In this case,
the critical singularities are oy = 0, s = O(In) and v = 1 and f{° = dulnéy, B35° = 0(In) and
vi® =1/2.
I
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Thus beside the two first energy terms that describe a direct interaction between the
interface and the wall, we also have a competing term which includes an entropy loss
due to the wall presence accounting for the restricted number of possible fluctuations
of a bound state compared to an unbound state. The last term in (27)) is therefore
repulsive, hence ¢(7") > 0 and it can be shown that 7 = 2 for d = 2. Depending on
the values of p and ¢ relative to 7, we obtain three scaling regimes for critical wetting:

1. 7 > q: Mean-field regime. Since the critical exponents for critical wetting are given
by the first two terms in the binding potential, the fluctuation term has no effect and
the MF theory is exact in this regime.

2. p <71 <q Weak-fluctuation regime. Now the fluctuation term is second largest and
the critical exponents (that are now dimension-dependent) are not correctly predicted
by the MF theory. However, the critical temperature which is given by the leading
order term, is still given correctly by the MF theory and the critical exponents can
be be obtained from the MF theory by replacing ¢ — 7; in particular, 8; = 1/(7 —p).

3. T < p < q: Strong-fluctuation regime. In this regime, the fluctuation term is dom-
inating and even the location of the wetting temperature is not correctly given by
MF theory. For d = 2 when / is a function of a single coordinate, the transfer-matrix
method can be employed which transforms the statistical mechanical problem to the
eigenvalue problem for the Schrodinger equation:

@di ' W)) Un(0) = Buta(0), (28)

to determine P(z) = [¢o(2)|?, the probability to find the interface at a height z.

For complete wetting, the situation is simpler, since only the leading order term
in the binding potential is important for the critical exponents. This can be viewed
from the fact that the binding potential (15) can be formally obtained from (14) by
taking ¢ = dpu and p = —1. As the leading order term is thus always lower than
7, there is no strong-fluctuation regime for complete wetting. For a fixed dimension
d < 3, there is a marginal value p* = 2(d — 2)/(3 — d) of the exponent p, such that:

1. p < p*: Mean-field regime. The MF theory is valid and the critical behaviour is
determined by minimization of W (/).

2. p > p*: Weak-fluctuation regime. For systems with shorter-range forces than those
corresponding to p* fluctuation effects dominate. According to the RG theory, 5 =
(3—d)/(d+2).
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4 Density Functional Theory (DFT)

The interfacial model introduced in the previous section is a well established the-
oretical tool which provides us, often analytically, with a description of interfacial
phenomena in terms of the interface height ¢(x), a natural order parameter for un-
binding processes such as the wetting and related transitions. For more intricate
geometries and/or in cases when the inhomogeneous fluid structure due to a strong
wall-fluid interaction or finite-size effects becomes important, the mesoscopic picture
provided by the interfacial model may occur less satisfactory and the problem may
call for more microscopic approaches based on many-body molecular Hamiltonians.

A very powerful approach to microscopic structure of inhomogeneous fluids is a
(classical) density functional theory (DFT)!® which is now regarded as a standard
tool in statistical physics of liquids. The fluid is said to be inhomogeneous if one-
body density (or density distribution) p(r) is spatially varying. This is, of course, the
case of all systems with confining walls and non-homogeneous external fields. The
one-body density is defined as

Mﬂ=<§¥@—n» (29)

where N is the number of particles and (- --) denotes the ensemble average. Within
DFT the effect of the walls is included via the external field V (r) the walls exert. The
DFT formalism establishes that for a given chemical potential u and temperature T’
(8 =1/kgT) and given inter-particle interaction u(r; —r;) there is a unique intrinsic
free energy functional Fp] of the density distribution p(r) (and not of V(r)) and so
is of the same form for any external potential. The equilibrium density distribution
for the system in a given external field V' (r) is then obtained by minimizing the grand
potential functional constructed from the Legendre transform of F|p]:

Qlp] = Flp] + [ drp()(V(x) - 1), (30)
with respect to all possible functions p(r). This leads to the Euler-Lagrange equation:

aQ2p
p(r

[}

5F
—0ep=" ]
p(r)=peq(r) p(r)

+ V(r) (31)

=%
~—

Moreover, for the equilibrium density profile p(r) = peq(r) the grand potential func-
tional reduces to the thermodynamic grand potential 2.

An important feature of DFT is that it satisfies a number of the so called sum
rules, i.e., the exact statistical mechanical relations between correlation functions and

ODFT has been originally developed as a quantum mechanical treatment for the ground state of
inhomogeneous many-electron systems in 1960’s. Its classical or statistical-mechanical version was
formulated by Evans in 1979.
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macroscopic thermodynamic quantities, which makes the direct link between micro-
scopic correlations and physical properties of the macroscopic system. Particularly
useful is the pressure sum rule relating the bulk pressure with the external field of
the wall

Bp = [ dep(:) " exp [V (2)] (32)

and the Gibbs adsorption theorem which connects the excess adsorption with the

surface tension: 1
_ B v
L= [ ds(p(z) = ) = - (du) ()

where p, is the bulk density. In both cases, a planar symmetry of the wall-fluid
interface was assumed but a generalization of the theorems to other geometrises is
straightforward. In DFT, these sum rules are also often used as a check of numerical
consistency.

Thus far, the DFT formalism has been exact and thus the exact determination of
Q[p] is equivalent to the full evaluation of the grand partition function:

eBuN _sU
ZMVT N‘A?’N /H drie N, (34)
where
Un(ri,re,...,rn) = O(r,10,...,rN) + ZV(ri) ) (35)

is the total potential of NV particles including both the inter-particle interaction ® and
the external field V and A is the thermal de Broglie wavelength. This is, therefore,
not surprising that there are no free energy functionals known exactly except for the
toy one-dimensional models. However, the strength of DFT is that on searching a
suitable approximation for F[p] the well established methods from statistical physics
of homogeneous fluids can be used as a guide, which makes the task much easier
compared to a direct treatment of the partition function. Also note that the density
distribution can be much more easily obtained from Eq. (31) than from Eq. (29).

In modern approaches, it is common to develop DFT approximations for particular
classes of fluid models (rather than constructing generic approximations). Typically,
the total free energy functional is split into an ideal part

Fualp] = ;/drp(r) {ln(p(r)Ag) — 1} (36)

which is known exactly, and an excess part Feo.[p] which accounts for the interactions
between the particles. For simple fluids the inter-particle potential ® is pairwise ad-
ditive and the interaction between the particles only depends on the distance between
their centers. This is, e.g., the case of the well-known Lennard-Jones potential

w7 )]
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where the parameters € and o are then often used as the energy and length units.
In the spirit of van der Waals theory, the excess term of the free energy is treated
in a perturbative manner, and is separated into a contribution modelling the repulsive
hard-sphere (HS) core and a contribution from the attractive part wu,(r) of the fluid-
fluid intermolecular potential. This is treated most commonly in mean-field fashion:

Furlp] = Fus|p //drdrp (Yua(lr — ¥')) (38)

where Fpglp] is the excess free energy functional of the hard-sphere fluid, with an
appropriately chosen diameter.

Over the last three decades a number of approximative functionals for Fyg[p| has
been proposed. Arguably the most successful one, however, is the one produced by
Rosenfeld within his Fundamental Measure Theory (FMT). The theory is based on
the ansatz that the free energy functional for hard spheres (or a hard-sphere mixture)
can be expressed in the form

Frslp / dr ®({n,}). (39)
in terms of a set of weighted densities

- / dr' p(r)wa(r — 1) . (40)
Here, the six weight functions are given by
(r) = O(R—r|), . (41)
2(r) = O(R—]r]), walr)=—0(R—|r]), (42)
(r) = o(R—|r]), wl(r)=;5(R—|r|), (43)
(r) = o(R—|r]), (44)

and the function ®({n,}) can be determined from dimensional analysis and from
requirements that the low- and high-density limits are obeyed exactly, which leads to

€

3\

S

43
44

€

1r

€

o\

niny — Ny Ny N3 — 3ngny - Ny

® = —ngln(l —
noln(l—=mng) + ———" 247 (1 — ny)?

(45)

In the limit of homogeneous fluid, this result is equivalent to the compressibility
Percus-Yevick equation of state, although modified FMT versions of even more accu-
rate underlying equation of state are now available. Importantly, the FMT functional
satisfies the sum rules, Egs. (32) and (33) (in contrast to some alternative approxi-
mative free energy functionals).

It is well known that the original Rosenfeld’s functional provides an excellent
description of the short-range correlations and satisfies the exact thermodynamic
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conditions at planar walls and corners'’. However, the entire class of functionals
that are only based on the set (40) fails to describe the hard-sphere crystal and can
produce spurious divergences for highly packed systems beyond the planar geometry.
These problems have been fixed by Tarazona!'? who suggested to increase the set of
weighted densities (40) by a tensor density with Cartesian components:

rir’
Tij(r) = [ ar'p(e +x) LL0(R — |¥)). (46)
The free-energy density is then given by

NiNg — My1 - My2

¢ = —ngln(l —n3)+ (47)
1-— ns
3 ny - T ny —ngn?, — Tr[T?] + nyTr[T?]
167 (1 —n3)? ’

where T is the matrix corresponding to (46).

Finally, it is important to see how DFT relates with the mesoscopic interfacial
model described in the previous section. For concreteness, consider complete wet-
ting at a planar wall-gas interface. If the undersaturation du is sufficiently small, a
thick wetting layer forms at the wall. Adopting a coarse-graining of the microscopic
Hamiltonian according to the sharp-kink approximation for the density profile, such
that:

0; z <0,
p(z)=q pi 0<z<L, (48)
Pg z> L,

the complicated structure of the density distribution is reduced on a simple step-wise
expression with a single free parameter ¢ determining the location of the liquid-vapour
interface separating the (metastable) liquid of a density p; and the bulk phase of a
density p,. Upon substituting Eq. (48) into Egs. (30) and (38), the excess grand
potential per unit area can be written in the form!3
Qex(¢ Q) +pV

AUE ()A = 0p(pr — pg)l + Yt + v + W(). (49)
Here, the first term on the r.h.s. is the cost of the free energy for the presence of the
metastable liquid,

B N b >
I AR E (O ) AR B OR (50)

o=y [T, (51)

1A, Malijevsky and A. O. Parry, J. Phys.: Condens. Matter 25, 305005 (2013).

12p_ Tarazona, Phys. Rev. Lett. 84, 694 (2000); Physica A 306, 243 (2002).

13The grand potential of the bulk phase is Q = —pV, where V is the accessible volume and p is
the bulk pressure.
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are identified to be the surface tensions of the wall-liquid and liquid-gas interfaces,
respectively, and the remaining term

W(6) = pf Ap /e T U () — Ap /@ T v (2) (52)

yields the binding potential. The function W(z) is the potential of a fluid semi-infinite
slab at a point a distance z away:

U(z) =2m /:o dz’ /OOO dppua(y/p? + 2?), (53)

where it is assumed that only the attractive part of the potential contributes. Fur-
ther details on the sharp-kink approximation and the more elaborate soft-interface
approximation can be found in appendices B and C of Paper 1.
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5 Interfacial Phase Transitions: Non-Planar Ge-
ometry

This section is devoted to interfacial phenomena that occur in systems exhibiting other
than planar symmetry. There is, of course, no intention to provide a comprehensive
review of studies dealing with this topic. Instead, this part, split into five paragraphs,
is only based on the ten selected papers illustrating my contribution to this field.

5.1 Interfacial Phenomena at Spherical Surfaces

The effective potential (i.e., the coarse-grained excess grand potential per unit area)
for complete wetting on a planar is given by formula (49), with

a(T)

Wi =,

(54)

for systems with long-range van der Waals (dispersion) forces in d = 3 (cf. Eq (14)).
Since the upper critical dimension for complete wetting for such systems is d* = 2, the
influence of interfacial fluctuations is not essential and the MF theory holds exactly.
The minimization of the interfacial potential with respect to ¢ leads to the well known
asymptotic result'4

o 075 (55)

as op — 07,

Following Paper I, let us now consider complete wetting at a spherical wall of a
radius R. Since the areas of the wall-liquid and liquid-gas interfaces are now different,
the interfacial potential becomes

20

M = du(p — pg)f + Yut(R) + (R + ) (1 + R) +W(LR), (56)

47 R?

where we have assumed that ¢ < R and expanded to first order in ¢/R. The compar-
ison between (49) and (56) reveals that in contrast with the planar symmetry, there
is now an /-dependence in the term associated with the liquid-gas surface tension.
Therefore, while the contribution of the surface tension is irrelevant for complete wet-
ting on a planar wall, it does play an important role for a spherical interface. In the
limit of large R, the minimization of (56) leads to

A 3
fea = (M(m — ) + 27(00)/R> ’ o

from which it can be seen that (., is finite even at bulk coexistence dy = 0. When
the sharp-kink approximation (SKA) is employed (see Appendix B of Paper I),

14For systems with short-range forces the divergence is logarithmic.
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the leading order curvature correction to the surface tension is predicted to be non-
analytic:
SKA SKA 2In(R/o)
AR =8 o0) (1= S (58
where we have adopted the Lennard-Jones potential for the fluid model.

In Paper I we have shown that the predictions of the SKA are fully satisfactory
when compared with the direct numerical DFT solutions for complete wetting on
a planar wall. However, for a spherical geometry, the prediction quality of SKA
has been found to be limited. Namely, although SKA determines satisfactorily the
functional form of the asymptotic behavior of the film thickness in the R — oo limit,
there is a significant quantitative disagreement in /., with DFT results. The source of
the deviation is the presence of the Laplace pressure that is not described accurately
within SKA.

As shown in Paper I, the quality of the interfacial potential can be substantially
improved if the assumption of the sharp liquid-gas interface is replaced by a less
restrictive approximation in which the interface is treated as a continuous function of
the density distribution. Using this so called soft-interface approximation (SIA) the
leading curvature correction to the liquid-gas surface tension has been found to be

linear:
A py _ SIA 20 In(R/c)
() =) (1- B 0 (T (59

where the amplitude of the first-order correction is known as the Tolman length.
Using numerical DFT we have then shown that there is a correspondence between
adsorption on a planar and a spherical wall, such that density profiles for a spherical
wall at a two-phase coexistence du = 0 are almost identical to those on a planar wall
with dp = 2v(c0)/R(p; — pg) for large R, according to Eq. (57), with the surface
tension determined by SIA. Moreover, SIA revealed a significant improvement in the
prediction of the film thickness as a function of the wall curvature over the results
based on SKA. This is due to overestimation of the liquid-gas surface tension within
SKA, which in turn underestimates the interface growth with R.

Some inherent limitations of SKA also exhibit themselves in the lack of broadening
of the interface at high temperatures. As a consequence, as the bulk critical temper-
ature is approached from below, the surface tension is predicted to vanish linearly
according to SKA, i.e.,

7SKA ~ P ’ (60)

with p = last = (I, — T)/1. — 0, in disagreement with mean-field (Landau-
type) theory. In contrast, STA, which relaxes the assumption of the interface rigidity,
provides the expected mean-field behavior p = 3/2.

From a comparison of Egs. (58) and (59) it follows that the value of the Tolman
length is zero according to SKA. In contrast, SIA predicts a negative value of the
Tolman length with the magnitude corresponding to a fraction of the Lennard-Jones

20



parameter ¢.'5 This prediction is consistent with the value of Tolman’s length deter-
mined in Paper II using a new simulation method to calculate the surface tension of
small liquid drops applied for the Lennard-Jones fluid. After stabilizing a small drop
of liquid in an NV'T ensemble, the near spherical shape of the droplet was virtually
perturbed by performing a coordinate transformation x — zv/1+¢&, y — yv/1+¢&
and z — z/(1 + &) of the Cartesian system, with £ < 1. Since the transformation
conserves the volume of the system, the resulting change in the free energy corre-
sponds to the change in the interfacial area and is thus directly associated with the

surface tension: oF
0A NVT

The change in the free energy due to this isothermal, constant-volume deformation
can be expressed in terms of the Boltzmann factor of the corresponding change in
configuration energy AU:

A 1
AF = —kpTln (exp (— ) ) = (AU) = 5 ((AU%) = (AUP) -+ ()
where the averages are taken over the reference (unperturbed) system. The surface
tension is then obtained by extrapolating AF/AA to AA — 0.

Now, to first-order in AU, the change in the free energy is AF ~ (AU). This
leading order term is associated with the so-called virial expression for the tension,
which is equivalent to the expression for the surface tension via the mechanical route
from the pressure tensor components. The second-order term in (62) represents the
Gaussian fluctuations; importantly, for the spherical interfaces it reveals that this
term is comparable in magnitude to, but of opposite sign than, the first-order term.
This strikingly contrasts with the case of planar interfaces, for which the second-order
term is already negligible. These results thus demonstrate inadequacy of the mechan-
ical route to the surface tension for spherical (curved, in general) interfaces (although
frequently used in molecular dynamics simulation studies) neglecting the important
influence of fluctuations. While the mechanical route predicts a monotonous decrease
of the surface tension with curvature corresponding to ¢ > 0, our results suggest non-
monotonic behaviour of the surface tension with a corresponding weak maximum and
the Tolman length § ~ —0.20.

The reason behind the failure of the mechanical route to the surface tension has
been further analyzed in Paper III, where other alternative approaches have also
been reviewed and examined. The paper highlights potential pitfalls and limitations
of some of the approaches and in particular stresses out an inherent problem of the

15The value of § has been found to be rather insensitive toward a (reasonable) choice of the test
function approximating the density distribution of the liquid-gas interface. The most natural choice
is hyperbolic tangent, which corresponds to the exact MF solution but cubic or linear approximations
give similar results.
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mechanical route which is related to an ambiguity in the definition of the local quan-
tities that depend on particle interactions (such as the local pressure). The overview
of the methods is complemented with the new results based on purely mechanical
(newtonian), thermodynamic and statistical-mechanical treatments. In particular, it
is argued that the new non-local mean-field DFT proposed for the Lennard-Jones
fluid allows for a direct and unambiguous description of the interfacial properties of
drops of an arbitrary size and provides the prediction for the Tolman length which is
consistent with the simulation results presented in Paper II.

5.2 Wedge Filling

1W

Figure 3: Schematic picture of the cross section of a right angle wedge with a tilt
angle o = /4. Far from the apex, the wetting layer is of thickness ¢,. However, the
height of the meniscus above the apex is £,. At a filling transition ¢,, changes from
microscopic to macroscopic.

Another example of a non-planar substrate geometry is a wedge structure formed
by two identical infinite planar walls that meet at an opening angle m — 2o where « is
the tilt angle with respect to the horizontal plane (see figure 3). Suppose the wedge
is in contact with a bulk vapour phase at temperature T' < T, and chemical potential
. Macroscopic arguments'® dictate that at bulk coexistence, j1 = jg, the wedge is
completely filled by liquid (¢, becomes macroscopically large) for all temperatures
T > Tt where T} is the filling temperature given implicitly by the simple condition

0(Ty) = a, (63)

where 0(T') is the contact angle of a sessile drop on a flat surface. Note that (63) is
consistent with and generalizes the condition for wetting transition 6(7,,) = 0 and
implies that Ty < T,,, as the contact angle decreases with temperature. Thus, the

16F. H. Hauge, Phys. Rev. A 46, 4994 (1992).
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corresponding filling transition which occurs at Ty may be viewed as an interfacial
geometry-induced unbinding transition in a system with broken translational invari-
ance.

In Paper IV, the filling transitions in a right-angle wedge (o« = 7/4) involving a
long-range wall-fluid interaction were studied using a microscopic model within the
density functional theory. Our DFT analysis showed that the filling transition is first
order if it occurs far below the critical point but is continuous if 7} is close to T
even though the walls still show first-order wetting behaviour. For this continuous
transition the distance of the meniscus from the apex grows as

by ~ (Ty —T) P, (64)

as T'— T, with the critical exponent estimated to be 3, =~ 0.46.
This value of the critical exponent can be compared with the mean-field value
obtained from the Hamiltonian for a widely open wedge (assuming tan a ~ «)

Holl) = [dz [ ay B(W)? LW = alz))] | (65)

where ¢(z,y) is the local height of the liquid-vapour interface relative to the hor-
izontal. Exploiting the translation invariance of the model along the wedge, the
Euler-Lagrange equation for the equilibrium profile ¢(z) is:

d2¢

T dz?

where the prime denotes differentiation w.r.t. £. This equation, subject to the bound-
ary conditions £(0) = 0 and {(z) — ¢, + alz| for || — oo, has the first integral:

= W'l —alz]), (66)

2
T = Wt~ W(t). (67)
As T' — T}, the meniscus unbinds from the wedge bottom, i.e. ¢, — oo and the
first term on the r.h.s. becomes vanishingly small. Using Eq. (7) the result given by

Eq. (63) is then immediately recovered. Furthermore, from Eq. (67) it follows that

v = 0%)
2

Thus, at a critical filling transition the MF value of the order parameter critical
exponent is simply determined by the leading-order decay of the binding potential
W () = A/’ 4 --- by expanding the r.h.s. of Eq. (68) to first order at 7, which
yields 3, = 1/p. Recall that this result is completely different to the corresponding
critical exponent for critical wetting 5, = 1/(¢ — p) determined by both leading and
next-to-leading order terms of the binding potential. For systems with van der Waals
forces p = 2 and thus 3, = 1/2 (fs = 1 ) which is in a good agreement with our DFT
result.

W(t,) = ~a—0(T)asT — Ty. (68)
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Figure 4: Contour of the meniscus as obtained from microscopic DFT. Also shown
(dashed line) is a circular meniscus of Laplace radius R = v/(6p(pr — py))-

The main conclusion of this work is that it is possible to induce critical (contin-
uous) interfacial transitions even at walls exhibiting themselves first-order wetting
transitions by changing the wall geometry, which has been demonstrated for a realis-
tic microscopic model involving dispersion interactions. It should be emphasised that
for planar walls the critical wetting is a very rare phenomenon and in fact it has not
been observed on solid substrates as yet. Moreover, the influence of interfacial fluctu-
ations for wetting transitions in three dimensions is deemed to be hardly appreciable.
Therefore, the wedge structure is found to be a promising candidate for a substrate
for which an observation of interfacial critical phenomena is experimentally accessible.

Paper V complements these findings by investigating complete filling transition
which refers to, in analogy to complete wetting, the continuous divergence of the
adsorption (or ) as u — po for T > Ty. If, furthermore, # = 0, the binding
potential is of the form (15) and if substituted into Eq. (67) we obtain!”

_(seca —1) L _seca
C ol —pg) 1B

The first term in (69) is universal, i.e., it does not depend on the nature of the inter-
actions. This leading order term can be derived using purely macroscopic concept:

ot (69)

17C. Rascén and A. O. Parry, Phys. Rev. Lett. 94, 096103 (2005).
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a meniscus that grows at the wedge corner must have a circular cross-section with
radius R = v/(dpu(pr — py)), as determined by the Laplace pressure difference across
the interface. Figure 4 shows that this macroscopic argument is fully consistent with
the microscopic DFT results and thus remains valid even on a microscopic scale. Fur-
thermore, the height /,, then follows from the condition that the meniscus must meet
each side of the wedge at the correct contact angle'®. Figure 5 reveals, however, that
this macroscopically predicted value of the interface height above the wedge corner
as a function of oy is systematically below the DFT results.

24 T T T T T T T
22 -
20 I
18 I

1 . I
6 \ effective Hamiltonian
14 |
o} °
W

12 |-
10 | ~

L macroscopic B _

1 L 1 L 1 L 1
0.008 0.012 0.016 0.020

(H-p,)e

N M O
—T
1

Figure 5: DFT results (symbols) for the divergence of the meniscus filling height /.,
shown in comparison with the macroscopic expression given by the leading-order term
in Eq. (69) (dashed curve) and the interfacial Hamiltonian prediction (solid curve)
which includes the next-to-leading order correction.

From Eq. (69) it follows that the interfacial Hamiltonian theory extends these
macroscopic results by predicting a presence of non-universal next-to-leading order
singular term; this contribution depends on the nature of divergence of ¢, at a planar
wall-gas interface, which in turn depends on the range of intermolecular forces (recall,
3% =1/(p+1)). When the non-universal correction is taken into account, one obtains
a remarkably good agreement between the microscopic DFT results and Eq. (69), as
shown in figure 5 for a right-angle wedge!®.

~(sec acos H—1)
op(pi—pg)
9The results in figure 5 correspond to the model of short-range interactions, for which 3%° = 0

and {; ~ —1n(du).

18For general value of the contact angle, the first term would be
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5.3 Complete Wetting on an Edge-Shaped Wall

In Paper VI, I studied complete wetting near an edge of a three-dimensional solid
substrate (see figure 6) interacting with the fluid atoms via van der Waals forces. The
curvature of the liquid-vapour interface dictates that the local height of the interface
above the edge ¢ must remain finite at any subcritical temperature, even at bulk
coexistence du = 0, when a macroscopically thick film develops far from the edge.
Thus, the influence of the edge is in some sense opposite to that of a wedge substrate,
which promotes liquid adsorption. We now pose the question what is the equilibrium
value of (g and what is the asymptotic form of ¢(g(du) as the chemical potential
approaches the coexistence du — 07, such that complete wetting transition takes
place far from the edge.

Figure 6: A sketch of the model of an edge-shaped substrate. The height of the
liquid-gas interface is denoted as ¢, the thickness of the layer far from the apex as ¢,
and the height of the interface above the apex as {g. The sketch is projected to the
x-z plane of the Cartesian coordinates.

The system has been studied using the following interfacial Hamiltonian model

Helt) = [ do |20 + W) (70)

where ¢(z) is thickness of the liquid-gas interface measured vertically and f(z) =
¢(x) — tan «|a|] denotes the local height of the liquid-gas interface relative to the
horizontal (z axis). In Eq. (70), the translation symmetry along the y-axis is assumed
so that H,[(] is the effective Hamiltonian per unit length.?

20Tt should be noted that in contrast to H,,[¢] considered in the previous subsection (Eq. (65)),
the small-angle approximation was not adopted here.
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The mean-field analysis of this model shows that the equilibrium height of the
interface above the edge at coexistence is given by

2a

O — 05 = 0) =
E (/‘l’ 0) 7tan2a7

(71)

where a(T") is the Hamaker constant defined by the binding potential of the corre-
sponding planar wall W (¢) = a/f? + ---. Furthermore, {g(dp) has been shown to
approach the coexistence value according to

60 = (p(0) — Lp(6p) ~ op°E (72)

as 0 — 07. The new critical exponent for complete wetting on an edge 4% depends
on the range of the molecular interaction, such that 8% = p/(p + 1) and is related
to the exponent o (defined by Eq. (12)), according to §5° = 2 — a°. For systems
with van der Waals forces, 55 = 2/3. In contrast, the next-to-leading term in (72)
has been found to be universal and scales linearly with du, regardless of the nature
of the molecular interactions.

Figure 7: Schematic of the finite-wall model of a linear dimension L in the z-z pro-
jection. Translation invariance is assumed along the y-axis. The chemical potential
is now fixed to its saturation value p = po(7") and we wish to know how the result
given by Eq. (71) for an unbounded wall is affected by the finite value of L.

I further considered a finite-wall model of a square cross-section of a linear di-
mension L (see figure 7) and ask what is the equilibrium value of the height of the
liquid-vapour interface above the edge at bulk coexistence. The asymptotic (L — 00)
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result is now subject to finite-size scaling of some scaling function F' reflecting the
competition between L and the correlation length §|. For L finite, the leading-order-
term in Eq. (72) modifies to (SILLQ*C“;OF <§L|) ~ (SMQ*QEOF(L(SMVIC\O) which is required to
remain finite even when oy — 0. This implies

co
ag —2 1
€9

where all the powers in the expansion depend on the details of the molecular interac-
tions and can be expressed in terms of the critical exponents characterising wetting
on a planar wall. In particular, for the van der Waals forces we obtain

lp— lp(L) x L'+ O(L™%). (74)

The analysis of both edge-shaped models have been further complemented with
the microscopic DFT results (based on the fundamental measure theory) obtained
numerically. The DFT results of the film height above the edge have been shown to
be fully consistent with the predictions given by Egs. (72) and (74).

5.4 Phase Transitions in a Capillary Groove and Grooved
Surfaces

It is well known that in a slit pore formed by two parallel infinite walls a distance
L apart, the fluid condensates at the chemical potential p.. < po(7T") which is well
approximated by the macroscopic Kelvin equation

2+ cosf

fec(L) = po — ( (75)

pL— pg)L
This capillary condensation is a first-order transition and corresponds to a shift of
the ordinary bulk liquid-vapour transition due to finite size effects and the interaction
of the fluid with the walls. Imagine now that we cap the slit pore at one end. How
does the symmetry breaking in one dimension changes the condensation scenario?
The problem of the groove condensation was tackled in Paper VII using a micro-
scopic DF'T and the effective Hamiltonian based on the sharp-kink approximation. It
has been shown that for temperatures greater than the wetting temperature a single
meniscus separating capillary-liquid from capillary-gas forms near the groove bot-
tom (as also dictated by macroscopic arguments) and continuously unbinds from the
groove bottom as p tends to p.. from below where the groove becomes completely
filled with liquid. The process in this regime has thus strong analogy to complete
wetting on a planar wall. In contrast to the latter, however, the transition occurs at
tec(L) (capillary coexistence) rather than at 19 (bulk coexistence). Furthermore, the
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analysis based on the sharp-kink approximation (see figure 8)) reveals, that the rise
of the meniscus has the asymptotic form

gC ~ (ILLCC(L> - /L)il/47 (76)

where (L) = po — (pl_pf(ﬁ satisfies the modified Kelvin equation with the
microscopic correction due to wetting layers at the side walls. The meniscus unbinding
can thus be characterised by the critical exponent - = 1/4 and the process is
therefore somewhat slower than complete wetting for which 5 = 1/3.

It has also been shown that in analogy to pre-wetting the rise of the meniscus can
exhibit a finite jump. However, in contrast to pre-wetting, which is the genuine first-
order transition, the transition associated with the meniscus jump must be necessarily
rounded owing to its pseudo-one-dimensional nature.

[x
— ¥,

L

Figure 8: A schematic picture illustrating the sharp-kink approximation used for the
capped capillary (groove) of width L and height D appropriate above the wetting
temperature (such that the walls are wet). V; denotes the volume filled by capillary
gas. The side walls are coated with wetting layers of thickness ¢, which is assumed
to be the same as for a single planar wall.

For temperatures below the wetting transition, however, the situation becomes
different. The condensation process is now discontinuous in agreement with the
macroscopic arguments according to which there exists a metastable extension of
the condensation branch terminating at a spinodal point p,. Within this macro-
scopic picture, two circular corner menisci develop for i < . of Laplace radii that
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grow continuously as the chemical potential increases. Note that the situation is
pertinent to a previously discussed complete filling at two right-angle wedges. The
spinodal (i, > ficc corresponds to the chemical potential at which the two menisci
merge; beyond this point, no continuous process is thermodynamically stable and the
groove becomes completely filled.

This macroscopic scenario was compared with microscopic DFT in the subsequent
Paper VIII. Interestingly, although the formation of two corner menisci (for 7' < T,
and p < psp) was not confirmed for microscopically narrow grooves, the location of the
spinodal was still found in a surprisingly good agreement with the prediction based
on the macroscopic arguments and leading to the so called complementary Kelvin
equation.

In Paper VIII we also studied an inverse process to groove condensation, i.e.,
groove evaporation realized as ji.. is approached from above. In contrast to the groove
condensation, the groove evaporation was found to be always continuous regardless
of the temperature, such that the height of the meniscus from the top of the groove
(a distance D from the groove bottom) decreases according to the power-law

D — .~ (pece(L) = )%, (77)

with a different critical exponent than that for groove condensation. The macroscopic
arguments complemented by direct calculations based on the effective Hamiltonian
(sharp-kink approximation), dimensional analysis and microscopic DFT calculations
showed that Sr = 1/3 for dispersion forces, i.e., same as the one for complete wetting
on a planar wall.

The analogy between groove evaporation and complete wetting was found to be
even much stronger. The further analysis of the model revealed a relation between
the distance of the meniscus from the open top ¢ = D — ¢ and the film thickness on
a planar wall:

EE(M - ,ucc) = éﬂ(ﬂﬂ - H’) ) (78)

which is an example of a covariance law, revealing hidden symmetry between inter-
facial phenomena at different geometries.

The final remark belongs to the effect of fluctuations. The mean-field analysis
neglects the long wavelength, interfacial, fluctuations of the meniscus, the most dom-
inant of which arise from those in the height of the meniscus along the groove. Owing
to a reduced effective dimensionality of the groove, the fluctuation theory of menis-
cus unbinding is analogous to that of two dimensional complete wetting but with a
line tension, resisting the undulations of the meniscus, which is 7 ~ L. Therefore,
the relevant effective Hamiltonian that accounts for the fluctuations in the meniscus
height along the groove is now of the form

Ml = / dy (72L <diz(5)>2 + W(E)) . (79)
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Using Eq. (26), the relation?! €2 = kpT¢/7 and the fact that £, ~ ¢ when fluctuations
become important, we obtain the following estimation for the fluctuation term:

& (keT)* _ (ksT)?
: .

VL ~ L2 ~ ~ 80
I fiWL 2y L (80)
Since the binding potential for the groove evaporation reads
a(T)L
We = (n— — pg)L(D — —_— 1
e (Iu MCC)(pl pg) ( g) + (D _ 6)2 Y (8 )

the repulsive term, which is of the order of (D — £)?, is marginal because it is of
the same order as the effective fluctuation term (80). This implies that the value of
the exponent S = 1/3 is not altered by fluctuation effects. The only influence of
the fluctuations is that the Hamaker constant becomes renormalized by a factor of
1+ O((ByL?)™1), which is only important in the immediate vicinity of the capillary
critical point.

For groove condensation, the appropriate binding potential is of the form

a(T)L?
/3

Wc ~ (ﬂ - :ucc)(pl - pg)Lg + (82)
and the repulsive term becomes irrelevant. Thus, for continuous condensation, the
mean-field power-law divergence (¢ ~ ((ttec — p)/L)™1 will eventually cross-over to
lo ~ (L2 jiee — )% a8 1 — Jice, changing the mean-field critical exponent SMF = 1/4
to the true value o = 1/3. However, a simple matching of these power laws shows
that the size of the asymptotic regime is negligibly small since it scales as L. Thus,
the mean-field description of the continuous capillary condensation is exact except
for extremely close vicinity of the capillary-coexistence curve p = .

The model of a single capillary-groove has been extended in Paper IX to a model
of a grooved substrate. Within this model, we consider a semi-infinite solid slab into
which a one-dimensional array of infinitely long rectangular grooves is etched (see
figure 9). By investigating the effect of the size and distribution of the grooves, as
well as different paths leading to a completely wet surface, a rich variety of different
wetting morphologies were found. The main findings can be summarised as follows:

. It is possible to distinguish between four different wetting morphologies that can
be characterised as: i) empty grooves, ii) filled grooves, iii) a formation of liquid

21R. Lipowsky and M.E. Fisher, Phys. Rev. B 36, 2126 (1987).
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Figure 9: Sketch of the grooved substrate model.
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Figure 10: Four possible wetting regimes of a grooved substrate model.

bulges and iv) completely wet surface (see figure 10). These regimes are separated
by first-order transitions, including the novel bounded wetting which separates the
configurations ii) and iii). The nature of this transition is discussed and it is ar-
gued that the infinite periodicity of the system assures the transition to survive the
capillary-wave fluctuations.

. Owing to the first-order nature of these transitions, they all have off-coexistence
extensions terminating at their own critical points. These transitions are analogues of
pre-wetting on a planar wall. Here again, the infinite lateral periodicity of the system
is crucial in that these transitions and not artifacts of the mean-field analysis. This is
in contrast with a pre-filling transition in a single groove or in a single wedge, where
the transition must be necessarily rounded when all the fluctuations are properly
considered.

. The wetting transition of the grooved substrate was found to occur in a considerably
higher temperature than that for a flat wall. This result is important as it challenges
the classical Wenzel law which states that surface roughness enhances wetting. To
support this finding, an importance of considering an interplay of various interfacial
phenomena occurring at planar walls, grooves, edges and wedges was highlighted as
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well as the need to account for microscopic effects due to molecular interactions;
all these aspects are ignored in the macroscopic arguments leading to Wenzel’s and
related phenomenological laws. Since for macroscopically corrugated surfaces the solid
texture does indeed amplify wetting, it was concluded in a subsequent study?? that
there must exist a crossover between two length-scale regimes that are distinguished
by opposite response on surface roughening.

5.5 Wetting Properties of a Heterogeneous Groove

Capillary condensation in a single groove (capped capillary) appears to be even more
intriguing if the interaction of the fluid atoms with the bottom wall and the side
walls is different. The model of this heterogeneous groove, studied in Paper X,
reveals some unexpected behaviour in the case when both types of the wall are in a
complete wetting regime (i.e., the considered temperature is greater than respective
wetting temperatures of both walls). Within a sharp-kink approximation, the binding
potential appropriate for a heterogeneous groove of a width L reads

as — @ 3a1L
2 1+1+

Wcap(@ - 5/,1/(/)[ - IOQ)E + 62 63 T

(83)
where a1 and as are the Hamaker constants for the side and bottom walls, respectively.
Note that the complete wetting regime requires that both a; and ay are positive. We
can now identify three wetting scenarios determined by a relative strength between a;
and ay. 1) For a; = as, i.e., in the case of a homogenous groove mentioned previously
in the context of Paper VIII, the meniscus is repelled by a term decaying as ~ ¢=3
which results to a continuous unbinding of the meniscus according to ¢ ~ du~7 (cf,
Eq. (76). ii) If a; < as, the meniscus repulsion is controlled by a term of O(¢~?),
which leads to a continuous meniscus growth according to ¢ ~ 5,1[%, as for complete
wetting on a planar wall. iii) Finally, and most interestingly, if a; > as, i.e., if the fluid
interaction with the side walls interaction is stronger than with the the bottom wall,
the mismatch between the Hamaker constant leads to an interfacial attraction which
bounds the meniscus to a finite distance even at the capillary phase boundary p = p..
Since the groove must be completely filled for © = pf,, the transition is turned to be
first-order, even though the transition would be continuous in a homogenous groove
made up of either type of the wall.

It is important to note that the conclusion regarding the case iii) only applies if the
bottom wall with the Hamaker constant ao spans the whole lower space. The simple
dimensional analysis shows that if the wall spans only the space below tho groove
(i.e., of a finite width L), the transition remains continuous, such that ¢ ~ ¢ ,u_%.

The case iii) (a1 > ag) has remarkable repercussions: as the fluid state remains in
the partial wetting state, it is possible — in analogy with Young’s equation (3) — to

22A. Malijevsky, Does surface roughness amplify wetting?, J. Chem. Phys. 141, 184703 (2014).
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define a capillary contact angle:
Ywe(L) = Ywi(L) + (L) cos P, (84)

valid for pt = pic.. Here, the capillary surface tensions g (L), Yw(L) and (L) are the
surface free energies between groove bottom and capillary gas, groove bottom and
capillary liquid and capillary gas and capillary liquid, respectively, per unit area of
the groove bottom. For sufficiently wide grooves, the meniscus cross-section is near
circular and thus (L) ~ m/27.

Therefore, somewhat counter-intuitively, if the attraction of the bottom wall is
weaker than the attractive strength of the side walls, a liquid-vapour interface of a
non-zero capillary contact angle forms in the groove even though 6°* = 0 for the
grooves of either material.

Apart from controlling the capillary contact angle by tuning the difference as —ay,
we can also ask under what conditions the capillary wetting transition (i.e., vanishing
of 6°P) occurs for fixed parameters a; and ay, as the groove width varies along the
capillary coexistence line p = pi... In order to account for the meniscus fluctuations
along the groove, we adopted the interfacial Hamiltonian

Heall] = L / dy (dé(y)> +Wcap(e)] (85)

where £(y) is the local height of the fluctuating meniscus. The problem can be mapped
onto a two-dimensional critical wetting and the corresponding partition function can
be determined exactly using the transfer-matrix method from the Schrédinger equa-
tion (28) for a marginal value p = 2 of the asymptotic decay of the binding potential
(cf. Eq. (27)), belonging to the so called intermediate fluctuation regime.?® The
analysis shows that the capillary contact angle can vanish in two ways:

In the limit of macroscopically wide groove, in which case the interfacial fluctuations
become negligible. In this mean-field regime, the capillary contact angle vanishes
according to

0P(L) ~ L7, (86)
as L — oo.

For a sufficiently narrow groove. As L decreases, the effective stiffness parameter
L~(L) reduces and at some small value of the groove thickness L = L, the fluc-
tuations become strong enough to allow the meniscus to tunnel out of the potential
barrier represented by We,,. For the potential given by Eq. (83) with a positive
next-to-leading interaction term, the situation of this fluctuation dominated regime

2R. Lipowsky and T. M. Nieuwenhuizen, J. Phys. A: Math. Gen. 21, L89 (1988).
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belongs to the third class of the intermediate fluctuation regime characterized by
essential singularities and the capillary contact angle then vanishes as

_ 27 Ly
0P(L) ~e VF s L — Ly, (87)
where the critical value of the groove width is given by

kT
L, = 5 . (88)

2y/my(ag — ay)
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We study the equilibrium of a liquid film on an attractive spherical substrate for an intermolecular interaction
model exhibiting both fluid-fluid and fluid-wall long-range forces. We first reexamine the wetting properties of
the model in the zero-curvature limit, i.e., for a planar wall, using an effective interfacial Hamiltonian approach
in the framework of the well known sharp-kink approximation (SKA). We obtain very good agreement with
a mean-field density functional theory (DFT), fully justifying the use of SKA in this limit. We then turn our
attention to substrates of finite curvature and appropriately modify the so-called soft-interface approximation
(SIA) originally formulated by Napidérkowski and Dietrich [Phys. Rev. B 34, 6469 (1986)] for critical wetting
on a planar wall. A detailed asymptotic analysis of SIA confirms the SKA functional form for the film growth.
However, it turns out that the agreement between SKA and our DFT is only qualitative. We then show that the
quantitative discrepancy between the two is due to the overestimation of the liquid-gas surface tension within
SKA. On the other hand, by relaxing the assumption of a sharp interface, with, e.g., a simple “smoothing” of
the density profile there, markedly improves the predictive capability of the theory, making it quantitative and
showing that the liquid-gas surface tension plays a crucial role when describing wetting on a curved substrate.
In addition, we show that in contrast to SKA, SIA predicts the expected mean-field critical exponent of the

liquid-gas surface tension.

DOI: 10.1103/PhysRevE.84.021603

I. INTRODUCTION

The behavior of fluids in confined geometries, in particular,
in the vicinity of solid substrates, and associated wetting
phenomena are of paramount significance in numerous tech-
nological applications and natural phenomena. Wetting is
also central in several fields, from engineering and materials
science to chemistry and biology. As a consequence, it
has received considerable attention, both experimentally and
theoretically, for several decades. Detailed and comprehensive
reviews are given in Refs. [1-4].

Once a substrate (e.g., a solid wall) is brought into contact
with a gas, the substrate-fluid attractive forces cause adsorption
of some of the fluid molecules on the substrate surface,
such that at least a microscopically thin liquid film forms on
the surface. The interplay between the fluid-fluid interaction
(cohesion) and the fluid-wall interaction (adhesion) then
determines a particular wetting state of the system. This state
can be quantified by the contact angle at which the liquid-gas
interface meets the substrate. If the contact angle is nonzero,
i.e., a spherical cap of the liquid is formed on the substrate,
the surface is called partially wet. In the regime of partial
wetting, the cap is surrounded by a thin layer of adsorbed
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fluid which is of molecular dimension. Upon approaching the
critical temperature, the contact angle continuously decreases
and eventually vanishes. Beyond this wetting temperature one
speaks of complete wetting and the film thickness becomes
of macroscopic dimension. The transition between the two
regimes can be qualitatively distinguished by the rate of
disappearance of the contact angle, which is discontinuous
in the case of a first-order transition or continuous for critical
wetting.

From a theoretical point of view, it is much more convenient
to take the adsorbed film thickness ¢, rather than the contact
angle, as an order parameter for wetting transitions and related
phenomena. An interfacial Hamiltonian is then minimized
with respect to £ as is typically the case with the (mesoscopic)
Landau-type field theories and (microscopic) density func-
tional theory (DFT)—where ¢ can be easily determined from
the Gibbs adsorption, a direct output of DFT.

In this study, we examine the wetting properties of a
simple fluid in contact with a spherical attractive wall by
using an intermolecular interaction model with fluid-fluid
and fluid-wall long-range forces. The curved geometry of the
system prohibits a macroscopic growth of the adsorbed layer
(and thus complete wetting), since the free-energy contribution
due to the liquid-gas interface increases with the film thickness
£, and thus for a given radius of a spherical substrate there must
be a maximum finite value of ¢ [1,5,6]. For the mesoscopic
approaches, the radius of the wall R is a new field variable that

©2011 American Physical Society
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introduces one additional ¢-dependent term to the effective
interface Hamiltonian of the system, compared to the planar
geometry, where the only ¢-dependent term is the binding
potential between the wall-liquid and liquid-gas interfaces.
Furthermore, for a fluid model exhibiting a gas-liquid phase
transition, such as ours, it has been found that two regimes of
the interfacial behavior should be distinguished: R > R, in
which case the surface tension can be expanded in integer pow-
ersof R~' and R < R,, where the interfacial quantities exhibit
a nonanalytic behavior [7]. Moreover, for an intermolecular
interaction model with fluid-fluid long-range interactions,
there is an additional R=2 In R contribution to the surface
tension in the R > R, regime [8]. These striking observations
actually challenge all curvature expansion approaches. In
addition, a certain equivalence between a system of a saturated
fluid on a spherical wall and a system of an unsaturated fluid
on a planar wall above the wetting temperature has been
found [5,8]. Somewhat surprisingly, DFT computations con-
firmed this correspondence at the level of the density profiles
down to unexpectedly small radii of the wall [8].

Most of these conjectures follow from the so-called sharp-
kink approximation (SKA) [1], based on a simple piecewise
constant approximation of a one-body density distribution of
the fluid, i.e., a coarse-grained approach providing a link
between mesoscopic Hamiltonian theories and microscopic
DFT. The simple mathematical form of SKA has motivated
many theoretical investigations of wetting phenomena, as it
makes them analytically tractable. At the same time, SKA
appears to capture much of the underlying fundamental physics
for planar substrates (often in conjugation with exact statistical
mechanical sum rules [9]).

However, as we show in this work, SKA is only qualitative
for spherical substrates, even though the functional form of the
film growth can still be successfully inferred from the theory
[8]. We attribute this to the particular approximation of the
liquid-gas interface adapted by SKA. In particular, since the £-
dependent contribution to the interface Hamiltonian due to the
curvature is proportional to the liquid-gas surface tension, the
latter plays an important role compared to the planar geometry.

More specifically, the curved geometry induces a Laplace
pressure whose value depends on both film thickness and
surface tension, and so the two quantities are now coupled,
in contrast with the planar geometry where a parallel shift of
the liquid-gas dividing surface does not influence the surface
contribution to the free energy of the system. We further
employ an alternative coarse-grained approach, a modification
of the one originally proposed by Napidrkowski and Dietrich
[10] for the planar geometry, which replaces the jump in
the density profile at the liquid-gas interface of SKA by
a continuous function restricted by several reasonable con-
straints. We show that in this “soft-interface approximation”
(STA) the leading curvature correction to the liquid-gas surface
tension is O(R™'), rather than O(R~? In R), in line with
the Tolman theory. Once a particular approximation for the
liquid-gas interface is taken, the corresponding Tolman length
can be easily determined. Apart from this, we find that the
finite width of the liquid-gas interface significantly improves
the prediction of the corresponding surface tension when
compared with the microscopic DFT computations, which
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consequently markedly improves the estimation of the film
thickness in a spherical geometry.

In Sec. II we describe our microscopic model and the
corresponding DFT formalism. In Sec. III we present results
of wetting phenomena on a planar wall obtained from our
DFT based on a continuation scheme that allows us to trace
metastable and unstable solutions. The results are compared
with the analytical prediction as given by a minimization of
the interface Hamiltonian based on SKA. We also make a
connection between the two approaches by introducing the
microscopic model into the interfacial Hamiltonian. In Sec. IV
we turn our attention to the main part of our study, a thin
liquid film on a spherical wall. We show that SKA does
not account for a quantitative description of the liquid-gas
surface tension which plays a significant role when the
substrate geometry is curved. We then introduce SIA and
present an asymptotic analysis with our approach. Comparison
with DFT computations reveals a substantial improvement
of the resulting interface Hamiltonian, even for very simple
approximations of the density distribution at the liquid-vapor
interface, indicating the significance of a nonzero width of
the interface. We conclude in Sec. V with a summary of our
results and discussion. Appendix A describes the continuation
method we developed for the numerical solution of DFT. In
Appendix B we show derivations of the surface tension and the
binding potential for both a planar and a spherical geometry
within SKA. Finally, Appendix C shows derivations of the
above quantities, including Tolman’s length, using SIA.

II. DFT

A. General formalism

DFT is based on Mermin’s proof [11] that the free energy of
an inhomogeneous system at equilibrium can be expressed as
a functional of an ensemble averaged one-body density, o(r)
(see, e.g., Ref. [12] for more details). Thus, the free-energy
functional F[p] contains all the equilibrium physics of the
system under consideration. Clearly, for a three-dimensional
fluid model one has to resort to an approximative functional.
Here we adopt a simple but rather well established local density
approximation,

Flpl =fst[p(r)]p(r)dl'

1
+3 // pMp()p(r —r'|)dr' dr, ey

where fys[p (r)] is the free energy per particle of the hard-
sphere fluid (accurately described by the Carnahan-Starling
equation of state), including the ideal gas contribution. The
contribution due to the long-range van der Waals forces is
included in the mean-field manner. To be specific, we consider
afull Lennard-Jones (LJ) 12-6 potential to model the fluid-fluid
attraction according to the Barker-Henderson perturbative
scheme

0, r<o
AR P E S R

where for the sake of simplicity the L] parameter o is taken
equal to the hard-sphere diameter.

@
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The free-energy functional F[p] describes the intrinsic
properties of a given fluid. The total free energy, including
also a contribution of the external field, is related to the grand
potential functional through the Legendre transform

Qlpl = Flpl + / p (X)[V(r) — pldr, 3)

where p is the chemical potential and V (r) is the external field
due to the presence of a wall W C R3,

o0 rew
V(r):{ @)

ow [y du(Ir — ') dr’  elsewhere,

consisting of the atoms interacting with the fluid particles via
the LJ potential ¢, (), with the parameters o, and &, and
uniformly distributed throughout the wall with a density p,,:

o 12 o 6
¢w (}") = 4811) |:<_) - <_> i| (5)
r r

Applying the variational principle to the grand potential
functional, Eq. (3), we attain the Euler-Lagrange equation:

3 Fusle]
3p(r)

where Fys[p] denotes the first term in the right-hand side
of Eq. (1). In general, the solution to Eq. (6) comprises
all extremes of the grand potential 2[p] as given by
Eq. (3) and not just the global minimum corresponding
to the equilibrium state. Here we develop a pseudo arc-
length continuation scheme for the numerical computation
of Eq. (6) that enables us to capture both locally stable and
unstable solutions and thus to construct the entire bifurcation
diagrams for the isotherms (details of the scheme are given in
Appendix A).

The excess part of the grand potential functional (3) over
the bulk may be expressed in the form

+ / p$(r —r'Ndr' + V() —p=0, (6)

Qex[p(0)] = — /{p[p(r)] — p(pp)}dr
1
ts /f pM)[p(r) — p(0)]p(Ir" — r|)dr’ dr

+ / p(r)V(r)dr, (N
where p;, is the density of the bulk phase and

—p(p) = pfas(p) +ap® — pp (8)

is the negative pressure, or grand potential per unit volume,
of a system with uniform density p and o = %f¢(|r|)dr =
—'9—671803. In particular, the equilibrium value of the excess
grand potential (7) per unit area of a two-phase system of liquid
and vapor in the absence of an external field, yields the surface
tension between the coexisting phases, y;. The prediction of
Vig as given by the minimization of Eq. (7) agrees fairly well
with both computations and experimental data, as shown in
Fig. 1.

B. Translational symmetry: Planar wall

If the general formalism outlined above is applied on a
particular external field attaining a certain symmetry, it will

PHYSICAL REVIEW E 84, 021603 (2011)

v [dyn/cm]

0.5 0.6 0.7 0.8 0.9 1
T/T,
FIG. 1. Plots of surface tension as a function of dimensionless
temperature, 7/ T,. Solid line: numerical DFT results of our model
scaled with ¢/kp =119.8 K and ¢ = 3.4 A; triangles: computa-
tional results by Toxvaerd for a 12-6 LJ fluid using the Barker-
Henderson perturbation theory [13] with the Percus-Yevick solution
[14] for the hard-sphere reference fluid and using the exact hard-
sphere diameter [15]; circles: Monte Carlo simulations by Lee and
Barker [16]; squares: experimental results for argon by Guggenheim
[17]; dashed line: fit of experimental results to equation y(7) =
yo(1 — T/T.)'*" by Guggenheim [17]. The resulting coefficients are
Yo =36.31 dyn/cmand r = 3.

adopt a significantly simpler form. In the next section we will
formulate the basic equations resulting from the equilibrium
conditions obtained from the minimization of Eq. (7), for
a spherical model of the external field, i.e., a system with
rotational symmetry. But prior to that, it is instructive to discuss
the zero-curvature limit of the above model, corresponding
to an adsorbed LJ fluid on a planar wall, a system with
translational symmetry.

For a planar substrate W = R? x R~ in Cartesian coordi-
nates, the density profile is only a function of z, so that the
Euler-Lagrange equation reads

s [p()] + / (@ Ppiallz — ) dZ
0

+Veo@—n=0 (VzeRM), 9)

where ups[p] = B[fﬁas;p)p] is the chemical potential of the hard-

sphere system. A fluid particle at a distance z from the wall
experiences the wall potential:

Veo(2) = pu / ¢w(\/x/2 + y’2 +(z - Z/)z) dx’' dy, a7’
w

z2<0

oo,
= 10
{4npwewa,z[%<%>9—é(%f], >0,

®p,(z) in Eq. (9) is the surface potential exerted by the fluid
particles uniformly distributed (with a unit density) over the
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x-y plane at distance z:

Ppu(2) = / S/ 132 1 Ddydx
=27 /ood)(vzz +r2)rdr
0

B 6 ) 1’ <o
= —gmeo X{g(g)“_z(z)lo, 7> 0. an

3 \z 3\z

In the framework of DFT, the natural order parameter for
wetting transitions is the Gibbs adsorption per unit area:

me&n=/ [p(2) — pyld-z. (12)
0

C. Rotational symmetry: Spherical wall

If the external field is induced by a spherical wall, W =
{r e R :r = |r| < R}, the variational principle yields

MHs[p(V)]+/ p(r")Psph(r,r")dr’
R
+Vr(r)—pn =0 (Vr > R), 13)

where ®gp(r,7') is the surface interaction potential per unit
density generated by fluid particles uniformly distributed on
the surface of the sphere B, centered at the origin at distance r,

Dgpn(r,r') =

¢(r — F[)dr

dB,s
r/ / /
= ~[Peallr =) = puallr +rDI - (14)

(see also Appendix B 1). The wall potential in Eq. (4) for the
spherical wall, W = {r e R® : r = |r| < R}, is

Vo) owewoim (o2 [ r+9R r—9R
r)= — -
R 3r 30 [r+R° (r—R)Y
>, r—3R r+3R
- . 15
"’|:(r—R)3 (r + R)? (15)

Replacing the distance from the origin r by the radial distance
from the wall 7 = r — R, one can easily see that the external
potential (15) reduces to the planar wall potential (10), for
R — oco. Analogously to the planar case, we define the
adsorption I'g as the excess number of particles of the system
with respect to the surface of the wall:

o0 2
(1> Lp(r) — pyldr. (16)

Crlp()] = / R

R

III. WETTING ON A PLANAR SUBSTRATE

In this section we make a comparison between the nu-
merical solution of DFT and the prediction given by the
effective interfacial Hamiltonian according to SKA for the
first-order wetting transition on a planar substrate. More
specifically, we consider a planar semi-infinite wall interacting
with the fluid according to Eq. (10) with the typical parameters
PuwEw = O.st/o3 and 0, = 1.25¢ that correspond to the class
of intermediate-substrate systems [18] for which prewetting
phase transitions can be observed. We note that wetting on
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planar and spherical walls is a multiparametric problem, and
hence a full parametric study of the global phase diagram is a
difficult task, beyond the scope of this paper.

A. Numerical DFT results of wetting on a planar wall

Figure 2 depicts the surface-phase diagram of the consid-
ered model in the (Ap,T) plane, where A = i — [hgy is the
departure of the chemical potential from its saturation value.
The first-order wetting transition takes place at wetting tem-
perature kpT,, = 0.621¢, well below the critical temperature
of the bulk fluid k5 T, = 1.006¢ for our model. The prewetting
line connects the saturation line at the wetting temperature
T,, and terminates at the prewetting critical point, kg Ty =
0.724¢. The slope of the prewetting line is governed by a

=

0.06 | | 1
0.04 | 1

0.02 | u ]

Apfe

-0.02

0.62 0.64 0.66 0.68 0.7 0.72
k‘BT/E

0.1
5
Q
-~

~ 0.01
2
i

0.001

0.0001 : :
0.01 0.1 1
(T - Tw)/Tzu

FIG. 2. (a) Deviation of the chemical potential from its saturation
value at prewetting (crosses), and at the left (open squares) and
right (filled squares) saddle nodes of bifurcation as a function of
temperature. The dashed line marks the locus of the chemical potential
at saturation for the given temperature, A = 0. The solid line is a
fit to —Appe(T)/(ksT,) = CI(T — T,,)/ T, />, where the wetting
temperature is kg7, = 0.621¢ and the prewetting critical temper-
ature is kpT,,. = 0.724¢. The resulting coefficient is C = 0.77.
(b) Scaled prewetting phase diagrams for different systems. The
circles are DFT calculations for an attractive wall with o, =
1.25¢ and p,&, = 0.8s/0> (open circles) and p,s, = 0.75¢/0°
(filled circles). Experimental data [21]: filled squares, methanol
on cyclohexane [22]; open triangles, H, on rubidium [23]; filled
triangles, He on caesium [24]; and open squares, H, on caesium [25].
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Clapeyron-type equation [19], which, in particular, states that
the prewetting line approaches the saturation line tangentially
at T,, with

d(Appw)

=0, 17
T (17)

T=T,

in line with our numerical computations. Schick and Taborek
[20] later showed that the prewetting line scales as —Apu ~
(T — Tw)3/2. In Ref. [21], this power law was confirmed
experimentally, such that

_AMP—W(T):C T—1,\"” (18)
kgT, Ty '

with C =~ % A fit of our DFT results with Eq. (18) leads
to a coefficient C = 0.77, in reasonable agreement with the
experimental data (see Fig. 2).

Figure 3 depicts the adsorption isotherm in terms of the
thickness of the adsorbed liquid film ¢ as a function of Au
for the temperature kg7 = 0.7¢ in the interval between the
wetting temperature T,, and the prewetting critical temperature
Tpwe- £ can be associated with the Gibbs adsorption through

_ Tzlp]
v

14 . 19)

sat __

for both finite and infinite R, where Ap = p; pzm is the
difference between the liquid and gas densities at saturation.

The isotherm exhibits a van der Waals loop with two turning
points depicted as B and C demarcating the unstable branch.
Points A and D indicate the equilibrium between thin and
thick layers, corresponding to a point on the prewetting line in
Fig. 2. The location of the equilibrium points can be obtained
from a Maxwell construction. Details of the numerical scheme
we developed for tracing the adsorption isotherms are given in
Appendix A.

B. SKA for a planar wall

For the sake of clarity and completeness we briefly review
the main features of SKA for a planar geometry (details are
given in Ref. [1]).

Let us consider a liquid film of thickness ¢ adsorbed on
a planar wall. According to SKA the density distribution is
approximated by a piecewise constant function

0, z7<§6
P =10 S<z<t (20)
pga Z>gv

where p, is the density of the gas reservoirand p;" is the density
of the metastable liquid at the same thermodynamic conditions
stabilized by the presence of the planar wall, Eq. (10) and
S~ %(0 + o0y). The off coexistence of the two phases induces
the pressure difference

pr(w) — p(p) =~ ApAp, (21)

where p* is the pressure of the metastable liquid and p is
the pressure of the gas reservoir, and where we assume that
A = i — gy < 0 is small.
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FIG. 3. (a) £-Apu bifurcation diagram for k3T = 0.7¢ for a wall
with p,e, = 0.8¢/0> and o, = 1.250. A is the deviation of the
chemical potential from its saturation value, pg,. The prewetting
transition, marked by the dashed line, occurs at chemical potential
Appw = —0.022¢. The inset subplots show the density po? as a
function of the distance z /o from the wall. (b) Excess grand potential
Qex/€ as a function of Au/e in the vicinity of the prewetting
transition.

The excess grand potential per unit area .4 of the system
then can be expressed in terms of macroscopic quantities as a
function of £

Qex(l1 )
=L = AR =8+ y )
+ A+ wSAE W), (22)

where y3KA and ylzKA are the SKAs to the wall-liquid and

wl

the liquid-gas surface tensions, respectively, and wS¥A(¢) is
the effective potential between the two interfaces (binding
potential). In the following, we will suppress the explicit u
dependence of these quantities.

The link with the microscopic theory can be made if the
contributions in the right-hand side of Eq. (22) are expressed
in terms of our molecular model, which, when summed up,
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give the excess grand potential (7), where we have substituted
the ansatz (20):

p+2 0 00
YoRA = — —’2 f / Ppia(|z — 2’V d7 dz (23)
—o00 J0O
o0
+ o f Voo(2)dz
S

3
= Jreatn + m( o —308%)0g e,

A
ygA = — =2 / / Ppulz — 2 d2’ dz

= Znsa4Ap , (24)

o o0
wSA () = Ap (p,* / / Dpiy(z)d7' dz
-5 Jz

—/ Veol(2) dz) (25)
¢

A 24+3% 5
=T 1 -+ 0(6/0°) |
1277,'62 + 1_/)1,,5,,,06"{ (( /))
paa

where we considered the distinguished limit § < £. A is the
Hamaker constant given by:

A =472Ap (,0[%06 — pwewog) . (26)

We note that the Hamaker constant is implicitly temperature
dependent and that the attractive contribution of the potential
of the wall enables the Hamaker constant to change its sign.
Hence, in contrast with adsorption on a hard wall, where
the Hamaker constant is always negative, there may be a
temperature below which its sign is positive (large p;) and
negative above. Clearly, complete wetting is only possible for
A <O.

Making use of only the leading-order term in Eq. (25), the
minimization of Eq. (22) with respect to £ gives

A
ApAp — nl’ ~ 0. 27

Hence, at this level of approximation the equilibrium thickness
of the liquid film is

log & A h 28)
9 \erapan)

When substituted into Eq. (22), the wall-gas surface tension to
leading order reads

167

Equation (28) can be confirmed by a comparison against
numerical DFT (see Fig. 4). We observe that the prediction
of SKA becomes reliable for |[Au| < 0.01e, corresponding
to a somewhat surprisingly small value of the liquid film,
¢ &~ 50. Beyond this value, the coarse-grained approach loses
its validity, and also, the prewetting transition is approached,
both of which cause the curve in Fig. 4 to bend (see also Fig. 3).

SKA SKA SKA 9A 3 2/3
Vor ' = Va7 +(——> |ApARP. (29)
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FIG. 4. Ln-In plot of the film thickness as a function of deviation
of the chemical potential from saturation, Au, for kg7 = 0.7¢ and
wall parameters p, &, = 0.8¢ /o and o0,, = 1.250. The crosses are
results from DFT computations. The solid line is the analytical
prediction in Eq. (27) obtained from SKA.

It is worth noting that the only term in Eq. (22) having an ¢
dependence and thus governing the wetting behavior, is the
term related to the undersaturation pressure and the binding
potential, wSXA(¢). Clearly, Vig does not come into play in
the planar case since the translation of the liquid-gas interface
along the z axis does not change the free energy of the system.
The situation becomes qualitatively different if the substrate
is curved. Nevertheless, at this stage we conclude in line with
earlier studies, that SKA provides a fully satisfactory approach
to the first-order wetting transition on a planar wall.

IV. WETTING ON A CURVED SUBSTRATE
A. SKA for the spherical wall
For the spherical geometry, SKA adopts the following form:

0, r<R+36
pISeKZA(r)z ,ol+, R+38<r<R+/¢ 30)
Pgy R+L€<r <oo.

The corresponding excess grand potential now reads

Qex (i, R, 0) (R+0)° - R SKA
Y- (R)

E 2
+ 7 MR+ 0) (1 - E) + w4 R),
3D

where R = R + §. Within this approximation, the liquid-vapor
surface tension becomes (see also Appendix B)

2In(R/o)
SKA/ py _ ., SKA 2
Yie  (R) =1y, (00) {1 T 9 (Rjo) O((@/R) )} (32)
and an analogous expansion holds for y>XA(R). The 1("1(?% ‘)’2)

correction to y;3*(00) is due to the r~° decay of our model.
We note that short-range potentials lead to different curvature
dependence of the surface tension, a point that has been
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discussed in detail in Refs. [7,8,26]. Interestingly, the O(c/R)
correction to the surface tension, as one would expect from the
Tolman theory [27], is missing. It corresponds to a vanishing
Tolman length within SKA, as we will explicitly show in the
following section. Although the value of the Tolman length is
still a subject of some controversy, it is most likely that its value
is nonzero, unless the system is symmetric under interchange
between the two coexisting phases [28]. This observation has
been confirmed numerically in Ref. [§] from a fit of DFT
results for the wall-gas surface tension in a nondrying regime
for the hard-wall substrate. Thus, the linear term was included
by hand into the expansion (32) [8].

Finally, the binding potential within SKA for the spherical
wall yields

wSkA (5 R) = wS*A(Y; 00) (1 + %) , (33)

where terms O((8/¢)*,8/R, 1("12[/61;?2)) have been neglected.

B. SIA for the spherical wall

As an alternative to SKA, Napiérkowski and Dietrich [10]
proposed a modified version of the effective Hamiltonian, in
which the liquid-gas interface was approximated in a less crude
way by a continuous monotonic function, the SIA. Applied
for the second-order wetting transition on a planar wall, STA
merely confirmed that SKA provides a reliable prediction for
such a system. Formulated now for the spherical case, the
density profile of the fluid takes the form

Pre(r)
0, r<R+3$
o R+8<r<R+€—-%
" \owr—R—0, R+e—%<r<R4t+%
Pq R+e+4 <r<oo.
(34)

Thus, a nonzero width of the liquid-vapor interface, x, is
introduced as an additional parameter. The density profile
pig(+) in this region is not specified, but the following
constraints are imposed:

X X
ng< - 5) =p/ and ng<§> = pg, (35)

with an additional assumption of a monotonic behavior of the
function pj(r). An illustrative example of ,ols‘e"?(r) is given
in Fig. 5. The corresponding excess grand potential takes the

form

Qex R+6>—R3
— _Apn, BEO — R

SIA
= + R
47 R? 3R? Yui(R)

¢ 2
+ (1 + E) VIAR+ 0 +w (RO,  (36)

taking R + ¢ as the Gibbs dividing surface (so that £ is a
measure of the number of particles adsorbed at the wall).
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FIG. 5. Sketch of the density profile according to SIA for a certain
film thickness £. A piecewise function approximation is employed so
that except for the interval (R + ¢ — x/2,R + £ + x/2) the density
is assumed to be piecewise constant.

The binding potential (see also Appendix C3) is obtained
from

wSIA (R,Z)

00 r 2
= / [0 = PR (D] Wres () (E) dr
R+L—x/2

00 2
- /R o [0 — p34(r)] vm(%) dr,  (37)
—X

where Wi(r) = fOR Ogpn(r,7")dr’'—see Appendix B 1 for the
explicit form of the last expression.

The wall-liquid surface tension remains unchanged com-
pared to that obtained from SKA, Eq. (24). However, the
liquid-gas surface tension now reads (see Appendix C 1)

R+x/2 Y
VIZIA(R) = —/ {ploig.r(r)] — pref}(E) u
2

R—x/

1 00 00
t3 / / Pig, RN P1g R(r') — prg,R(P)]
0 Jo

2
x @Sph(r,r/)<%> dr’ dr. (38)

where pyr is the pressure at saturation.

From now on, we neglect the curvature dependence of x and
Pig, R (+), as they would introduce higher-order corrections not
affecting the asymptotic results at our level of approximation.
This is also in line with previous studies which show that the
Tolman length only depends on the density profile in the planar
limit [28]. Then Eq. (38) can be written as

2850 In(R /o)
yIZIA(R) = VlzlA(OO) [1 TR +0 ( (R/o)? >:| NG

where 8, is the Tolman length of the liquid-gas surface
tension, as given by (Appendix C2)

1 x/2
N E VY — peilzdz. (40
VlzlA(OO) /_X/Z{P[Plg(z)] Pref}z2dz (40)
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The Tolman length is independent of the choice of the dividing
surface. We also note that an immediate consequence of
Eq. (40) is that within SKA the Tolman length vanishes.

The equilibrium film thickness then follows from setting
the derivative of Eq. (36) with respect to ¢ equal to zero:

I dRe AnA 1+1Z 2+2 1+1Z
ArR2 e | OHAP R R R

¢ 2 dySIA
X VIR + 0) + (1 - —) -

R dt

R+t

R+t+x/2
L A S
R

+e—x/2
r 2 R+E+x/2
x| = dr—/ o/,(r —R—1)
( R) Rit-g2
1\ 2
X VR(r)(E) dr. (41)
The last two terms of Eq. (41) are of the form

x/2

/ Pho(r) fin(R + £+ r)dr, “2)
-x/2

with fi(r) = p/ Wr4s(r)(%)* and fu(r) = Vg(r)(%)*. Since
pie(r) is monotonic, i.e., pl/g does not change sign, the mean
value theorem can be employed such that

x/2
[ P1e(r) fin(R + €+ r)dr
—x/2

= —Apfiu(R+ £+ &), (43)
for some & ;e (—x/2,x/2), where we made use of

fpl/g(r)dr = —Ap. Substituting Eq. (43) into Eq. (41) and
setting the resulting expression equal to zero, we obtain

)
&1 )2
R+

2
RS):—Iii E) ' ‘)

! 2R+ 6  dy™
H="ap R+¢ e

— o Wrys(R+ €+ &) (1 +

+ Vr(R+ £+ &n) (1 +

So far, there is no approximation within SIA. Equation (44)
can be simplified by appropriately estimating the values of
the auxiliary parameters & and &;. To this end, we employ
a simple linear approximation to the density profile at the
liquid-gas interface, taking —pl/g(r)/ Ap ~ 1/x in Eq. (43).
Furthermore, we expand fiy in powers of £/R,o /¢,

L+r+36

AR+LC+7r)=— R

21 p; g0 ® |:1
3(6+r—35)

AN e
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2 wswag L+r
fa(R+L+7r)=— P |:1

3(6+r) 2R

6 2
vo((2) (L (46)
¢) '\ R ’
where we assumed the distinguished limits r,§,0 < £ < R.
Inserting Egs. (45) and (46) into Eq. (43) yields for & yi:

X 8§ ¢ (x\
&in = —a[1+0<z,ﬁ,<z> )i| 47

From Eq. (44), we obtain to leading order,

g\
TWeis(R+ ¢ 1
P Yres(R + +$I)( +R+€)
2T . e 5 ¢ (x\
__ 7 1 (X 48
2 iso( (D))
e\
Ve(R+ ¢ 1
r(R + ~|—§H)( +R+€>

2 6 L (x 2
= 2 pueuct ”0(}’(?)) @

Finally, substituting Eqgs. (48) and (49) into Eq. (44), we have
to leading order

2
ApAp = 27" (00) ~ (50)

663’

and hence, to leading order the equilibrium wetting film
thickness is

(SD

1/3
ESIA ~ ( A )
@~ \ox(apan— 258 JR))

We note that this asymptotic analysis can be extended beyond
Eq. (51), by including terms O(8/£), O(£/R), and O((x /£)?).
The latter occurs due to the “soft” treatment of the liquid-vapor
interface and is thus not present in SKA.

In Fig. 6 we compare two adsorption isotherms (kT =
0.7¢) corresponding to wetting on a planar and a spherical
wall (R = 1000). The two curves are mutually horizontally
shifted by a practically constant value, in accordance with
Eq. (50). This implies that the curve for the spherical wall
crosses the saturation line Ay =0 at a finite value of ¢,
and eventually converges to the saturation line as Ap~!
from the right, thus the finite curvature prevents complete
wetting. The horizontal shift corresponds to the Laplace
pressure contribution, A = 2y5"(c0)/ (ApR), as verified
by comparison with the numerical DFT (Fig. 7). All these
conclusions are in line with SKA. However, the difference
between SKA and SIA consists in a different treatment of
1g(00) [compare Egs. (B4) and (C2)]. This is quite obvious,
since the softness of the interface influences the free energy
required to increase the film thickness. We will discuss this
point in more detail in the following section.
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25 55 - . : . . TABLE 1. Planar surface tensions (Eq. (C2)), Tolman lengths
c.c ; (Eq. (40)), and the corresponding parameters for temperature kg7 =
i 0.7¢ according to a given auxiliary function approximating the
20 ¢ ' C 1 density distribution of the vapor-liquid interface. The parameters
| are from auxiliary function minimization. The surface tension given
15 »0_070 40 | by numerical DFT computations is y;, = 0.517¢/02 and p = (o +
o B'B 0)/2. Note that in the tanh case, the interface width is implicitly
> determined by the steepness parameter «.
10 + K .
ok | . Auxiliary function p;4(z) Vig(00) Argument 8o
B
51 A, J p— Ap‘;"' 0.544¢ /0 x =4.00 —0.070
< o — %Ap}% + 2Ap(§)3 0.532¢/02 x =540 —0.090
p — 22 tanh (az/0) 0.524¢ /02 o =0.66 —0.11¢
0 1 1 1 1
-0.03 -0.02 -0.01 0 0.01 0.02 0.03

Apje

FIG. 6. Isotherms and density profiles for a planar wall (dashed
lines) and a sphere with R = 1000 (solid lines) at kyT = 0.7¢ and
with wall parameters p,&, = 0.8¢/0> and o,, = 1.250. To directly
compare the planar to the spherical case, the film thickness instead
of adsorption is used as a measure. The subplots in the inset depict
the density po> as a function of the distance from the wall z/o
and (r — R)/o for the planar and the spherical cases, respectively.
The points A and A’ are at the prewetting transitions. Points B, B’
and C,C’ correspond to the same film thickness. B is at saturation,
whereas C is chosen such that the film thickness € is 200.

C. Comparison of SKA and SIA

We now examine the repercussions of the way the liquid-gas
interface is treated on the prediction of wetting behavior on a
spherical surface. As already mentioned in Sec. IV B, the linear
correction in the curvature to the planar liquid-gas surface
tension, ignored within SKA, is properly captured by SIA.
Furthermore, the presence of the Laplace pressure suggests
that the liquid-gas surface tension plays a strong part in the
determination of the equilibrium film thickness. This contrasts
to the case of a planar geometry, where the term associated with

10! 102 10° 10% 10°
R/o

FIG. 7. Numerical verification of Eq. (50). The film thickness ¢
is fixed and corresponds to the adsorption I'z = 3.905/52. The solid
line corresponds to the analytical result, Ay — 2y,§,'A(oo)/ (ApR) =
Ce, where 3 (00) = 0.524¢ /0 (see Table I). The symbols denote
the numerical DFT results.

the liquid-gas surface tension has no impact on the equilibrium
configuration.

To investigate this point in detail, we will first compare the
approximations of y;, as obtained by the two approaches. For
this purpose, we start with SIA for a given parametrization
of the liquid-gas interface. As shown in Table I, we employ
linear, cubic, and hyperbolic tangent auxiliary functions, where
the latter violates condition (35) negligibly. The particular
parameters are determined by minimization of a given function
with respect to the corresponding parameters. In Table I we
display the planar liquid-gas surface tension associated with
a particular parametrization and the Tolman length resulting
from Eq. (40) for the temperature kg7 = 0.7¢. In all three
cases the surface tension is close to the one obtained from
the numerical solution of DFT and also, the predictions of
the Tolman length are in reasonable agreement with the most
recent simulation results [29-31], with thermodynamic results
[32] as well as with results from the van der Waals square
gradient theory [33].

It is reasonable to assume that from the set of considered
auxiliary functions, the tanh approximation is the most realistic
one, although the numerical results as given in Table I suggest
that it is mainly the finite width of the liquid-gas interface,
rather than the approximation of the density profile at this
region, that matters. To illustrate this, we show in Fig. 8 the
dependence of the surface tension on the steepness parameter
o, determining the shape of the tanh function. Note that the
limit « — oo corresponds to the surface tension as predicted
by SKA, ylzgf; = 1.060¢ /0%, for kzyT = 0.7¢. Such a value
contrasts with the result of SIA, which corresponds to the
minimum of the function, and yields ylz,l"; =0.524¢ /02, in
much better agreement with the numerical solution of DFT,
yl];}:oz =0.517¢/0>.

Asymptotic analysis of the film thickness in Eq. (50)
reveals that the film thickness for large but finite R remains
finite even at saturation with £ ~ R'/3 in line with earlier
studies, e.g., Refs. [5,8]. From Eq. (50) one also recognizes
a strong dependence of ¢ on the planar liquid-gas surface
tension. In Fig. 9 we present the SIA and SKA predictions
of the dependence on £ as a function of the wall radius. The
comparison with the numerical DFT results reveals that for
large R, SIA is clearly superior, reflecting a more realistic
estimation of the liquid-gas surface tension. For small values
of R (and ¢) we observe a deviation between DFT and the
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FIG. 8. Plot of a dimensionless planar liquid-gas surface ten-
sion for the liquid-gas interface approximation p(z) = ’HT“" -
%tanh (xz/o) for kgT =0.7¢ as a function of the steepness
parameter ««. The upper dashed line is the surface tension obtained
from SKA, whereas the lower dashed line displays the surface tension

obtained from numerical DFT.

SIA results. This indicates a limit of validity of our first-order
analysis and the assumption of large film thicknesses.

The occurrence of the undersaturation pressure and the
Laplace pressure on the left-hand side of Eq. (50) suggests a
certain equivalence between the two systems of a planar and a
spherical symmetry once the sum of the two pressures is fixed.
In Fig. 10 we test this equivalence on the level of a density
profile, where DFT results corresponding to the planar and the
spherical case are compared, such that Ap|Au| = 2y,jg(oo) /R,
with j = {SIA,SKA}. A high value of y;,(00) as given by SKA
must now be compensated by a fairly large R. As we have seen
in Fig. 6, the high value of R means that the saturation line

s
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40 JE Pt 1
/"F ’./
4 7
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= 20 r + . 1
,*’4 P
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/,4’#,""
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FIG. 9. Film thickness at saturation (Au = 0) as a function of
the wall radius. The symbols correspond to the numerical DFT
results. The dashed line shows the prediction according to Eq. (51),
where y;3'4(00) = 0.524¢ /0> (see Table I). The dashed-dotted line
corresponds to Eq. (51) where y,5*4(c0) = 1.060¢ /0* is used instead
of y,i,““‘(oo). The wall parameters are p, &, = 0.8¢/0° and o, =
1.250 atkzT = 0.7¢.
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FIG. 10. Density profiles of the fluid adsorbed at the spherical
walls of radii R = 104.10 (dashed) and R = 210.60 (dashed-dotted)
in a saturated state and at the planar wall (solid line) in an
undersaturated state, Ay = —0.015¢. The wall radii correspond to the
equality 2y,£,oo/R = Ap|Ap| for j = SIA (dashed) and j = SKA
(dashed-dotted). kzT = 0.7¢ and the wall parameters are p,&, =
0.8¢/03 and o, = 1.250.

Ap = 0 is crossed by the adsorption isotherm at large £, in
agreement with the result depicted in Fig. 9. However, for
a given R, € as obtained by SKA is underestimated, which
follows from Eq. (51) with y,(00) = yIEKA(oo), which is
also consistent with the physical observation that high surface
tension inhibits growth of the liquid film.

Note that these results are not in conflict with the previous
study in Ref. [8], where the SKA has been applied for drying
on a spherical hard wall and very good agreement was obtained
with DFT computations. This is because in Ref. [8] the “exact”
(i.e., obtained from DFT computations) liquid-vapor surface
tension was implemented into SKA with a view to verify the
correctness of its functional form. Here, we show that the
coarse-grained effective Hamiltonian approach is capable of a
quantitatively reliable prediction of the adsorption phenomena
on a spherical wall (for a sufficiently large R), if the restriction
of the sharp liquid-gas interface is dropped. However, the price
we have to pay is one more parameter (compared to SKA) that
steps into the theory.

V. SUMMARY AND CONCLUSIONS

We have reexamined the properties of a well known coarse-
grained interfacial Hamiltonian approach, originally proposed
by Dietrich [1] for the study of wetting phenomena on a planar
substrate and based on SKA. SKA relies on approximating the
density profile by a piecewise constant function and has proved
to provide significant insight into interfacial phenomena as it is
mathematically tractable and gives reliable results for a wide
spectrum of problems. This theory is phenomenological in
its origin, but a link with a microscopic DFT can be made,
which allows one to express all the necessary quantities in
terms of fluid-fluid and fluid-substrate interaction parameters.
Comparison with numerical DFT reveals that SKA provides a
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fully satisfactory approach to the theory of complete wetting
on a planar surface.

One of the aims of this study was to demonstrate that for
a spherical geometry the prediction quality of SKA regarding
interfacial properties and wetting characteristics is limited.
More specifically, we demonstrated that SKA satisfactorily
determines the functional form of the asymptotic behavior of
the film thickness for large radii of the substrate but leads
to a significant quantitative disagreement in the prediction of
the adsorbed film thickness when compared against numerical
DFT. The source of the deviation is the presence of the
Laplace pressure that is not quantitatively captured within
the framework of SKA. This contribution originates in the
dependence of the free energy of the liquid-gas interface on a
position of a dividing surface, a property that is absent in the
planar case.

We then showed that the properties of the effective inter-
facial Hamiltonian approach can be substantially improved
if SKA is replaced by SIA, where the assumption of the
sharp liquid-gas interface is replaced by a less restrictive
approximation in which the interface is treated as a continuous
function of the density distribution. We demonstrated that
SIA allows for mathematical scrutiny as it is still analytically
tractable, e.g., it provides the curvature expansion of the
surface tensions (nonanalytic in the wall curvature) with the
leading-order term proportional to o/R. Moreover, it allows
one to express the corresponding coefficient, the Tolman
length, in a fairly simple manner and the values it predicts
for the Tolman length are in reasonable agreement with the
latest simulation results.

This is in contrast with SKA, where the linear term in
the surface tension expansion is missing, i.e., the Tolman
length vanishes. This observation is in full agreement with
the conclusion of Fisher and Wortis [28], since SKA treats
the fluid in a “symmetric” way, and thus the Tolman length
must disappear as for the Ising-like models. In other words,
according to SKA, the surface tension of a large drop is
equivalent to the one of a bubble, provided the density profiles
of the two systems are perfectly antisymmetric in the planar
limit. This is no more true for SIA, due to the asymmetry of
the “local” contributions to the surface tension, i.e., the first
term on the right-hand side of Eq. (38).

Furthermore, comparison with our numerical DFT revealed
that the SIA results of the film thickness as a function of
the wall radius offer a significant improvement to the ones
obtained from SKA. This follows from the fact that the surface
tension of the planar liquid-gas interface according to SKA
is overestimated, which in turn underestimates the interface
growth.

It should be emphasized that all the theoretical approaches
we have considered in this work are of a mean-field character,
i.e., they do not properly take into account the interfacial
fluctuations (capillary waves) at the liquid-gas interface.
However, for our fluid model of a power-law interaction, these
fluctuations are not expected to play any significant role, since
the upper critical dimension associated with the considered
system is d = 2 [34]. Nevertheless, what one has to take into
account in order to obtain the correct critical behavior, is the
broadening of the interface at the critical region. Evidently,
this feature is not provided by SKA. Consequently, within
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FIG. 11. Plot of liquid-gas surface tension vs t = 1 — T/ T,.. The
squares are the result of SIA, where a simple linear interpolant has
been used to model the interface density profile. The surface tension
has been obtained by minimizing the grand potential with respect to
the interface width x. The solid line is a fit to y;(c0)o? /e = C13/2,
where the resulting coefficient is C = 3.4. The inset shows a plot of
the interface width x /o over . The solid line is a fit to x = C,t~¢,
where C, = 2.0 and a = 0.57.

SKA the liquid-gas surface tension vanishes ast = 1 — Tl [5].
In contrast, SIA provides the expected mean-field behavior
¥ig(00) ~ 13/2, as it is able to capture the interface broadening
near the critical point (see Fig. 11).

The SIA developed here can be naturally extended by
“softening” the wall-liquid interface in an analogous way
as done for the liquid-vapor interface. However, such a
modification would have presumably only negligible impact
on the prediction of the thickness of the adsorbed liquid
film, since the contribution to the excess free energy from
the wall-liquid surface tension has no ¢ dependence and the
change of the binding potential is expected to be small. On
the other hand, it may be interesting to find the influence of
this refinement on quantities such as the density profile at
contact with the wall. Howerver, for this purpose a nonlocal
DFT (e.g., Rosenfeld’s fundamental measure theory) would be
needed [8,35,36].

We also note that despite our restriction to a model
of spherical symmetry, our conclusions should be relevant
for general curved geometries and should capture some
of the qualitative aspects of wetting on nonplanar sub-
strates. Of particular interest would be the extension of
this study to spatially heterogeneous, chemical, or topo-
graphical substrates. Such substrates have a significant ef-
fect on the wetting characteristics of the solid-liquid pair
(e.g., Refs. [37-42]).
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APPENDIX A: NUMERICAL METHODS

For our computations we employ dimensionless values. We
use o and ¢ as the characteristic length and energy scales,
respectively.

1. Density profile

To obtain the equilibrium density profiles, the extremal
conditions (9) and (13) for the planar and the spherical case,
respectively, must be solved numerically. As both cases are of
dimension one, the same numerical method can be applied and
we restrict ourselves to presenting the numerical method for
the planar wall, W = R? x R~.

The domain R normal to the wall is restricted to an interval
of interest [z¢,z ] With boundary conditions p(z) = 0 for z <
zo and p(z) = p, for z > zy. z0 € (0,1) is typically chosen
to be 0.6. This can be done due to the repulsive character of
the wall. The interval [zg,zy] is then divided in a uniform
mesh, z; = zo +iAz withi =0, ...,N, where Az = (zy —
z0)/ N is the grid size. Subsequently, the integral in Eq. (9) is
discretized using a trapezoidal rule inside the domain [zg,zy],
whereas the analytical expression

o0
Wpi, (Z)Zf Gpiy(z') d7
z

(4 + 4n) o
- 47‘[80‘3[% (5)9 — é (9)3] , ifz>o0o

Z

ifz<o

is used for the integral outside that interval. Hence, we obtain a
system of N + 1 nonlinear equations with {p;, i =0, ...,N}
as unknowns, namely,

8i(00, -+ ., on) = pus (0i) +Veo(2i) — +0gWpra (Zy — 2i)
Az N—-1
+5 Zl<2 —8j0— 8;Mp;Peuallz; — i) =0,  (AD)
]:

where §;; denotes the Kroenecker delta, which we have used
in order to take into account the grid size at the boundaries.

This system of equations is solved using a modified Newton
method, where each step Ap is rescaled with a parameter A
such that p"*! = p" + LAp is bounded in (0,6/7) in order to
avoid the singularity of Eq. (8). Note that we have made use
of the vector notation p := (g, . . .,p,)" . In each Newton step
n, the linear system of equations

J-Ap=g(p") (A2)
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has to be solved, where the elements of the Jacobian matrix J
are given by

Az
— =§;juys(pi) + 7(2 —8j0 — 8jn)Ppallz; — zil).
(A3)

2. Adsorption isotherms

Solving Eq. (Al) will only give one density profile p
for each chemical potential . However, in the case of a
prewetting transition, there can be multiple solutions for
the same chemical potential. From these solutions, only
one is stable, whereas the other solutions are meta- or
unstable (see also Sec. III A). In order to compute the full
bifurcation diagram of the set of density profiles over the
chemical potential, a pseudo arc-length continuation scheme
is developed similar to the one employed by Salinger and
Frink [43].

More specifically, we introduce an arc-length parametriza-
tion such that (u(s),p(s)) with s € R is a connected set of
solutions of condition (A1), and where we have included the
chemical potential p as an additional variable:

g(u,p) = 0. (A4)

The main idea of the continuation scheme is to trace the set of
solutions along the curve parametrized by s.

Assume that a point (1", p") at position s” on the curve is
given, where n is the step of the continuation scheme being
solved for. First, the tangent vector (ilz_l;’ fl—f) at position s” is
computed. This is done by differentiating g(s) := g(1t(s),0(s))
withrespect to s. From Eq. (A4), itis known that g is a constant
equal to zero on the curve of solutions [ (s), p(s)]. Hence, the
differential % vanishes:

d 9 du
8 _ (%8 ). @) =, (A5)
ds I d—’;
where J is the Jacobian as defined in Eq. (A3) and
0gi d
98 _ + ﬁq”Pla(ZN = i) (A6)

ou du

The second term takes into account that p, for the density at
z > zy depends on the chemical potential. In our computa-
tions, we have approximated % by —1. Equation (AS5) is the

defining equation for the tangent vector (17, p%) = (‘%, ’%’).
We remark that this homogeneous system of linear equa-
tions leaves one degree of freedom, as we only have N + 1
equations, but N + 2 variables, (1, p7). An additional equa-
tion is then used to maintain the direction of the tangent vector

on the curve of solutions:

it ) (o) =1

where (p,’}_'

iteration.

In a second step, an additional equation for a point at the
step size € away from (u",p") and in the direction of the
tangent vector (M’%_l (p’}_')T) is set up. For this purpose
we introduce a scalar product, which takes into account

(p’;_l)T) is the tangent vector of the previous
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the discretization of the density profile into N intervals of
length Az:

((M19P1)|(M2»P2)>

=i+ 3in)p1jpaj- (A7)

Az &
t3 200
j=0
The norm with respect to this scalar product is defined as

(oIl == (e, p) | (e, 0)) "2 (A8)

The curve of solutions (u(s), p(s)) is now parametrized by the
arc length with respect to the norm given above, such that,

s"+0 d d
[l @) ee=e
o ds’

Linearizing the norm around s” and making use of the
approximate tangent vector (iu7,07) at s”, one obtains

(15, 05| (5™ + 6) — (™), p(s™ + 6) — p(s™))) = 6,
(A10)

(A9)

where we have made use of the normalized tangent vector such
that

(7. pp)ll = 1. (ALD)

Inserting  (u"*!, 0"t for (u(s" +0),p(s" +6)) into
Eq. (A10) leads to the additional equation for the next point
on the curve of solutions:

Kn(anLl’pl‘H»l)
— <(Mr}’pr;)}(un+l _ Mn’anrl _ pn)>

For a geometric interpretation of Eq. (A12), see Fig. 12.

To obtain (u"*!,p"*1), Eq. (A12) is solved together with
Eq. (A4). This is done using a Newton scheme. In each Newton
step, the following system of linear equations is solved:

Ml;‘ (l—)r;)T ' (A//Lm> _ (Kn (Mll,m’pn,m)> (Al3)
o Ap™ g o) )

where we are considering the nth step of the continuation
scheme and the mth step of the Newton method, such that

—0=0. (A12)

FIG. 12. Sketch of one iteration step of the continuation scheme.
x" and x"*! are consecutive points of the iteration, where x = (i1, p).
X7 is the tangent vector at x”. By following the curve of solutions in
the direction of the tangent vector, the pseudo arc-length continuation
scheme is able to trace the curve of solutions through turning points
with respect to the parameter p.
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n,m+1 n,m—+1

Api=p —u™™ and Ap™:=p
more, we have made use of

— p"™. Further-

—n Az n
Pr,j = 7(2 —3jo— 5jN):0T,j~

Finally, Eq. (A13) is solved using a conjugate gradient method,
where the Jacobian (A3) of the system is approximated
by introducing a cutoff of five molecular diameters for the
intermolecular potential ®pj,.

APPENDIX B: SURFACE TENSION AND BINDING
POTENTIAL IN SKA

1. Surface tension

According to Gibbsian thermodynamics, the surface ten-
sion is the free-energy cost to increase an interface by unit
area, i.e., the excess free energy (excess grand potential for an
open system) per unit area with respect to the corresponding
uniform phases. Within SKA, the liquid-vapor surface tension
can be obtained from Eq. (7), with

_Jpa, TeVy
pr) = {PB, r e Vg, (B)
where V4 N Vz = 0 and V4, U Vg = R3. The convenience of

the expression for the excess grand potential as given by Eq. (7)
becomes evident now, as for py = p;, pp = pg, and no external
field, only the second term in Eq. (7) matters. One then gets
an immediate result for the liquid-gas surface tension,

ska _ Qex (1= pg)?
Ve = 7 =~

1 " I1(V4,Vp),

(B2)
where

1
I(V4,Vp) = zﬂl /v ¢(Iry —r2D)dridr,. (B3)

For the surface tension of a planar interface we have V4, =
V.0 and Vg = V_5( such that

I V< V.,
I0Vec0. Vez0) _ / f Op(lz — ) d< dz.

with ®py, defined by Eq. (11). Thus, for the liquid-gas surface

tension we obtain
f / Ppia(|z — 2'|)dz' dz

:—nA got
4 o*

In the case of a spherical symmetry, i.e., a drop of liquid of
radius R, V4 = {r e R® : |r| < R} and VB reR3:|r| >
R}, the surface tension becomes
](Vr<RsVr>R)

47 R?

= / / ( )CDSPh(rr)dr dr
0

r
:—T . <R> \I/R(r)dr

21n(R/0)
= m(oo)( s wjor + 0((a/R)2)>, (B5)

Vig N(00) =

(B4)

Vig (R) = —Ap?
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where Ap = p; — pg and Pgpn(r,r’) = [, $(Ir — r'|)dr’ can
be advantageously expressed in terms of ®pj,:

®Sph(r»r,)

2r  pw
=/ / p(Ir — r')r? sin®’ dv’ dg’
0 0

= 27" / ¢(\/r2 —2rr’ cos ¥ + r'?)sin’ do’
0

1 p(rtr)?
=T —
r (r—r")?

P(V1)dt
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o0

nr—/[foo ¢(«ﬁ>dt—f qw?)dt]
rLJo—ry (r+r)?

r/ [o¢]
=27 — |:/ oV (r — )2+ uudu
rLJo

— /00 oK +1)2 +uu du:|
0

!/

= r?[q)Pla(V = r']) = el + 7D, (B6)

and forr > R,

a® 1 r49R r—9R 2 r=3R r+3R
R reot | Bloiry — torpl + Clizmy — Girr ) Rto<r
W (r) E/ Dspn(r,r')dr’ = 3 (B7)
0 r 26 r 9 2 2 27 o r49R 2 r+3R
e TR =)t 5 Ry O e T < RO

Note that expression (B5) gives a vanishing Tolman’s length.

2. Binding potential

The binding potential of a system possessing two interfaces
is the surface free energy per unit area of the system minus the
contribution due to the surface tensions of the two interfaces.
It expresses an effective interaction between the interfaces
induced by the attractive forces. If, analogously to the analysis
above, we define three disjoint subspaces Vy,, V,, and Vg,
such that Viy U V4 U Vg = R3, the density distribution of the
wall-liquid-gas system within SKA is

0, re VW
p(r)=1p, TreVy (BY)
Pg, T € Vp,

which when substituted into Eq. (7) gives for the excess grand
potential:

Qex = —AuAPVa = p*1(Viw, Vi) = o1 (Vi Vi)

(AP I(Va,Vp) + / V(r)p(r)dr.  (BY)

VYaUVp

We now rearrange the terms in Eq. (B9), such that

Qex(€) Vi SKA A SKA SKA
=—AulAp— +vy, + zy,g + w2 (),
(B10)

where A = [i dS is the surface of the wall and A’ =

fa(v‘tuA) dS is the surface of the liquid-gas interface. We
obtain

1
VuS}lKA = (—PJZI(VW,VA U V) + /01/ V(r) dl‘) ,
'A VY UVp
(B11)
1
Vit = —Z(Ap)%(VW U V,, V), (B12)

and the binding potential wSKA

contribution

involving the remaining

1
w0 = — (2,01A,01(VW,V5) —Ap / V(r) dr> )
A Vv,
(B13)

Having obtained the expressions of 7(X,Y) for systems pos-
sessing translational or spherical symmetry, we can evaluate
the binding potential in the planar case by making use of V,, =
R2 x (—00,8], V4 = R? x (8,£) and V5 = R? x [£,00):

UJSKA(Z)
plane o0 o0 / ’ o0
= Ap (:01/ / Dpa(z')dz dz _/ Voo(Z)dZ)
-8 Jz J4
= A 1+ 2+3; 8 + 0((8/0)°) (B14)
T 12me2 | — Putu%s ¢
P eo

In the spherical case we make use of V,, = {r e R?: |r| <
R+68), Vy={reR}>: R+68<|r|<R+¢}, and Vp =
{r e R3:|r| > R + £} to obtain

. ¢
wSKA (£: R) P SKA (4 00) (1 + E) , (B15)

where we have neglected terms O ((8/¢)*,8/R, l(",gg/el;)).

APPENDIX C: SURFACE TENSION, BINDING POTENTIAL,
AND THE TOLMAN LENGTH IN SIA

1. Surface tension

The surface tension of a planar liquid-gas interface in SIA

o1 < —x/2
Ple,00(2) = 3 pig(2), |zl < x/2 (&)
Pg> z2x/2,
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is obtained by substituting Eq. (C1) into Eq. (7) with V(r) = 0,

Qex [plg,oo]
A

x/2
= _/ {p[plg,oo(z)] — ploret(2)]}dz

x/2
1 o0 o0
+ 5/ / Pig, 00D Prg,00(Z) — Pig,00(2)]
—00 —0oQ
X ®pa(z,2)dz' dz, (C2)

VIZIA(OO) =

where pf(z) denotes the density of a given bulk phase,
ie., pref(z) = 0O(=2) + p,O(z) such that at saturation
Ploref(2)] = pref = const. We note that in the above approx-
imation the contribution due to the excess local pressure is
generally nonzero (in contrast to SKA).

In the spherical case, the density profile is

o, r<R-—x/2
Pig.r(r) =3 pir = R), |r—R| < x/2 (C3)
Pg. rzR+x/2,
and the surface tension of a liquid drop of radius R is
Qex[pl R]
SIA s
R) = el
Vg (R) 47 R?
Rtx/2 1\ 2
= —/ {ploig,r(r)] — pref}(_) dr
R—x/2 R

1 o0 o0
s / / Pk O P1 () — Pre.r ()]
0 0

2
x CIJSPh(r,r’)(%) dr' dr. (C4)

2. Tolman length

Here we calculate the Tolman length as given by SIA by
a direct comparison of Egs. (C2) and (C4). We first compare
the second terms of Egs. (C2) and (C4). For this purpose we
define

hir(r,r") = pig R (o1 (") — pig. r(r)] ©5)
and h(r,r’) = plg,oo(r)[plg,oo(r/) - plg,oo(r)L

and making use of Eq. (B6) we can express the double integral
in Eq. (C4) as

g2 [ [® - 2
—/ / hR(r,r’)CDSph(r,r')(—) dr'dr
& 0 0 R

02 oo o]
= —f / h(r,r)[®@pra(|r —r'|)
& J_RJ-R

r’ r
—®p(I12R +r —1'])] <1 + E) (1 + E)dr’ dr

02 00 00
- / / B ) ®pa(lr — ')
& J-RJ-R

12"V (14 2 ar dr + 0(0/RY
X(+E><+§>r r+ O((o/R)’)

o_2 oo [e'e]
= —/ / h(r,r")®pia(|r — ')
& J-RJ-R
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r—+r , In(R /o)
x(1+ R )drdr—i—O((R/a)z)

02 o) 00
= —f f h(r,r")®pia(|r —r'|)
& JooJ-o0

r+r , In(R/0o)
x<1+ R )drdr—i—O((R/U)z). (C6)

Comparison with the double integral in Eq. (C2) then yields

2 00
:_R // h(r.r)@pia(r — r'(r + ') dr' dr
o (ln(R/o))
(R/0)?
2 0 00
= :—R/ / LRGP + h( ) Dplr — ') dr dr
0 (hl(R/cr))
(R/o)?
o2 [® [™
- _5/ / FlP1g.0o(r') = prg oo (M

In(R/o)
(R/o)? ) '

X ©pa(|r — ¥’ Ndr’ dr + O (

In the following, we focus on the asymmetry of the model due
to the contribution of the pressure, but for simplicity we assume
that the density profile is symmetric. In this case, the integrand
in the above expression is antisymmetric with respect to the
reflection transformation r — —r and »" — —r’ and the term
O(o/R) vanishes.

For the difference of the first terms of Egs. (C4) and (C2)

we obtain
0% [ \?
_? A {P[Plg,R(V)] - pref}(;) dr

o [
+ ? / {p[ng,oo(Z)] - pref} dz

20.2 x/2
TR 7x/2{P[plg,00(Z)] — Pref}zdz
+0((o/R)). ()

yielding a Tolman length

1 x/2
= W /;X/Z{P[Plg(z)] - pref}z dZ. (CS)

Note that in line with [28], the Tolman length does not depend
on the choice of the dividing surface.

3. Binding potential

The extension of the expression for the binding potential,
Eq. (B15), as given by SKA is rather straightforward. We
consider the density distribution as follows:

0, r e VW
o1 re v,
= C9
P Pig(r), r e Vyp (©9)
Pg> re Vs,
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for Vi, a sphere of radius R + §, for Vy, U V4 a sphere of
radius R+ ¢ — x/2, and for Vyy UV, U V,p a sphere of
radius R+ £+ x/2 and Vyy UV, UV U Vyp = R3. Such
a model is relevant for the study of wetting on a spherical
(R finite) and on a planar (R — oo) wall. It should be
noted that in contrast to SKA, this density distribution is
not piecewise constant, due to the position dependent part of
p(r) in the region V4. Furthermore, we define the following
operators:

1
[XY]= —5/ /[,0(1’) — p()P(r —r'|)dr dr,
X JY

1
XYy =5 / / [Pui(F) — purEI2G(E — P dr dr,
XJY

1
(XYl —5/ /[ng(r)—ng(r/)]2¢(ll’—r/|)dr’dr,
xJy
with  py(r) = prxra\v,, (X) and - pre(r) = prxv,uv, (1) +
Pie(T)xv,, (r) + pg xv,(r), where xx(r) is the characteristic
function of a subset X. Using this convention, the wall-

liquid and liquid-gas surface tensions can be respectively
expressed as

1
Ywl = Z([VWVA] +[Vw(Vap U Vp)lu +/,0w1(l’)V(l’)dl’>

1 1
Vg =3 ([VABVB] + E[VABVAB] + [Va(Vyap U Vp)]
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+ [VW(VAB ) VB)]lg - / {P[Plg(l')] - pref} dr)5

VAB

where A = 47 R®. When this is subtracted from the surface
grand potential (7), which can be written as

Qex
A

1
= <[VWVA] + [V (Vap U Vp)]
1
+[Va(Vap U Vp)] + E[VABVAB] + [Vap V3]

- / {pLoig(r)] — plowt()]} dr + / p(r)V(r)dr),

AB

(C10)

one obtains for the binding potential:

1
wh = ([VW(VAB U V)l — [Vig(Vag U Vi)lu

[V (Vag U V)l + / V() p(r) — pw1<r>dr]>.

In spherical coordinates, the binding potential reads

R+5 o) r 2
wSA = / / (E) pilor — p(r')]
0 R+-L—x/2

X Pgpn(r,r)dr’ dr

00 2
+ / [p(r) — o1l vR(r)(%) dr. (ClD)
Rt—y /2
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Test-area deformations are used to analyze vapor-liquid interfaces of Lennard-Jones particles by
molecular dynamics simulation. For planar vapor-liquid interfaces the change in free energy is
captured by the average of the corresponding change in energy, the leading-order contribution. This
is consistent with the commonly used mechanical (pressure-tensor) route for the surface tension. By
contrast for liquid drops, one finds a large second-order contribution associated with fluctuations in
energy. Both the first- and second-order terms make comparable contributions, invalidating the
mechanical relation for the surface tension of small drops. The latter is seen to increase above the
planar value for drop radii of ~8 particle diameters, followed by an apparent weak maximum and
slow decay to the planar limit, consistent with a small negative Tolman length. © 2010 American

Institute of Physics. [doi:10.1063/1.3376612]

It is striking that though almost a century has passed
since Gibbs formulated his thermodynamic theory of curved
interfaces, there is still widespread controversy about the de-
pendence of the surface tension on the curvature (size of a
drop) and the validity of the mechanical route to the surface
tension.'™ The formal approach of Gibbs is intimately con-
nected with the relations of Laplace, Ap=2+v,/R,, and Tol-
man, Y(R)/y,=1-28,/R+..., for drops of radius R. Here,
Ap=p,—p, is the pressure difference inside (1) and outside
(g) the drop, y,=v(R,) is the interfacial tension associated
with the surface of tension R;, .. is the value for the planar
gas-liquid surface, and the Tolman* length &, is defined rela-
tive to the radius of the equimolar surface R, as &,
=limRﬁw(Re—Rs).

There are three basic routes to the definition of the
tension:' Thermodynamic (Gibbs and Tolman), mechanical
(Laplace and Young), and statistical mechanical (density
functional and related theories). The thermodynamic and me-
chanical routes are macroscopic theories, so there has been
much debate about their applicability to small systems such
as nanoscale liquid drops or bubbles. One key question is
whether the mechanical relations based on the pressure virial
(formulated in terms of the appropriate tensorial compo-
nents) that make use of the concept of the bulk pressure of
the coexisting states are appropriate at these length scales for
curved surfaces.

While the Laplace equation essentially defines the ratio
v,/ Ry, the first-order form of Tolman’s theory is appropriate

YAuthor to whom correspondence should be addressed. Electronic mail:
g.jackson@imperial.ac.uk.

0021-9606/2010/132(14)/141101/4/$30.00

132, 1411011

only for sufficiently large drops. One can view &, as the
leading-order correction to the tension of a planar surface.
Despite its fundamental role in studies of interfacial proper-
ties of curved surfaces and theories of nucleation, there is
still much controversy as to even the sign of ... Microscopic
statistical mechanical approaches including square gradient
theories (SGTS),j’6 curvature expansions of the planar
interface,”® and density functional theories (DFTSs), including
local’"! and nonlocal>™'* treatments, have led to conflicting
views on the magnitude and sign of &., as well as the cur-
vature dependence of the surface tension. The widely ac-
cepted view from this body of work is that §,=0 and that
there is a small maximum in v, (R) as the drop radius is
decreased, then followed by a sharp decrease. This is sup-
ported by studies on the penetrable sphere model"® (which
can be solved exactly at the mean-field level at zero tempera-
ture) where one finds a negative Tolman length (8,=—0/2),
with o the molecular diameter.

By contrast, the vast majority of computer simulation
studies suggests that 6,>0. In most simulations of liquid
drops, the mechanical route to the interfacial tension is em-
ployed, usually involving an integration of the gradient of
the normal component of the pressure tensor from the center
of the drop to the bulk vapor phase.m’19 In this case one
predicts a monotonous decrease in the surface tension with
increasing curvature (decreasing drop radius) from the planar
limit (infinite radius); this would correspond to &8,>0
throughout. As was pointed out early on by Schofield and
Henderson,” there are fundamental problems in employing
local pressure tensors and the associated definition of the
internal pressure for microscopic (high curvature) drops.

© 2010 American Institute of Physics
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This leads to a mismatch in the free energy of the formation
of a drop determined via the mechanical and thermodynamic
routes as observed in simulation.*’ Macroscopic thermody-
namic routes based on a combination of the Laplace and
Tolman relations have been employedI6 but also suffer from
the ill-definition of the internal pressure and density of the
liquid. One can estimate the interfacial tension from the free
energy change accompanying a volume deformation of
spherical surfaces using a virial-like expression;21 these re-
sults for the surface tension are in disagreement with those
obtained from the direct mechanical route. Recent grand ca-
nonical simulations®* and a thermodynamic analysis of large
drops based on the Laplace—Tolman relations® both now ap-
pear to suggest a small negative 8., which is consistent with
the findings of DFT.

The aim of this paper is to use a new method for the
calculation of the surface tension of small liquid drops in
molecular simulation, highlighting the role played by the
fluctuations in the energy of deformation. The method relies
on the thermodynamic definition of the surface tension and is
thus free from the inconsistencies associated with the appli-
cation of the mechanical route. A variant of the test-area
(TA) method?* is used where small virtual perturbations are
made in the box dimensions of systems with interfaces to
obtain the change in free energy associated with the corre-
sponding change in surface area. For a fluid drop of radius R,
the change in the Helmholtz free energy F is expressed ther-
modynamically as'

dF ==S8dT - p,dV,+p,dV,;+ pdN + ydA + CdR, (1)

where S is the entropy, V, ; are the vapor and liquid volumes,
T is the temperature, u is the chemical potential, N is the
number of particles, A is the interface area, and C is the
conjugate variable for R. The surface tension of a drop is
given by

JF
—] =x, 2
(M)er Ys (2)

where the minimal interfacial tension 7y, defines R and cor-
responds to taking C=0. The change in free energy AF due
to a virtual change in area AA can be expressed as the aver-
age of the Boltzmann factor of the corresponding change in
configurational energy AU

AU
AF=-kT1n exp(—ﬁ) (3)

=(A0) - S (AU - (A0

1
+
6(kT)?

{AU?) - 3(AU?XAU) + 2(AU)*}. 4)

The averages are over configurations of the unperturbed ref-
erence system. In Eq. (4) AF is expressed as a perturbation
series to O((AU?)), where the first-order average of the
change in energy is AF;=(AU), the second-order energy
fluctuation term is AF,=—{{AU?—(AU)*}/(2kT), and the
third-order contribution is denoted by AF;. The full Boltz-
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FIG. 1. TA deformations of a planar liquid-vapor interface of the LJ-TS
fluid. MD simulations of N=749 particles in a periodic box of dimensions
L,=L,=7.8850 and Lz=6L, at T*=kT/€=0.8 over 3 X 10° timesteps. The
deformations correspond to ch&ges in the box dimensions (particle coordi-
nates) of L/ =L N1+¢ L/ =L 1+ and L!=L_/(1+§). (a) The contributions
AF,/AA and AF,/AA to the change in free energy per unit area (in units of
€/d?) (AA*<0, +; AA*>0, X; and average, @). The interfacial tension
¥*'=7y0?/ € is obtained by extrapolation to AA*=AA/0?=0. (b) The distribu-
tion P(AU) of the change in energy (relative to its average in units of €)
scaled at the maximum peak height for different relative deformations AA*.
The width (standard deviation, o)) is depicted in the inset.

mann form, Eq. (3), is employed in, e.g., the test-particle
approach for the chemical potential,25 or the volume pertur-
bation method for the pressure26 and the pressure tensor.”’

The tension is obtained as the change in free energy per
unit area for infinitesimal perturbations to O((AU?)),

i AF, AF, AF; 5

fvic) WVIMVVIRY! ©)
The leading term, AF,=(AU), corresponds to the mechanical
work involved in changing the area of the interface, which
can be directly associated with the so-called virial expression
for the tension®® (expressed in terms of averages of the ap-
propriate components « of the virial, (x,(dU/dx,)), at the
Hookean linear-response level). The corresponding entropic
contribution due to the deformation is® TAS={(U}AU)
—(UAUY}/ (KT).

In the case of a planar interface, it is well known that the
interfacial tension can be obtained formally from the virial
expression,l’28 i.e., entirely from the leading-order contribu-
tion of Eq. (5). This is exemplified for a planar vapor-liquid
interface of Lennard-Jones (LJ) particles (of diameter o and
well depth e, truncated and shifted TS at r,=2.50) as shown
in Fig. 1. A planar interface is first stabilized during an NVT
molecular dynamics (MD) simulation of the inhomogeneous
system with a liquid slab in the center of a box

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 2. TA ellipsoidal deformations of a spherical drop of LJ-TS liquid of
radius (R,)=5.550 in coexistence with its vapor. MD simulations of N
=749 particles in a periodic box of dimensions L,=L,=L,=200 at T"=0.8
over 1.5 X 10° timesteps. The deformations correspond to changes in the box
dimensions (particle coordinates) of L;:LN] +¢, L;:Ljv“l +& and L]
=L,/ (1+&) (where i, j, and k denote any of the Cartesian axes). (a) The
contributions AF,/AA, AF,/AA, and AF;/AA to the change in free energy
per unit area (in units of €/ 0?) (prolate, +; oblate, X; and average, @). The
tension y*=1y0?/ € is obtained by extrapolation to AA*=AA/0>=0. (b) The
distribution P(AU) of the change in energy scaled at the maximum peak
height for different relative deformations AA™; the width o, is depicted in
the inset. The Gaussians for the planar interface are shown dotted (note the
very small scale in comparison).

separated by two vapor regions. The change in configura-
tional energy due to small test changes in the dimensions of
the box such that the interfacial area is increased or de-
creased at fixed overall volume is then computed to estimate
the various contributions in Eq. (5); the limit of infinitesimal
deformations is obtained by extrapolation to AA— 0. From
Fig. 1(a) it is clear that only the leading mechanical term
AF,/AA contributes to the interfacial tension of a planar
interface, confirming the validity of the pressure-tensor route
in this case. The fluctuation term AF,/AA is very small by
comparison and does not contribute to the tension in an ap-
preciable way; this is also true for the third-order term. In
Fig. 1(b) we plot the distribution P(AU) of the change in
configurational energy (relative to (AU)) for different area
perturbations; the distribution is well represented by a
Gaussian, the width of which (o,;) decreases to zero
with AA—O0, consistent with a very small AF,/AA
~1x107%/ o

The overall physical picture is fundamentally different
for a nanosized spherical drop of liquid in contact with its
vapor. Once the drop has been stabilized, its size can be
characterized from the density profile p(r) as a function of
the distance r from its center by calculating the Gibbs divid-
ing surface R>=(p,~p,)~' [drrdp(r)/dr, corresponding to an
area of A=4’7TR§. Virtual perturbations from the equilibrium
spherical drop geometry are made with test changes in the

J. Chem. Phys. 132, 141101 (2010)
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FIG. 3. The surface tension of spherical drops of LJ-TS fluids with average
radii (R,/ 0)=5.55, 6.12, 8.04, 11.7, and 14.6 at T*=0.8 from TA ellipsoidal
deformations (@), compared with the values from the mechanical route
(Ref. 19) (OJ), and the data of Thomson et al. (Ref. 16) (A), El Bardouni
et al. (Ref. 21) (©), and Schrader ef al. (Ref. 22) (continuous curve); the
planar limit is shown dotted. The predictions of FMT (Ref. 14) are depicted
in the inset (dashed curve).

dimensions of the simulation cube: Two of the Cartesian axes
are decreased (or increased) in length, and the third is in-
creased (or decreased) such that the overall volume remains
constant. The perturbed states correspond to ellipsoidal drops
of prolate (or oblate) shape, which always have larger sur-
face areas than the original drop, AA>0. This essentially
corresponds to the longest P, (Legendre polynomial)
capillary-wave oscillations possible for the drop;3 the
capillary-wave surface tension is equivalent to the thermody-
namic one at least to leading order in curvature O(1/R).
Averages are then accumulated over very long runs of
~1.5 X 10° timesteps, corresponding to microsecond runs for
typical molecular parameters. The term AF,/AA is more
than two orders of magnitude larger in the case of the drop
than for the planar interface system of comparable size [cf.
Figs 1(a) and 2(a)]. The most significant difference is the
large contribution from the second-order energy “fluctua-
tion” term AF,/AA for the drop, which was negligible for
the planar interface; this term is now comparable in magni-
tude to, but of opposite sign than, the first-order term. The
third-order terms remain essentially negligible. As a result,
both the first- and second-order terms contribute to the sur-
face tension of the drop. A thermodynamic characteristic of
the drop is thus the nonvanishing (and large) fluctuation
term, which is clearly an indication of an additional entropic
contribution. This can be seen in the distribution of the
change in configurational energy for different TA perturba-
tions [Fig. 2(b)]. The data are again well described as Gaus-
sians, but though the width now appears not to vanish in the
limit AA— 0 its variance of course does, i.e., limy,_,q a'iU
=0 and where in this case limyy,_,o AF,/AA#0. The fact
that limyy .o AF5~0 for both the planar and curved systems
suggests symmetrical Gaussians.

The dependence of the surface tension computed from
ellipsoidal deformations as a function of the drop size (for
systems with N=749 to 11 334) is depicted in Fig. 3. Here
the tension is computed for R, rather than R, though y,=7v,
to O(1/R?). The behavior obtained with our thermodynamic
TA approach does not support the findings obtained from a
standard pressure-tensor route (e.g., the recent MD data of
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Vrabec et al.w). This is in line with the concerns of Schofield
and Henderson,” and others®*** about the inadequacy of the
mechanical route for very small systems. For drops larger
than R,~ 8 we observe values of the surface tension which
appear to be slightly larger than the planar limit, y(R) > 7.,;
because the tension has to converge to y., when R— oo, this
suggests a nonmonotonic behavior of the tension with in-
creasing curvature and a corresponding weak maximum. Our
values are consistent with the data point reported by El Bar-
douni er al.?' estimated from the surface free energy change
and with the small maximum observed by Schrader et al.”
using a Landau free energy approach in the canonical en-
semble (though the authors do not comment explicitly on this
point). The calculations of the tension of curved interfaces
from curvature corrections, SGT, and DFT (which have been
brought into question because of their failure to reproduce
existing simulation data) are now supported by our data. In
the inset of Fig. 3 we compare the TA data for the surface
tension of drops with those from a nonlocal DFT using fun-
damental measure theory (FMT) ;' a maximum is predicted
with FMT at R,~ 10.

Three main conclusions can be gleaned from our study.
First, there is clearly a large fluctuation contribution to the
interfacial tension of nanoscale spherical drops (and most
likely other curved surfaces) in addition to the underlying
first-order (mechanical) contribution, which fully describes
the planar interface. Such contributions from fluctuations in
the energy are not found in the planar limit to any significant
degree (at least for the conditions examined here away from
the cricial region). Second, our results do not therefore sup-
port the validity of a mechanical (pressure-tensor) route to
the interfacial tension for surfaces of high curvature such as
small drops. This is in line with the warning of Blokhuis and
Bedeaux® that the use of a mechanical approach in this con-
text “is still a matter of concern” and that it is “advisable not
to use the pressure-tensor whenever this can be avoided.”
Our data are not consistent with the monotonic dependence
of the surface tension with curvature obtained from a me-
chanical treatment. As well as contributions in {x,(dU/dx,)),
the correct “virial” expression for the surface tension would
have to contain terms in averages of the type (x,(dU/dx,))
X(xg(dU/dxg)) and (xxg(dU/dx,)(dU/dxg)), which would
involve up to four-body correlations for pairwise additive
potentials. This suggests that there are additional contribu-
tions to the change in the entropy due to the deformation of
small drops involving quadratic terms in AU: (AU?), (AU)?,
(UAU?, (AUXUAU), (UXAU?), and (UXAU)?. As a final
point, the rise in the surface tension above that of the planar
limit after a certain drop size would be consistent with a
negative Tolman length. Our data for the larger drops suggest
a value of 6./0~-0.2%0.3. Though the statistical uncer-

J. Chem. Phys. 132, 141101 (2010)

tainty is large, our finding supports the exact mean-field pre-
dictions for the penetrable sphere model" and is consistent
with the latest accurate value of —0.10*=0.02 determined
from the Laplace relation for a large N=100 000 particle
system.23
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Abstract

The structural and interfacial properties of nanoscopic liquid drops are assessed by means of mechanical,
thermodynamical, and statistical mechanical approaches that are discussed in detail, including original developments at
both the macroscopic level and the microscopic level of density functional theory (DFT). With a novel analysis we show
that a purely macroscopic (static) mechanical treatment can lead to a qualitatively reasonable description of the surface
tension and the Tolman length of a liquid drop; the latter parameter, which characterizes the curvature dependence of
the tension, is found to be negative and has a magnitude of about a half of the molecular dimension. A mechanical slant
cannot, however, be considered satisfactory for small finite-size systems where fluctuation effects are significant. From
the opposite perspective, a curvature expansion of the macroscopic thermodynamic properties (density and chemical
potential) is then used to demonstrate that a purely thermodynamic approach of this type cannot in itself correctly
account for the curvature correction of the surface tension of liquid drops. We emphasize that any approach,

e.g., classical nucleation theory, which is based on a purely macroscopic viewpoint, does not lead to a reliable
representation when the radius of the drop becomes microscopic. The description of the enhanced inhomogeneity
exhibited by small drops (particularly in the dense interior) necessitates a treatment at the molecular level to account for
finite-size and surface effects correctly. The so-called mechanical route, which corresponds to a molecular-level
extension of the macroscopic theory of elasticity and is particularly popular in molecular dynamics simulation, also
appears to be unreliable due to the inherent ambiguity in the definition of the microscopic pressure tensor, an
observation which has been known for decades but is frequently ignored. The union of the theory of capillarity
(developed in the nineteenth century by Gibbs and then promoted by Tolman) with a microscopic DFT treatment allows
for a direct and unambiguous description of the interfacial properties of drops of arbitrary size; DFT provides all of the
bulk and surface characteristics of the system that are required to uniquely define its thermodynamic properties. In this
vein, we propose a non-local mean-field DFT for Lennard-Jones (LJ) fluids to examine drops of varying size. A
comparison of the predictions of our DFT with recent simulation data based on a second-order fluctuation analysis
(Sampayo et al 2010 J. Chem. Phys. 132 141101) reveals the consistency of the two treatments. This observation
highlights the significance of fluctuation effects in small drops, which give rise to additional entropic (thermal
non-mechanical) contributions, in contrast to what one observes in the case of planar interfaces which are governed by
the laws of mechanical equilibrium. A small negative Tolman length (which is found to be about a tenth of the
molecular diameter) and a non-monotonic behaviour of the surface tension with the drop radius are predicted for the LJ
fluid. Finally, the limits of the validity of the Tolman approach, the effect of the range of the intermolecular potential,
and the behaviour of bubbles are briefly discussed.

(Some figures may appear in colour only in the online journal)
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1. Introduction

The study of inhomogeneous systems presents a much
more significant challenge than that of homogeneous fluids.
By definition the non-uniformity of the number density
throughout the sample adds a mathematical complexity to
the theoretical description—the correlation functions become
multivariable functions and, within a variational formalism,
the thermophysical functions become functionals of the
single-particle density, so that the partial derivatives relating
the equilibrium properties with a particle density must be
replaced with the corresponding variational expressions. At
the level of a formal physical description, a more fundamental
issue arises: the thermodynamic quantities that are familiar in
studies of uniform fluids cannot always be defined uniquely in
the inhomogeneous region. The interface between vapour and
liquid phases or two liquid phases are ubiquitous examples of
non-uniform systems. The study of two bulk phases separated
by a planar interface (and stabilized by an arbitrary weak
external field) does not present a particular problem, since the
non-uniqueness in the definition of the local variables (such
as the pressure tensor or the position of the interface) does
not give rise to an ambiguity in the measurable quantities
(such as the surface tension). The situation is not, however,
as straightforward for systems exhibiting spherical symmetry,
such as small liquid drops (liquid surrounded by vapour) or
gas bubbles (vapour surrounded by liquid), and our goal in this
paper is to provide a critical discussion of the most popular
methodologies for treating the interfacial properties of such
systems.

There are three general routes to the determination of
interfacial properties of small fluid droplets or bubbles: these
involve the choice of a mechanical, a thermodynamical,
or a statistical mechanical description. The first successful
mechanical description dates back to the beginning of
nineteenth century, when Young [1] and Laplace [2] derived a

relationship for the difference in pressure p between a phase
o on one side of a curved interface and the surrounding phase
B. For a macroscopic system their simple relation can be
expressed as
2y
Pa —Pp = ey
where y is the surface tension playing the role of the restoring
force acting against changes in the area of the interface,
and R is the radius of the drop or bubble; though Young’s
paper predates Laplace’s more thorough derivation by a few
months, the expression is more commonly referred to as the
Laplace equation probably because Young only describes the
dependence of curvature in words and not as an explicit
formula [3]. Both derivations rely on macroscopic definitions
of the quantities py, pg, and R which are all considered to
be uniquely defined. In particular, one assumes that both
phases behave in the same way as the corresponding bulk
phase. However, when one considers smaller and smaller
drops, the surface contributions propagate progressively into
the interior of the drop so that the density profile becomes
highly structured (as we will show later in our paper), and the
concepts of the ‘bulk’ density of the liquid, the scalar pressure,
and the radius of the drop lose their unique characteristics; for
an in-depth review of the problematic issues associated with
spherical surfaces see the excellent account by Henderson [4].
A natural extension of the concept of the scalar pressure
to non-uniform systems is the introduction of a second-rank
tensor P(r), a local quantity related to the force between
the interacting molecules at a point r. In the absence of
external fields, the sum of all forces P(r) - 71dA acting on the
infinitesimal area dA, where 7 is the unit vector normal to the
particular element of area, must balance:

f P(r) -ndA = 0. (2)
A

As is customary, Gauss’s divergence theorem can be
employed to re-express the surface integral as one in the
divergence of the pressure tensor over the entire volume
V. The resulting equilibrium condition must apply to each
infinitesimal element so that a microscopic mechanical
treatment then relies on the simple condition of mechanical
equilibrium at every point in the system [3]:

vV .P(r) = 0. 3)

It is clear, however, that equation (3) cannot be used to define
the pressure tensor uniquely because any tensor P’(r) which
differs from P(r) by a curl still satisfies the equilibrium
condition (3). Even though the surface tension, which for a
planar interface can be obtained from the pressure tensor as

y = / [Pn(z) — Pi(2)]dz, “)

where Pp(z) = poulk and P;(z) are the normal and tangential
components of P(r) relative to the interface, is invariant to the
particular form chosen for the local pressure tensor, the first
moment of the difference between the two components,

Vs = / Z[Pn(2) — Pi(2)] dz, @)
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is not [3, 5, 6]. The latter defines the so-called surface of
tension zg, i.e., the surface at which the surface tension is
deemed to act; the surface of tension plays a crucial role in
the determination of the curvature dependence of the surface
tension, as will be discussed in the subsequent discussion.

The first thermodynamic expression relating bulk
thermodynamic properties to those associated with a liquid
drop (at the same temperature 7) is the familiar Kelvin
equation [7]

pv(R) _ 200
2 kTR’

In

(6)
where py (R) is the vapour pressure of a drop of radius R, p
is the saturation pressure, ¥ is the surface tension associated
with the planar interface, p; is the number density of the
liquid, and kg is the Boltzmann constant. The thermodynamic
route to spherical interfaces was developed by Gibbs [8—10]
and Tolman [11-13] (with further developments by Buff [6],
Koenig [14], Hill [15], and Kondo [16] amongst others).
According to Gibbs [8], the curvature corrections become
essential only for very small droplets, with the conjecture that
the surface tension decreases monotonically on decreasing the
radius of the droplet. From another perspective the Thomsons
(father and son) [17] suggested that one should allow for
the possibility of a non-monotonic behaviour (actually a
minimum in the surface tension with decreasing radius
followed by one or more maxima), while Bakker [18] insisted
on the invariance of the surface tension of the droplet with
its radius. Tolman [13], who can be considered as one of the
main proponents of the Gibbsian view, put forward a rigorous
theory for the dependence of the surface tension on the
radius of the drop based purely on thermodynamic arguments
(essentially assuming that high-frequency, short-wavelength,
capillary-wave terms and elastic deformations from spherical
geometry are negligible, as one would expect at the level of
leading order in curvature [4]):

Y(R) = Yo ( )

1+26 /R) '
Here, y (R) is the surface tension of the droplet of arbitrary
radius R, and § = R, — R; is the difference in the distance
between the surface of tension Ry (where the tension acquires
its minimum) and the Gibbs equimolar dividing surface R,
(where the excess superficial density of particles effectively
vanishes); the so-called Tolman length corresponds to the
value of §(R) in the limit of the planar interface § =
limg_, 0§ (R) = z¢ — zg, With the appropriate distances from
the interfacial plane now represented by z. and z5. According
to the Gibbs—Tolman view of a decrease in the surface tension
with decreasing radius, the Tolman length would thus be a
positive quantity, § > 0. It is important to realize that while
for planar interfaces the choice of dividing surface is arbitrary,
it is a ‘necessity, not merely a convenience’ for systems with
curved interfaces [3]. Owing to the phenomenological origin
of thermodynamic approaches of this type, the description
is expected to become increasingly inappropriate when one
attempts to represent smaller and smaller droplets, as was
pointed out early on by Farkas [19], by Guggenheim [20], and

by Tolman himself [13]. Though Tolman also incorporated
higher-order terms in the radius dependence of the tension,
it is questionable to what extent these are meaningful (or even
physically relevant) for very small droplets; this is because,
to higher order in curvature, the value of the surface tension
becomes dependent on the choice of the dividing surface [3,
4]. Before proceeding we should, however, acknowledge that
the description of curvature deformations for non-spherical
geometries beyond a first-order correction are in common use,
particularly in treating complex fluids with low tensions such
as surfactant aggregates and membranes (e.g., see [21-24]);
this introduces additional complications which are beyond the
scope of our paper.

Apart from the aforementioned issues with a mechanical
or thermodynamical treatment of curved interfaces, neither
of the approaches provide us with a direct link between the
microscopic (intermolecular interactions and local structure)
and macroscopic (thermodynamic) properties of the fluid.
This is possible with a full statistical mechanical description
of the non-uniform fluid. Classical density functional theory
(DFT) provides one with a very powerful tool for the
description of inhomogeneous systems [25-27]. In a purely
mechanical or thermodynamical approach one manipulates
local many-body quantities such as the force, local energy,
local pressure etc to describe the interfacial properties, but
these can often be ill-defined as there is no unique way
of assigning contributions from the intermolecular forces
to a particular element of space [28]. By contrast, in a
DFT treatment the full partition function (and therefore
thermodynamic potential) of the system is formulated
explicitly in a spatially dependent form in terms of the
singlet density, which is a well-defined one-body function,
allowing for a unique description of the thermodynamic
properties. Such an approach is, however, still not entirely
straightforward for inhomogeneous systems characterized by
curved interfaces [4, 29], and care has to be taken with the
precise route that one employs to compute the interfacial
properties. In its original form, the DFT is formulated in the
grand canonical ensemble in which an isolated finite-size drop
of liquid is unstable with respect to its vapour. This leads one
to an inevitable key question: How does one stabilize a drop
of fluid of finite size? Assuming that a stabilized drop can
then be examined to determine the equilibrium density profile
by minimizing the appropriate functional, one then has to
establish a unique and consistent methodology for the desired
thermodynamic and interfacial quantities from a knowledge
of structure of the fluid.

The system of an isolated drop of liquid surrounded by
its vapour (or the inverse case of an isolated bubble of vapour
in a liquid) is ubiquitous and has been studied extensively by
experiment, theory and molecular simulation since the early
description of Young and Laplace. Experimental evidence
of the effect of the system’s size and the curvature on
the surface tension is scarce, as the variation from the
macroscopic (planar) value is directly measurable for only
very small dimensions. Early indications of curvature effects
were obtained by Reinold and Riicher [30] from experiments
on thin films of soap solutions, the thickness of which can
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be estimated from the colour: the surface tension was found
to be constant down to a thickness of ~50 nm, followed
first by a decrease with decreasing thickness and then by an
inferred increase. Though this led to the Thomson view of the
possibility of a non-monotonic behaviour for the tension [17],
such an analysis should be made with particular care owing
to the inherent difference between aqueous solutions of
amphiphilic compounds (surfactants which will accumulate
at the interface to differing degrees, and lead to a decrease
in tension) and fluid drops of pure substances. At the turn of
the twentieth century, Weber [31] also detected evidence of
size effects on interfacial properties in his experiments of the
contact angle in oil-water systems, though again the findings
are difficult to interpret in such mixtures. In the more recent
analyses of experimental data for the effect of curvature in
fluid systems, the Tolman relation is often employed at leading
order in curvature, together with the measured vapour and
liquid densities and the surface adsorption, to estimate the
surface tension: for example, in the case of a drop of water
the surface tension is found to remain essentially constant
(within a few per cent) for radii down to ~10 nm, and to
decrease rapidly thereafter [32]. However, as has already
been emphasized, for small drops one is at the limit of the
applicability of macroscopic thermodynamic approaches, and
any tautological conclusions of this kind should be viewed
with some scepticism. This having been said, a macroscopic
treatment continues to be employed without reservation to
this day, e.g., see the work of Xue et al [33]. The surface
force apparatus was used early in its development by its
pioneers to provide a direct measure of the interfacial forces
of curved surfaces at the microscopic level: Fisher and
Israelachvili [34-36] investigated the limit of validity of
the Laplace and Tolman relations (using the corresponding
Kelvin macroscopic thermodynamic description of the vapour
pressure of curved interfaces) for a meniscus of hydrocarbon
fluid between mica spheres/cylinders; notwithstanding some
complications due to impurities, the Kelvin relation is
found to be valid for menisci with radii down to ~4 nm
(corresponding to about 10 diameters of typical small
molecules), with a marginal possible improvement in the
description of the data for a Tolman-like leading-order
dependence of the tension with curvature. We should note
however that the analysis of Fisher and Israelachvili at very
high curvature (small radii) was brought into question in
a later study by Christenson [37], and the effect has now
been found to be very sensitive to differences in the structure
and polarity of the molecules [38]. A more recent lattice-gas
Monte Carlo study of the atomic force microscope experiment
has also indicated that there is a lower limit in the size of the
system (corresponding to radii of about 2 nm) below which it
is no longer possible to stabilize a meniscus of fluid [39]. Our
overall understanding is not helped by the analysis of data
for the deformation of fluid interfaces obtained from small
angle x-ray and neutron scattering experiments, which for the
vapour-liquid interface of water and organic molecules [40,
41] is consistent with a negative Tolman length, § < 0, while
in the case of surfactant monolayers [42, 43] the data supports
the original Gibbs—Tolman picture with § > 0; care should

again be taken with the analysis for the more complex systems
comprising amphiphilic compounds.

The body of work on molecular simulation of
vapour-liquid drops and bubbles, though extensive, is under-
standably not as sizeable as that for its planar counterpart
(see [44] for a recent review of the latter). In one of the first
continuum studies of liquid drops carried out a few years
before the better known work of Binder and co-workers [45,
46] with lattice-gas models, Rusanov and Brodskaya [47]
examined drops of truncated Lennard-Jones (LJ) particles
inside a spherical hard cavity by molecular dynamics (MD)
simulation, calculating the pressure tensor of the system.
Rusanov and Brodskaya showed that one cannot obtain a
uniform value of the tensorial components of the pressure
in the centre of small drops (bringing into question the
validity of the macroscopic mechanical definition, though
admittedly the uncertainty in the computed values is large),
and instead calculated the tension from the Laplace relation
with the pressure of the liquid interior obtained in a
thermodynamically consistent way from a bulk system with
an equivalent chemical potential. In agreement with the
Gibbs—Tolman view, the tension was found to decrease with
decreasing drop radius. Powles er al [48, 49] also simulated
drops of LJ fluid (essentially for the full range of the pair
interaction) in coexistence with its vapour using standard
periodic boundary conditions and determined the tension and
Tolman length from the Kelvin thermodynamic relation. In
their well cited paper, Thompson et al [5S0] reported values
of the surface tension of shifted and truncated LJ drops
within soft-wall cavities and with dynamic walls (tied to
the centre-of-mass of the drop) obtained by MD simulation
from both mechanical (pressure-tensor) and thermodynamic
(Tolman and Laplace) routes; Thompson et al recognized
the problems associated with the use of such approaches to
determine the surface tension for small drops, and highlighted
the inadequacy of the Laplace and Kelvin relations for drop
radii smaller than about 10 molecular diameters. These early
simulation studies all appear to confirm the Gibbs—Tolman
view of a decrease in the surface tension with decreasing drop
size, corresponding to a positive value of the Tolman length,
8 > 0; one should stress, however, that only relatively small
systems were examined, and the Tolman length is certainly
expected to depend on the system size and on the range of the
interactions (as we show later in our paper).

There have since been a number of computer simulation
studies of liquid drops [51-79] and bubbles [80-89]; here
we refer to some of the representative work where new
findings relevant to our current study are reported, making
no attempt to provide a full review of all the literature on
curved interfaces of mixtures, nucleation, cavitation, and other
non-equilibrium processes. In one of the first large-scale
simulation studies, Nijmeijer et al [52] showed that due to
statistical scatter there is a large uncertainty in the sign of the
Tolman length; the main finding being that its value is close
to zero, a conclusion supported by one of the latest simulation
studies [79]. The small absolute value of the Tolman length
is generally supported by the more recent simulation data
(e.g., [53, 55, 62, 78]) for drops of up to ~8 x 100 LJ
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particles, corresponding to radii of almost 100 diameters [62].
It is also apparent that the fluid drops experience marked
fluctuations in shape and size, particularly in the case of large
systems, as has been shown by Arcidiacono et al [61] and
Salonen et al [64]. With a thermodynamic approach based
on a linear response of the free energy to small volume
perturbations, El Bardouni et al [55] reported some values
of the tension for spherical and cylindrical surfaces that are
larger than the planar limit (corresponding to § < 0), though
the uncertainty is such that they concluded that the tension
is essentially curvature independent. This is not the case in
the studies carried out by Vrabec efr al [63], who used the
conventional mechanical (pressure-tensor route) and found
that the surface tension decreased sharply and monotonically
with decreasing drop radius (§ > 0). In related studies of
nucleation in fluids, ten Wolde and Frenkel [54] and Neimark
and Vishnyakov [67] have shown that erroneous nucleation
barriers result from the use of pressure tensors (mechanical
route), and that the Tolman equation is not valid for clusters
with radii below four molecular diameters [67]. More recently,
Binder and co-workers [68, 69, 73, 76, 78] have employed a
thermodynamic analysis with a Landau free energy and grand
canonical Monte Carlo approach to determine the surface
free energy and interfacial tension for drops of varying size,
finding that the curvature corrections cannot be described with
the simple Tolman relation for small drops. These authors also
find that the interfacial tension increases above that of the
planar interface, albeit very marginally, for drops with radii
larger than about 8 molecular diameters, which points to a
small and negative Tolman length. Though this finding is in
contradiction with the large body of work based on a purely
mechanical analysis of the simulation data, it is consistent
with the earlier study of El Bardouni er al [55], with a
thorough analysis based on the Laplace relation for very large
drops [71], and with the use of test-area deformations [72]. We
shall return to this interesting feature later in our discussion.

In the case of bubbles within a fluid, Park et al [82]
have used the mechanical expression for the normal and
tangential components of the pressure tensor and the Laplace
relation to estimate the tension and Tolman length of LJ
particles; they find that though the tension of the bubble is
now greater than that of the planar interface, the Tolman
expression for the first-order curvature correction does not
quantitatively reproduce the calculated surface tension of the
bubble, possibly due to an inconsistency in the calculation of
the Tolman length. By contrast, in their recent study of very
small LJ bubbles, Matsumoto and Tanaka [85] determined the
vapour pressure with an empirical equation of state (rather
than via the pressure-tensor route), finding that the surface
tension is independent of the radius of the bubble (which
corresponds to 6 = 0), and confirming the validity of the
Laplace relation for radii down to ~1.7 nm (in terms of the
LJ parameters for argon). However, the latest estimates of the
Tolman length for bubbles by Block et al [73] now suggest a
small negative Tolman length (corresponding to about a tenth
of the molecular diameter) as in the case of liquid drops.

In view of the disparate findings reported in the various
simulation studies of fluid drops and bubbles it would not be

unfair to say that there is still no clear consensus regarding
the curvature dependence of the surface tension and the sign
of the Tolman length. Different (essentially macroscopic)
routes are employed to analyse the data for the interfacial
properties, the validity of which are in question for small
systems. To add to the confusion, the treatment of the range
of the intermolecular potential (long-ranged, versus truncated
or truncated and shifted potentials) has been the bane of
the calculation of the surface tension for planar interfaces
(particularly in approaches employing a mechanical route
because of the discontinuous nature of the forces), leading to
general conclusions which are in apparent conflict; see the
paper by Trokhymchuk and Alejandre [90] and references
therein. The contradictory findings for curved interfaces are
most certainly also compounded by the treatment of the range
of the potential, as Lei et al [62] have demonstrated for
large liquid drops, reiterating the fact that the surface tension
and Tolman length are very sensitive to the value of the
intermolecular potential cutoff that is employed.

The full armoury of phenomenological thermodynamic
approaches and the more sophisticated statistical mechanical
theories have been employed to describe the interfacial
properties of systems with curved interfaces, including
mean-field, square-gradient (generalized van der Waals),
capillary-wave, density functional, and fundamental measure
theories [91-160]. In the following discussion we will
again not focus on studies of nucleation or criticality,
which represent entire fields in themselves. The general
conclusions that can be drawn from the theoretical studies
are as inconclusive as those gleaned from direct molecular
simulation. As we have already mentioned, using his
macroscopic thermodynamic approach, Tolman [13] found
a monotonically decreasing surface tension with decreasing
drop radius, corresponding to § > 0, which was of the order
of 0.1 nm; if one extends the concept of the Tolman length
to a function 6(R) = R. — Ry of the drop radius then a
non-monotonic dependence of the surface tension with the
radius can be obtained [150].

Hemingway et al [108] have compared thermodynamic,
mechanical, and statistical mechanical routes for the
vapour-liquid surface tension and Tolman length of the
penetrable-sphere model. This provides evidence of the
consistency between the thermodynamic and statistical
mechanical routes (though it cannot be considered as a proof),
while in the case of a mechanical treatment the value of
the Tolman length depends on the choice of local pressure
tensor (as demonstrated by Schofield and Henderson [5] and
later by Blokhuis and Bedeaux [125]). One can formulate
a form of the local pressure tensor that gives a unique
expression for the surface of tension in the case of systems
with spherical symmetry, as shown by Baus and Lovett [120,
124, 126], but the expressions are much more complicated and
there are issues in their implementation to liquid drops [124,
128]. Sampayo et al [72] have also shown that a virial
relation only corresponds to the leading-order term in the
free-energy change due to the deformation of small drops, and
that there are additional contributions from the second-order
(fluctuation) term with a magnitude which is comparable to
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the first-order contribution. Lekner and Henderson [104] have
demonstrated that the first-order contribution to the change
in free energy accompanying a change in the interfacial area
captures the entire mechanical contribution that one would
obtain for the difference in the appropriate components of the
pressure tensor (cf the Irving—Kirkwood [94] expression in the
case of a planar interface). It is therefore clear that first-order
mechanical routes which rely on pressure tensors are to be
avoided for small drops as they do not incorporate the large
contributions due to thermal fluctuations. The main advantage
of the penetrable-sphere model is that it can be solved exactly
at the mean-field level at zero temperature where Hemingway
et al [108] find a negative Tolman length, § = —o /2, with o
the molecular diameter. It is not clear that the relation will still
hold at higher temperatures; the main problem with such an
approach is the lack of knowledge of a good approximation for
the direct correlation function for generic fluid models [108].

The square-gradient theory (SGT), which belongs to
a class of more general density functional theories [25],
is rooted in van der Waals’ [92] original treatment for
fluid interfaces (and in the earlier work by Rayleigh [91]),
which was rediscovered and popularized by Cahn and
Hilliard [99]. Before we discuss the findings of microscopic
SGT approaches, we should briefly mention the related
phenomenological treatment referred to as capillary-wave
theory. As Henderson [4] has pointed out, an analogy
with hydrodynamics can be made to examine the surface
tension of a fluid as the restoring force due to thermally
excited surface waves; frequent use of a capillary-wave
description has be made to describe planar interfaces [100,
102, 103] and to represent liquid drops [5, 108]. The bare
capillary-wave surface tension corresponds to the equilibrium
(infinite wavelength contribution) thermodynamic surface
tension in the case of a planar interface and also to that
of a spherical interface at the level of leading order in
curvature [4, 121]. This means that the surface tension of
the system is required as an input if one wants to employ
capillary-wave approaches to describe interfacial systems.
One of the first to use SGT to examine curved interfaces and
liquid drops were Falls er al [107]: they approximated the
so-called influence parameter by using the low-density limit
of the direct correlation function (as the Mayer function of
the pair potential) to get the density profile for the drop, and
calculated the surface tension from the Irving—Kirkwood [94]
pressure-tensor expression; a monotonic decrease of the
surface tension with decreasing drop radius was predicted
(corresponding to & > O throughout), as obtained by
Tolman [13] thirty years earlier. The same was found by
Hooper and Nordholm [113] with a similar generalized van
der Waals approach. Guermeur et al [115] also employed
SGT in a similar way to Falls et al [107], but using a
density-dependent influence parameter, and computed the
surface tension from an extended Laplace expression: by
contrast, these authors found a non-monotonic dependence of
the surface tension, which increases from below the value of
the planar interface as the drop radius is increased, becomes
larger than the planar value and exhibits a maximum at about
10 molecular diameters, then decaying slowly to the planar

limit, corresponding to a small positive §o. The same overall
behaviour as that observed by Guermeur et al [115] has now
been found in more recent studies with variants of the SGT
approach (e.g., see Refs. [130, 132, 138, 141]).

Further controversy has surrounded attempts to include
higher-order curvature corrections in the expansion of the
surface tension, i.e., to add terms beyond the first-order
Tolman correction. Strictly speaking, Tolman’s original
expression [13],

r’

R28/r2 [1+8/r+ 1/3(8/1)?]
log [y (R)/ Yol = /OO 1+28/r[1 +§/r+ 1/3(5/”)2]
®)

does involve higher-order contributions, which after neglect-
ing the terms O(8/r), and treating § as a constant, leads
to the compact relation (7). Tolman himself did not put a
firm reliance on his expression when considering very small
droplets. He questioned two assumptions leading to his final
expression: firstly, that 6 in equation (8) is a constant for
any drop radius; and secondly, the anticipation of a bulk
liquid behaviour in the centre of the drop. Interestingly,
Tolman suggested that the thermodynamic concepts should be
replaced by ‘a more detailed molecular mechanics’ treatment
for very small droplets.

When generalizing the description to highly curved
interfaces it is tempting to extend Tolman’s theory to higher
order with a formal expansion of the surface tension in powers
of curvature. Helfrich [21] introduced such an expansion
for the surface tension of general curved surfaces to second
order in the curvature, which for a spherical interface can be
expressed as

1 1
Y (R) = Yoo + 2KCOE + 2k + 2E>ﬁ’ €))

where Cj is the so-called spontaneous curvature, x is the
rigidity constant of bending, and ¥ is the rigidity constant
associated with the Gaussian curvature (which is 1/R? in
the case of a sphere) characterizing the energy penalty for
topological changes of the surface. The original expansion of
Helfrich [21] is a general form of a second-order surface free
energy and its derivation was motivated by the ultimate goal
of describing the elasticity of lipid bilayers that make up cell
membranes. It is wildly recognized as the basic formalism for
the description of the mechanical behaviour of biomembranes
and liquid crystalline phases. Clearly, by including the
second-order term in the Helfrich expansion one takes the step
from pure thermodynamics (Tolman’s approach) to the theory
of elasticity: while in the Gibbs—Tolman concept y is viewed
as an excess (over the respective bulk phases) interfacial free
energy per unit area, it is the force acting against the distortion
of the surface in the phenomenological Helfrich approach.
Fisher and Wortis [111] have used a curvature expansion
of the density and chemical potential with a Landau free
energy (of square-gradient form) to examine the Tolman
length. Using an Ising-like model they showed that § = 0is a
general result for models characterized by a symmetrical order
parameter (density) profile, a conclusion also arrived at by
Rowlinson [128]. In the more general case of an asymmetric



J. Phys.: Condens. Matter 24 (2012) 464121

Topical Review

fluid treated at the van der Waals level § ~ —0.02¢, which
complements the exact results for the penetrable-sphere model
(for which Hemingway et al [108] found the exact result § =
—o/2 in the zero-temperature limit) as the Landau approach
is a mean-field theory applicable in the vicinity of the critical
point. For another typical application of the Helfrich curvature
expansion within a density functional theory the reader is
directed to work of Romero-Rochin et al [122].

Blokhuis and co-workers [127, 137, 149] have examined
the thermodynamic properties of curved interfaces with
curvature expansions of the free energy in a series of
enlightening papers. Making use of the Helfrich curvature
expansion, van Giessen et al [137] found negative Tolman
lengths for liquid drops at all temperatures, and demonstrated
that the sign of the Tolman length is very sensitive to
the details of the free energy. A negative value of the
Tolman length has also been predicted on the basis of purely
thermodynamic expansions by Bartell [142] and by Blokhuis
and Kuipers [149], proposing a simple relation between the
Tolman length and the isothermal compressibility «j of the
liquid at two-phase coexistence, § ~ —ky .

Controversies associated with the use of curvature
expansions, and in particular the relevance of the second-order
correction to the surface tension, follow from the fact that
the second-order term is proportional to the area of the
interface and does not therefore contribute to the overall free
energy, i.e., it just leads to a shift of the thermodynamic
potential and cannot thus play any role in the restoring
force acting against the surface distortion. There is also
evidence of a non-analyticity in the curvature expansion of
the free energy [4, 101, 128, 135, 144, 145, 155, 156],
which suggests that the expansion of the surface tension in
R~ is generally inappropriate beyond the leading-order term.
Studies of fluids in contact with hard spherical substrates lead
to the conclusion that there is a non-analytical contribution
of the InR form [135, 144, 145, 156]; though such a system
is clearly not the same as a free liquid drop one may
expect a curvature dependence of this type for particles with
long-ranged interactions, particularly in the vicinity of the
critical point, but this would be very difficult to identify in
practice.

It was recognized early on that the most promising route
to understanding the intricacies of curved surfaces, and liquid
drops in particular, would involve a rigorous microscopic
statistical mechanical treatment. Classical density functional
theory has amply proved to be a powerful tool for the
description of the interfacial properties of fluids [25], and is
therefore a particularly appropriate approach. One of the first
applications of DFT for liquid drops was by Lee et al [116]
who employed a mean-field perturbation theory in the
canonical ensemble with a local density approximation (LDA)
for the hard-core reference term (MF-DFT). As will be
reinforced later in our paper, the advantage of the canonical
ensemble is that one can study ‘stable’ equilibrium droplets
to provide the thermodynamic and structural properties of the
system [110, 112]. Lee et al [116] evaluated the interfacial
tension of the drop using a combination of the Laplace and
Tolman relations, with the pressure tensor at the centre of the

drop as the corresponding value of the internal liquid pressure
(obtained locally by identifying the tangential component of
the pressure as the negative of the grand potential). This
approach leads to a monotonically decreasing dependence
of the surface tension from the planar limit with increasing
curvature, and correspondingly a positive Tolman length;
though the extrapolated value for the planar limit of the
function §(R) appears to tend to zero, the corresponding
error bar is large. In the subsequent work of Talanquer
and Oxtoby [131] with a similar MF-DFT approach, a
small negative value of the Tolman length was obtained
by extrapolation, but again a near monotonic decrease of
the surface tension with curvature was found. Both the
Lee et al [116] and Talanquer and Oxtoby [131] studies
were carried out in the canonical ensemble, where it is
straightforward to stabilize the drop in a finite-sized system.
By contrast, Oxtoby and Evans [118] studied the nucleation
of liquid drops with MF-DFT in an open system (grand
canonical ensemble), and determined the barrier of nucleation
from the maximum in the grand potential as a function of the
supersaturation (drop radius). The predictions of the MF-DFT
for the barrier in the grand potential were compared with
those obtained with classical nucleation theory (CNT) (which
requires the planar vapour-liquid tension as input): the barrier
height obtained from MF-DFT was lower than the value
obtained from CNT in the case of small drops, and was seen
to increase above it as the drop size was increased. As there
is a direct link between the barrier in the grand potential
(work of drop formation) and the surface tension, this finding
of Oxtoby and Evans [118] implies that the tension of the
drop rises above that of the planar limit (which would thus
be consistent with a maximum in the surface tension and
a negative Tolman length). In a subsequent paper Zeng and
Oxtoby [123] extended the treatment for the more realistic
Lennard-Jones potential, and good agreement is found for the
condensation nucleation rates of nonane.

For the sake of a mathematical convenience, Oxtoby
and Evans [118] applied the Sullivan hard-core Yukawa
model [105]. The advantage of using such a model is that the
Euler-Lagrange equation corresponding to the minimization
of the grand potential functional can be written down
in the form of a differential equation that is easier to
solve than the integral equation obtained from the standard
variational approach. In contrast to the original Sullivan
study of a planar interface, however, the boundary conditions
for the spherical geometry are much less obvious for
the liquid phase. The Sullivan MF-DFT model was also
adopted by Hadjiagapiou [129] and, following a mechanical
(pressure-tensor) route, a non-monotonic dependence of
the surface tension as a function of the drop radius was
found. This is consistent with the findings of Oxtoby and
Evans [118], but in contradiction with those of Lee et al [116].
However, the surface tension reported by Hadjiagapiou [129]
is higher than that of the planar surface over the whole range
of radii considered, and § (R) = R. — Ry < 0 is found to decay
almost linearly with increasing drop radius, which is rather
surprising particularly in view of its magnitude (§ ~ 10 for
R = 500).
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Instead of using a mechanical approach that suffers from
the ambiguity of the definition of the pressure tensor, Koga
et al [136] have undertaken a very clear and thorough DFT
study of both the Lennard-Jones and Yukawa models within
the LDA, analysing the surface properties of the liquid drop on
the basis of the Gibbsian thermodynamic theory of capillarity.
In qualitative agreement with the work of Hadjiagapiou [129],
Koga et al obtained a non-monotonic behaviour for the surface
tension and a negative Tolman length, but the functional
dependence found for §(R) is very different: there is a rapid
increase in & on decreasing R for R < 100, with a change in
sign from negative to positive, suggesting a rapid decrease of
the surface tension below its limiting planar value for drops
corresponding to a few molecular diameters. For R 2 100
the length §(R) decays very slowly to its asymptotic value
(Tolman length) reaching a magnitude of about one tenth of
the molecular diameter. However, the authors still consider
the sign of the Tolman length to be elusive and suggest that
this merits further investigation.

All of the DFT studies mentioned thus far follow a
local treatment of the reference free energy, neglecting
the short-range correlations in density and subsequent
inhomogeneities which may be important in the case of
small drops. A weighted density approximation (WDA) can
be used to incorporate these correlations in the free-energy
functional. The first to employ this type of non-local DFT
were Bykov and Zeng [140, 143, 148], using the WDA-DFT
of Tarazona [161] combined with the generalized formula
for the surface tension and Tolman length of Blokhuis and
Bedeaux [127]. A non-monotonic curvature dependence and
negative Tolman length were found by Bykov and Zeng,
though rather surprisingly the difference between the WDA
and the LDA treatment was rather small. In more recent
work Li and Wu [154] have used a non-local DFT, the
fundamental measure theory (FMT) of Rosenfeld [162], to
treat the hard-core reference perturbation term, together with
a quadratic expansion of the attractive contribution to the free
energy where the direct correlation function is described with
the mean-spherical approximation (MSA). In contrast to the
findings of a number of the other DFT studies (cf [129, 136,
140, 143]), Li and Wu [154] reported a monotonic decrease in
the surface tension with increasing curvature, a feature that is
consistent with the early LDA-DFT work of Lee et al [116].
However, unlike Lee et al, the Tolman length calculated by
Li and Wu is negative, which appears to be inconsistent with
the behaviour observed for the curvature dependence of the
surface tension. In more recent calculations with a similar
FMT-DFT [72, 73, 78] a non-monotonic dependence of the
surface tension with curvature was found, and the Tolman
length was calculated to be small but negative.

It is useful at this stage to summarize the rather muddled
state of play of the work involving DFT calculations:
the non-monotonic behaviour and weak maximum in the
surface tension observed with varying drop radius in the
latest FMT-DFT studies [72, 73, 78] are in line with
the findings of much of the other work employing the
extension of the Sullivan model to a spherical geometry within
LDA-DFT [118, 129, 136] and non-local WDA-DFT [140,

143, 148] approaches, and with the latest simulation data [68,
72, 73], but are in contradiction with the results of the DFT
studies by Lee et al [116], Li and Wu [154], Zhou et al [159],
and Corti et al [157]. In the case of bubbles, the FMT-DFT
calculations of Binder and co-workers [73, 78] lead to the
expected monotonic decay of the surface tension from the
planar limit as the radius of the bubble is decreased; this
corresponds to a negative Tolman length as obtained for
drops. We should note that Binder and co-workers perform
their variational analysis in the grand canonical ensemble,
which involves locating a saddle point in the free-energy
surface. As Oxtoby and Evans [118] have pointed out, such an
approach requires a specific numerical procedure. An analysis
in the canonical ensemble is simpler as this involves the
minimization of the free-energy functional [116]. We will
discuss full details of our analysis of the curvature dependence
of the interfacial properties of both drops and bubbles with
a FMT-DFT treatment in the canonical ensemble in later
sections of our current paper.

It is apparent that the collective conclusions of the large
body of theoretical work on the curvature dependence of the
surface tension and the sign and magnitude of the Tolman
length is still a matter of controversy. This is also true of
the conclusions drawn from the corresponding simulation
studies. In our paper we return to the main question of
the curvature dependence (monotonic or non-monotonic) of
the surface tension, the sign of the Tolman length, and
the applicability of the Tolman equation. We will show
that it is not just a matter of choosing the appropriate
simulation methodology (pressure-tensor route, free-energy
calculation etc) or theoretical approach (SGT, LDA-DFT,
FMT-DFT etc), but that the specific analysis of the interfacial
properties, including the density profile and excess free
energy, is of key importance. We start by making some
general observations regarding purely mechanical approaches
(section 2), where we show how the surface tension and
Tolman length can be represented with a classical Newtonian
picture. In section 3 we revisit the main developments of
the Gibbsian theory for the thermodynamics of spherical
interfaces, and discuss the key features of the Tolman
approach. A novel generic expansion of the thermodynamic
relations in terms of the curvature of the drop is also developed
in this section. The more detailed molecular-level statistical
mechanical approaches are discussed in section 4, including
the pressure-tensor (mechanical) routes to the surface
properties and density functional theories. The specific details
of a non-local (FMT) approach in the canonical ensemble
are then described. The numerical calculations with our
FMT-DFT for drops and bubbles are presented in section 5,
and a detailed analysis of the theoretical results is made from
the macroscopic mechanical and thermodynamic perspectives
in order to assess the applicability of the various routes to the
interfacial properties of systems with curved surfaces.

2. Mechanical approach

A mechanical treatment of interfacial properties dates back
to the beginning of the nineteenth century, when an
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understanding of the behaviour of matter relied entirely
on Newtonian classical mechanics. It was therefore natural
to explain phenomena such as a capillary rise from a
mechanical perspective, based on the assumption of a
uniform distribution of molecules interacting via strong
and short-ranged (compared to gravity) attractive forces.
This followed from the observation that the height and the
curvature of the meniscus of a liquid in a small capillary
is independent of a thickness of the material making up
its walls. A crude mechanical treatment of matter, though
unsuitable for a description of interfacial properties of very
small droplets, can still provide some insight on the link
between intermolecular forces and the macroscopic properties
of liquids based on the exclusive application of Newtonian
physics.

The existence of a surface tension at a liquid interface was
recognized in the earliest studies of interfacial phenomena.
In the following development of a entirely mechanical
expression for the surface tension, we generalize the formal
approach of Laplace [2], Dupré [164], Maxwell [165],
Rayleigh [91] and others (as exposed so beautifully by
Rowlinson and Widom, see [3] and references therein) for
the work associated with the separation of two planar liquid
surfaces to form a spherical cavity. This allows us to obtain
purely mechanical expressions for the surface tension and the
Tolman length of liquid drops. A molecular concept of the
surface tension can be established on the basis of a mechanical
equilibrium condition assuming the existence of pairwise
additive attractive interactions u(r) between molecules, where
the integral

d

o= %p/dr u(r) = 277,0/ dr rPu(r), (10)
0
is taken to express the mean-field cohesive energy per particle.
Here, we further assume that u(r) is only a function of the
radial distance and negligible beyond a certain cutoff distance
d (so that u(r) = 0 for r > d) which is small compared to the
size of the system. Furthermore one assumes that the number
density p is constant, i.e., that correlations between particles
are neglected (mean-field approximation). The latter requires,
in particular, that the integral in equation (10) is taken in
the isotropic part of the liquid, at least within the range of
u(r). A superficial particle (one at the interface between the
liquid and its vapour, the density of which is neglected in
our current development) lacks some portion of the cohesive
energy compared to a particle in the interior due to a lower
number of neighbours and is therefore in a state of higher
potential energy. This, in turn, means that in the absence of
an external field the liquid will strive to minimize its surface
area. The surface tension y can then be defined as the work
that has to be done to increase the area of a liquid surface by
unit area,

SW = y38A, Y

or, alternatively, as the restoring force per unit length acting
against an increase in surface area.

The radius of a mechanically stable liquid drop can be
determined directly from the principle of virtual work. Let p;

Figure 1. Sketch illustrating the variables for the calculation of the
surface tension y (R) of a drop with a static mechanical approach.

and py be the (scalar) pressures of the (interior) liquid and
the (exterior) vapour phases, respectively. The work necessary
to bring about the change in volume due to an infinitesimal
isotropic expansion is

Wy = (pv — PDASR, 12)

where A = 47 R? is the area of the unperturbed surface and R
represents the displacement of the surface towards the vapour
phase. Such an expansion of the drop leads also to an increase
in the surface area by an amount A = 87 RSR, producing a
corresponding surface contribution to the work §Wy4. The total
work due to the virtual volume expansion in the drop radius is
therefore given by

SW = 8Wy + W4 = 47R*(py — p1)SR + SRy SR. (13)

In (mechanical) equilibrium the work has to be zero from
which one immediately obtains the Laplace relation (1).

By employing a simple static molecular model a link
between the surface tension and the intermolecular forces
can be made. To this end, we calculate the work required
to separate a drop of liquid of radius R from a bulk liquid
(i.e., the formation of a vacuum cavity of radius R + d in a
uniform liquid with a liquid drop of radius R at its centre) by
calculating

d
W :/ F(¢)de, (14)
0
where F(£) is the force between two concentric spherical
surfaces a distance ¢ apart (see figure 1). In the following
development we assume d < R. This type of approach has
also been used by Fowler [163] to represent the surface
tension of a perfectly sharp vapour—liquid interface. Now we
set out to calculate the work needed to unbind the molecules
in the outer layer from the drop. The radial (and the only
non-zero) component of the force between the drop and the
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molecules that are at a distance ¢ from the drop surface (see
figure 1) can be obtained from

r+2R

d
F(€) = —47p? / dr (r + R)? / dsf(s)s®
4 r

o 2575
“J

where f(s) = —% is the force between two molecules a
distance s apart, cos 8f(s) is the projection of the force in
the radial direction, and ¢ is the azimuthal angle in the usual
spherical coordinate system.

2 +2rR+s

2s(r+R)

2
2

de, (15)

d6 sin O cos /
0

After integration over the angular variables one obtains
the following expression:

d r+2R
— / dr(r + R)? / dsf (s)
4 r

| }

d d
—/ dr/ dsf(s)[r2s+2rsR+2sR2—s3].
14 r
(16)

Fe(0)
4r2p?

2 (r2 + 2rR + sz)2
4(r + R)?

We proceed by expressing the force as an expansion to leading
order in the curvature (1/R) about the planar limit:

1 1
— 42p2 .2
F.(¢) =4n“Rp (F0+I_?F1 +O<ﬁ)) 17)
where the reference planar term is
d d
Fo = —2/ drf ds su(s)
l r
d
= 22/ ds su(s)
¢
d d d
+2/ drr—/ ds su(s)
l dr r
d d
= 26/ drru(r) —2/ dr ru(r), (18)
¢ ¢
and the leading-order curvature correction is
d d
F| = —2/ drr/ ds su(s)
4 r
d d
=e2/ drru(r)—/ dr Pu(r). (19)
¢ ¢

After substituting equations (17)—(19) into equation (14)
and integrating by parts, one can express the work done in
creating a cavity around the drop of liquid as

d d
W= / F(€) dt = 47°R*p? / [Fo(e) + I%Fl (e)} de
0 0

1
= 472R%p? (Wo + EW1> : (20)

where

d d d d
W0=2/ dM/ drru(r)—Z/ dz/ dr ru(r)
0 L 0 J4

d d d d d

—/ sz—/ drm(r)+2/ dM/ dr? ru(r)
0 de J, 0 ¢
d

__ / de B3u(e), @1
0
and
d d d d
W) = / de ¢2 / drru(r) — / de / dr’ ru(r)
0 l 0 b4
d
=2 / de etue). (22)
0

The expression Wy for the planar limit was already know
to Laplace [2] and Dupré [164], but to our knowledge the
first-order curvature correction Wy has not been developed in
this manner before. The surface tension corresponds to the
work per unit area, y(R) = Fv‘;z, since two surfaces with
areas 47 R? and 47 (R + d)? ~ 47 R* have been created:

d d
y(R) = —mp? [lf dze3u(£)+i/ dZE4u(£)]
2 Jo 3R J,

1 26 1
where
d
Voo = —37p? / de u(e) (24)
0

is the surface tension of a planar interface, and the coefficient
proportional to the first-order curvature correction,

fde etue)

Y e 25
3 [ de Bu(e) )

is effectively a mechanical representation of the Tolman
length, which will be defined on thermodynamic grounds
and discussed in detail in section 3. The expression for the
planar contribution is of course identical to the one obtained
when two planar liquid surfaces are separated from each
other (e.g., see the derivation by Rowlinson and Widom [3]).
Our expression for the Tolman length is different from that
obtained by Kirkwood and Buff [93] or by Schofield and
Henderson [109]. The Tolman length in our equation (25) is
expressed as the ratio of the fourth and third moments of the
pair potential energy. Following a pressure-tensor route for
the surface tension and the surface of tension, Kirkwood and
Buff [93] obtained a relation for the Tolman length which is
proportional to the ratio of the fifth and fourth moments of the
corresponding pair virial (force). Our expression (25) yields a
Tolman length which is always negative, while that obtained
by Kirkwood and Buff is of roughly the same magnitude but is
always positive. For a square-well potential of range 1.50 we
find § ~ —0.40, where o is the hard-core diameter, and in the
case of the (full) Lennard-Jones potential § = — %a (where the
integration is carried out from o up to infinity in both cases).
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We shall return to the issue of the sign of the Tolman length
later in the discussion.

3. Thermodynamic approach

It is evident that the properties of liquids are highly
dependent on temperature. This feature is ignored within a
purely mechanical perspective, such as the one described in
section 2, where the molecules are presumed to be at rest in
positions of minimum potential energy. By the last quarter
of the nineteenth century, Boltzmann [166] had developed
his kinetic theory of gases, a molecular theory based on
Newtonian mechanics, revealing that the temperature of the
system is related to the mean-square velocity of the chaotic
motion of the particles. As a result, a dynamic, rather than
a static view of molecular systems began to be accepted.
Boltzmann’s theory provided a dramatically new insight into
the behaviour of fluids, but remained essentially inapplicable
until the advent of computers and the development of
numerical molecular dynamics techniques. It is now fully
accepted that mechanics itself describes only a part of
the physics of fluids, that directing a system towards its
energetic minimum, but not its counterpart which demands
a maximization of its entropy. Within a strict thermodynamic
treatment of the interfacial properties of liquids one abandons
the molecular picture, describing matter as structureless,
providing instead general relations between its macroscopic
properties. The thermodynamic description of finite systems,
such as a drop of liquid nucleating in a fluid, is far less obvious
and cannot be properly handled when the dimension becomes
truly microscopic. However, the concept of the surface tension
and the related characteristics of the surface can be rigorously
formulated within the Gibbsian thermodynamic approach
without any restrictions, as will be briefly summarized in
section 3.1.

3.1. Theory of Gibbs

We consider a one-component system containing a liquid
drop surrounded by its vapour. In section 2 we implicitly
assumed that such a system could be characterized by a
parameter R, representing the radius of the drop. However,
such a division of the system into two physical subsystems,
one corresponding to the liquid and one to the vapour phase,
is not evident unless the interface is perfectly sharp, which is
never the case. In order to avoid this problem, Gibbs [§8-10]
introduced a mathematically rigorous theory where one relies
on a formal definition of a dividing surface separating the
system into two hypothetical uniform subsystems. Thus, the
volume V of the entire system is expressed as a sum of
volumes of the two subsystems

V=V+V, (26)

with the liquid volume expressed as V] = %nR3. Any surface
variable is now defined as the excess of the variable X of the
entire system over the sum of the corresponding variables in
the two bulk subsystems:

Xs=X-X — X, 27

where X| and X, are the properties of the liquid and vapour
systems, respectively, at the same thermodynamic conditions
as the system of interest. The latter condition is the key
to the thermodynamic treatment of interfacial systems. With
this division of space in hand, one can define the surface
adsorption per unit area as

_ N(R)
" AR) T AR’

where one refers to a given choice of radius R which also
defines the dividing surface.

In terms of thermodynamics, the mechanical model
adopted in section 2 corresponds to an adiabatic process with
the internal energy playing the role of the thermodynamic
potential being minimized by an appropriate compromise
between the volume and the surface corresponding to a
force balance (cf equation (13)). If the processes are carried
out at fixed temperature, which is both experimentally
relevant and computationally more convenient, the relevant
thermodynamic potential is a free energy. For a one-
component liquid drop, the choice of R defines the liquid and
the vapour volumes, V] and V,, and the total differential of the
Helmbholtz free energy can be expressed as

dF = —p1dV) — pydVy + SdT + ndN 4+ y dA 4+ CdR, (29)

F'(R) = (N — Ny — Ny)

(28)

where p) and p, are the scalar pressures of the uniform liquid
and vapour systems corresponding to a given equilibrium
chemical potential u, and C is the conjugate variable to R.
In equation (29) the use of the general equilibrium conditions
T=T =Ty, and u = u = uy has been made implicitly.
Equation (29) can be integrated over the whole spherical
surface at fixed R and T [3]

F=—-pVi—pyVy+yA+ uN (30)

and, from equation (27), the surface free energy can be
identified as

Fs = yA + uNs, 3D

so that, when referred to a given dividing surface R, the
surface tension can be expressed as
R="2_r
v(R) =~ :
In other words the surface tension is the surface free energy
per unit area, providing there is no net adsorption I' = 0. In a
one-component system the choice corresponding to vanishing
adsorption is the equimolar or Gibbs dividing surface: R = R..
In an open or inhomogeneous system it is more
convenient to use the grand potential defined as the Legendre
transform 2 = F — uN. In terms of the grand potential the
surface tension is given by

(32)

Q

y(R) = a

regardless of the choice of the dividing surface.

As the dividing surface is fixed by convention, the free
energy for fixed N, V, and T or the grand potential for fixed
W, V,and T cannot depend on this formal choice (nor can any

(33)
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other thermodynamic quantity, such as py, py, u or T). If, for a
given drop, we take the formal derivative of equation (30) with
respect to R and compare it with equation (29), one obtains a
generalized Laplace relation,
_w®

p 1 P v — R A ’
(cf equation (1)), with an explicit form for the conjugate
variable:

(34)

(35)

The dividing surface Ry for which C = 0, i.e., the one for
which the macroscopic Laplace relation (cf equation (1)) is
satisfied, is commonly referred to as the surface of tension
at which the tension acts [3]. This requires that the formal
derivative of the surface tension with the position of the
surface be at an extremum:

dy (R)
dR

=0.
R=R;

(36)

The generalized Laplace equation can be re-written as

%[RZV(R)] = R?Ap, and on integrating from the surface of

tension R; to another dividing surface R, one obtains [3, 108]:
y® _ 2Ry +2R

w&f‘+< ) 3R,

From equation (37) it follows that ¥ (R) is at a minimum at
the surface of tension, and that, for R & Ry, y (Ry) differs from
¥ (R) by terms of order 1 /R%.

R — R
R

(37

3.2. Theory of Tolman

Gibbs’ theory for the surface tension is based on a definition
of the dividing surface which is taken to separate the two
coexisting phases and to which the surface tension and the
other superficial quantities are referred. There are two useful
definitions of the dividing surface: the equimolar (or Gibbs)
dividing surface R., defined by I'(R.) = 0, and the surface of
tension Ry, defined by equation (36). Tolman [13] extended
the general thermodynamic theory of Gibbs, exploiting the
Gibbs—Duhem relation to obtain a thermodynamic expression
for the curvature dependence of the surface tension. More
specifically, Tolman expressed the adsorption in terms of the
difference in the two dividing surfaces 6 = R — Rs. The
adsorption relative to the surface of tension can be written
in terms of the appropriate integrals over the number density
profile p(r) as

Rs
T(Ry) = [O(MA—mﬂw

47 R?

+ [Con - il
Rs

0

f [o(r +Rs) — po1] (1 + ) dr
—Rs

+/ mv+&wwd0+i)m.6&
0 Rs

| ~

=

S

12

Now, if the equimolar dividing surface is a distance § from the
surface of tension, Re = Rs+§, the adsorption I'(R,) at R, can
be expressed as

8

re o+ = |

_RS

+f mu+&%mu0+
8

wa+Ra—m(r+é)m

r)dr:O.
R

Ry
(39)
After combining equations (38) and (39), one obtains [13]
F(R) _

|1+ ]
PL— Pv

which relates a microscopic property of a drop characterized
by the Tolman length §, to thermodynamic quantities that can
be obtained directly from Gibbsian thermodynamics. Indeed,
if the Gibbs adsorption equation at constant temperature
(which follows from equations (29) and (30)),

5+152
Ry  3R?

(40)

dy = —-I'du, 41

is combined with the Gibbs—Duhem relations (dp; = p;du for
i =1, v, at constant T'), one obtains

d(p1 — pv). (42)

dy
Pl — Pv

By describing the pressure difference Ap = p; — py with the
Laplace equation one can write

r
dy(R) = 5 d2y(R)/R). (43)

1 — Pv
This leads to a differential equation for y (r) in terms of the
radial integration variable r:

dy (r) e
o e O

Using equation (40) and integrating the last expression from
the plane surface (r = c0) to R one finds

S )

which with the help equation (40) at lowest order, i.e., I' =
8 Ap leads to the Tolman equation:

2_Ir
r2 p1—py

1+%(L

1 y(R)
A

Yoo

dr, (45)

PI—Pv

25
Y(R) = Voo (1 — E) + H.O.T. (46)
In the considerations leading to equation (46) one assumes
that § is a constant, so that the Tolman length can be expressed
in the planar limit, such as

§= lim (Re — Ry) = z¢ — s,

Ry— o0

(47)

where the z¢ and z now define the corresponding perpendicular
distances from the interfacial plane.

The extension of equation (46) beyond the first-order
correction in curvature is still a matter of controversy. In
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his derivation, Tolman [13] obtained terms of order 1 /R2
and 1/R3, cf equation (8), but neglected them and expressed
doubts about their physical relevance taking into account the
macroscopic origin of his approach. On the other hand, in
his phenomenological theory, cf equation (9), Helfrich [21]
included a 1 /R2 ‘elastic’ contribution, which he related to
the surface rigidity. The relevance of the 1/R? contribution
has been questioned [111, 128] owing to the fact that it
corresponds only to a constant term in the free energy (in three
dimensions) and as a consequence cannot contribute to the
restoring force acting against surface deformations. Instead,
there is some evidence [101, 135, 144, 145, 155, 156] for the
existence of non-analytic terms, such as ~In R, which are still
a matter of some debate.

3.3. Curvature expansion

We have already showed in section 2 that the Tolman length
can be represented within a primitive purely mechanical
standpoint. In the following sections we will show how a
statistical mechanical treatment can be used to provide a
reliable and physically consistent estimate of §. Prior to this,
a procedure is proposed for the determination of the Tolman
length from a purely macroscopic thermodynamic basis by
assuming the analyticity of thermodynamic quantities in the
curvature ¢ = R™! of the drop. We start by considering a
thermodynamic state in a metastable region on the vapour
side of the phase diagram, i.e., a supersaturated vapour
with a chemical potential which is slightly higher than
the saturation value. The chemical potential, density and
other thermodynamic functions of such a system can be
characterized in terms of the radius of the critical nucleus,
R = 1/c, and we can thus develop a Taylor expansion about
the planar limit as

u(@) = n(O) + W Oc + 31" O +--- (48)
pi(©) = pi(0) + p'(O)c + 50" OV + - -, i=1v,
(49)

where ’ denotes the derivative with respect to the curvature,
%, and (0) the reference saturation value. As the state is
supersaturated with u(c) — w(0) > 0 and pi(c) — pi(0) > 0, it
follows that the sum of the first-order terms on the right-hand
sides of equations (48) and (49) must be positive.

The free-energy density f = F/V of both phases is
then expanded up to second order in density, making use
of equations (48) and (49), and the thermodynamic relation

af /op = w:

a
f(pi(e)) = f(pi(0)) + o [pi(c) — pi(0)]

9pi |o
1 92
+3 T 1010 = O + Oir (@) — pi(O))
0p; 0
= £(pi(0)) + O pi(c) — pi(0)]
10
+5 8—“ pi() — pi O + O(pi(e) — pi(0))°)
Pi o

= f(pi(0)) + (0)[p{(0)c + % p!'(0)c?]

laru“ 1 1// 22 3
+ - — (0)e + =p;i (0 + 0O
2 omn 0[,01( )c 2p,( )c (c”)

= f(pi(0)) + ct(0)p; (0)

170
[—“ (0/(0)2 + p;’(om«))} + 0.
0
(50)

2_
+c 2| opn

Likewise, using the formal thermodynamic identity
relating the pressure and chemical potential to the free energy,
both the liquid and vapour pressure can be expressed as the
corresponding expansions about their saturation values up to
second order:

pi(e) = p(0)pi(e) = f(pi(©))
= [1(0) + 1/ (O)¢ + 51" (0)c’]
x [pi(0) + p{(O)c + 30/ (0)¢*]

— £ (pi(0)) — c(0){(0)

1[0
s [a_“ (pl(0))2 + p;/<om(0>] + 0O
Pi lo

2
= 1(0)pi(0) — f(pi(0))
+ ¢ [11(0)p; (0) + 1 (0) pi(0) — 1£(0)p; (0) ]

+¢? [//(0)/){ 0) + S (0)pi (0) + 111(0)0!' (0)

ou

/ 2 _ l Vi 3
2 p; O(pi 0)) 5P (0)u(0)1| + 0
= p(0) + ci' (0)pi (0)
1
+c [M'(O)P{ 0) + EMN(O)Pi(O) -

1 0p
2 9p;

(p! <0>)2]
0

+ O>). (51)

The pressure difference Ap = p; — py can thus be obtained in
compact form as

louw ,

/ 2 / / 1 ”
Ap =cuAp+c"|WAP + - Ap — = —p;
2 9p

2
1oun

2 9py

where the explicit dependence on the curvature has been
dropped bearing in mind that all of the terms that are retained
correspond to saturation and Ap = p; — py. Expression (52)
can be compared to the combination of the Laplace and the
Tolman relations, cf equations (1) and (46), Ap = 2yC —
2y8C?. On equating the first-order terms we obtain

+ pﬂ + 0, (52)

wAp =2y, (53)

implying that 1/ = —2y/(Ap)?>Ap’. One should note that
equation (53) is consistent with the Laplace relation to first
order (i.e., for y(c) = y(0)), as can be seen by combining
equation (53) with the Gibbs—Duhem equation and integrating
the resulting differential equation from the planar limit to
some finite curvature.

An examination of the second-order terms leads to

10u
290,

1ap 2

290"

2y

Ap

14

Ap

2

Ap' — Ap' = —2y34, (54)
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and using equation (53) we find that

ow _pu 2y
i pl Appl’

finally arriving at

2 pp - L ——Ap" =2y,

Ap Ap Ap
where the terms on the right-hand side are seen to cancel,
implying that § = 0.

One therefore reaches the interesting conclusion that
despite the fact that Tolman’s theory is constructed
purely on thermodynamical grounds, a purely macroscopic
thermodynamic treatment yields a trivial solution with
a vanishing Tolman length: this implies that in the
thermodynamic limit, the Gibbs dividing surface corresponds
to the surface of tension. One can regard this apparent
paradox as a consequence of Tolman’s theory only providing
relations between thermodynamically observable quantities,
which although well defined at the macroscopic scale, their
differences are of microscopic dimensions, and so beyond
the scope of a thermodynamical treatment. It is interesting to
note that Wortis and Fisher [111] also find that § = 0 in their
analysis of symmetrical interfaces with a Landau free energy
of the square-gradient form; the interfaces are symmetrical
by construction in our purely thermodynamic curvature
expansion. It is rather ironic, however, that a non-zero and
physically reasonable representation of the Tolman length is
obtained with the purely mechanical treatment developed in
section 2, despite the fact that the interface is assumed be a
sharp symmetrical step (see also the discussion in [156]). In
order to obtain any useful information from the Gibbs—Tolman
theory one therefore has to adopt a molecular (microscopic)
approach.

_ |4

Ap' —

4. Statistical mechanical approach

Statistical mechanical approaches of inhomogeneous systems
are generally based on determining the response to changes
in the external conditions. In contrast with the approaches
discussed in sections 2 and 3, statistical mechanics allows for
a microscopic treatment where molecular-level detail can be
taken into account in a formal manner.

In this section we outline the common statistical mechan-
ical routes for inhomogeneous systems. These routes are not
independent and it is important to highlight the important
interrelationships. One approach (usually referred to as the
‘mechanical’ route) relies on the mechanical definition of the
surface tension as the stress transmitted across a strip of unit
width normal to an interface. This leads to an expression for
the surface tension in terms of components of the microscopic
stress tensor (negative of the pressure tensor), and can thus
be viewed as a microscopic-level description of the theory
of elasticity. A second approach, the so-called ‘virial’ route,
leads to an expression for the surface tension which is based
on the isochoric—isothermal change in free energy due to an
increase in the interfacial surface by unit area. A third, the
‘compressibility’ route, relies on a calculation of the change

in free energy arising from an increase in surface area caused
by density fluctuations. Finally, we present a ‘thermodynamic’
route which allows for the determination of the surface
tension directly from Gibbsian thermodynamics as presented
in section 3.1. With this disparate variety of methodologies
that are at our disposal for a statistical mechanical description
of interfacial systems it is therefore not altogether surprising
that there is little convergence in the findings for even the most
basic of properties.

4.1. Mechanical (pressure-tensor) route

Let us consider a spherical drop in a fixed volume V for a
system of particles interacting via a pairwise potential u(r;j)
(although this assumption is not restrictive) and calculate the
instantaneous force on the drop. The force is related to the
flux of linear momentum density through the volume, F7; () =
fv drJ%(r, ), where J* (r, ) can be expressed as

Jo(r, 1) = VP (r, 1) (55)

when no fields are considered. The common implicit
summation notation of Einstein is used, if not otherwise
stated. The stress tensor o®?(r, r) incorporates the change in
momentum due to particles crossing the boundary of V,

o B
o, =- Pl ),

m;

(56)

i
where §(r — r;) is the Dirac delta function, and the configura-
tional part of the stress induced by the intermolecular forces
is

Vie(r.5)=—33 " Virpls—r) —8(r—rpl.
i i
(57)

oe P tself is not given uniquely, but in general can be

expressed as [109]

/
o (r, 1) = % Z Zr‘j%”) /C df s -1, (58)
i J#i i ij
where '(rjj) = du (rjj)/dr;j, for an arbitrary contour Cj
joining r; and r;.
Defining the pressure tensor as the negative of the time
average of the stress tensor

pP(r) = — (0P (x, 1), (59)

and noting that the average of the left-hand side of
equation (55) is zero at equilibrium, one obtains the
differential conservation law

VAph (r) = 0, (60)

in the absence of external fields. It should also be pointed
out that the substitution of equations (56) and (57) into
equation (60) and the use of the equipartition theorem leads
to the first equation of the BBGKY hierarchy [3].

From equation (57) it follows that the components of
the pressure tensor depend on the choice of the contour
joining the two interacting particles; hence there is an infinite
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number of ‘acceptable’ definitions for the pressure tensor.
This ambiguity can thus be attributed to specifying the portion
of the intermolecular forces that act across an elementary
area [94]. As has been discussed at length by Rowlinson [28],
the problem with the uniqueness of the definition of the
pressure tensor is just a particular case of the more
general problem with the local definition of any many-body
thermodynamic quantity; the only exception is the chemical
potential as neatly captured by the potential distribution
theorem [167]. Difficulties associated with the local definition
of thermodynamic quantities do not reveal themselves for
uniform systems, where any possible ambiguities average
to zero, but they become relevant for systems with broken
symmetry.

Before discussing the repercussions of the arbitrary
nature of the definition of the pressure tensor, it is worth
noting that the ambiguity may also be understood from a
different viewpoint. According to Noether’s theorem [168],
conservation laws are reflections of the continuous symmetry
of a given system. In our system we assume translational
and rotational symmetry of the intermolecular potential: the
former has been used in the derivation of equation (57) [109].
Thus, equation (60) may be viewed as a consequence of
the symmetry of the Hamiltonian of the system defining the
conserving current (through Stoke’s theorem). If there are
no further constraints set on po‘ﬁ, then a class of third-rank
tensor, the ‘superpotentials’ g®#%, which are antisymmetric in
the last two indices, generate an infinite number of pressure
tensors differing by V®¢®%# all satisfying the condition
embodied in equation (60). One can take advantage of the
non-uniqueness in the definition of p*# to cast the tensor
in a symmetric form which allows for a definition of the
angular momentum. The non-uniqueness of the closely related
quantity, the energy—momentum tensor, is a well known issue
in field theory and, in particular, in general relativity, where
the search for the local components of the energy—momentum
tensor is sometimes referred to as ‘looking for the right answer
to the wrong question’ [169]*.

In spherical symmetry, the pressure tensor possesses two
independent components:

P(r) = Pp(r)ee, + Pi(r)(eses + egeg), (61)

where e, €y, and ey are the unit basis vectors, and P, and
P, are the normal and transverse components, respectively.
Upon substitution of equation (61) into the condition of a
mechanical stability, equation (60), one obtains [3]

d . .
S PO =G = 2)Pa() + 2P0, (62)
for all values of i. In particular, for i = 0
2
Ap = / dr R [Pn(r) — Pi(r)]. (63)
0

The integration of equation (62) over the interface gives rise to
expressions for Ap and, using the Laplace relation, it allows
4 See the analogy between consequences of the equivalence principle
(leading to the difficulty of a local definition of the gravitational energy)
and the non-uniqueness of the distribution of the potential energy of two
interacting particles in an inhomogeneous system.

one to determine the ratio y5 /R, though it would be preferable
to determine y; and Ry independently of each other; the latter
would provide information on the curvature dependence of
surface tension through the Tolman relation (47). To this
end, based on a consideration of the force acting on a flat
radial strip and the moment about the centre of the drop, the
following expressions can be obtained [3]:

YRR, = /0 o () — Pu(P)] rdr 64)

and

Y (ROR? = /0 [piv(r) — Pe(r)] 7> dr, (65)

where pr(r) = pI®Rs — 1) + pyO@F — R,), with ©

representing the Heaviside step function. In the planar limit
these expressions simplify to [93]

o0
Voo:/
—00

Z = yi / [Pa(2) — Pu(2)]zdz,

[Pn(z) — Pi(2)]dz (66)

and
(67)

which are equations (4) and (5) repeated here for convenience.
The first explicit form of the local pressure tensor for a planar
liquid—vapour interface was proposed by Irving and Kirk-
wood [94], who also pointed out its inherent non-uniqueness.
As an appropriate contour joining the two interacting particles
they chose a straight line, and obtained the normal and
tangential components of the pressure tensor as
2
dry2 ZITZM/(rlz)

1
PX(2) = kgTp(2) — /
2 V)

1
x / da 0@ (r12, 7 — az12, 2+ (1 — @)z12)
0
(63)
and

1 x? —i—y2
PR(z) = kgTp(z) — ~ / drpo %u/(”u)
4 SD)

1
X / do p@ (r12, 7 — az12, 2+ (1 — @)z12).
0
(69)

From equation (60) it immediately follows that the normal
component is constant for the planar interface Py,(z) = p.
Evidently, this condition has to be satisfied by any pressure
tensor regardless of the choice of contour. Harasima [98]
subsequently suggested a different, asymmetric path, dividing
the vector r; into parallel and normal components with
respect to the interface:

Pl(z) = kgTp(2)

1 x4+
- —/dl‘lz B0/ (r12)p® (r12, 2, 2+ 212).
4 "2

(70)
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Furthermore, Harasima [98] showed that the integral

/ 7'P(z) dz

is invariant to the choice of pressure tensor for n = 0, but not
for the higher moments.
If we return back to equation (62), it follows that for i = 2,

2

RZ Jy

(71)

[e¢]

Ap drr[pr — P01, (72)
i.e., the first moment of p;, — P; is invariant to the choice
of contour in the definition of P, but not the higher
moments [109]. Therefore, with a mechanical route based on
a microscopic definition of the pressure tensor one is unable
to determine zg or Ry uniquely and cannot therefore provide
a consistent way of obtaining the curvature dependence of
the surface tension. In general, y (Rs) and § determined from
equations (64) and (65) or equations (66) and (67) differ from
those obtained from the Gibbs—Tolman theory.

Equation (65) was originally derived by Buff [97], who
calculated the work accompanying a differential increase in
the area of a spherical segment, keeping the dividing surface
constant. In an open system, the associated work can be
identified with the change in the grand potential, so that
equation (65) may be re-written as

AQ = —/P[(r) dr, (73)
according to which the transverse component of the pressure
tensor plays the role of the grand potential density. This
expression has been used frequently (e.g., in the LDA-DFT
studies of Lee et al [116]) since the calculation of P
allows for a determination of all of the thermodynamic and
interfacial properties, including the surface tension of the
drop. However, expression (73) involves the second moment
of P, and thus depends on the choice of pressure tensor.
A thermodynamically consistence grand potential requires
relation (73) to be invariant with respect to the choice of
pressure tensor, in essence corresponding to a tautological
definition of the pressure tensor such that its transverse
component corresponds to the negative of the grand potential
functional. Thus, the problem can be recast as the need of
finding the grand potential of a given molecular model. In
section 4.3 we show that it can be obtained more directly using
the compressibility route.

4.2. Virial route

A virial route within a statistical mechanical framework is
based on a generalization of the mechanical formulae for
the work needed to deform a system. This route provides
a definition of surface tension as the isochoric—isothermal
change in the free energy (or the grand potential in an open
system) during a formation of a unit area of surface. Note
that such a treatment is often denoted as a thermodynamic
definition of surface tension, since it stems from the
thermodynamic expression
)NVT

-~

oF

oA (74)

However, here we associate ‘thermodynamic’ with the route
based on a determination of the free energy of the entire
system, such as provided by DFT (cf section section 4.4).
On the other hand one should not confuse virial approaches
with those stemming from mechanical expressions based on
the forces acting between the particles (cf section 4.1).

The canonical partition function in the limit of zero
external field can be expressed as

3N

ZIN.V.T) = 1?\7_' U}E{ri})

[1; dr; exp |:——

T } (75)

If the system is perturbed by a transformation r’ = r+-&(r), the
partition function of the deformed system acquires the form:

4221

(76)
The associated change of free energy to first order in § is

, B A3N
ZN,V,T) = =
N!

/ot

U
kgT

IT; dr; det B
or;

N N
(AF)nvr = <—kBTZ Vv Er) + Z%(r,->v,-U> .
(77

A link between the mechanical and virial route can
be made at first order, if we introduce the configurational
pressure tensor p?ﬁ (r) = — (o p (r, 1)) from equation (57) and
substitute it into (77). After some algebra one obtains

AF = — / drp®® (r)VPu® (r), (78)
corresponding to the well known ‘stress—strain’ expression
from the theory of elasticity. Considering now a class of
deformations with zero divergence, so that the change of the
free energy at first order is associated solely with the change
of area [109], then (78) leads to equation (63).

MacLellan [95] used the virial route to derive the
following expression for the surface tension of the planar
vapour-liquid interface:

1 [ 3%u
y = E/_oo dz1/dr12 (x%2 3Z%122 _
x pP(r1,r2),

first derived by Kirkwood and Buff [93] from the mechanical
route, cf equation (66). Later, Lekner and Henderson [104]
reduced equation (79) to a simpler three-fold integral.
Notwithstanding the growing complexity of the corresponding
algebra, one can go beyond first order in & (cf [44],
where the so-called test-area method for the planar interface
was developed; within this treatment one can in principle
determine terms of arbitrary order in the interfacial free
energy). Recently, a free-energy expansion due to a
perturbative deformation has been applied to spherical liquid
drops including the higher-order terms [72], where the change
in the free energy can be expressed as

2
12 2
9x1,

(79)



J. Phys.: Condens. Matter 24 (2012) 464121

Topical Review

_ _ 2\ _ 2
AF = (AU) 2kBT[<AU ) —(AU)]
1 3, 2 3
+ Sl AU 3 AU AU +2(aUN)]
+ OAUY). (80)

The first term in the average of the deformation energy has
been shown [72, 104] to be equivalent to that obtained from
the mechanical route (cf the Kirkwood—Buff expression [93]).
The perturbation contributions determined numerically by
molecular dynamics simulation of Lennard-Jones fluids
revealed that the second-order terms of the free-energy
expansion do not contribute in any appreciable way in the
case of the planar vapour-liquid interface. This supports
the consistency between the mechanical and virial routes
to surface tension for a planar geometry. It turns out,
however, that the second-order term in equation (80) becomes
comparable in magnitude (but of opposite sign) to the
leading-order term for small drops [72]. This is a clear
consequence of the enhanced effect of fluctuations in
nanoscale drops when compared to the planar vapour—liquid
interface. Attempts to describe the interfacial behaviour of
a microscopic drop by means of the mechanical route or
first-order virial expressions are therefore clearly invalidated.
A thorough analysis of the specific role of the energetic
fluctuations on the thermodynamic properties of small drops
and bubbles will be the subject of future work.

4.3. Compressibility route

The virial route to surface tension leads to a statistical
mechanical expression involving the gradient of the inter-
molecular potential and the pair correlation function. As
shown in section 4.2, the standard stress—strain formulae
follow from the first-order change in free energy due to a
deformation of the area and lead to the mechanical expression
of Kirkwood and Buff [93]. Triezenberg and Zwanzig [102]
obtained an alternative result in terms of the one-body
density and the direct correlation function. This expression
can be derived formally as a functional Taylor expansion in
the intrinsic free energy up to second order in the density
distortion due to an external field [102]:

§F
3p(r)
2

—|—l/dr/dr’8 (r)8 ({)L+. .
2 e sp ()

kT
= /drSp(r)[u—w(r)]+7fdr

S(r—v)
p(r)

AF = /drép(r)

X /dr’&p(r)&p(r/) |: — c(r, r/)] T,

(81)

where F represents the intrinsic free-energy functional. From
equation (81) the ‘compressibility’ form of the surface tension
for a planar vapour-liquid interface can be obtained as [102]

17

Yy = %kT/d11 p’(Z1)/dr2 0 (@2) (1} — 2)e(r12, 21, 22),
(82)

where p'(z) = dp/dz denotes the gradient of the density
profile (which characterizes the compressibility of the
system). Schofield [106] has shown that this expression
is equivalent to the one of Kirkwood and Buff [93], cf
equation (66).

Hemingway et al [108] extended the result to spherical
interfaces, where one finds

akT [ ©

== f dr / drap' (r)0 (r2)
0 0

o0

X \/
[r1—ral

Expression (83) has been assessed for the penetrable-
sphere model [3, 108], where an approximation for c(ry, ;)
is available at the mean-field level, and a consistency between
the compressibility route and the thermodynamic expressions
for y and § (cf equations (1), (46), and (47)) was found. In
the zero-temperature limit the model is solvable exactly and
in this case the value of the Tolman length is § = —o7/2.

A connection with the mechanical route can again be
made by expressing Ap(r) in terms of the strain field and by
introducing the pressure tensor. Schofield and Henderson [5]
showed that equation (81) reduces to

v

2 2
driprialri, — (r1 — r2)7le(ri2, r1, 12).

(83)

AF = - / drp"P[VPE()" — 3VEET (1) V7§ ()]

-1 f dr Ap*PVPE® (r) + O(ED). (84)
From this expression one can see that the compressibility
route captures terms up to second order in & which can
be interpreted as capillary wave fluctuations, whereas in
the first-order virial expression, cf equation (78), these
fluctuations are absent.

4.4. Thermodynamic route—DFT

As we have seen in section 4.3, an expansion of the intrinsic
free-energy functional up to second order gives rise to an
expression for the interfacial tension in terms of the direct
correlation function. Unfortunately, good approximations for
c¢@(ry, ry) are generally not forthcoming, and this puts limits
on the applicability of the method. On the other hand, accurate
and well tested approximations for the full free-energy
functional are now available that enable one to determine
the thermodynamic properties of the entire (inhomogeneous)
system. Following Gibbsian thermodynamics as described
in section 3.1, the surface tension can be obtained from
equation (33), but now expressed specifically in terms of the
surface of tension Ry:

Q4+ piVi+pVy

Ry) =

(85)

Here, p; and py are the scalar pressures of two hypothetical
bulk phases corresponding to a bulk liquid and a metastable
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supersaturated vapour, characterized by the temperature 7" and
chemical potential u; the departure of the chemical potential
from its saturation value is denoted by du = u — u® > 0.
Expression (85) only provides a formal relation between
¥ (Rs) and Ry, and in order to obtain a complete solution of the
curvature dependence of the surface tension an independent
route to either is required; a knowledge of Ry would enable
the determination of the Tolman length. Separate expressions
follow directly from equation (85) when expressed in terms of
a general dividing surface radius R, such that % |r=r, = 0,
which implies

3AQ )\ /3
R = <27tAp> (86)
and
3AQ(Ap)2\ 3
y(&)=(#) , 87)

where again Ap = p; — py, and AQ = Q + p,V is the work
associated with the creation of the liquid drop.

A DFT approach is based on the construction of a
functional of the one-body density, which exhibits a minimum
at equilibrium that can be associated with the thermodynamic
grand potential [25]. In the absence of an external field, the
grand potential functional is of the form

Qlp(); ul = Flpm)] —p / dr p(r). (83)
The intrinsic free-energy functional F[p(r)] can be written as
a sum of the ideal and excess F** contributions as

Flpm] = kBT/dl‘p(r)[IOg Ap@) = 1]+ F[p(r)],
(89)

where A is the de Broglie wavelength. Variations of F* with
respect to density distribution provide correlation functions of
arbitrary order.

For a thermodynamically stable state the second
variation % must be positive, so that the solution of
equation (88) 1s stable with respect to small perturbations.
For a macroscopic two-phase system this scenario is realized
only for a planar (6 = 0) interface; here, however, we are
concerned with a drop in a thermodynamically metastable
state (60 > 0), which is unstable with respect to a uniform
liquid and thus % < 0. As a consequence, a drop
placed in an open system with a radius which is smaller than
the so-called critical radius will evaporate, while larger drops
will grow in an unbounded manner, resulting in the complete
condensation of the system. In order to stabilize the drop, we
consider a closed system, characterized by a finite number
N of particles, with the free energy as the thermodynamic
potential. As an alternative one could consider a weak
spherically symmetric external field ¢ex(7), eventually taking
the limit ¢ex () — 0. The constraint of fixing the total number
of particles prevents the unlimited growth of the drop as
this would lead to a depletion in the vapour phase and thus
to a decrease in the undersaturation. In our current work,
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the attractive part of the intrinsic free-energy functional is
approximated as a perturbation from a hard-sphere reference
fluid at the mean-field level:

Flp(0] = ksT f dr p(@)[log A>p(¥) — 1] + Fislp(0)]

+3 / dr / dr’ p(0)p (g (I = ¥'l). (90)

Our model thus consists of a hard-sphere repulsive core
giving rise to Fps in equation (90) and an attractive
term represented with a truncated Lennard-Jones potential
according to Weeks—Chandler—Andersen [170] perturbation
theory:

—& 7 < T'min,
o\ 12 o\6
Ut (r) = { 4e (7) — (7) Tmin < ¥ < I¢
0 r>re,

oD

with rmin = 2%, and r. = 2.50 is taken as the cutoff
distance in our calculations.

For the hard-sphere contribution to the free-energy
functional we employ the approximation proposed by
Rosenfeld [162] in his fundamental measure theory:

Fulp®1 =kt [ @(tna)). ©2)
where the free-energy density ®({ny}) can be expressed in
terms of weighted densities defined as

a=10,1,2,3,v1,2).
(93)

ng (r) = / dr'p (1) we (r — r)

Here, w3(r) = ©(r—r), wa(r) = 8(r—r), wi(r) = wy(r) /47T,
wo(r) = wa(r) /4, win(r) = 168G — 1), and wyi(r) =
wya (r) /4 7; the hard-sphere radius is set to 7 = o /2. An FMT
treatment is deemed necessary for small drops because of the
large density oscillations, which can be present particularly
in the central liquid region at the lower temperatures,
corresponding to higher density states.

The general expressions given by equation (93) can be
simplified significantly for some particular geometries. In the
case of a perfectly spherical drop, the density varies only in
the radial dimension 7, so that the calculation of the integrals
in equation (93) reduces to a problem of one-dimensional
quadrature:

r+r
na(r) = = / dr' 77 — (r = ")?1p (),
r |r—F|
2ri [T
na(r) = ~— dr' ¥ p(r'),
ro e (94)

r

z LA LA
nvz(r)z—Z/ dr' r'(r“+r"—r°)p(r)
r= Jir—7|
my(r) = n,y(r) = 0.

The equilibrium density profile is found by minimizing
the free-energy functional, equation (89), which leads to the
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following Euler—Lagrange equation:

SF
ksT log A3p(r) + M +/dl‘/pl‘/uatt(|r —r']) =0,
dp(r)
95)
subject to the constraint
f dr p() = N (96)
Equations (95) and (96) can be solved self-consistently from
Nexplc (1]
r) = , 97
PO = T ar P exple D ()] ©D
where is ¢(D(r) = —% is the single-particle direct

correlation function. The latter can be separated into repulsive
and attractive contributions as

V) = Z D)+ R, (98)

where ¢y )(r) <D ® wg (r) has the same form as n, () with

p(r) replaced by dn , and
r+re
e (r > re) = ——/ dr' p(re(r, 1), (99)
27.[ Fe—r -
i (r < re) = == dr’ p(r)r'E(r, r')
r Jo
2 re+r
-= ' pEGr ). (100)
r Fe—r

with £(r,7) = [ dr" Fua (") /kgT and &(r,r) =

i ar o).

In section 5 we present the findings of calculations with
our non-local FMT-DFT for liquid drops of varying size.
A detailed analysis of the density profiles, the coexistence
densities of the vapour and liquid regions, the curvature
dependence of the vapour—liquid tension, and the Tolman
length is undertaken, making appropriate comparisons with
existing work wherever possible.

5. Numerical results

In this section we present an analysis of the interfacial
properties of small liquid drops surrounded by vapour
for a one-component system. If not stated otherwise, the
description is obtained with the FMT-DFT described in
section 4.4 in the canonical ensemble for a Lennard-Jones
12-6 WCA potential truncated at r. = 2.5¢0 (cf equation
(91)) by solving equation (97) using a standard Picard
iteration method. In order to represent the non-local
functional for the hard-sphere reference potential, a modified
version of Rosenfeld’s FMT based on the highly accurate
equation of state for hard-sphere fluid mixtures proposed by
Boublik [172] is used (see [173] for details).

All the quantities are expressed in reduced units: r* =
r/o, R* = R/o, p* = po3, T* = kgT /e, and y* = yo?/e,
where o and € are the size and energy parameters of the
Lennard-Jones potential.

5.1. Structure of a microscopic drop

In figure 2 we present density profiles obtained from our non-
local mean-field DFT for three temperatures 7* = 0.7, T* =
1, and T* = 1.2 (corresponding to reduced temperatures: 7y =
T*/T¥ = 0.526,0.752, and 0.902, respectively). The latter
temperature is already rather close to the critical point of the
bulk vapour-liquid coexistence, 7; = 1.33. One can highlight
several general characteristic features of the structure of a
liquid drop from these profiles. At a temperature close to the
triple point, which in this case occurs at 7;" ~ 0.6, the structure
inside the drops exhibits strong undamped oscillations which
extend from the surface to the centre of the dense liquid.
This type of highly correlated structure in the dense interior
of the drop cannot be accurately described with a traditional
square-gradient treatment (e.g., the work of Falls et al [107],
Guermeur et al [115], and the more recent papers [130, 132,
138, 141]) or local DFTs (e.g., the studies by Lee et al [116],
Oxtoby and co-workers [118, 123, 131], Hadjiagapiou [129],
and Koga et al [136]). Note that it is the non-local character
of our density functional, (cf equation (92)), which enables
one to capture this type of fine structure. These oscillations
can also be observed to a lesser degree on the liquid side
of a planar vapour-liquid interface [175], but in the case of
a spherical interface both the amplitude and range of the
oscillation is significantly enhanced. It is clear that there is
a strong inhomogeneity in the density of small drops at low
temperatures, and any assumption of a uniform liquid region
would evidently be unrealistic. In particular, one should note
that the density at the centre of the drop depends on the
amplitude and wavenumber of the almost periodic density
profile at r = 0, and on the size of the drop. At the intermediate
temperature of 7* = 1, the oscillations almost vanish and the
density profiles become monotonically decaying functions.
This means that in the temperature interval Tfy, € (0.7; 1)
there is a crossover between an oscillatory and monotomcally
decaying density profile corresponding to a Fisher—Widom
line [174, 175]; the construction of the Fisher—Widom (FW)
diagram is beyond the scope of the present paper. Another
salient feature is that the density p(0) in the centre of the
drop remains somewhat higher than that of the saturated liquid
density and is nearly independent of the size of the drop up to
some value of the drop radius where a sudden decrease in p (0)
occurs. For the highest value of the temperature considered
here, we observe a very diffuse interface between the drop
and the vapour; as a consequence any approximation based on
the assumption of a sharp interface would presumably lead to
quantitatively unreliable results as one approaches the critical
point. Nonetheless, we stress that a Gibbsian thermodynamic
treatment involving the mapping of the system into two
uniform regions separated by a well-defined dividing surface
is free of any ambiguity and thus fully applicable regardless
of the drop size. The density in the centre of the drop is
clearly rather sensitive to the size of the drop; for a drop of
intermediate size corresponding to the system with N = 800
at T* = 1.2 the density at the centre of the drop is essentially
the same as that of bulk system, so that the vapour-liquid
coexistence crosses the bulk binodal curve at this point.
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Figure 2. Density profiles of liquid drops of Lennard-Jones fluid as
predicted with our non-local canonical mean-field FMT-DFT (cf
section 4.4) for three temperatures and system sizes. The system
size is controlled by fixing the number of particles inside a spherical
container of fixed radius d = 10c. The horizontal lines denote
saturation densities of the bulk vapour and liquid phases for the
corresponding temperature.

In order to shed further insight into the structure of the
liquid drop, we depict in figure 3 the dependence of the
liquid density on the drop radius, taken as that corresponding
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Figure 3. The density in the centre of the liquid Lennard-Jones
drop p(0) and the liquid density of the corresponding hypothetical
bulk phase p;(T, ) as a function of the drop radius obtained with
our canonical mean-field FMT-DFT (cf section 4.4). The LJ system
is at a temperature of 7* = 1.

to the Gibbs dividing surface R.. Two definitions are
commonly considered to represent the liquid density of a
microscopic drop. In one, the density at the centre of the
drop p(0) is frequently interpreted as the liquid density in
computer simulation studies. In the other common choice,
a thermodynamic definition of the liquid density o|(T, u) is
taken, i.e., one corresponding to that of a hypothetical bulk
phase with the same chemical potential and temperature as
the system containing a drop. For relatively large radii, the
two definitions of the liquid density practically coincide and
exhibit a monotonic curvature dependence in line with that
predicted from the Laplace equation (see figure 3). However,
below a drop radius of R} ~ 100 a striking difference between
the curvature dependence exhibited by these two densities
becomes apparent. While pj(7, i) remains monotonic, p(0)
exhibits a maximum and its value eventually drops below the
bulk saturation density. The presence of the maximum reflects
the non-monotonic curvature dependence of the surface
tension, as will be shown in the subsequent discussion. Two
opposing effects thus determine p(0) at small R: the linear
increase of the capillary pressure with curvature due to the
factor 1/R in the Laplace equation; and the decrease of the
surface tension for small R (the latter is a surface contribution
~ R? that becomes dominant for sufficiently small R). On the
other hand, the thermodynamic definition of the liquid density
is merely controlled by the value of the chemical potential,
i.e., by the measure of the extent of supersaturation. Following
an isotherm from the binodal to the spinodal (the limit of
thermodynamic stability), the critical radius of the metastable
drop decreases while the corresponding liquid density must
increase.

The difference between the thermodynamic definition p;
and p (0) is also apparent from an inspection of figure 4, where
we compare the vapour-liquid phase coexistence behaviour
for systems of different size, with stabilized drop radii ranging
from 30 to 26o0. The vapour branches of the finite systems
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are shifted towards higher densities in all cases, in a manner
commensurate with the corresponding curvature of the drop
(cf the upper panel of figure 4). Evidently, the vapour pressure
and thus the density of a drop must be larger than the
saturation pressure, and the difference is described by the
Kelvin relation (6). If the density of the drop is defined
thermodynamically as in the lower panel of the figure 4, there
is a similar shift of the whole of the coexistence envelope
to the right. In all cases the vapour is supersaturated so
that §u > 0 and as a consequence the density of the liquid
phase must also be higher than the saturation value. When
the density of a liquid drop is associated with the value p(0)
of the density profile at the centre of the drop, the scenario
is quite different. For a sufficiently small drop, p(0) may
decrease below the saturated liquid density, as has already
been observed in figure 2. For the smallest system (N = 300)
shown in the upper panel of figure 4, the liquid branch crosses
the binodal at T* ~ (0.95, since at these conditions the drop is
sufficiently small. We should note that the ‘critical point’ of
the drop (if one is able to define the instability of the drop in
this way) is always lower than that of the bulk fluid.

5.2. Surface tension and Tolman length

5.2.1. Surface tension. One of the most advanta-
geous features of DFT is that once the solution of the
Euler-Lagrange equation, equation (97), for the density
profile which minimizes the grand potential 2 (or free
energy F) is known, the surface tension of the drop can be
obtained directly from equation (33) (or (32)), since Q2 (or
F) is a direct output of the theory. In this way, a direct
thermodynamic route to the determination of the curvature
dependence of the surface tension and Tolman length can be
followed, without the necessity to determine ill-defined local
thermodynamic functions. We should note however that the
use of a local thermodynamic route within a DFT treatment
has been commonplace (e.g., see [116, 154]). Alternatively,
a knowledge of the equilibrium density profile allows one
to calculate the Tolman length by making use of the ratio
¥ (R) /v~ according to the Tolman relation, equation (46).

In figure 5 we compare the description with our canonical
mean-field FMT-DFT (cf section 4.4) for the curvature
dependence of surface tension with the recent simulation
data obtained from canonical [72] and grand canonical [68]
simulation. The most important observation that can be
gleaned from figure 5 is that, according to both our DFT
and the simulation data, the surface tension of the LJ drop
is characterized by a maximum between R ~ 5S¢ and 10o.
This finding is clearly inconsistent with studies reporting a
monotonic curvature dependence of the surface tension. In
particular, one should single out any mechanical treatment
based on the computation of the pressure-tensor components
(e.g., equation (64)), including the majority of the simulation
studies which follow the mechanical approach originally
presented by Thompson et al [50]. As can be seen in
figure 5, the surface tension obtained by Vrabec et al [63]
from a very thorough molecular dynamics study following
the mechanical route is in contradiction with the latest
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Figure 4. The vapour-liquid coexistence phase diagrams in the
density—temperature plane obtained for Lennard-Jones drops with
our canonical mean-field FMT-DFT (cf section 4.4). In the upper
panel, the liquid density is defined as the density o (0) in the centre
of the drop, while in the lower panel, the liquid density p(T', p) is
determined according to the theory Gibbs for a corresponding
hypothetical bulk phase. The phase behaviour of three finite systems
is complemented with that for the essentially infinite planar
vapour-liquid interface. The reduced radius of the container is
denoted as d*.

simulation data (and our DFT prediction): not only is the
curvature dependence of the tension seen to be monotonic
throughout, but the numerical values are up to 25% lower
than the more recent calculations following a thermodynamic
route [68, 72, 73]. As was mentioned in section 1, predictions
with square-gradient and density functional theories have
suggested both monotonic (e.g., [107, 116, 154]) and
non-monotonic (e.g., [115, 136, 149]) curvature dependences
for the surface tension. It is however surprising to note that
the most sophisticated study to date [154] (FMT-DFT that
goes beyond a mean-field approximation for the attractive
contribution) suggests a monotonic dependence of the surface
tension with curvature; this is inconsistent with our DFT
results and the latest simulation studies (most likely due
to the use of classical nucleation theory as a connection
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Figure 5. The deviation of surface tension y (R) from the planar
limit y, for Lennard-Jones drops as a function of the drop radius
corresponding to the Gibbs dividing surface. The prediction of our
canonical mean-field FMT-DFT following the thermodynamic
route (continuous curve) are compared with the simulation results:
test-area deformations in the canonical ensemble, Sampayo

et al [72] (circles); grand canonical ensemble, Schrader et al [68]
(dashed); molecular dynamics simulation following the mechanical
route, Vrabec et al [63] (squares). The LJ system is at a temperature
of T* = 0.8.

to the surface tension which is known to break down for
small drops [118]). The fact that y(R) > y~ over the whole
region of R beyond the maximum suggests a negative Tolman
length, an observation which is again in conflict with the
predictions from a mechanical treatment. On the other hand,
for drop radii below the maximum in the surface tension,
the surface tension steeply decreases below its planar limit.
It can thus be supposed that the radius corresponding to
the maximum of y(R) sets a limit to the validity of the
Tolman relation, which, in view of the definition of 8., leads
to a monotonic behaviour for the curvature dependence of
¥ (R). This can be assessed with a direct calculation of the
Tolman length using equation (47) with the equimolar surface
(obtained directly from the density profile) and the surface
of tension (cf equation (86)). A comparison of the curvature
dependence of the surface tension as obtained directly from
the Gibbs—Tolman theory (cf equation (46)) is made in figure 6
for Lennard-Jones drops at a temperature of 7% = 1. It
is seen that the difference between the two approaches is
nearly indistinguishable beyond R > 100, i.e., almost over the
whole range of radii where y (R) is monotonic. For smaller
drops with radii below the maximum, the descriptions with
the full DFT and Gibbs—Tolman approach start to deviate
dramatically, with an increase in the respective absolute slopes
but in opposite directions. On the one hand, this supports the
consistency of a thermodynamic treatment for large drops;
on the other, such an analysis highlights the limit of validity
of the Gibbs-Tolman treatment, which is a macroscopic
thermodynamic approach. It is important to reiterate that our
DFT predictions are in a qualitative disagreement with the
results based on a mechanical approach (i.e., one relying
on the pressure tensor), where a monotonically decreasing
dependence of the surface tension with drop size is obtained
(the latter corresponding to a positive Tolman length).
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Figure 6. The surface tension of Lennard-Jones drops as a function
of drop radius corresponding to the surface of tension. The
continuous curve denotes the results from a direct determination of
the surface tension with our canonical mean-field FMT-DFT (see
section 4.4), while the dotted curve is obtained from the Tolman
equation (cf equation (46)). The planar value of the surface tension
for planar vapour-liquid interface is indicated by the dashed line.
The LJ system is at a temperature of 7* = 1.0.

A consequence of the non-monotonic behaviour obtained
for the surface tension is that the assumptions leading
to the derivation of the Tolman equation must fail when
the radius of the drop is of order of the range of the
intermolecular potential. One possible route beyond the
Tolman equation is to extend the curvature correction to
the planar surface tension by including higher-order terms.
Alternatively, one can relax the assumption of a constant
value of § in the Tolman equation [136, 138, 150] and
determine the curvature dependent §(R) from equation (40).
The curvature dependence of §(R) obtained from our
FMT-DFT (equations (46) and (86)) is displayed in figure 7
for truncated Lennard-Jones drops of various size at T* =
0.8, for which the Tolman length is determined to be § =
limg_, 508 (R) = —0.07080; this value is completely in line
with the FMT-DFT estimates of Block et al [72]. We observe
a steep increase of §(R) at small values of R, and an analysis of
the data suggests a dependence of the form 8 (R) = 800 +a/R2,
which indicates that §(R) >~ 8~ for R > 100. The lack of a
term in 1/R for §(R) supports the view of Rowlinson [128]
that terms in 1/R? should not contribute to the surface tension
of a fluid as they do not give rise to a restoring force on
deforming the interface; the term in 1/R> (corresponding to
terms in 1/R? for §) would of course contribute to the surface
tension. One should note that terms in In R/R? for the surface
tension have been attributed to the long-ranged potentials in
the studies of wetting on spherical substrates [135, 145, 155];
such a logarithmic dependence in y (R) has not been identified
from our FMT-DFT calculations for the free drops of particles
interacting via the truncated LJ potential. When our simple
quadratic curvature dependence for §(R) is introduced in
equation (8) and integrated, the resulting surface tension is
in remarkably good agreement with the values obtained from
our FMT-DFT with the direct thermodynamic route over the
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Figure 7. Upper panel: the curvature dependence of

8(R) = R. — R, of Lennard-Jones drops obtained from our
canonical mean-field FMT-DFT with equation (40). Lower panel:
surface tension as a function of radius R, corresponding to the
Gibbs dividing surface. The symbols represent calculations with the
Gibbs theory (cf equation (85)), the dashed line to the Tolman
equation (46) and the full curve to the modified Tolman equation
with §*(R*) = §* + a/R*2 and a = 1.527 33. The value of the
planar limit of the surface tension is denoted by the dotted line. The
LJ system is at a temperature of 7* = 0.8.

whole range of radii. This numerical analysis should not,
however, be taken as an extension of the original theory of
Tolman, as one cannot establish the physical relevance of the
correction term and, in particular, one is unable to predict the
value of the constant a. Nevertheless, empirical approaches of
this type could be useful in, e.g., representing the curvature
dependent surface tension for use in extended nucleation
theories.

Throughout our computations we have considered a
molecular model with Lennard-Jones attractive interactions
truncated at a distance rf = 2.5 from the centre of the
particle. One may ask how the range of the attractive
forces affects the interfacial properties of small drops of
liquid. In figure 8 we plot the curvature dependence of the
surface tension for drops of LJ particles with different cutoff
distances that are frequently used in simulation studies. The
corresponding planar values of the bulk vapour-liquid surface
tension increase with r.: a larger cutoff implies stronger
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Figure 8. Upper panel: the curvature dependence of the surface
tension of liquid drops obtained with our canonical mean-field
FMT-DFT for Lennard-Jones particles with different values of the
cutoff of the potential. The arrows indicate where y (R) = Y. The
values for the planar limit of the surface tension are denoted by the
dotted lines. Lower panel: the values of the planar vapour—liquid
surface tension y, corresponding to LJ systems with different
cutoffs. The state corresponds to a temperature of 7* = 0.8 in all
cases.

cohesion and thus a higher value of the surface tension,
as is also apparent from figure 8. Qualitatively, however,
the non-monotonic behaviour of the surface tension with
curvature remains unchanged. It is perhaps just worth noting,
however, that the radius below which Y (R) < yso (indicated
by the arrows in figure 8) increases with increasing r.. We
recall that such a crossover occurs when the surface effects
begin to dominate the forces in the interior volume, i.e., when
no ‘bulk’ fluid region can be assigned inside the drop. In this
case even particles in the centre of the drop ‘feel’ the interface,
a scenario that becomes increasingly true for longer ranged
interactions.

For completeness, we now undertake a brief final analysis
of a bubble of gas enclosed by a liquid reservoir, where
dp < 0, which is the antipodal system to a drop of liquid.
The mean-field FMT-DFT approach described in section 4.4
is again employed to determine the density profiles of the
bubble and the interfacial properties such as the curvature
dependence of the surface tension and the Tolman length.
This is equivalent to the recent DFT study reported by Block
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Figure 9. Comparison of the curvature dependence of the surface
tension of a drop and a bubble obtained with our canonical
mean-field FMT-DFT. The value of the planar limit of the surface
tension is denoted by the dashed line. The LJ system is at a
temperature of 7* = 1.0 in both cases.

et al [73]. As shown in figure 9, the curvature dependence
of the surface tension for a bubble is of a qualitatively
different form to that of a liquid drop, since in this case the
dependence is monotonic, such that y(R) < ys for all R.
Taking into account that the curvature is now negative R < 0
for a bubble, this is consistent with a negative value of the
Tolman length as for the liquid drop; however, in the case
of bubbles §(R) remains negative throughout. This general
result is supported by the findings of the recent simulation by
Block et al [73]. Nevertheless, in other quite recent simulation
studies employing a mechanical route to analyse the data it
has been reported that the surface tension increases slightly
as the radius decreases [89], or that no curvature effects for
bubbles can be detected [85]. We believe that this qualitative
discrepancy is again due to the inadequacy of a mechanical
route to the surface tension.

6. Summary and conclusion

The purpose of our paper has been to give a comprehensive
and up-to-date review of the different approaches to
the description of structure and interfacial properties of
microscopic liquid drops and gas bubbles, complemented
with novel mechanical and thermodynamic developments, a
thorough analysis, and detailed calculations. This includes a
state-of-the-art description with a non-local density functional
theory, which, in our opinion, is the most direct and rigorous
way to understanding and describing the properties of
nanoscale drops and bubbles of arbitrary size as the approach
enables one to represent the marked inhomogeneities of the
system. Following a historical introduction, we started our
analysis with a purely mechanical approach, treating the
fluid as a static ensemble of interacting particles distributed
uniformly within the liquid phase (of the drop), while the
density of the surrounding gas is neglected; the interface is
thus perfectly sharp in this case (often referred to as the
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Fowler approximation [163]). Such an approach is clearly
rather crude, but, as we show, a simple representation can
be developed for the vapour-liquid surface tension as the
work per unit area needed to separate the liquid drop from
the rest of the fluid. In this type of macroscopic mechanical
description the surface tension of the spherical interface turns
out to be proportional to the third moment of the pair potential
energy; the expression is consistent with that obtained for
the planar limit by Laplace and Rayleigh in the nineteenth
century (cf [3]). In addition we develop a novel analytical
expression for the Tolman length, as the ratio of the fourth and
third moments of the pair potential; the latter measure which
characterizes the curvature dependence of the interfacial free
energy is found to be negative from this static mechanical
perspective, with a magnitude for typical intermolecular
models of simple fluids of about a half of the molecular
size. We then turned our attention to a purely (macroscopic)
thermodynamic approach that sacrifices the molecular view
but now incorporates the concept of entropy. Macroscopic
thermodynamic approaches, as originally introduced by Gibbs
and then elaborated by Tolman and others, lead to a
mathematically rigorous description of a liquid drop but, as
shown in the last part of section 3, cannot in themselves be
used to determine the curvature dependence of the surface
tension, either directly (which would require a knowledge of
the free-energy density of the entire inhomogeneous system),
or from the determination of the surface of tension. The latter
is found to coincide with the Gibbs dividing surface so that the
surface tension takes on its value in the planar limit y (R) =
Yoo for any R, which would correspond to a Tolman length
of zero (§ = 0), rendering the Tolman theory inapplicable.
In order to make progress, the microscopic methods of the
statistical mechanics are clearly required.

There are essentially two ways of defining the surface
tension within a statistical mechanical treatment. One
approach relies on a mechanical definition of the surface
tension as the stress transmitted across a strip of unit length
normal to the interface. In this way, a connection between
the macroscopic theory of elasticity and the components
of a microscopic pressure tensor is made to determine
the surface tension. Beyond the planar limit, however, one
encounters conceptual difficulties with this approach, due to
arbitrary nature of the definition of the pressure tensor. This
lack of uniqueness was already appreciated by Irving and
Kirkwood [94] and by Harasima [98], and later analysed in
a detail for curved interfaces by Schofield and Henderson [5],
who attributed this arbitrariness to the fundamental problem
of the local definition of thermodynamic functions depending
on two- or higher-body interactions (with the exception
of the chemical potential). Surprisingly, these warnings are
still often ignored and a mechanical treatment relying on
a calculation of the surface tension via the pressure tensor
is frequently adopted. There are two main reasons for the
ill-advised popularity of a mechanical treatment: first of all,
any problems related to the non-unique definition of the
microscopic pressure tensor are apparent only beyond the
planar limit, and secondly, the use of this route is tempting in
simulation studies as one requires a knowledge of the forces
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between two interacting particles in molecular dynamics
simulation, and thus the components of the pressure tensor
can be obtained easily.

The alternative route is based on the thermodynamic
definition of the surface tension as the isochoric—isothermal
change in the free energy per unit area due to the deformation
of the interface. Within this approach one only deals with
transformations of the partition function, so that any problems
related with the pressure tensor inherent in the mechanical
route can be avoided. Nevertheless, a consideration of
first-order changes in surface area leads to an expression
involving the gradient of the potential energy and the
correlation function, which for a pairwise interaction gives
an identical ‘stress—strain’ relation to that obtained with the
mechanical route. By incorporating an auxiliary external field
(the magnitude of which is eventually taken to zero) the
second-order changes in surface area can be analysed in two
ways: as a calculation of the magnitude of the external field
needed to bend the surface; and as the change in the free
energy accompanying an increase in surface area caused by
capillary-wave density fluctuations. Both methods lead to
identical formulae involving the one-body density distribution
function and the direct correlation function. These expressions
are not exact, but sound arguments provide support for their
adequacy up to first order in curvature and, in particular,
its consistency with the thermodynamic expression for the
Tolman length.

From a more general point of view, the statistical
mechanical expressions relating the macroscopic properties of
fluids to a given microscopic model can be divided into the
so-called virial and compressibility approaches. Expressions
involving the direct correlation function clearly correspond to
the latter, as commonly implemented in a standard statistical
mechanical treatment of fluid systems. The use of the term
‘virial’ can however lead to some confusion. It is important
to realize that what is often referred to as the virial route
is actually only its first-order formulation, stemming from
the virial theorem of Clausius [176]. This is the case with
the common microscopic representations of the mechanical
approach, which amount to a first-order change in free energy
per unit area implicit in the thermodynamic approach, and
which have been shown to be valid for homogeneous bulk
systems. On the other hand the virial route is not in principle
restricted to a first-order representation, even though the
resulting extension to higher order in the deformation leads
to expressions involving three- and higher-body correlation
functions. Nevertheless, these higher-order terms can be
extracted from simulation data for the distribution of the
change in free energy associated with the deformation of
the interface [72]: the second-order (fluctuation) term in
the expression for the free-energy change turns out to be
of the same order of magnitude as the first-order term for
nanoscale drops. This clearly emphasizes the fact that the
use of a first-order virial expression, such as that resulting
from a standard mechanical treatment, neglects important
contributions due to fluctuations. This will be the subject of
a separate detailed study [171].

All the painful scrutiny and inconsistency of a mechanical
(or virial) treatment can be avoided with the help of
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density functional theory (DFT), a thermodynamic path
closely related to that of the compressibility route. Instead
of determining the direct correlation function, however,
one simply minimizes the grand potential functional to
find the equilibrium density profile, and then all of the
thermodynamic properties of the inhomogeneous system that
are required for a Gibbs—Tolman thermodynamic description
are available. In our current paper we have demonstrated
the capability and tractability of DFT in providing an
unambiguous description of the density profile and interfacial
properties of liquid drops and gas bubbles. Using a non-local
mean-field DFT in the canonical ensemble together with
a consistent Gibbs—Tolman thermodynamic analysis we
come to the following conclusions for liquid drops: the
curvature dependence of the vapour—liquid interfacial tension
of nanoscopic drops is non-monotonic, rising over the value
for the planar limit, and then decaying slowly to this limit as
the radius of the drop is further increased; this is consistent
with a negative Tolman length, which we estimate to be
about a tenth of the molecular diameter; the non-monotonic
behaviour of the surface tension is reflected in the behaviour
of the density at the centre of the drop, which is seen to
cross the saturation values of the bulk system at higher
temperatures; our analysis supports the validity of a first-order
curvature dependence of the surface tension as predicted by
the Tolman theory for drops with microscopic radii down
to about 10 diameters (below which such a macroscopic
approach is not expected to be valid); for smaller drops it
appears that an additional curvature dependence of the 1/R3
form is required in the Tolman treatment of the surface tension
in order to reproduce the full DFT results. The findings for
nanoscale bubbles of vapour in a bulk liquid are more widely
accepted: the curvature dependence of the surface tension is
monotonic, remaining below the planar limit for all bubble
radii; this again corresponds to a negative Tolman length,
which indicates that as expected the tension acts on the liquid
side of the interface.

Regarding the particular choice of density functional
(local or non-local, mean-field etc), it is not fully clear what
impact a given approximation has on the interfacial properties
of microscopic drops. It is apparent, however, that to first
order in the curvature of the drop the qualitative conclusions
are rather insensitive to the particular form of free-energy
functional. There now appears to be some consensus in the
most recent DFT studies that the magnitude of the Tolman
length is of the order of a tenth of a molecular diameter and
of a negative sign. It is likely, however, that in attempts to go
beyond a first-order curvature correction, the non-local nature
of the density functional will play a significant role. In studies
of more complex fluids, such as charged particles, polymer or
surfactant solutions that may exhibit self-assembly, one would
also expect that a non-local DFT which goes further than a
mean-field treatment of the attractive perturbation term will
provide a more appropriate description.
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We present results of a microscopic density functional theory study of wedge filling transitions, at a
right-angle wedge, in the presence of dispersionlike wall-fluid forces. Far from the corner the walls of the
wedge show a first-order wetting transition at a temperature 7', which is progressively closer to the bulk
critical temperature 7. as the strength of the wall forces is reduced. In addition, the meniscus formed near
the corner undergoes a filling transition at a temperature 7 < T, the value of which is found to be in
excellent agreement with macroscopic predictions. We show that the filling transition is first order if it
occurs far from the critical point but is continuous if 7' is close to 7. even though the walls still show first-
order wetting behavior. For this continuous transition the distance of the meniscus from the apex grows as
€, = (T, — T)~Bw» with the critical exponent 8,, = 0.46 = 0.05 in good agreement with the phenome-
nological effective Hamiltonian prediction. Our results suggest that critical filling transitions, with
accompanying large scale universal interfacial fluctuation effects, are more generic than thought
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previously, and are experimentally accessible.

DOI: 10.1103/PhysRevLett.110.166101

There is now direct experimental evidence for the ther-
mal excitation of the gravity stabilized capillary-wave-like
fluctuations at the interface between coexisting fluid
phases [1]. Over the last few decades theory has predicted
that such fluctuation effects are particularly important at
certain types of interfacial phase transitions such as critical
wetting [2—-6]. Wetting refers to the unbinding of a fluid
interface from a solid substrate (or another fluid interface)
on approaching a temperature T,,, at which the contact
angle 6 vanishes. The order of these transitions is deter-
mined by the subtle interplay between wall-fluid and fluid-
fluid intermolecular forces and also interfacial fluctuations.
The original macroscopic argument for wetting transitions
had predicted that the transition would be first order, and
should necessarily occur on approaching the bulk critical
temperature T, [7]. Model calculations soon revealed that
the location and order of the transition are more general
than this. In particular, Nakanishi and Fisher showed that,
for systems with short-ranged forces, the transition should
change from first order to continuous, if the surface forces
are weakened and T, approaches 7. [8]. While this has
been fully tested in Ising model studies [9], this scenario is
altered by the presence of long-ranged, dispersionlike
intermolecular forces. In order to see continuous (now
referred to as “‘critical’’) wetting transitions one requires
a fine tuning of the range and strengths of the solid-fluid
and fluid-fluid forces [2,10]. Consequently while there are
many examples of first-order wetting, there are no unam-
biguous experimental examples of critical wetting for
solid-fluid interfaces, although the transition has been
seen in a few binary mixtures [5].

0031-9007/13/110(16)/166101(5)
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One way around this, which would allow one to see the
strong influence of interfacial fluctuations on a continuous
phase transition, is to consider fluid adsorption in a linear
wedge for which there is an analogous transition referred to
as filling [11-15]. This transition is far more common in
nature than the wetting transition and was first studied
experimentally almost 40 years ago [16] although the order
of the transition was not considered. Recent phenomeno-
logical effective Hamiltonian models have predicted that
fluctuation effects are enhanced compared to wetting and
also that the requirements that the transition can be con-
tinuous are more relaxed [17-19]. While this has been
studied extensively in the Ising model [20-24], the more
realistic case of long-ranged forces has not been studied in
detail. In this Letter we present the results of a study of
filling in the presence of dispersion forces, based on a
microscopic classical density functional theory (DFT).
The latter has been instrumental in developing our under-
standing of inhomogeneous fluids but is most usually
applied to systems in which the equilibrium density
depends on only one coordinate [25-28]. Here we use a
two-dimensional DFT to study filling transitions and com-
pare with the predictions of thermodynamic arguments and
effective Hamiltonian theory. We find that close to 7. the
filling transition is continuous even though the walls of the
wedge themselves still exhibit first-order wetting. This
result allows us to check interfacial Hamiltonian predic-
tions for the critical behavior and offers strong encourage-
ment that continuous filling transitions may be found in
the laboratory similar to experiments on complete wedge
filling [29].

© 2013 American Physical Society
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Consider a wedge geometry formed by two identical
infinite planar walls that meet at an opening angle 2¢ in
contact with a bulk vapor at the chemical potential u,
tuned to saturation u = ug, at a temperature 7 <T..
The wedge may be thought as being a missing link between
a planar wall (¢ = 7r/2) and a capillary slit (¢ = 0) and
shows a phase transition (filling) which is distinct from
wetting and capillary condensation. Far from the apex the
thickness of the liquid wetting layer €, is the same as for a
planar wall. However near the apex, the thickness of the
meniscus can be much greater. Macroscopic arguments
dictate that the wedge is completely filled above a filling
transition temperature 7, which occurs when the contact
angle of a liquid drop satisfies [11-14]

o(T,) = g —y. (1)

The wedge filling transition corresponds to the change
from microscopic to macroscopic adsorption, as T — T,
and may be first order or continuous (critical filling) cor-
responding to the discontinuous or continuous divergence
of the adsorption. Because Eq. (1) is an exact requirement,
the filling transition is ubiquitous in nature for all fluids
that form drops with a finite contact angle.

Within classical DFT the equilibrium density profile is
found by minimizing the grand potential functional
Qlp] = Flp] + [drp(r)[V(r) — u], where V(r) is the
external potential [30]. We consider a right angle wedge
(¢ = 7/4) so that the potential V(r) = V(x,z) is a
function of Cartesian coordinates x, z > 0 and is transla-
tionally invariant along the wedge. Here F[p] is the
intrinsic free energy functional of the fluid one-body
density p(r), which can be split into ideal and excess
parts. Modern DFT often divides the latter into a hard-
sphere part Fy[p] and an attractive contribution F,[p] =
3 Jdrdryp(r))p(ra)u,(ry2) where u,(r) is the attractive
part of the fluid-fluid potential. We take this to be a
Lennard-Jones (LJ) potential u,(r) = —4&(o/r)°H(r — o)
which is truncated at r. = 2.50, where o is the hard-
sphere diameter and H(x) is the Heaviside function. For
Fs[ p] we use Rosenfeld’s fundamental theory which accu-
rately models packing effects if the density is high close to
the walls [31,32]. The external potential arises from a
uniform distribution of wall atoms, with density p,,, which
for r > ¢ interact with the fluid atoms via the LJ potential
¢,,(r) = —4¢,,(2)°, leading to

1 274 + x272 + 24 1
Vx,z=a[—+ +—:|, 2
( ) w Z3 2x3z3 ,——————x2 n Z2 .X,'3 ( )

where a,, = —(1/3)me,,p,,0°. There is a hard-wall repul-
sion if x, z < . Infinitely far from the wedge apex, the
potential close to either surface recovers that of a planar
wall, e.g., V(o, z) = 2a,,/z>. The functional Q[ p] is mini-
mized numerically on an L X L grid where the lateral
dimension of our box is L = 500 and the grid has a

discretization size 0.05¢0. To mimic the bulk boundary
conditions we impose p(L,z) = p,(z) and p(x, L) =
p-(x) where p..(z) is the equilibrium profile for a planar
wall-fluid interface with p (L) fixed to the bulk gas density
p,- In our model DFT k3T, /e = 1.414 and temperature is
expressed either in fractions of 7. or in dimensionless units
T“{< = kBT/ E.

We have considered a variety of wall strengths and
present results for g, = 1.2¢, ¢, = ¢, and ¢, = 0.8e.
For each, we first considered the planar wall with the
potential V,.(z) = 2a,,/z> and determined the density pro-
file p -(z) and surface tensions yy,, ¥y, and y of the wall-
gas, wall-liquid and liquid-gas interfaces, respectively.
From Young’s equation cos = (yy, — Ywi)/y We deter-
mined 6(T) for each of these systems (see Fig. 1). Each
system exhibits a wetting transition, with 7, determined
from the crossing of y,,, and vy, + . These occurat 7, =
0.83T,, T,, = 0.93T, and T,, = 0.99T, as g, is reduced.
The wetting transitions are all first order; that is, the
thickness of the liquid layer €. jumps from a microscopic
to macroscopic value at T,,. This is to be expected since the
wall-fluid potential is long ranged but the truncated LJ
fluid-fluid interaction is effectively short ranged [2]. This
prohibits critical wetting, which is important for our study.
Also, as expected, the strength of the first-order transition
decreases as T,, approaches T,. This is apparent when one
determines the interfacial binding potential W(€) corre-
sponding to the excess grand potential of a wetting film
constrained to be of thickness €. The global minimum of
this determines the equilibrium film thickness €. This is
shown in Fig. 2 for the case ,, = 0.8¢ close to the wetting
temperature and shows an activation barrier, characteristic
of first-order wetting, at €5 = 100. For comparison the
barrier for the binding potential for &,, = & is an order of
magnitude larger and located at {5 =~ 40.

65| —o—¢ =12¢ o .
60 |- —®—¢ = \ ° i
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FIG. 1 (color online). Variation of the contact angle with T for
different wall strengths. The intersection with the dashed line at
6 = 45° is the thermodynamic prediction for 7.
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FIG. 2. Binding potential function W(€) for €,, = 0.8¢ close to
a first-order wetting transition at T}, = 1.4 showing an activation
barrier at €5 = 100 In the inset we show the binding potential at
a lower temperature close to T; =~ 1.38 for which the activation
barrier is still present. In both cases the results correspond to a
bulk coexistence.

According to the thermodynamic prediction Eq. (1), the
location of the filling transitions can be determined from
the intersection of the contact angle curves with ¢ = /4
and gives Ty = 0.76T,, Ty = 0.90T, and T = 0.97T, as
g,, decreases in strength. To check this we set u = p,
and minimize Q[p] to a global or local minimum (),
starting from different high density and low density con-
figurations. For first-order filling these will converge to
different equilibrium profiles, corresponding to micro-
scopic and macroscopic adsorptions, which coexist at Ty.
This is what is found for the two strongest walls as illus-
trated in Fig. 3 where we plot the excess grand potential
Q* = ) + pV per unit volume as a function of 7. The
values for T, obtained are in near exact agreement with
the thermodynamic predictions and differ from them
only due to the limitations of numerical discretization
and finite size. In Fig. 4 we show the coexisting density
profiles p(x, z), corresponding to macroscopic (left) and
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FIG. 3 (color online). Location of a first-order filling transition
for €,, = e. Here V is the available volume which is the length of
the wedge multiplied by (L — o).
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FIG. 4 (color online). Coexisting macroscopic (left) and mi-
croscopic (right) density profiles at a first-order filling transition
for g,, = &.

microscopic (right) states, for €,, = . From these we can
determine the thickness €,, of the meniscus above the
wedge apex defined as the distance from the origin to a
point on a diagonal where p(x,x) = (p; + p,)/2. The
macroscopic meniscus is nearly flat (as it should be since
we are at bulk coexistence) and meets each wall at the
correct contact angle 6 = /4. Of course the size of this
macroscopic state is limited by our numerical grid and
scales with the system size L. For the microscopic con-
figuration the meniscus thickness €, is larger than the
wetting layer thickness €, but of the same order as the
distance of the activation barrier €5 =~ 40 for the corre-
sponding binding potential for the wetting transition. This
is precisely the expectation for first-order filling from
effective Hamiltonian theory [18]. Both microscopic and
macroscopic profiles show layering behavior close to the
apex.

For the weakest wall strength &,, = 0.8¢, however, both
initial coverages converge to a unique phase indicating that
the transition, which is of course rounded by the finite size
of our system, is continuous. A plot of the adsorption I' =
J dxdz(p(x, z) — p,) vs T is shown in Fig. 5 and shows a
dramatic but continuous increase in the adsorption near the
anticipated Ty =~ 1.38. A cross section of the density

25 : E
Poam"
|
L
20 2o o/ E
— a
: /

o 15+ 45 . -
e I
/lf

10 : -
s 7‘0 6‘5 6.0 I/x :
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5L /I/. |

]

I R I R I R I R I R I R 1 R I
1.350 1.355 1.360 1.365 1.370 1.375 1.380 1.385
T*

FIG. 5. Temperature dependence of the adsorption in the
wedge with the weakest wall interaction g,, = 0.8¢. The inset
shows the log-log plot of the adsorption vs the scaling field
Ty — T. The slope of the straight line is —0.92.
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FIG. 6. Density profile along the diagonal from (0, 0) to (L, L)
at the filling temperature 7 for €,, = 0.8e.

profile along the diagonal p(x, x) for T = T/ is also shown
(see Fig. 6). This indicates that the order of the filling
transition is changed near the vicinity of 7. Support for
this comes from the two sources. First, near T the menis-
cus height €,, = 220 is considerably larger than the loca-
tion of the activation barrier €5 = 100 associated with the
wetting binding potential (see the inset in Fig. 2). This is
not at all expected for first-order filling [18]. Second,
we can compare quantitatively with predictions for
critical filling. If the transition is critical then in an infinite
wedge we expect that ¢, ~ (T, — T)™#» with T o €2
owing to the triangular shape of the meniscus. Effective
Hamiltonian theory predicts that the critical singularities
depend on the power law describing the dominant wall-
fluid or fluid-fluid interaction which we may write more
generally as V(z) = 1/zP"!. The critical behavior falls into
two regimes with 8,, = 1/p for p <4 and B,, = 1/4 for
p >4 [18]. Thus we anticipate B,, = 1/2 in our model
since p = 2. The inset in Fig. 5 shows a log plot of the
adsorption for T < T', in which we use an unfitted estimate
of the filling temperature T; = 1.38 obtained from Eq. (1).

This gives B,, = 0.46 = 0.05 in good agreement with the
predicted value.

The presence of a critical (or at least effectively critical)
filling transition when T’y is close to T, when the walls still
exhibit first-order wetting, and in the presence of realistic
long-ranged interactions is the main new result of our
Letter, and is we believe encouraging for experimental
studies. To date there have only been detailed laboratory
studies of complete filling in linear wedges corresponding
to the approach to coexistence when the walls are com-
pletely wet (6 = 0) [29]. However the observation of
critical filling would be more interesting because fluctua-
tion effects are much stronger. For example, we expect that
beyond mean-field level, capillary-wave fluctuations do
not alter the divergence of €, =~ (T; — T)~"/? but do
lead to a universal interfacial roughness (width) &, =
(T; — T)~'/* which is much bigger than for complete fill-
ing and also critical wetting [ 18]. These fluctuations are not

captured by the present DFT and consequently the density
profiles will be broader than predicted here. However our
DFT should be otherwise extremely accurate regarding the
location of the transition, its order, and the adsorption. The
observed change in order from first order to continuous
filling has only been partially anticipated by the previous
effective Hamiltonian theory. This had been predicted on
the basis of a simple interfacial model, valid only for
shallow wedges, but the proposed mechanism required
that both the wall-fluid and fluid-fluid forces be of the
same range. Then it was noted that even for first-order
wetting, the filling transition would be continuous if it
occurs at a temperature below which the activation barrier
forms in the binding potential W(€) [18]. However in the
present DFT study a small activation barrier is still present
at T (see the inset in Fig. 2), indicating that the prediction
of the simple, shallow wedge, effective Hamiltonian theory
is not completely correct. Nevertheless we believe that the
substantial reduction in the size of the barrier as T
approaches T, plays a prominent role in the change of
order of the filling transition. Finally it would be interest-
ing to know if the change in order occurs via a tricritical or
critical end point and also what happens for more acute
wedges with stronger wall potentials.

In this Letter we have presented our results of numerical
studies of first-order and critical filling transitions in a
rectangular wedge using a nonlocal density functional
theory. This is the first time that filling transitions have
been studied using modern microscopic DFT in the pres-
ence of long-ranged wall-fluid interactions, and the results
show that close to the bulk critical temperature the wedge
filling transition may be continuous even though the walls
themselves exhibit first-order wetting.

A. M. acknowledges a support from the Czech Science
Foundation, Project No. 13-09914S.
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Abstract

We present numerical studies of complete, first-order and critical wedge filling transitions, at a
right angle corner, using a microscopic fundamental measure density functional theory. We
consider systems with short-ranged, cut-off Lennard-Jones, fluid—fluid forces and two types of
wall-fluid potential: a purely repulsive hard wall and also a long-ranged potential with three
different strengths. For each of these systems we first determine the wetting properties

occurring at a planar wall, including any wetting transition and the dependence of the contact

angle on temperature. The hard wall corner is completely filled by vapour on approaching bulk
coexistence and the numerical results for the growth of the meniscus thickness are in excellent
agreement with effective Hamiltonian predictions for the critical exponents and amplitudes, at

leading and next-to-leading order. In the presence of the attractive wall-fluid interaction, the
corresponding planar wall-fluid interface exhibits a first-order wetting transition for each of
the interaction strengths considered. In the right angle wedge geometry the two strongest
interactions produce first-order filling transitions while for the weakest interaction strength,
for which wetting and filling occur closest to the bulk critical point, the filling transition is
second-order. For this continuous transition the critical exponent describing the divergence of
the meniscus thickness is found to be in good agreement with effective Hamiltonian

predictions.

(Some figures may appear in colour only in the online journal)

1. Introduction

Wetting transitions and related fluid interfacial phenomena
have been extensively studied over the past few decades
(see, for example, the excellent review articles [1-5]).
The vast majority of early theoretical studies focused
on fluid adsorption on idealized planar substrates, or
between parallel plates [6, 7] or around spheres and
cylinders [8—11], in which the equilibrium density profile is
one-dimensional and depends only on the coordinate normal
to the substrate. More recently, however, there has been
considerable interest in adsorption and wetting at micro-
patterned surfaces in which the substrate is non-planar [12]

0953-8984/13/305005+11$33.00

or is chemically heterogeneous [13]. This work has been
motivated mainly by improvements in surface lithography
and related techniques, which now allow the controlled
fabrication of the tailored substrates which are central to
the development of microfluidics. At a more fundamental
level, however, such studies have revealed new examples of
interfacial phase transitions and fluctuation effects, as well
as surprising connections between adsorption in different
geometries [14-21].

A particularly simple and important example of a
non-planar substrate is a wedge geometry formed by two
identical infinite planar walls that meet at an opening angle
2y = m — 2a, where « is the tilt angle with respect to the

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. Schematic picture of the cross-section of a right angle
wedge for which o = /4. Far from the apex, the wetting layer is of
thickness ¢, . However, the height of the meniscus above the apex is
£y At a filling transition £,, changes from microscopic to
macroscopic. The Cartesian coordinates x and z used in our analysis
are shown.

horizontal plane (say). In figure 1 we schematically show a
section of a three-dimensional wedge where the walls meet at
aright angle corresponding to &« = /4. The wedge geometry
may be thought as being a missing link between the very well
studied examples of a planar wall (¢ = 0) and a capillary-slit
(¢ = m/2) and shows a phase transition which is distinct
from wetting and capillary condensation. Let us suppose that
the substrate is in contact with a bulk vapour at chemical
potential 1, tuned to saturation & = {i,, and at a temperature
T less than the bulk critical temperature 7.. Gravity is
ignored. Macroscopic arguments, which have been discovered
independently by several authors [22-25], dictate that the
wedge is completely filled with liquid when 6 < o, where
0(T) is the contact angle defined for a macroscopic sessile
drop on a flat surface. However, for 8 > « the adsorption
of liquid at the wedge is microscopic. The wedge filling
transition corresponds to the transition from microscopic to
macroscopic preferential adsorption of liquid, at a filling
temperature Tt, which satisfies the exact condition

0(Ty) = a. (1)

Since the contact angle usually decreases with tem-
perature it follows that 7y < Ty, where Ty, is the wetting
temperature at which the contact angle vanishes. In other
words, wedge filling precedes wetting, i.e. the wedge can
be completely filled with liquid even though the walls are
only partially wet. In figure 2 we show two possible phase
diagrams illustrating first-order and continuous wedge filling
transitions. In each case the filling transition refers to the
change from microscopic to macroscopic adsorption as T —
Ty along the coexistence line p = pug,. In figure 2(a) we
suppose this transition is first-order, while in figure 2(b)
we suppose it is continuous (critical filling). In the latter
case the equilibrium height ¢,, of the meniscus above the
wedge bottom diverges continuously in this limit. For the
case of first-order filling, a pre-filling line (shown as dotted),
corresponding a thin—thick transition extends above T7 and off
coexistence, analogous to the pre-wetting line which is also
shown. However, unlike pre-wetting, the pre-filling transition

(@) (b)

T T
L »
T, T,
+ complete filling
TW ¢
ﬂompletefilling T, L
T critical filling
T, §
first-order filling
“’L_I’lsa\| |“_usa(|

Figure 2. Schematic phase diagrams for wetting and filling at a
wedge—vapour interface; (a) first-order wetting and filling
transitions, (b) continuous wetting and filling transitions. If the
wetting transition is weakly first-order the filling transition may be
continuous (critical), in which case the pre-filling line (dotted) is
absent.

is necessarily rounded since it is pseudo-one-dimensional and
thus the pre-filling line does not end in a genuine critical
point. Both phase diagrams also show the complete filling
transition, which corresponds to the continuous divergence of
the meniscus height as u — u, for T > Tt.

Over the past decade, effective interfacial Hamiltonian
models have been used extensively to study the order of
wedge filling transitions and have shown how these are
sensitive to the range of the intermolecular forces and also
interfacial fluctuation effects [26-37]. These turn out to be
rather subtle issues. For example, while in open wedges (small
«) the order of the transition is qualitatively the same as that
of the underlying wetting transition, the critical exponents
which characterize three-dimensional critical filling are quite
different from those of critical wetting, and fluctuation
effects are much larger. For acute wedges, on the other
hand, effective Hamiltonians predict that the order of the
filling transition may be different from that of the wetting
transition [28, 36]. While some of these predictions have
been verified in computer simulations [38, 39], exact Ising
model calculations [31, 32] and simple square-gradient
mean-field theory [36], to the best of our knowledge
the filling transition has not been studied using modern
microscopic classical density functional theory (DFT) [40]
or for systems with realistic long-ranged intermolecular
forces. DFT has proved an invaluable tool in the study
of inhomogeneous fluids, including interfacial properties,
wetting, layering and capillary condensation transitions. As
mentioned above, studies of such transitions are simplified
because the density profile is one-dimensional. The purpose
of this paper is to apply modern DFT to the study of the wedge
filling transition, for which of course the density profile is
two-dimensional. In this way our work complements recent
studies of condensation in capped capillaries [41, 42]. A
preliminary account of some of our results has appeared
earlier [45].
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In our work we use Rosenfeld’s fundamental measure
theory (FMT) [43, 44] combined with a simple mean-field
treatment of the attractive part of the intermolecular
interaction, which is taken to be a cut-off Lennard-Jones
potential. We consider a right angle wedge and two different
types of wall-fluid interaction, which allow us to address
the following points and compare with effective Hamiltonian
theory. (1) For a purely hard wall, for which the contact angle
6 = m, we study predictions for universal critical singularities
for the complete wedge filling (of gas). In this case the
complete filling occurs at the wedge-liquid interface as u© —
nd. (2) We consider walls with long-ranged wall-fluid
interactions, which leads to a finite contact angle and a
wetting transition at which the contact angle vanishes. The
wetting transition is always first-order but the strength of it is
weakened the closer the transition occurs to the bulk critical
temperature. In this way we can see if the order of the filling
transition can change and be different from the order of the
underlying wetting transition. If this is the case we wish
to extract the critical exponents and compare with effective
Hamiltonian predictions.

Our paper is organized as follows. We start with a
description of our model DFT, the intermolecular forces,
the wedge geometry and boundary conditions used. We first
consider the case of complete wedge filling occurring at the
interface between a hard wall wedge and a bulk liquid. We
check that our numerical results satisfy exact sum-rules for
a planar hard wall, using the full 2D code, and then extract
the equilibrium meniscus shape and excess adsorption for
the right angle wedge geometry and compare with effective
Hamiltonian predictions for critical exponents and critical
amplitudes. We then add an attractive long-ranged wall-fluid
potential and first determine the contact angle and wetting
transition temperature for a planar wall-gas interface. For the
corresponding wedge geometry we determine numerically the
location and order of the filling transition and compare with
the thermodynamic and effective Hamiltonian predictions. We
finish with a summary of our results and discuss some open
questions.

2. Density functional theory and model interactions

In this section we describe our model and outline the main
features of the microscopic DFT that have been used in this
work.

Within classical density functional theory [40], the
equilibrium density profile is found by minimizing the grand
potential functional

Qlpl = Flpl + / drp(r)[V(r) — ], 2

where p is the chemical potential and V(r) is the external
potential. Here F[p] is the intrinsic free energy functional
of the fluid one-body density, p(r), which can be split into
ideal and excess parts. Following the spirit of van der Waals,
modern DFT often further divides the latter into a hard-sphere
and an attractive contribution

Fexlpl = Fuslp] + 3 /f drdr’p (1) p(Fua(Ir — 1)), (3)

where u,(r) is the attractive part of the fluid—fluid interaction
potential. In our analysis we take this to be a truncated
Lennard-Jones-like potential

0; r<o,
o\6
u(r) = { —4e (—) o <1<’ “)
r
0; r>re,

which is cut-off at r, = 2.5, where o is the hard-sphere
diameter. The hard-sphere part of the excess free energy is
approximated by the FMT functional [43],

1
Fislol = 5 / dr @ ({ng}). )

where @ is a function of six weighted densities n, (r), and g =
1/kgT is the inverse temperature. Rosenfeld’s FMT accurately
captures short-range correlations and thus the functional (3)
should describe strong packing effects for liquid adsorption at
the surface of the wall and near the apex.

The confining wedge is treated as an external field, V(r),
exerted on the fluid atoms. The potential is assumed to be
translationally invariant along the wedge which is formed
from two semi-infinite planar slabs (walls) that meet at a
right angle, so that « = 7 /4. We will consider two types of
wedge—fluid interaction. One is a purely hard wall wedge,
whose potential is simply

o0, xX<oor z<o,

hw
Vi = {0; elsewhere, ©)
where the x and z Cartesian coordinates run parallel to the left
and right hand side walls respectively (see figure 1).

The second wall potential is long-ranged and is assumed
to arise from a uniform distribution of wall atoms, with a
one-body density py,. These interact with the fluid atoms via
the Lennard-Jones potential

Ow(r) = —dey (%)6; r>o. @)

After integrating ¢, (r) over the whole depth of the wall,
the potential of the wedge can be expressed as

Ly o0; xX<oorz<o,
V&(x,2) =14 ~ 3
V(x, z); elsewhere,
with
- 1 274 + X222 + 24t 1
Vx, 2) = =+t —+ = 9
(x,2) = aw [13 NN e x3} &)
and
=-1 6 10
Oy = —3TEWPWO . (10)

Notice that infinitely far from the wedge apex, the potential
close to either surface recovers that of a planar wall
V(x, 00) = 2ay, /x> or V(00,z) = 2ay/z>. Minimization of
(2) leads to an Euler-Lagrange equation, which is solved
numerically. This is done on an L x L Cartesian grid, where
the lateral dimension of our box size is L = 50¢ and the grid
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has discretization size 0.05 ¢. To mimic the bulk boundary
conditions we impose that p(L, z) = pr(z; L) and p(x, L) =
pr(x; L), where pr(z; L) is the equilibrium profile for a
planar wall-fluid interface with p,(L; L) fixed to the bulk
density. The latter is, for the sake of numerical consistency,
determined from the full 2D DFT. Once the equilibrium
density profile is found, the corresponding grand potential
is calculated from (2). From this, all the thermodynamical
properties of the system can be determined. For the most
part we express our temperature scale in fractions of the bulk
critical temperature kg T./¢ = 1.414 or in dimensionless units
T* = kgT /e where more convenient. Similarly, densities are
written in dimensionless units p* = po3, as are wetting film
thicknesses ¢* = ¢/o and distances z* = z/o, etc.

3. Numerical results
3.1. Complete filling at a hard wall wedge

As described in the introduction, the complete filling
transition refers to the continuous divergence of the meniscus
height £y, on approaching two-phase coexistence when the
contact angle 6 < «. Effective Hamiltonian studies predict
that this transition is dominated by the geometry of the wedge
and displays universal critical properties [12]. For example, at
leading order the meniscus height is predicted to diverge as

y(secacosf — 1)
Ly ~
SpAp

where y is the surface tension of the liquid—gas interface and
Ap = p1 — pg is the difference between the bulk densities.
The power-law dependence on §iu = |t — [hga| 1S universal
and is independent of the range of the intermolecular forces
and fluctuation effects. This universal behaviour can be
understood very simply using macroscopic concepts [12].
As coexistence is approached, the meniscus that grows at
the wedge corner must have a circular cross-section with
radius R = y/§uAp, as determined by the Laplace pressure
difference across it. The height £y, then follows from the
condition that the meniscus must meet each side of the wedge
at the correct contact angle. Notice that the amplitude of
the divergence vanishes at the filling phase boundary 6 = «,
consistent with the requirement that the adsorption becomes
microscopic for T < Tr.

A particular case of complete wedge filling occurs when
the walls are completely wet, 8 = 0, or completely dry, 6 = 7
(if one studies the wedge-liquid interface). In this case there
are also singular next-to-leading order contributions to the
divergence, such that [16]

1)

secC o
1— peo

where £, ~ 855" is the thickness of the complete wetting
layer at a planar wall-vapour interface (or wall-liquid in
the case of drying). The character of this next-to-leading
order correction therefore does depend on the range of the
intermolecular forces, since these determine the wetting layer

__ Y(seca —1)
SAp

bt - (12)

w

0.5 L e

p*(2)

25 30 35 40

Figure 3. Density profile of a liquid near a planar hard wall for
T=092T; and p; — pof = 107°. Notice the presence of a thick
drying layer of vapour whose density is close to that of the bulk gas.
The density is lower at the wall, consistent with the pressure
sum-rule.

thickness. For systems with short-ranged forces, recall that
Ly ~ —&,Indu, where &, is the correlation length of the bulk
phase adsorbed at the wall, i.e. 85 = 0. Strictly speaking this
is a mean-field result but, in three dimensions (which is the
upper critical dimension for short-ranged forces), interfacial
fluctuation effects do not alter this in any significant way,
altering only the amplitude by a factor 1 4+ w/2, where w =
kBT/4ny$§ is the wetting parameter [1]. For long-ranged
intermolecular potentials, on the other hand, the exponent
B¢ =1/(p + 1), with p = 2, 3 for non-retarded and retarded
dispersion forces, respectively [1]. The critical amplitude
of the correction term is similar to that describing the
well-known Derjaguin correction to the Kelvin equation for
capillary condensation in a slit geometry [46]. Only for the
case of short-ranged forces does the correction term have
a simple geometrical interpretation arising from the wetting
layer along the walls far from the apex.

In this section we test the effective Hamiltonian
prediction (12) for the case of complete drying by vapour
at a right angle hard wall wedge. We suppose the wedge is
in contact with a bulk liquid at chemical potential & > iy
Then, as coexistence is approached from above a bubble
of low density vapour forms at the corner, whose height
from the apex should be described by equation (12). In our
calculations we fix the temperature to 7' = 0.92 T, for which
bulk coexistence occurs at figy = —3.965 11€. As a check of
our 2D DFT numerical algorithm, we first studied the planar
hard-wall-liquid interface. In this case, we fixed the particle
density at z = L to a bulk density pp, which is slightly higher
than the density of the liquid at saturation, p; = 0.43148 o3,
In figure 3 we display a typical equilibrium density profile
0(2) showing a fairly thick drying layer of low density vapour.
For comparison the bulk density of gas at this temperature is
pg = 0.1 o3. The density near the wall falls and, at contact,
ow = p(o) should be exactly given by the sum-rule p =
ksTpw, where p is the bulk pressure. The measured value
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Figure 4. Plot of the film thickness £} = €, /o of the adsorbed
layer of gas at a hard wall versus the over saturation, measured on a
log scale, for T = 0.92 T,.. The slope of the straight line determines
the bulk gas correlation length.

of the contact density with this grid size determines the bulk
pressure with an error less than 0.01%.

From the equilibrium density profile we determine
the adsorption I' = fgL(,o (z) — pp)dz, and from this the
film thickness according to the standard definition ¢, =
IT'|/Ap. In figure 4 we show the dependence of ¢, on
the supersaturation. This is in excellent agreement with the
expected logarithmic divergence for this cut-off LJ fluid, and
allows us to identify the bulk correlation length of the gas
phase Ebgas = 1.110. This agrees with the value obtained
independently from the decay of the density for the wall-gas
interface.

We now turn our attention to the hard wall wedge
geometry, corresponding to the external potential (6), and
numerically study the interface with a bulk liquid for different
chemical potentials approaching bulk coexistence. In figure 5
we show four different 2D density profiles p(x, z) for values
of the chemical potential progressively closer to saturation.
For the values of the chemical potential chosen, one can see
qualitatively that far from the wedge apex the adsorption of
gas is rather small, corresponding to thin drying films only
a few o thick. These are indicative of the planar wall-liquid
interface. In contrast, even for the largest value of the chemical
potential the geometry enhanced preferential adsorption of
vapour at the apex, via the formation of a meniscus, is clearly
apparent. Upon approaching saturation, the distance ¢, of the
meniscus from the apex increases, and diverges as ;& — [Lgat-
This divergence is far stronger than the logarithmic increase
of the drying film at a planar wall.

In figure 6 we show a numerically determined meniscus
shape corresponding to the loci of the local mid-point
interfacial density, where p(x, z) = ”"Tﬂ”, for the case where
pb = p1 +0.003/03. The shape of the meniscus is very nearly
circular, as can be seen from comparison with the green
circle, which has the Laplace radius R = y /duAp = 3630
for this particular chemical potential. This gives us some

0.6
0.4
b
0.2
0
0 10 20 30 0 10 20 30
xlo xlo
0.6
0.4
£ 15
10 0.2
0

0
0 5 10 15 20 25 30 00 10 20 30 40 50
xlo xlo

Figure 5. Fluid density profiles near a hard wedge in contact with a
bulk liquid at temperature 7' = 0.92 T.. The bulk density differences
(8p = pp — py) from top left to right bottom are: §po> = 0.01,
0.008, 0.005, and 0.003, respectively.
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Figure 6. Contour of the meniscus between the vapour and liquid
phases in a hard wedge at temperature 7 = 0.92 T, and bulk density

b — p = 0.003/03. Also shown for comparison is a circular

. . oy
meniscus of Laplace radius R = Ve

confidence that even for the present small system sizes the
predictions of macroscopic and effective Hamiltonian theory
are still valid. Finally, and most importantly, the numerically
determined divergence of the filling height, ¢, is shown
in figure 7 (symbols). The dashed curve is the macroscopic
theoretical expression which corresponds to just the first term
in (12). For T = 0.92 T¢, this corresponds to the curve £y, =
0.092630¢/5u. The shape of this is very similar to the
numerical results for the film thickness but lies systematically
below it. The solid curve is the theoretical result now allowing
for the next-to-leading order correction in (12)—which recall
is logarithmic for the present cut-off LJ fluid. We emphasize,
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Figure 7. Numerical results (symbols) for the divergence of the
meniscus filling height £,,, shown in comparison with the

% (dashed curve) and the

effective Hamiltonian prediction (12) (solid curve) which includes
the logarithmic next-to-leading order correction.

macroscopic expression £y, =

since the agreement is so good, that this is not a fit and
there are no adjustable parameters. Effective Hamiltonian
theory therefore gives an excellent quantitative description
of complete filling at a hard wall wedge. One simplifying
feature of the hard wall in contact with a vapour wetting or
drying layer, of course, is that there are no packing effects to
worry about. Filling by liquid is potentially more complicated
because of such effects. We turn to this in the next section in
the context of the filling transition itself.

3.2. Filling with long-range wall-fluid forces

In this section we go beyond the pure hard wall wedge and
turn on the long-range wall-fluid attraction. We consider three
different interaction strengths; (i) ey = 1.2¢, (il) ey = €
and (iii) ey = 0.8¢. For each of these we first consider
the corresponding planar wall-fluid interfaces and determine
the temperature dependence of the contact angle 6(7T) from
the wall-gas and wall-liquid surface tensions using Young’s
equation cosf) = (ywg — Ywl)/y. Each of these systems
exhibits a wetting transition by liquid at a wall-vapour
interface. As expected, these transitions are first-order, since
the wall-fluid and fluid—fluid forces have different ranges.
In figure 8 we show the numerically determined value of
the wetting temperatures using both the 1D and 2D DFT
calculations. The crossing of the wall-gas tension yyg and
summed tensions yy,1+y gives consistent values of 7, = 1.18
(or Ty =0.83T¢), Ty =131 (or Ty, =0.93T;)and T, = 1.4
(or Ty = 0.99T.) for the cases (i)—(iii), respectively. For
the strongest wall-fluid interaction, ¢y, = 1.2 ¢, the wetting
transition is strongly first-order, as can be seen from the
crossing of the free energy branches. To further emphasize
this we have determined numerically the interfacial binding
potential W(€) representing the excess free energy of a
wetting film constrained to be of thickness £. For ¢, = ¢ this
is shown at the upper panel of figure 9 for a temperature close
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Figure 8. Determination of the wetting temperature T, from the
intersection of the wall—gas tension yy, and summed tensions
ywl + 7. Results obtained from 1D calculations (in red) are
compared with those of the 2D calculation (in black).

to Ty. As can be seen there is a clear activation barrier located
near {g ~ 4o.

For the weakest wall-fluid potential ¢y, = 0.8 ¢, where
T, is very close to the bulk critical temperature, the transition
is weakly first-order, as can be seen from the near tangential
meeting of the surface tensions. This is more apparent when
one numerically determines the interfacial binding potential
for T ~ Ty, for this interaction strength (see lower panel
of figure 9) by minimizing the grand potential subject to
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Figure 9. Interfacial binding potentials W(£), in dimensionless
units, as a function of the adsorbed film thickness. The upper panel
corresponds to ¢, = ¢ and for a temperature close to Ty = 1.32.
Notice the presence of a prominent activation barrier at {g ~ 4 ¢. In
the lower panel we show the binding potential for ¢, = 0.8 ¢, also
close to its wetting transition at Ty, = 1.4. In this case, the activation
barrier is an order of magnitude smaller and situated further from
the wall at £g ~ 10 o. In the inset we show the binding potential at a
lower temperature which is close to the filling temperature

T7 ~ 1.38 for this same system. Notice that an activation barrier is
still present. In all cases the results correspond to a bulk coexistence.

a constraint of fixed film thickness [47]. This function still
exhibits an activation barrier, but this is an order magnitude
smaller than for the &y = & case and its location near {g ~
100 is far further from the wall. In the inset we show
the binding potential at a lower temperature (at the filling
transition), which we will return to later.

A plot of the contact angles as a function of temperature
for each of the wall strengths is shown in figure 10, where
the intersection with @ = 7 /4 gives, from the thermodynamic
prediction (1), the theoretical value of the filling transition in
aright angle wedge. These are T = 1.075 (or Tt = 0.76 T¢.),
TF = 1.275 (or Ty = 0.90T¢) and Tf = 1.375 (or Ty =
0.97 T,) for interaction strengths (i)—(iii) respectively.

We now turn our attention to the numerical analysis
of the equilibrium density profiles and phase behaviour
in the wedge geometry. Our first task is to numerically
determine the location of any filling transition and compare

70 [ T T T T T T T ]
65 - —o—¢ =1.2¢ o . ]
60 C —0—¢g =e \ 4
55 - —o— sw=0.8£ . \ -
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Figure 10. Variation of the contact angle with temperature for three
different wall strengths. The intersection with the dashed line at

0 = 45° is the thermodynamic prediction for the filling temperature
for each system.

with the above theoretical predictions for the three different
wall—fluid interaction strengths. To this end we sit at bulk
coexistence 4 = gy and minimize the grand potential 2[p]
to a global or local minimum €2, starting from two different
initial configurations: a high density liquid and a low density
vapour. If the system exhibits a first-order filling transition
then we can expect that in the vicinity of Tt these initial
configurations will converge to different equilibrium profiles,
corresponding to microscopic and macroscopic adsorptions of
liquid, respectively. These will have identical grand potentials
at the filling transition. Obviously finite-size constraints limit
the size of the macroscopic liquid layer, the size of which
scales with the box area L2. If, on the other hand, the filling
transition is continuous there will be a unique equilibrium
phase. In this case a plot of the total adsorption versus
T will have no hysteresis loop but should still show a
dramatic continuous increase near 7. Plots of the excess
grand potential Q% = Q + pV per unit length of the wedge
obtained in this manner are shown in figures 11 and 12.
For the two strongest interaction strengths there are two
separate branches of the free-energy, indicating a first-order
filling transition. The crossing of the free energies yields
filling temperatures 77 = 1.085 and 77 = 1.278 for &y, =
1.2¢ and ey = ¢, respectively, which are close to the
theoretical predictions obtained from 6 (7f) = /4. The slight
discrepancy between the values is a consequence of the
finite-size limitations of our numerical analysis. In figure 13
we show the coexisting density profiles, corresponding to
microscopic (lower panel) and macroscopic (upper panel)
states, at the filling temperature for wall interaction strength
ew = €. Notice that the macroscopic meniscus is nearly flat,
as it should be since we are at bulk coexistence and the
interface must meet the walls at a contact angle equal to 7 /4.
Notice that for the microscopic configuration the thickness
£y of the adsorbed layer is larger than the wetting layer
thickness (far from the apex) but of the same order as the
distance of the activation barrier 5 for the corresponding
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Figure 11. Location of a first-order filling transition from the
crossing of two separate free energy branches corresponding to
microscopic and macroscopic adsorptions in the wedge geometry
for ey /e = 1.2. Here V is the available volume, which is the length
of the wedge multiplied by (L — o)?.
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Figure 12. Location of a first-order filling transition from the
crossing of two separate free energy branches corresponding to
microscopic and macroscopic adsorptions in the wedge geometry
for gy, = ¢.

binding potential for the wetting transition, see inset of
figure 9. Both microscopic and macroscopic profiles show
layering behaviour close to the apex. Also shown in figure 14
is a metastable configuration for T < Tt, representing a
macroscopic adsorption of liquid with a concave meniscus.
This curvature is necessary in order that the meniscus meets
each wall at the correct contact angle.

Most interestingly, for the weakest wall strength ey, =
0.8 ¢ we have found that there is only a single branch to the
equilibrium grand potential, i.e. both high and low density
initial coverages converge to a unique equilibrium phase. This
means that either the filling transition is continuous (critical),
or so weakly first-order that the present L x L finite-size
grid is not large enough to see the jump in the adsorption.
A plot of the adsorption I' = [ dxdz(p(x, z) — pp) versus T
is shown in figure 15. As is evident, there is indeed a dramatic
but continuous increase in the adsorption near the anticipated
T{ ~ 1.38, indicating that a continuous filling or possibly
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Figure 13. Coexisting density profiles for wedge—vapour interfaces
at a first-order filling transition for wall strength ¢, = ¢
(corresponding to 77 = 1.28). The upper panel shows the
macroscopic configuration, in which the meniscus is far from the
wall and meets each wall at the contact angle. The lower panel
shows the coexisting microscopic configuration, in which the
interface is tightly bound to the apex.

xlo

Figure 14. Example of a metastable configuration corresponding to
a macroscopic meniscus with negative curvature at a temperature
T* = 1.2 which is below the filling temperature (7{ = 1.28).

finite-size rounded weakly first-order filling transition is
taking place. Strong evidence that this a genuine critical
filling transition comes from two sources. Firstly, consider
the unique density profile at 7 = Ty shown in figure 16.
The thickness of the meniscus £y, is much larger than the
length-scale £ ~ 100 associated with the wetting activation
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Figure 15. Plot of the adsorption (in reduces units) as a function of
temperature for the wedge model with the weakest wall interaction,
ew = 0.8 ¢. The adsorption increases sharply but continuously in the
vicinity of the filling temperature, indicating that the transition is
continuous.
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Figure 16. Density profile for the weakest wall interaction,
ew = 0.8 ¢, near the filling temperature.

barrier. If finite-size rounding was an issue we would expect
that £y, < £p, or at least that these length-scales would be
comparable. We also emphasize here that even though we
are quite close to the bulk critical temperature (recall, Ty ~
0.975T,), the bulk (liquid) correlation length is still of the
order of o and is much smaller than the overall meniscus
size. This is also clear in figure 16, where the width of the
interface separating liquid from gas is much smaller than ¢,,.
This clearly indicates that the mean-field character of our DFT
should not play any significant role regarding the location
and the order of the transition. Secondly, we can compare
with effective Hamiltonian theory for the meniscus thickness
£y, and adsorption at critical filling. This predicts that, in an
infinite wedge, these diverge as [28]

by ~ (Tt —T)"Pv, [~ (Tt —T)" v (13)

where the adsorption is simply the square of the film
thickness owing to the triangular shape of the meniscus.
The mean-field value of the critical exponent 8y, = 1/p and,
incidentally, is not altered by interfacial fluctuation effects
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Figure 17. Log-log plot of the adsorption versus the scaling field

Tt — T for the weakest wall interaction strength, &y, = 0.8 ¢. The
slope of the straight line is —0.92.

in three dimensions provided p < 4, see [28]. In our model
p = 2, so we should expect that if the filling transition
is continuous the adsorption increases as I' ~ (Tf — 7)1
on approaching the filling temperature. In our final figure
(figure 17) we show a log—log plot for the growth of the
adsorption for T < Tt, in which we use the numerical estimate
of the filling temperature 7f" = 1.38. From this we estimate
Bw = 0.46 £ 0.05, which is in a reasonably good agreement
with the effective Hamiltonian prediction.

4. Discussion

In this paper we have presented our results of numerical
studies of complete, first-order and critical filling transitions
in a rectangular wedge using a non-local density functional
theory. To the best of our knowledge this is the first
time that filling transitions have been studied using modern
microscopic DFT and our work complements earlier effective
Hamiltonian, square gradient and simulation studies. For
the case of complete filling the results of the DFT confirm
effective predictions for leading and next-to-leading order
critical exponents and amplitudes to a remarkable accuracy.
However, we believe our most important finding is that close
to the bulk critical temperature the wedge filling transition
is continuous even though the walls themselves exhibit
first-order wetting. Crucially this occurs in the presence
of realistic long-ranged wall-fluid interactions (and for a
cut-off LJ fluid), which is the system that is most accessible
experimentally. To end our paper we discuss this in more
depth.

The change from first-order to critical filling occurs in
the vicinity of the bulk critical temperature. In this region
we can reasonably expect that universal properties arise due
to the scaling behaviour associated with bulk and surface
criticality. In fact, for systems with short-ranged forces there
are predictions for the universal shift of Ty and Tt from T,
which depend only on the half opening angle v = 7 /2 —« as
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follows [34]:

T.—Tw /A,
g =R
where the universal amplitude R;(¥) depends only on the
dimension 4 and the tilt angle and A; is the surface gap
exponent [48]. At mean-field level, and for a right angle
wedge the prediction of Landau square-gradient theory is
R3(m/4) = 0.518 (and recall A; = 1/2). If we naively
assume that this scaling holds for our model, which recall
has long-ranged wall-fluid interactions, this predicts that the
filling temperature for the wall strength ey = 0.8¢ is T{ =
1.364. This is remarkably close to our numerical value 7§
1.375 and is indicative that some scaling is present.
Finally, we mention that a possible change in the order
of the filling transition had been predicted by effective
Hamiltonian theory [28]. However, the mechanism originally
proposed for this does not quite apply to the present DFT
model. In the original effective Hamiltonian description,
which applied only to rather shallow wedges, the mechanism
arose because it was noted that the filling temperature T
may be below the surface spinodal temperature Tipi, at which
the activation barrier in the wetting binding potential is first
formed. However, this mechanism is only possible if the
wall-fluid and fluid—fluid forces have the same range, since
it requires that the Hamaker constant controlling the large
distance algebraic decay of W(¢) changes sign at Tgpin. In
the present model, with cut-off LJ fluid—fluid forces and
long-ranged wall-fluid forces, no such spinodal temperature
exists and an activation is always present. This is shown
explicitly in the inset of figure 9, which shows the binding
potential at the filling temperature 7;. From this we can
conclude that the change in order is a more general feature
of filling transitions that occur close to the bulk critical
temperature, where the ‘short-range’ properties occurring on
the scale of the large bulk correlation length can compete
with long-range dispersion forces. This is in keeping with
the general expectation that long-ranged forces become less
important near the bulk critical point. The observation in our
model system that critical wedge filling is possible even if
the walls exhibit first-order wetting, is encouraging that such
continuous interfacial transitions can be seen experimentally.
This would be particularly interesting, because fluctuation
effects are far stronger for critical filling than for critical
wetting. For example, for the present case of long-ranged
forces (with p = 2), for which £y ~ (It — T)~'/2, the
interfacial roughness (rms width) is predicted to diverge,
due to capillary-wave-like fluctuations, with a universal
power-law £, ~ (Ty — T)~'/* which is independent of the
range of the forces [28]. Of course such fluctuation induced
interfacial roughness is not present in our mean-field DFT
and in reality the density profiles p(x,z) will be broader
near the interface than calculated herein. However, this is a
minor defect of the mean-field DFT analysis, which should
be completely reliable as regards the location of the filling
transition, its order and also the determination of the exponent
Buw-
We believe our predictions are testable in the laboratory.
For the case of complete wetting there have already been

(14)

impressive experiments by Mistura and co-workers [49],
who have verified the leading power-law and amplitude
in equation (11). Repeating these experiments with more
precisely manufactured wedges would allow one to look at the
more subtle next-to-leading order behaviour, similar to that
described here. Unfortunately, the materials used so far have
precluded the study of fluids which exhibit partial wetting,
which is of course necessary to see the filling transition. At
the moment it appears more likely to us that this transition can
be seen at the micron scale using colloid polymer mixtures,
similar to studies of wetting and capillary condensation [50].

Our work can be extended in a number of ways.
Obviously larger system sizes with finer grids would allow
us to probe the critical regime for continuous filling with
greater accuracy. Varying the tilt angle, interaction strengths
and range of the forces would also be very informative
and would allow us to see whether the filling transitions
for the stronger potentials, where T is further from T, are
turned continuous. Generalizing our analysis to asymmetric
wedges with competing potentials at each wall would also
be straightforward. Finally, at low temperatures it would be
very interesting to see if one could induce corner crystalline
structure near the wedge apex and defects due to the
competition between the lattice directors and the geometrical
confinement. We hope that this work stimulates further 2D
and 3D DFT studies of adsorption at structured surfaces and
experimental investigations of wedge filling.
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Abstract

We consider fluid adsorption near a rectangular edge of a solid substrate that interacts with
the fluid atoms via long range (dispersion) forces. The curved geometry of the liquid—vapour
interface dictates that the local height of the interface above the edge {g must remain finite at
any subcritical temperature, even when a macroscopically thick film is formed far from the
edge. Using an interfacial Hamiltonian theory and a more microscopic fundamental measure
density functional theory (DFT), we study the complete wetting near a single edge and show
that ££(0) — g (8u) ~6uP%’, as the chemical potential departure from the bulk coexistence

ou = us(T) — u tends to zero. The exponent S<° depends on the range of the molecular forces
and in particular #5° =2/3 for three-dimensional systems with van der Waals forces. We

further show that for a substrate model that is characterised by a finite linear dimension L, the
height of the interface deviates from the one at the infinite substrate as 5¢g(L) ~ L™! in the limit
of large L. Both predictions are supported by numerical solutions of the DFT.

Keywords: adsorption, wetting, density functional theory, fundamental measure theory, surface
phase transitions

(Some figures may appear in colour only in the online journal)

1. Introduction

It is well known that the adsorption properties of solid sub-
strates strongly depend on the substrate geometry. In particular,
the nature of pertinent surface phase transitions on non-planar
substrates may qualitatively differ from those on planar walls.
The surface geometry can have a profound influence on the
location of the phase transitions, their order, and the values
of the critical exponents, and it can even induce entirely new
interfacial phase transitions and fluctuation effects [1-8].
Recent theoretical studies also have revealed new examples of
surprising connections between adsorption in different geom-
etries [9, 10]. These findings are not only interesting in their
own rights but also have useful and far-reaching consequences
for applications that require the design of modified surfaces,
whose adsorption properties can be sensitively controlled at
the nanoscale. Indeed, recent advances in nano-lithography
have opened up an entirely new area of research with exciting

0953-8984/14/315002+7$33.00

implications for modern technologies [11-13] that address
the properties of fluids that are geometrically constrained to
a molecular scale. Examples of the products of this sort of
innovation include self-cleaning materials [14], responsive
polymer brushes [15] or ‘lab-on-a-chip’ devices [16].

A prerequisite to these applications is a detailed descrip-
tion of fluid adsorption on structures of the most fundamental
non-planar geometries. This paper focuses on the adsorption
of a simple fluid near a substrate edge. In the simplest case of
a single edge, the substrate geometry can be characterised by
an internal angle ¢ < 7, where two semi-infinite planes meet.
This (convex) object should be distinguished from a (concave)
linear wedge model, because the fluid behaviours on these two
substrates are strikingly different. While the wedge geometry
promotes fluid condensation and shifts the temperature where
macroscopic coverage occurs below the wetting temperature
Ty, of a corresponding planar wall [5, 6], the presence of the
substrate edge implies that the height of the liquid—vapour

© 2014 I0P Publishing Ltd  Printed in the UK
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Model 1

Model 2

Figure 1. Left: a sketch of model 1 in the x—z projection. The liquid film thickness above the edge of the substrate is {g, while far away
from the edge the film thickness approaches the value ¢, corresponding to an adsorbed layer above a planar wall. Right: a sketch of model
2 in the x—z projection. The liquid film thickness above each of the four edges of the substrate is {g(L), which now depends on the linear
dimension of the wall L. In both cases, the wall is assumed to be infinitely long along the Cartesian y-coordinate.

interface above the edge (g remains finite at any subcritical
temperature, even when the interface far from the edge €,
unbinds from the wall. This suppression occurs because of
the surface free energy cost, that must be paid for interface
bending above the edge, similarly to adsorption on a spherical
wall where the growth of an adsorbed film is restricted by the
Laplace pressure arising from the curved liquid—vapour inter-
face [17, 18].

A proper understanding of how the presence of the edge
affects the wetting properties of the wall is important to
obtain a comprehensive picture of adsorption on structured
(or sculpted) surfaces. Recently, theoretical and experimental
studies have shown that a planar wall etched with an array
of rectangular grooves exhibits more adsorption regimes than
the simple flat wall [10], [19-24]. A recent density functional
(DFT) study [24] revealed that hydrophilic grooved surfaces
experience the wetting transition at temperature 7 > T,, which
is in contrast with the predictions based on macroscopic
approaches, such as the Wenzel model, predicting that sur-
face corrugation promotes the surface's wetting properties
[12]. Furthermore, the regimes that are characterised by the
formation of a laterally inhomogeneous film with the interface
pinned at the groove edges and followed by a discontinuous
unbending [25] of the interface have been observed. In these
cases, the presence of the groove edges plays a crucial role
and the explanation of these phenomena is incomplete without
our knowledge of what occurs in the immediate vicinity of an
isolated edge.

A study by Parry et al [26] provides a description of the
adsorption near an edge that focuses on the limit of ¢y — 7 and
shows a connection between complete wetting near a shallow
edge and critical wetting on a planar wall. Here, motivated
by the previously mentioned studies of rectangular grooves,
we adopt a model with a long-range wall-fluid potential and
fix the internal angle to ¢ = /2. We seek for the depend-
ence of the local height of the adsorbed liquid film above
the edge g on the chemical potential offset from saturation

ou = us(T)—u when the bulk coexistence is approached from
below, du — 0. To this end, we consider two substrate
models, as schematically pictured in figure 1. Using Model 1,
the effective Hamiltonian theory reveals that

te(0) —te (1) ~u/ + O(5), (1)

as du — O0Y with a non-universal critical exponent
PE° = pl(p + 1), where the parameter p characterises a decay
of the binding potential far from the edge W (£) ~ €7 (for
ou = 0). In the most relevant case of (3D) non-retarded van der
Waals forces p = 2, whence f5°=2/3. In contrast, the next-
to-leading term in equation (1) scales linearly with du, regard-
less of the nature of the molecular interaction. We confirm this
prediction by the numerical solution of a microscopic DFT.
However, for small du, the requirements on the system size
become rather challenging. Therefore, as an alternative, we also
consider Model 2 with a finite wall of a square cross-section
with a linear dimension L and use scaling arguments to relate
the height of the interface above the edge ¢(L) with the wall size:

2

where all powers now depend on the molecular model and
can be expressed in terms of the critical exponents char-
acterising wetting on a planar wall. This prediction is also
confirmed by the DFT, whose implementation for Model 2 is
rather straightforward.

We conclude this section by briefly recalling some proper-
ties of complete wetting on a planar wall for 3D systems with
long-range forces (see, e.g., [27]) that are relevant for our pur-
poses. We fix the temperature to a value between the wetting
temperature 7, and the bulk critical temperature ¢, and con-
sider the limit 5u — 0*. The mean thickness of the wetting layer
£,(6u) is driven by the effective interaction (binding potential)
between the wall surface and the liquid—vapour interface:

e—Lte(L)~L 1+ O(L—%),

W(L) = SuApl + BUP + - 3)
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where B > 0 is the Hamaker constant and Ap = p; — py is the
difference between the liquid density and the vapour density
at the bulk coexistence. The global minimum of W (£) is at the
finite value of ¢, for any Su > 0, but as 6u — 0%, £, continu-
ously diverges. The singularity of W ({,) at 6u = 0 can be char-
acterised by the set of critical exponents, in particular [28]:

Lo~ o™, po=1/(p+ 1), “)
Grou™l, vi*=(p+2)/(2p+2), )
Jing ~0077, a=(p+2)/(p+1), (6)

where &| is the transverse correlation length, and f;,, denotes
a singular part of the surface free energy. We recall that the
upper critical dimension for complete wetting is d, < 3 for
any finite value of p, so that the expressions (4)—(6) are also
valid beyond the mean-field approximation in our three-
dimensional model [28].

The remainder of the paper is organised as follows. In sec-
tion 2, we describe our DFT model. An effective Hamiltonian
theory and the finite-size scaling arguments are presented in
section 3, and their predictions are compared with the DFT in
section 4. The results are summarised and discussed in section 5.

2. Density functional theory

In the classical density functional theory [29], the equilibrium
density profile minimises the grand potential functional

Qlpl =Flpl+ [drpm) [V-pl, )

where u is the chemical potential, and V(r) is the external
potential. The intrinsic free energy functional F[p]can be sep-
arated into an exact ideal gas contribution and an excess part:

Flpl=p [ drpm [P =11+ Fulpl, @)

where A is the thermal de Broglie wavelength and g = 1/kgT
is the inverse temperature. As is common in the modern DFT
approaches, the excess part is modelled as a sum of hard-
sphere and attractive contributions where the latter is treated
in a simple mean-field fashion:

1
Fulpl = Fulp] +E/fdrdr/mr)p(r')ua<|r—r'|), ©)

where u,(r) is the attractive part of the fluid-fluid interaction

potential.
Minimisation of (7) leads to an Euler-Lagrange equation
6 F hs
VKr)+—Zii£l+:/ﬁrm(f)uﬁh—rﬂ)=ﬂ. (10)
op(r)

The fluid atoms are assumed to interact with one another
via the truncated (i.e., short-ranged) and non-shifted Lennard-
Jones-like potential

0; r<o,
o \6
Uy(r) = —48(—) ; o<r<ir, (11)
r
0; r>r.,

which is cut-off at r. = 2.50, where ¢ is the hard-sphere
diameter.

The hard-sphere part of the excess free energy is approxi-
mated using the FMT functional [30],

Fulpl = [aron.), (12

which accurately takes into account the short-range correla-
tions between fluid particles. From the number of various
FMT versions (see, e.g., [31]), we have adopted the original
Rosenfeld theory.

The wall atoms, which are assumed to be uniformly dis-
tributed with a density of p,,, interact with the fluid particles
via the Lennard—Jones-like potential

4¢e,0°
(r’+0%)?
where r is the distance between the fluid and the wall atoms.

In the following, two substrate models (walls) are consid-
ered. Within Model 1, the external potential V(r) is induced
by two semi-infinite planes that meet at an angle ¢ = 7/2 as
sketched in figure 1 (left). The wall is assumed to be impen-
etrable for the fluid particles, so that

o0
Vi(x, 2) ={

Vf(x, z); otherwise,

¢(r)=— (13)

x>0Az<0,
(14)

which defines the attractive part of the wall potential \71(x, 2).

Assuming the translation invariance of the system along
the edge, V| is given by integrating over the entire depth of

the wall:
~ 0 © 0
Vi(x, 2) ZPWA dx’/ dy’/ dz’
</5(\/(x—x’)2 +y?+(z-2')? )

which upon substitution from equation (13), results in

15)

~ 1
Vilx, 2) =— thewa3pw T+2 arctan( X )
G

+ 2 2 2,.2 (16)
(6°+x7)(0°+2)

20[0‘2(x—z) +xz(z—x—M) ]

X
-2 arctan( £) —2 arctan __x
o oot +x*+72

This expression can be compared with the potential of the
planar wall based on the same molecular interaction:

V:(z>0)

m(o*+2%)—20z-2 arctan(i) (62 +2%)

= — =7y, 0 s
2 pw 02+Z2 (17)
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which has an expected z~* asymptotic behaviour:

2
V,,(z>>o-)z—§ﬂewpwaﬁz_3+ Oz™). (18)
Within Model 2, the substrate remains infinite along
the y axis, but the two other dimensions are a finite value
L as sketched in figure 1 (right). In this case, the substrate
potential is

Ix|<L/2A|z|<L/2,

00
Va(x,2) =9 —
2% 2) {Vz(x, z); otherwise, (19)
with
~ L2 o L2
Vi(x, z)=pW/ dx’f dy’ dz’
—L/2 -0 -L/2 (20)
p(Jo—xF +y+ (=27 ),
leading to

_ ps L/2—x
Vx5 ==Zewop, [

—L/2—x

oo 2]

z(3x*+ 222+ 30%)

21

where Y(x, z) = T which can be
(X2 + 62)2 (x*+22+06%)2
solved analytically.

Using the external potentials Vi(x, z), i = 1, 2, the Euler—
Lagrange equations (10) are numerically solved for the equi-
librium profile p(x, z) on a 2D Cartesian grid with a spacing
of 0.050, and the corresponding integrals are performed
using a Gaussian quadrature as described in [24]. To model
the coupling of the system with the bulk reservoir, we impose
the following boundary conditions: For Model 1, we set
pP(Le, 2> 0)=p,(z) and p(x <0, —L.) = p.(—x), where L. is a cut-
off of the wall, and p,(2) is the equilibrium density profile on
a corresponding planar wall. For each bulk density (chemical
potential), the grand potential minimisation is performed for
different values of L. to check possible finite-size effect on the
density distribution near the edge. For Model 2, we simply fix
the density along the boundary of the system to the value of the
vapour bulk density py,.

3. Interface Hamiltonian theory and finite
size scaling

From a more phenomenological perspective, the adsorp-
tion near an edge can also be studied using the interfacial
Hamiltonian model [6, 26]:

ni = fax l (df(f)) +W(t<f)>]. 22)

The Hamiltonian is now expressed in a new Cartesian coor-
dinate system {X, ¥, Z}, which is related to the original
system {x, y, z} by a rotation about the y axis through a tilt
angle a = (7—@)/2 (see figure 2); thus, the height of the wall
is Z,=—tan(a)|X| Bearing in mind that for a rectangular

Figure 2. A sketch of the substrate model that was used by the
interface Hamiltonian theory. The geometry of the substrate is
identical to that of model 1, so that the tilt angle @ = z/4. However,
the coordinate system is now different, as depicted.

wedge a = n/4, the following analysis leaves the tilt angle
unspecified. The function f(X)=12(X)—tan(a)|x| denotes
the local height of the liquid-gas interface relative to the
horizontal, and £(X) is the local film thickness measured ver-
tically. The first term in equation (22) penalises the increase
of the liquid—vapour surface because of its non-planar shape,
where y is the corresponding surface tension, while W (£) is
the planar binding potential describing the interaction of the
interface and the wall. Since the translation invariance of {
along the y axis is assumed, H[I] denotes the Hamiltonian
of the system per unit length. We notice that W ({) can be
obtained from the DFT as a coarse-grained excess (over
bulk) grand potential (7) using a sharp-kink approximation
to the density profile [27]. In a mean-field approximation,
the Hamiltonian (22) is simply minimised to yield the Euler-
Lagrange equation

W)
ol

subject to the boundary conditions £(0%)=tana and
limy_ o L(X) =L, seca, where £, is the equilibrium film

d(;) (note that { =F).

The Euler-Lagrange equation has a first integral, which pro-
vides an implicit equation for the height of the interface
above the edge {g:

ri®) = . (23)

thickness on a planar wall, and i=

ytan’a
2

which can be solved solely from knowledge of the wetting
properties of the corresponding planar wall (a = 0).

At the bulk coexistence, {, — « for T > T, thus the last
term in equation (24) vanishes. Then the height of the inter-
face above the edge acquires a simple form (cf. [26]):

=W(lg)—W(l,seca), (24)

2B

Q=1L =0) = —
ytan“a

(25)
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Figure 3. Density profiles p(x, z) for a fluid at the interface between a semi-infinite rectangular substrate and a bulk vapour of temperature
kgT/e = 1.35 and undersaturation (p, — pp)o- (from left to right): (a) 1073, (b) 107* and (¢) 2 - 107.

where B is the Hamaker constant defined by equation (3).
Because the fluid-fluid interaction is short-ranged, the Hamaker
constant can be obtained from equation (18):

© B
W(t)=—A4p fz V) = +0WH, o)
with B= %ewpwaf,Ap.

We are now concerned with the limit §u — 0*. Substituting
g =1 + 6¢ into equation (24) and introducing the abbrevia-
tion A = ytan %(a)/2, one obtains

A=6ulpll + iz - %56— W(,seca) +H.O.T. (27)
(@) (@)
Using (6) and (25), it follows that
SU~—Cop*=*" + Coo, (28)

co

as ou — 0 and Cj, C, > 0. Finally, upon substituting a
from equation (6), the exponent Bg° defined in equation
(1) becomes pg°=p/(p+1). More specifically, for van der
Waals forces (p = 2):
SU=—Cus + Codu + O(aﬁ) . 29)
In terms of Model 2, the asymptotic result (28) must be
modified due to the finiteness of the linear dimension of the
wall L competing with the correlation length &. Therefore,
recalling the finite-size scaling arguments (see, e.g., [32]), the
result of equation (28) valid for L — co becomes rescaled with
a scaling function F:

5£E(L)o<5ﬂ2—af"F(§£H) + O(&LF(%))
o2~ F(Lousy + 0(5/4F(L5,M") ) (30)

which must remain finite as du — 0. Therefore,
afo-2
co -
(L)L I + O(L “u“’)

<L '+ O(L73?) S8

where the values a°=4/3 and v{°=2/3 were substituted in
the final expression.
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Figure 4. A log-log plot of the dependence of the film thickness above
the edge relative to the saturation value, 5¢ = £z — £, on the chemical
potential offset from the coexistence du for kgT/e = 1.35. The symbols
represent the DFT results as obtained by model 1. The fitting line

has a gradient of 3/2, suggesting 5¢ ~ 6u>>, which is consistent

with equation (29). In the inset, a log—log plot of the dependence of
8" = 8L+ C16u*> on u is shown. The fitting line has a gradient of 1,
which supports the linear form of the second-order correction as
predicted by the effective Hamiltonian theory, see equation (29).

4. Numerical results

We now examine the functional forms of (29) and (30) by a
comparison with the numerical solution of the microscopic
DFT, as described in section 2. We adopt ¢ and ¢ as the length
and energy units, respectively, and we fix the strength of the
wall potential to e, = 0.4¢, for which the wetting temperature
is kgTy/e = 1.25, which is sufficiently below the bulk critical
temperature kg7./e = 1.41. We begin with the case of a semi-
infinite wall as described by Model 1. For a given value of du,
we first determine the equilibrium density profile p,(z) for a
corresponding system with a planar wall, which constitutes a
boundary condition for the system with a single edge. For the
sake of numerical consistency, the profile p,(z), albeit varying
only in one dimension, is determined on the same two-dimen-
sional grid as used for the edge. This also provides a good test
of our numerics, since the difference between the planar den-
sity profile that is constructed from a 2D calculation proved
not to appreciably differ from that obtained from a standard
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Figure 5. Examples of density profiles p(x, z) of a fluid at the interface between a bulk saturated vapour at temperature kg7 = 1.35¢ and a
rectangular substrate of the size (from left to right): (@) L = 200, (b) L = 400 and (¢) L = 60c.

1D treatment. Moreover, the numerical accuracy of the full
2D DFT code, described in details in [24], was verified by
comparison of the DFT results with the exact pressure sum-
rule [33]. Then we set the boundary conditions such that p(L,
7> 0) = pi(2) and p(x < 0, —=L.) = p,(—x), where the value of
the wall cut-off L. ranges from L. = 400 to L. = 1000 to verify
that the system size does not affect {g.

The representative samples of the equilibrium density pro-
files are shown in figure 3. The height of the fluid interface
above the edge is defined as follows:

_N2

=
K Ap -0

dx(p(x, —x)=py), (32)

where py is the density of the gas reservoir. Equation (32)
allows us to compare the DFT results with the prediction
based on the interface Hamiltonian theory as given by (29).
The comparison that is displayed in figure 4 reveals a consis-
tency between the two approaches and verifies the values of
the exponents of the two first terms in equation (29).

Next, we consider Model 2 and examine the validity of the
expansion (30). In the DFT, the density at the boundary of the
system is fixed to the value of the bulk density of the saturated
vapour, p, = py, and the linear dimension of the box size is
chosen from a range between 80¢ and 120c. Varying the wall
size L, we find the equilibrium state of each system as shown in
figure 5. In figure 6, we display a log-log plot of the height of
the interface above the edge {g versus the wall size L. The values
of {g are again determined using formula equation (31), where
the upper limit is —L./2. The fitted line shows a good agreement
between the DFT and the analytic expression (30), and for the
region of L > 200, the first-order term in equation (30) appears to
dominate. The consistency between the gradient of the fitted line
and the predicted value —1 is within an error of 0.2%.

5. Conclusion

In this work, we used an interfacial Hamiltonian theory and a
fundamental-measure DFT to study the fluid adsorption near
a rectangular edge of a substrate interacting with the fluid
via van der Waals forces. When the two-phase bulk coexis-
tence is approached from below at a fixed temperature, i.e.,
the deviation of the chemical potential from the coexistence
Su = us — u — 0%, macroscopically thick films are formed

0.0 - -

1 . 1 . 1 . 1 . 1 . 1
2.0 25 3.0 3.5 4.0 4.5

In(L/o)

Figure 6. A log-log plot of the dependence of the meniscus height
above the edge on the linear dimension of the wall of size L.

The symbols represent the numerical DFT data corresponding to
systems with saturated bulk vapour at kg7 = 1.35¢. The gradient of
the straight line fit is —1.002 compared to a predicted gradient of
—1, see equation (31).

at the wall far away from the edge. Because these asymp-
totic interfaces must eventually merge to form a meniscus,
the local height of the interface above the edge {g remains
finite and indeed rather small even at the bulk coexistence.
In this paper, we have shown that for an infinitely long sub-
strate, {g(du) approaches the coexistence value according
to 60="Lg(0)—Lg(6u)~ouPE’ as 6u — 0. The exponent
depends on the range of the molecular interaction, such that

s°=p/(p+1), where p defines the asymptotic decay of the
binding potential W () ~ {. The second-order correction
to of is linear in du regardless of the molecular interaction.
Both findings were verified by the DFT numerical calcula-
tions. We also showed that if the substrate is of finite size L,
the previous result corresponds to the scaling of {g as

_3
le—Ce(L) <L+ O(L 2 ) as also confirmed by the DFT. We

conclude with two remarks about the generality of these find-
ings. First, throughout this study, the substrate geometry was
maintained fixed such that the substrate edge was rectangular.
This geometry was selected because the model of a right-
angle edge appears important considering its connection
with other fundamental substrate models as discussed in the
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introduction. Technically, the external potential for the rect-
angular geometry remains rather simple, which facilitates
the numerics in the DFT, and the application of the finite-
size arguments is straightforward. Nevertheless, we believe
that the result given by equation (1) is valid for an arbitrary
internal angle, since the value of ¢ was not assumed in the
derivation of (1). Second, because the edge geometry does
not induce any new divergence compared to a planar wall, the
upper critical dimension d, corresponding to complete wet-
ting must be identical for the two substrates. Since d, < 3 for
a finite p for a planar wall [28], our mean-field results remain
unaffected by the capillary-wave fluctuations.
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Does adsorption in a single nanogroove exhibit hysteresis?
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A simple fluid, in a microscopic capillary capped at one end, is studied by means of fundamental
measure density functional. The model represents a single, infinitely long nanogroove with long-
range wall-fluid attractive (dispersion) forces. It is shown that the presence or absence of hysteresis
in adsorption isotherms is determined by wetting properties of the wall as follows: Above wetting
temperature, Ty, appropriate to a single wall of the groove, the adsorption is a continuous pro-
cess corresponding to a rise of a meniscus from the capped to the open end of the groove. For a
sufficiently deep capillary, the meniscus rise is shown to be a steep, yet continuous process tak-
ing place near the capillary condensation of a corresponding slit. However, for temperatures lower
than T,, the condensation exhibits a first-order transition accompanied by hysteresis of the adsorp-
tion isotherm. Finally, it is shown that hysteresis may occur even for 7' > T, as a consequence
of prewetting on the side and bottom walls of the groove. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4769257]

The interfacial properties of fluids in confining geome-
tries play a key role in several branches of physics and chem-
istry, and are vital for numerous engineering applications, see,
e.g., Ref. 1. Two of the most fundamental interfacial phe-
nomena involve a development of a liquid phase on a sin-
gle wall and between two parallel unbounded walls at a pres-
sure below the phase coexistence. The first, known as com-
plete wetting, is characterized by a growth of an adsorbed lig-
uid film € ~ Ap~#". Here, £ is the film thickness and Au
is a deviation of the chemical potential from its saturation
value, g, (7), above a wetting temperature 7,, (which cor-
responds to a zero contact angle). The exponent S is non-
universal and depends on the character of molecular inter-
action; in particular, B{° = 0 for short-ranged forces, while
B¢° = 1/3 when dispersion forces are involved.> The second
phenomenon, capillary condensation, differs from the previ-
ous one in two respects. First, it is a first-order transition, and,
second, it reflects the finite size shift of the (3D) bulk phase
boundary rather than surface phenomena at the wall. For a
non-retarded van der Waals fluid-wall interaction and in the
limit of a large distance L between the walls, the modified
Kelvin equation®* predicts the undersaturation at which the
capillary condensation occurs at T > T,

2y
(o1 — pg)(L = 30)

Here, y is the surface tension of a free liquid-gas interface,
p1 and p, are densities of the coexisting bulk phases, and £ is
an adsorbed-film thickness. It should be noted that the details
of the intermolecular forces in (1) are reflected only in the
Derjaguin’s correction (the factor of three multiplying the film
thickness).

While adsorption phenomena in systems that can be de-
scribed by a one-dimensional density distribution are rather
well understood, interfacial phenomena on patterned surfaces,

Au(L) = pgar — pee(L) = (1)

0021-9606/2012/137(21)/214704/4/$30.00

137, 214704-1

which are characterised by a variation in the density dis-
tribution at least in 2D, have recently become the focus of
considerable interest, see, e.g., Ref. 5. The presence of a
complex distribution of possible substrate topographies in-
troduces a challenging task of relating geometrical and well-
defined substrate models to the thermodynamics of fluid ad-
sorption. Models suited to this task include linear wedges,
cones, grooves, and pitted surfaces to name a few of the
most popular.®~'® The interest in this research has been largely
motivated by new advances in nanofabrication techniques'*
which made possible a direct comparison between theoretical
predictions and experiment.'> Apart from the theoretical in-
terest, the adsorption in nanopatterned surfaces has attracted
considerable attention due to its application in micro- and
nanofluidics.'®

The purpose of the paper is to give a microscopic de-
scription of the adsorption of a simple fluid in a single, in-
finitely long groove of finite depth. In particular, we wish
to know whether the adsorption isotherms in this model ex-
hibit hysteresis or not. The main conclusion based on earlier
studies' =13 17-18 s that in the case of complete wetting the
hysteresis vanishes due to the presence of the bottom wall.
Here, we present a detailed microscopic study of this issue
and discuss the effect of the wetting properties on the charac-
ter of the groove-adsorption.

Consider a semi-infinite solid slab with a uniform
one-body density p, spanning a domain S =R ®R
® (—o0, L;), L, > 0, in 3D Cartesians. Imagine that an in-
finitely long groove of width L, and depth L., occupying a
subspace G = (0, L) ® (—o0, 00) ® (0, L), is sculpted into
the slab. We assume that the groove is subject to a potential

0, x<oyporx >0L,—0,o0rz <oy,
Vix,z) =1 .
V(x, z), elsewhere,

@)
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where V(x, 2) = pu [y ¢u(lr —r'Ddr', W = S\ G, and

ow\°
du(r) = —4e, (22) . 3)
Thus, we assume that the fluid particles interact with the sub-
strate atoms via long-ranged (dispersion) forces characterized
by the parameters &,, and o,.
After integration, V(x, z) can be expressed as follows:

V(x,z2) = Vi(2) + Valx, 2) + Va(Ly — x, 2), )
with Vi(z) = 2% and Va(x,2) = a,[¥(x,2) + V¥(x,

Z
L. — 2)], where we have defined o, = —17e, p,08 and

274 4+ x27% 4+ 2x* 1
Y= IS

233X+ 22 2

The fluid-fluid interaction is given by

00, r <o,
¢(r) =1 —4e(2)°, o <r<rg ©)
0, r>re.

In the following, parameters o and e will be used as
length and energy units, respectively, and the cutoff is set to
r. = 2.50. The wall parameters are fixed to o, = ¢ and
ey = 1.2¢. The wetting temperature for such a model is
T, = 0.83 T,, where kgT./e = 1.41 is the critical temperature.

Within a classical density functional theory (DFT),' the
equilibrium density profile is found by minimizing the grand
potential functional

Qlp] = Flol + / drp@V(r) — ul. ©)

where w is the chemical potential. F[p] is the intrinsic free
energy functional of the one-body density, p(r), whose excess
(over ideal gas) part is treated as a perturbation about a hard-
sphere reference fluid

1
Fexlp] = Frslp] + 3 [ dr,o(r)/dr,o(r’)q)(lr —-r)).
@)

The hard sphere part of the excess free energy functional is
approximated by means of the Rosenfeld fundamental mea-
sure theory (FMT)*

1
Fulel = 5 / drd({na)), ®)

where @ is a function of the weighted densities {n,(r)}, and
B = 1/kgT. Numerical calculations were carried out on a 2D
grid with mesh 0.05¢.

One should note that the functional (7) with Fys[p] ob-
tained from the FMT is known to properly account for the
short-ranged correlations that play a significant role in con-
fined systems. In our nanogroove model, one expects strong
packing effects at the vicinity of the walls (as in the case of
common slit models) but additional and particularly strong
inhomogeneities are also expected at the edges of the groove.
Finally, our DFT is thermodynamically consistent and yields
the correct divergence of wetting film thickness for systems
that exhibit dispersion forces. All these properties are of key
importance for a reliable description of the phase behaviour
of the model.
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FIG. 1. Meniscus rise in a groove of width L, = 7 o (empty symbols) and Ly
= 12 o (full symbols) as a function of undersaturation (pp, is the bulk density,
pe is the critical density). The depths of the grooves are from the bottom L_/o
= 20, 30, 40, and 50. The curves are the guides to the eye. The vertical lines
denote densities corresponding to capillary condensation in an infinite slit of
a width L, = 7 o (dashed) and L, = 12 o (dotted). For T=0.92T,.

In the following, we summarize the most-important fea-
tures of adsorption in the model groove that can be inferred
from our DFT calculations. We start by considering tempera-
ture T = 0.92 T, which is above the wetting temperature, T,
of a corresponding planar wall. In such a case, a meniscus
separating a gas-like and a liquid-like phase is formed near
the bottom end, and continuously rises upon increasing the
chemical potential towards the two-phase coexistence region.
Position of the meniscus can be defined as £(x) = f dz(p(x,
7) — pp)/Ap, where Ap = p; — p, is the difference between
liquid and vapour densities at the bulk coexistence. In Fig. 1,
the meniscus rise is shown for grooves of L, = 120 and L,
= 70 and several depths. As is apparent, the groove filling
is a continuous process, which should be contrasted to cap-
illary condensation in infinite slits. Furthermore, as L, is in-
creased, the meniscus rise becomes steeper and steeper upon
approaching the capillary condensation indicated by the ver-
tical lines. Such results should be compared with a schematic
plot (Fig. 1) in Ref. 13.

Next, consider T = 0.81T,, which is slightly below
T,. Now, the scenario of the fluid adsorption dramatically
changes. As displayed in Fig. 2, the system exhibits a hys-
teresis in adsorption per unit length I' = fG p(x, z)dx dy, in-
dicating a first order transition resembling capillary conden-
sation in infinite slits. In order to understand the different be-
haviour of the adsorption in the two cases, let us discuss the
mechanism of the groove filling for T > T, and T < T,,.

For T > T,, the groove filling can be described with the
help of a simple slab model, as schematized in Fig. 3. Sub-
stituting a sharp-kink approximation for the density profile in
(6), the excess (over the groove completely filled with a lig-
uid) grand potential

QN L)

i (pf — pP)Ly — 2L, — ¢£,)

©)
FYRAL~ £+ (L = 20+ 22 / V(r)dr,
V,

8
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FIG. 2. Adsorption isotherm at temperature 7= 0.81 T in a groove of width
L, = 120 and depth L; = 200; p; is the bulk density, p, is the density
of a saturated gas. Full symbols denote the adsorption path, empty symbols
denote the desorption path. The vertical dashed line denotes a density where
two distinct states coexist.

where p; is the bulk pressure of the metastable liquid and p
is that of the gas reservoir. When minimized with respect to
£, (minimization with respect to £, reproduces Eq. (1)), one
obtains in the limit of large L,

A
Ap + 7 +0(1/¢%) =0, (10)

where Ap = p — p — 2% and A = §epIbdl 2

Comparing (10) with (1) and assuming that A,u(Lx) 1s small,
the meniscus rise satisfies (cf. Ref. 13)

O~ (poe(Ly) — )4, (11)

The same conclusion was obtained in Ref. 13. However, in
Ref. 13 the authors ignored the influence of £,, while the con-
nection with Eq. (1) has been made more explicit here. Thus,
for T > T, one observes a continuous filling of a groove, sim-
ilar to a complete wetting on a planar wall. However, the dif-
ferences with the latter are: (i) the deep groove becomes filled
in the limit & — p..(Ly) rather than for ;& — [ig,; and (ii) the
critical exponent of the groove filling is 1/4, i.e., the process
is somewhat slower than the complete wetting.

In contrast, for T < T, only a microscopically thin film
is formed on a free wall. Therefore, the system behaves in a
qualitatively same fashion as in an open slit and undergoes a
first-order transition accompanied by pronounced hysteresis.
We emphasize that Eq. (10) cannot be applied anymore in this

FIG. 3. Schematic illustration of the slab model.
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FIG. 4. Adsorption isotherm at temperature 7 = 0.91 7, in a groove of width

= 50 o and depth L; = 50 o. Black symbols denote the adsorption path,
red symbols denote the desorption path. The lines are the guides to the eye.
The vertical dashed line denotes a density corresponding to the prewetting
transition in an open slit of width L =50 ¢.

regime, since inclusion of higher order terms due to repulsive
interactions would be needed. These would give a global min-
imum of °* at a finite distance of £,.

Finally, let us consider temperature 7 = 0.91 7. Such a
temperature is again above T,, but this time (slightly) lower
than T,,, the prewetting critical temperature corresponding to
a single wall. It is well known?' that the prewetting transi-
tion between a thin and thick layers on a single wall may
also occur in slits, but the phenomenon is preceded by cap-
illary condensation unless the separation between the walls is
large. It is interesting to examine how prewetting is reflected
in our model groove in the absence of capillary condensa-
tion (above T,,). In Fig. 4, an adsorption isotherm for a model
L, = L, = 500 is depicted. We observe that the otherwise-
continuous increase in adsorption, due to meniscus rise, ex-
hibits two small van der Walls loops, both slightly below the
bulk density appropriate to prewetting. The first of the two
loops corresponds to a discontinuous jump in the meniscus
height, reflecting prewetting on the bottom wall, cf. Fig. 5
(top). Such a transition is shifted to a higher undersaturation
compared to prewetting on a single wall, pgw / Psat> due to the
influence of the side walls that decreases the potential inside
the groove. The second loop corresponds to prewetting on the
side walls, cf. Fig. 5 (bottom). Again, this transition is shifted
below p} " / psa but the difference is smaller, since the effect of
the bottom wall on the vertical liquid films is relatively weak
(for large z the potential of the bottom wall decays as z73).
However, the scenario may be different and the sequence of
the two transitions be reversed if the side walls are stronger
adsorbents than the bottom wall.

In summary, we have employed a mean-field FMT-DFT
to describe adsorption in a single nanogroove with attractive
walls that exhibit a first-order wetting transition. At high tem-
peratures, the results support the picture of the onset of a
liquid phase due to a heterogeneous nucleation on a bottom
wall, followed by a continuous rise of the meniscus separat-
ing vapour-like and liquid-like phases, and no hysteresis in
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FIG. 5. Density distributions (x-z projection) in a groove with attractive walls at temperature 7 = 0.91 7... L, = L, = 50 o. (Top) Coexisting states at a density

oulpg = 0.93695. (Bottom) Coexisting states at a density pp/0g = 0.94813.

adsorption appears in this case (see Fig. 1). However, as we
have demonstrated, such a scenario is valid only for tem-
peratures above the wetting temperature of a corresponding
single wall. Below T, the adsorption exhibits a first-order
transition (accompanied by hysteresis) as in an open slit.
Thus, T,,, which represents a crossover between partial and
complete wetting for a single wall, represents a boundary
separating first-order and continuous transition regimes for a
nanogroove. Some care is needed, though. For large widths,
a wedge filling may take place at the corners of the groove at
temperatures above a filling temperature, which may cause
a shift of this boundary below T,; for the model consid-
ered here, the filling temperature (of a rectangular wedge) is
Ty~ 0.76 T.. We have not observed such a phenomenon even
for a groove width as large as L, = 500¢, but one cannot
rule out this possibility. Finally, it has been shown that in the
temperature interval (T,,, Ty.), the groove-adsorption isotherm
may exhibit two loops, reminiscent of prewetting. The first (if
the bottom and side walls are adsorbents of the same strength)
corresponds to a jump of the meniscus, which is followed by a
discontinuous thickening of the liquid films on the side walls.

We believe that the observed phenomena will motivate
further experimental measurements and give some contribu-
tion into the long-standing issue of a well-known but still ac-

tively debated phenomenon of hysteretic behaviour of fluid
adsorption in mesoporous media.
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Abstract

We study the order of capillary condensation and evaporation transitions of a simple fluid
adsorbed in a deep capillary groove using a fundamental measure density functional theory
(DFT). The walls of the capillary interact with the fluid particles via long-ranged, dispersion,
forces while the fluid-fluid interaction is modelled as a truncated Lennard—Jones-like potential.
We find that below the wetting temperature 7,, condensation is first-order and evaporation

is continuous with the metastability of the condensation being well described by the
complementary Kelvin equation. In contrast above T,, both phase transitions are continuous
and their critical singularities are determined. In addition we show that for the evaporation
transition above T, there is an elegant mapping, or covariance, with the complete wetting
transition occurring at a planar wall. Our numerical DFT studies are complemented by
analytical slab model calculations which explain how the asymmetry between condensation
and evaporation arises out of the combination of long-ranged forces and substrate geometry.

Keywords: wetting, adsorption, capillary condensation, density functional theory, fundamental

measure theory, Lennard—Jones

(Some figures may appear in colour only in the online journal)

1. Introduction

It is well known that confining a fluid can dramatically alter
its properties and induce new examples of phase transi-
tions and critical phenomena. Important examples of this
include wetting, pre-wetting and layering at planar walls
[1-4], capillary condensation, critical point shifts and inter-
facial delocalization in parallel plate geometries [5-8] and
filling transitions in wedges [9-13]. A simple extension of
these idealized geometries, which has received a great deal
of recent attention, is a groove or capped capillary formed
by scoring a narrow deep channel or array of channels into
a solid surface (see figure 1). Capping a capillary strongly
influences the nature of condensation and evaporation, com-
pared to that occurring in an infinite open capillary-slit,
because of the presence of a meniscus, which must unbind
from the groove bottom (top) at condensation (evapora-
tion) [14-24]. The purpose of the present paper is to inves-
tigate the nature of this meniscus unbinding in a model

0953-8984/14/355003+12$33.00

microscopic density functional theory (DFT) incorporating
realistic long-ranged intermolecular forces. In doing so we
wish to study a number of predictions for the possible asym-
metry between the condensation and evaporation branches
of the adsorption isotherm occurring both above and below
the wetting temperature [22]. In particular, we report for
the first time a precise connection, or covariance, between
evaporation transitions in capillary grooves and complete
wetting at planar walls.

Consider a simple fluid which, in the bulk, shows coex-
istence between liquid and gas phases, with densities p; and
p. respectively, along a saturation chemical potential curve
usa(T) which terminates at a bulk critical temperature 7,.. Now
suppose the fluid is confined between two parallel plates, of
infinite area, separated by a distance L. Such confinement
shifts the location of the coexistence, which now occurs
between capillary gas and capillary liquid phases along a cap-
illary condensation curve u.(L) and which ends at a capil-
lary critical temperature [5, 7]. In the limit of macroscopically

© 2014 I0P Publishing Ltd  Printed in the UK
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Figure 1. Sketch of a cross section of a capillary groove of width L and depth D > L and three different configurations of the meniscus.
On the far left a near empty capillary is shown corresponding to u < u.. with two small corner menisci near the capillary bottom. On the far
right is a near filled capillary corresponding to u < u.. in which a single meniscus is close to the groove opening. The middle configuration
shows an empty capillary corresponding to u = .., but with much more prominent corner menisci which may correspond to a stable or a
metastable configuration depending on the order of the condensation transition.

wide capillaries and small undersaturation, u..(L) satisfies the
Kelvin equation [25]:

2 0
yeosd

Hee (L) = Hsar — LA/)

oy, (1)
where Ap = p; — p,, v is the liquid-gas interfacial tension and
6 is the contact angle. For temperatures below the wetting
temperature 7T, corresponding to 6 > 0, the Kelvin equa-
tion is known to be accurate even for microscopically narrow
slits which are only several molecular diameters wide [6].
However, for 7> T,,, when 0 = 0 and thick wetting films form
at the walls, it is necessary to also allow for Derjaguin’s cor-
rection which reduces the effective slit width [5, 6, 26] (see
appendix). In this case the Derjaguin corrected Kelvin equa-
tion is known to be accurate down to slit widths of a few hun-
dred molecular diameters [6]. In most DFT studies of capillary
condensation one supposes translational invariance along the
walls so that the density profile depends only on one Cartesian
coordinate. In this case capillary condensation is certainly a
first-order transition, at which the density profile jumps, at .,
from a low coverage to a high coverage state. Thus at mean-
field level, below the capillary critical temperature 7.(L),
adsorption isotherms exhibit a van der Waals loop, charac-
terised by metastable extensions and spinodals. The Kelvin
equation is usually derived by equating the grand potentials
of coexisting capillary liquid and capillary gas phases each
of which have distinct bulk and surface free-energy contribu-
tions [6]. Alternatively, it can be understood geometrically as
the value of the chemical potential where a circular meniscus
of Laplace radius R = y/(usy — tcc)Ap meets the walls at the
contact angle 6, thus establishing a stable separation of the
coexisting capillary phases.

This simple picture of capillary condensation is enriched
considerably when one end is capped to form a deep capil-
lary groove, as shown schematically in figure 1. Hereafter
we suppose that the side walls and cap are made from the
same material so there is only one macroscopic contact angle
6. In such a macroscopically deep groove condensation must
still occur at uc.(L) since the contribution to the free energy

from the capped and open ends do not scale with the depth D.
However it is now necessary to distinguish between condensa-
tion and evaporation since these two transitions are distinct.
Condensation involves the unbinding of the meniscus from
the bottom of the groove, which is filled mostly with capillary
gas along the adsorption branch, as the chemical potential is
increased to u.. Evaporation on the other hand involves the
unbinding of the meniscus from the top of the groove, which
is filled mostly with capillary liquid along the desorption
branch, as the chemical potential is decreased to u... Recent
theoretical studies [15, 19-21] have predicted that for 7> T,
when the walls are completely wet by liquid the condensa-
tion involves the continuous unbinding of the meniscus. Thus,
if £¢ denotes the equilibrium height of the meniscus above
the groove bottom, we can characterise the divergence on
approaching condensation by

P'C“'(/'tcc_ﬂ)_ﬁc s ()

which is valid for deep grooves D > {- > L. Similarly, for
T > T,, the evaporation transition is also predicted to be con-
tinuous [22] in which case the distance of the meniscus from
the groove top diverges as

te=(D—Lc) ~(u—p) e, 3)

which is again valid for D > {z > L. Strictly speaking these
power laws only apply to macroscopically deep grooves but as
we shall see they also describe the behaviour of the meniscus
in grooves of finite depth. The values of the exponents f¢ and
Pe (which are referred to as f4 and fp in [15]) are, in gen-
eral, distinct with both depending sensitively on the range of
intermolecular forces. In particular, for dispersion-like forces,
effective Hamiltonian considerations lead to the mean-field
predictions ¢ = 1/4 and g = 1/3 which are almost entirely
insensitive to interfacial fluctuation effects (see later) [15].
Thus even when the condensation and evaporation are both
continuous there is still an asymmetry between them with the
condensation being a slightly sharper transition. Note that the
value of the evaporation exponent S is the same as that one
describing the growth of the complete wetting films at planar
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walls in systems with dispersion forces. In fact, this is not
coincidental and points to a much deeper connection between
groove evaporation and planar complete wetting which we
shall discuss at length in this paper.

The situation for walls which are partially wet by liquid
is however quite different [21-23]. Below a temperature
T*(L) = T,, it has been predicted that the condensation transi-
tion becomes first-order due to the preferential adsorption of
fluid, or corner menisci, at the bottom of the groove (see the
left panel in figure 1). In this case at u.. a low coverage con-
figuration coexists with one in which the groove is completely
filled with liquid (see the right panel in figure 1) similar to the
standard interpretation of condensation. Note that the macro-
scopic size and shape of such corner menisci are determined
uniquely by the simple geometrical requirement that they
have a Laplace radius R = y/(us, — u)Ap and meet the side and
bottom walls at the correct contact angle 6. Such low coverage
configurations persist into a metastable regime u > u.. which
terminates at a spinodal ug, where the menisci meet, deter-
mined by the complementary Kelvin equation [22]

Hsp (L) = i (L) +%+m- “)

The phenomena that we focus on in this paper are the con-
densation and evaporation transitions and in particular their
order above and below the wetting temperature 7),. To fully
understand them we must also consider them in the context of
other phase transitions both at mean-field level and beyond.
As mentioned earlier, the groove is itself a generalization of
other geometries which exhibit known and well-studied phase
transitions. Suppose for example that the separated side walls
exhibit (in the limit L — o) a first-order wetting transition at
temperature 7, and chemical potential x4 = ug,. Associated
with this is a pre-wetting line which extends above T, and
to u < usy Which is the locus of coexistence between two
distinct phases with thin and thicker wetting layers. In a cap-
illary of finite width L, the wetting transition is of course
suppressed but a finite-size shifted capillary pre-wetting line
will still, in general, exist. In this case one should distinguish
between capillary-gas phases which have either thin or thick
wetting films at the side walls. However for narrow capil-
laries, which will be exclusively considered in this paper, the
capillary pre-wetting occurs in a metastable region since it
is preceded by capillary condensation. Similarly, the bottom
of a capped capillary comprises two right-angle corners each
of which, if separated by an infinite distance, would, at bulk
two phase coexistence, exhibit a filling transition at a tem-
perature Ty < T,, (when the contact angle @ = z/4). In a capil-
lary of finite width L the filling transition is again suppressed
since the corner menisci can not become macroscopically
large. But, if the filling transition is first-order one may sus-
pect that a pre-filling line, corresponding to transitions from
thin to thick corner menisci states, exists at either corner of
a finite width capillary. However there are two reasons why
such transitions are irrelevant for our discussion of condensa-
tion and evaporation. First, analogous to pre-wetting at the
side walls, for narrow grooves, the pre-filling line exists in a

metastable region of the phase diagram since it is preceded
by capillary condensation. The second reason is that, strictly
speaking, the pre-filling transition is an artefact of the mean-
field approximation in model density functional theories. In
reality, any pre-filling-like jump in the adsorption near the
corners is rounded owing to the pseudo one-dimensional
nature of the transition. Exactly the same reasoning applies
to any pre-wetting like transition associated with the bottom
wall which must also be rounded beyond mean-field. We will
return to this last point at the end of our paper. In summary,
pre-wetting and pre-filling associated with the bottom wall
are irrelevant artefacts of mean-field treatments, while pre-
wetting at the side walls is only of interest for rather wide
capillaries.

In this paper we use a highly accurate fundamental measure
DFT to examine different properties of condensation and
evaporation in a narrow groove geometry for systems with
long-ranged intermolecular forces. We aim to answer the fol-
lowing questions; Firstly regarding continuous capillary con-
densation above T, is the effective Hamiltonian prediction
that the - = 1/4 observable in our studies of grooves of large
but finite depth? Secondly does the transition become first
order below the wetting temperature and if so how accurate is
the complementary Kelvin equation? Similarly for evapora-
tion we wish to test the prediction that above T, the exponent
Pe = 1/3 and to determine the order of the transition below
T),,. In doing this we will show that due to the presence of
long-ranged forces, for capillary evaporation there is a hidden
connection or covariance with the very well understood phe-
nomena of complete wetting at a planar wall i.e. the adsorp-
tions characterising these different phase transitions in two
distinct geometries are precisely related to each other.

The rest of our paper is organised as follows. In section 2
we describe our DFT, our choice of intermolecular forces and
the substrate geometry in more detail. In section 3 we present
our DFT results for condensation and evaporation below sec-
tion 3.1 and above section 3.2 the wetting temperature and
determine numerically the critical exponents f¢ and fg. We
also show that above the wetting temperature, where corner
menisci are not of crucial importance, the values of the crit-
ical exponents can be obtained analytically from a simple
slab or shark-kink model the details of which are provided
in an Appendix. Finally, we discuss in detail the covariance
between groove evaporation and complete wetting on a planar
wall and finish with a summary of our results and a discus-
sion of the nature of the capillary wetting transition beyond
mean-field.

2. Density functional theory

Within DFT [27], the equilibrium density profile is found by
minimising the grand potential functional

Q1=Flpl+ [dp®V-nl, s

where u is the chemical potential and V (r) is the external
potential. It is convenient to divide the intrinsic free energy
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functional F[p] into an exact ideal gas contribution and an
excess part:

BFIp1= [drpIn (p(0) )= 11 +BFulpl. (g

where A is the thermal de Broglie wavelength, which we set to
unity and f = 1/kpT is the inverse temperature. To continue we
follow the traditional van der Waals or perturbative approach
and model the excess term as a sum of hard-sphere and attrac-
tive contributions where the latter is treated in a simple mean-
field fashion. Thus we write

Fulp] = Fulo] + % [ axar o - v, @)

where u,(r) is the attractive part of the fluid—fluid interaction

potential.
Minimisation of (5) leads to an Euler—Lagrange equation:
o0F
V(r) + nlP] + fdr’p(r’)ua(|r -r'))=pu (8)
dp(r)

In our model, the fluid atoms are assumed to interact
with each other via a truncated (but non-shifted) Lennard—
Jones-like potential

0; r<o,
o \°
u,(r)= —48(—) y o<r<r,, 9)
r
0; r>r,.

which is cut-off at r, = 2.5 o, where o is the hard-sphere
diameter. Hereafter, we will use the parameters ¢ and ¢ as the
length and energy units.

The hard-sphere part of the excess free energy is approx-
imated by the fundamental measure theory (FMT) func-
tional [28],

Frslpl = %fdrq?({na})- (10)
There exist various recipes for constructing FMT functionals in
terms of the weighted densities na, all of which are known to
accurately model the short-rage correlations. Here we follow the
modified version of the Rosenfeld original functional proposed
in [29], which is known to satisfy exact statistical mechanical
sum rules and thermodynamic conditions at planar walls and cor-
ners [12, 13].

To construct the external potential V (r) we consider a
semi-infinite solid slab of uniform density p,,, into which is
cut an infinitely long narrow groove of width L and depth D as
shown in figure 1. The wall atoms interact with the fluid parti-
cles via the attractive part of Lennard—Jones potential

6
¢(r)=—4ew(g) , (11)
r

so that total external potential experienced by the fluid atoms
inside the groove is

©, x<ocorx>L—oc orz<o,

.L, D) =
V(x, z;L, D) Pw‘/¢(|"_r/|)dr/ elsewhere,

12)

where the integral is over the solid volume and we have incorpo-
rated a hard-wall repulsion set by the atomic diameter ¢ which
prevents V(x, z) from diverging. Thus the external potential is
translationally invariant along the y-axis running parallel to the
groove. The integrals can be done analytically and the potential
can be written as a sum of contributions from the bottom wall
and vertical walls on the LHS and RHS respectively:

V(x, z; L, D) = VI(2) + VO(x, z; D)
+ V(L - x, z; D), (13)

The potential due to the bottom wall is particularly simple and
decays as a pure power law,

2a
Vii(z) ==, (14)
Z
where we have introduced the pre-factor
a,=— 5newpwaﬁ. (15)

The contribution due to each vertical wall is more complicated
and is most conveniently written as [13]

VO(x, z:D) =a,,(w(x, 2) +w(x, D=2)),  (16)

where

27+ x22 4+ 2 1
wx,2)=———F————.
w33 x4+ 2 2
It is straightforward to show that in the limits L — < and
D — o the potential V(x, z) reduces to that corresponding to a
rectangular corner [13].

Using the external potential V(x, z) we numerically solve the
Euler-Lagrange equation (8) for the equilibrium profile p(x, z)
on a two-dimensional Cartesian grid with a spacing 0.05 o.

In our numerical studies we set the wall strength €,, = 1.2 €.
In this case it is known that, for a planar wall-gas interface
at bulk coexistence u = ugy, there is a strongly first-order
wetting transition at a temperature satisfying kg7, = 1.18 ¢
which is far below the bulk critical temperature (occurring at
kgT, = 1.41 €) [13]. Similarly for a single right-angle corner
there exists a strongly first-order filling transition occurring
also at bulk coexistence but at a lower temperature satisfying
kgTy = 1.08 &. Before we considered the capped groove we
first studied an infinite open slit for which the external poten-
tial V(x) = 2a,, (x> + (L — x)=). For this system we determined
the equilibrium grand potentials and thus computed the capil-
lary coexistence curve uc. as a function of 7 for representa-
tive widths L = 70 and L = 126. We then cap this geometry
leaving an open end in order to study the nature of the conden-
sation and evaporation transitions. For this we chose a groove
with depth D = 500 which is sufficiently deep to observe the
meniscus unbinding and accurately determine critical expo-
nents for these transitions. To model the boundary with the
bulk reservoir at the top of the groove we use the simple
boundary condition p(x, D) = ppexp[—f V(x, D; L, D)] where pj,
is the bulk vapour density. This precludes us studying wetting
films on top of the sculpted surface but does not influence the
condensation and evaporation occurring within a deep groove

a7)
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Figure 2. Adsorption isotherms (full symbols) found by increasing u and desorption isotherms (empty symbols) found by decreasing u

in a capillary groove of width L = 7¢ and depth D = 500, at a temperature 7/7,, = 0.97. The black vertical dotted line denotes the value of
the chemical potential corresponding to the capillary condensation determined independently from a 1D DFT for an open slit of width

L = 7o, the red vertical dotted lines denotes the chemical potential corresponding to the capillary condensation determined from the Kelvin
equation (1). The red dashed line denotes the position of the spinodal as predicted by the complementary Kelvin equation (4). The vertical

dotted-dashed line denotes the saturated chemical potential.

for chemical potentials close to u. Having determined the
density profile p(x, z) we construct the total adsorption

I = //dxdz(p(x, 7) — /’b)’

which directly measures the height of the meniscus from the
bottom and is thus an appropriate order parameter for con-
densation in a groove. For evaporation, it is more suitable to
consider an excess over the density of the (metastable) bulk
liquid density p;":

(18)

Ir = / dxdzlp(x, 7) — P1+|, (19)

which is proportional to the height of the meniscus from the
top. We have determined adsorption isotherms of I'¢ and
I'p versus u, for a variety of temperatures above and below
T,, which directly reflect the order of the condensation and
evaporation transitions. For condensation we start from a low
coverage configuration corresponding to u < . and increase
the chemical potential until either a spinodal is reached or the
groove continuously fills. For evaporation we consider the
reverse scenario and start from a high coverage at a chemical
potential u > u. (but still below the saturation value pug,) and
approach u.. from above.

3. Results

3.1. Condensation and evaporation below the wetting
temperature

In figure 2 we show a representative adsorption and desorp-
tion isotherms in a groove of width L = 7 and depth D = 50

at a temperature 7/7,, = 0.97. Consider first the condensation
branch which follows the adsorption as the chemical poten-
tial is increased from an initial low value. It can be seen that
the coverage remains small as one approaches the chemical
potential u.. at which, in an infinitely deep groove, there is
coexistence with a high density configuration. The density
profile at u.. is shown in figure 3 and illustrates some prefer-
ential adsorption near the corners. There is however no mac-
roscopic meniscus. We note that the numerically determined
value for u,. is extremely close to that predicted by the Kelvin
equation, which is to be anticipated since T < T,,. For u > e
the low density configuration is metastable with respect to a
high coverage state and persists up to a spinodal value .
The numerically obtained value uy, = — 4.15¢ is also close,
within 0.5%, to that predicted by the complementary Kelvin
equation (4), although the agreement is not as good as for
that between u. and the Kelvin equation. The accuracy of the
complementary Kelvin equation is remarkable in view of the
fact that it was derived using entirely macroscopic arguments
based on the merging of corner menisci even though these are
not present at these microscopic scales.

Consider next moving along the desorption line starting
from a high-density state we observe a continuous and dra-
matic decrease in I". Representative density profiles for dif-
ferent u are shown in figure 4 and show a meniscus whose
distance from the open end increases continuously as y — pcc.
A log—log plot of I'g versus u — uc. is shown in figure 5 and
is consistent with the result g = 1/3. We will return to this in
the next section.

These numerical results show that within our model of a
macroscopically deep groove, below the wetting temperature,
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Figure 3. Density profile corresponding to a low-adsorption state
in a groove of L = 76 and D = 500 (displayed only to z = 100) at
T/T,, = 0.97 at capillary coexistence u = .

the condensation is first-order while the evaporation is con-
tinuous. Of course, in a groove of finite depth the evapora-
tion transition is a subject to finite size effects which limit
the distance of the meniscus from the open end. In this case,
at mean-field level, the evaporation branch must also reach
a spinodal pg/* which lies slightly below . (see figure 2).
However, as D becomes larger, ys‘;)vap tend to ue. It is in this
sense that the evaporation transition is ultimately continuous
in a macroscopically deep groove.

In contrast, the spinodal point ,uscp"“d, corresponding to
the condensation branch, remains distinct from u.. as D is
increased indicating that the transition is first-order. In fact
for condensation one needs to consider the opposite limit
and ask what happens to the transition as the groove depth is
decreased. We have checked numerically that, for a variety of
temperatures below T, the condensation transition remains
first-order until the depth D becomes microscopically small,
comparable to the width L.

Beyond mean-field level the condensation/evaporation
transition is rounded for all finite D since the groove geom-
etry is pseudo-one-dimensional. However standard finite-
size scaling arguments imply that the width of the rounding
Atround/tice = €xp(=yf LD) which is completely negligible once
the groove depth and width are greater than the bulk correla-
tion length.

3.2. Condensation and evaporation above the wetting
temperature

3.2.1. Numerical DFT results. In figure 6 we show the
adsorption and desorption isotherms obtained for 7/7,, = 1.1

50
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30

e

20

xlo xla xlo

Figure 4. Density profiles corresponding to the evaporation branch
for a capillary groove of width L = 7¢ and depth D = 500, at a
temperature 7/7,, = 0.97. From left to right the undersaturation

81t = 1 — pgg is: 1073, 1074, and 5 - 107 in units of ¢.
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Figure 5. A log—log plot of the adsorption I for the evaporation
branch, g — pl for a groove of width L = 76 and depth D = 50¢
at sub-wetting temperature 7/7,, = 0.97. The straight line has a
slope —1/3.

in a groove of width L = 12¢ and depth D = 50c. In this case
there is no hysteresis so that the condensation and evapora-
tion branches are connected continuously. This finding is
consistent with the prediction of the complementary Kelvin
equation since the contact angle 8 = 0. In figure 7 we show
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Figure 6. Adsorption isotherm in a capillary groove of width

L =120 and depth D = 500, at a temperature 7/7,, = 1.1. The
vertical dotted line denotes the location of the chemical potential
U corresponding to the capillary condensation determined
independently from the 1D DFT for an open slit of width L = 12;
the vertical dashed line denotes saturated vapour density at the
same temperature.

density profiles obtained below, at, and slightly above u.,
which illustrate the continuous movement of the meniscus
from the near cap to groove top as the chemical potential is
increased. The absence of spinodals indicates that in the limit
of macroscopic D both condensation and evaporation tran-
sitions occur via the continuous unbinding of the meniscus
from the bottom and top, respectively. However, while both
transitions are continuous there remains a quantitative differ-
ence between them characterised by the critical exponents f¢
and fg. This is shown in figure 8§ where we present log—log
plots of the adsorption and complementary adsorption as g
is approached from below and above, respectively. For the
evaporation branch, we find the same value Sz = 1/3 obtained
for the case of T < T,,. For condensation on the other hand our
results indicate that ¢ = 1/4.

3.2.2. Slab model analysis. Our numerical DFT results
illustrate the asymmetry between condensation and evapora-
tion. Below the wetting temperature condensation is first-
order while the evaporation is continuous. This qualitative
difference can be understood due to the behaviour of the
corner menisci and is accurately quantified, even for narrow
slits, by the complementary Kelvin equation. Above the wet-
ting temperature on the other hand the difference between
condensation and evaporation is more subtle since both
transitions are continuous. However an asymmetry still per-
sists through the distinction between the adsorption critical
exponents f¢ and fg. In this section we present details of a
sharp-kink or slab model calculation, valid above the wet-
ting temperature, which predicts, analytically, the values of
the critical exponents. This is similar to the original effective
Hamiltonian analysis of continuous condensation and evapo-
ration presented in [15] but improves on by accounting for
thick complete wetting films which will allow us to derive a

50 06
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40
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o

0.3
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0.1

Figure 7. From left to right density profiles for chemical
potentials slightly below (u/uc. = 0.98, close to u/uc. = 1) and
slightly above (u/uc. = 1.02) that of capillary condensation for
a capillary groove of width L = 12¢ and depth D = 500, at a
temperature 7/7,, = 1.1.

formula for .. consistent with the Derjaguin corrected Kel-
vin equation.

In sharp-kink approximation we assume that the full two
dimensional density profile p(x, z) simply arises from a) a
flat meniscus constrained to be at height £ above the groove
bottom, b) wetting films of thickness £, at each wall lying
above the meniscus. Hence vapour at pressure p occupies
a volume V, while a metastable bulk liquid at pressure p;"
is adsorbed at the capillary walls and below the meniscus
(see figure 9). Such a parameterization neglects the shape
of the meniscus which is approximately circular. However,
allowing for a fixed circular shape adds only a constant term
to the free-energy and thus does not influence in any way
the equilibrium values of the meniscus height and wetting
film thickness. More importantly this parameterization does
not allow for corner menisci and is therefore not appropriate
for modelling condensation occurring below the wetting
temperature.

For a macroscopically deep groove, the equilibrium value
of the wetting film thickness at the side walls is independent
of the meniscus height and is the same as that for an infinite
open slit, given by

1
3
t,,:[ 2ol ] +0(L—§).
Hsat —H

The first term here is the equilibrium film thickness of a com-

(20)

5
plete wetting film at a single planar wall while the O (L’?)

correction arises from the interaction between the wetting
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Figure 8. Left: a log-log plot of the adsorption, I'c, for the condensation transition occurring as y — p;.. The straight line fit has
gradient —0.2507 (compare to the theoretical prediction ¢ = 1/4). Right: a log—log plot of the complementary adsorption, /g, for the
evaporation transition occurring as y — p.f. The straight line fit has gradient —0.3332 (compare to the theoretical prediction fg = 1/3).
These results pertain to a capillary groove of width L = 12¢ and depth D = 500, at a temperature 7/7,, = 1.1.
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Figure 9. Slab model parameterization of the density profile
showing a meniscus of height £ in a capped capillary groove of
width L and height D appropriate above the wetting temperature.

V, denotes the volume filled by gas at pressure p. The side walls are
coated with complete wetting films of thickness €.

films on the opposite walls which can be safely ignored. Using
this value for £, we now substitute the trial density profile into
the functional Q[p] and obtain a grand potential Q2(f) which
is a function of the meniscus height. Per unit length L; of
the groove, the constrained, excess, contribution to the grand
potential density @ () = Q({)/L is given by

0™ () = (pi" =p) (L=2L:) (D=0) +y[2(D=0) +(L-2L,)]

—ﬂf V(r)dr.
Ly Jv,

where we have defined the relevant excess contribution by sub-
tracting off a constant term corresponding to the free-energy
of a completely filled groove. Minimization of @®* determines
the equilibrium meniscus height {¢ and {g, details of which are
presented in the appendix.

21

In the limit D — oo the minimization also determines the
value of the chemical potential at which condensation/evapo-
ration occurs as

2y

L)~ -
MCC( ) /'tsat Ap(L—3£”)

(22)
which is precisely the Derjaguin corrected Kelvin equa-
tion which allows for the shift in condensation due to thick
complete wetting layers at the vertical walls.

For the condensation branch, occurring as u approaches .
from below, we find that in the limit D — oo of a macroscopi-
cally deep groove, the equilibrium height of the meniscus
above the groove bottom is [21]

1
4
|+

te=|

where the ellipsis denote negligible non-diverging higher
order terms. Similarly for the evaporation branch, occurring
as u approaches u.. from above, we find that in the limit of a
macroscopically deep groove, the equilibrium height of the
meniscus from the groove opening is

SETH

where we have again ignored non-diverging terms.
At this point we make the following remarks:

OlaulL
8(/"cc _ﬂ)

(23)

2|ay|
H—Hee

(24)

(a) The values of the exponents f¢ = 1/4 and pg = 1/3 are
exactly the same as those predicted in the effective
Hamiltonian study of [15] which adopted a slightly
simpler parameterization of the density profile. Thus as
expected the only influence of the thick wetting films at
side walls is change the location of the capillary conden-
sation, .., in keeping with Derjaguin corrected Kelvin
equation. The values of these exponents, obtained in a
slab model for an infinitely deep groove, are in excellent
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agreement with our numerical DFT results obtained for
the condensation and evaporation in a groove of finite
depth D = 50¢.

(b) As discussed earlier the present slab model calculation
cannot be used to study condensation occurring below 7,
since the parameterization of the profile does not allow
for corner menisci. However it can used to study evapora-
tion for 7' < T, since in the limit of an infinitely deep
groove, for all 4 > u.., the meniscus is always far from the
groove bottom. Thus as for the case T > T,, there is only
a single meniscus. Because the vertical walls are now
partially wet there is no need to allow for thick wetting
films and one can set the parameter £, = O in the slab
model analysis. In this case it is easy to show that the
result for the divergence of the meniscus depth remains
Le = Qla /(4 — uee))'>. The only difference is that the
location of capillary condensation, u, is given by the by
standard macroscopic Kelvin equation (1). Thus for our
present system, with long-ranged wall-fluid and short-
ranged fluid-fluid interactions, the slab model predicts
that evaporation remains continuous even below the wet-
ting temperature 7),. This is completely consistent with
our numerical DFT results. We shall return to this point
later where we shall try to generalise the criteria for the
order of the evaporation transition.

3.3. Covariance between groove evaporation and complete
wetting

The slab model analysis points to a remarkably simple con-
nection between groove evaporation, occurring for 7 > T,
in systems with dispersion forces, and complete wetting at a
planar wall. Recall that the complete wetting transition occurs
above the wetting temperature and refers to the divergence
of the equilibrium thickness, {,(«), of an adsorbed liquid
film, at a planar wall-gas interface, as the chemical potential
u of the bulk gas, is increased to saturation ug,. In general
one writes this divergence as 8;(p) ~|pu—pg, [ where the
exponent B is determined by the range of the intermolec-
ular forces and also possible interfacial fluctuation effects.
For three dimensional systems, fluctuations are negligible,
and for dispersion (van der Waals) forces the exponent takes
the mean-field value f;° = 1/3 first explained by the Russian
school of Derjaguin and Frumkin [26]. However, from the
slab model results,

1 1
L) . W[MT 25)
I 9 /4 £

Ce(u) z[
| — e = pry |

we see that the connection between groove evaporation and
complete wetting goes much deeper. Thus, while £, diverges
as U — gy from below and £ diverges as 4 — u.. from above,
the divergences are otherwise characterised by precisely the
same power-law functions, apart from the shift in the location
of the respective transition. That is

ﬁE(/" _/"cc) :{)'ﬂ(ﬂsat_ﬂ) . (26)
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Figure 10. Test of the covariance law showing comparison of the
growth of the wetting layer thickness £, for complete wetting on

a planar wall (open symbols) with the meniscus position {z for
evaporation in a capillary groove (filled symbols) of width L = 126
and depth D = 500 at temperature 7/7,, = 1.1. The results are
expressed in the molecular units of ¢ and .

This is a further example of a covariance relation relating
adsorptions at phase transitions on different substrates, similar
that observed in studies of wedge and cone filling [30-32].

We have tested this prediction using our microscopic DFT
by comparing the divergences of {, = I'/Ap and g =I'g/Ap at a
temperature 7/T,, = 1.1 in a groove of depth D = 50¢ and width
L = 120. The results are shown in figure 10 and show a near
perfect collapse of the two curves {,(u) and Lg(u). In drawing
the shifted curve for £z we have treated the value of u. as a
fitting parameter which determined as ufi' = —4.0541e. This
compares very well with the value u.. = — 4.0529¢ obtained
from the independent 1D DFT analysis for an infinite open
slit. The small difference between these values is attributable
to the finite depth of our groove.

The origin of the covariance can be easily understood by
simply recasting the slab model analysis in the language of
an effective potential. The equilibrium film thickness {, of a
complete wetting layer, is the minimum of a binding poten-
tial W,(0) defined as the excess grand potential per unit area
of a wetting film at a planar wall which constrained to be of
height £. Within the slab model analysis this is determined in
standard fashion as

We(D) = (=) Apt=24p [V (2)dz,

where the first term is the thermodynamic cost of having a
layer of liquid which is metastable in the bulk and the second
arises from the integral over the long-ranged wall-fluid
forces. This gives rise to an effective repulsion between the
interfaces

27)

A
WeO) = (=) Ap bt 5+ -, (28)

where the Hamaker constant A = — a,4p, which is posi-
tive. Minimization of this determines {, in agreement with
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equation (20). Now we turn our attention to the evaporation
occurring in an infinitely deep groove and understand the
structure of the analogous binding potential w**({) where we
have suppressed the dependence on the wetting films at the
side walls. The slab model result for this is

@( ﬁ)

. - (M = pe)Ap(D =) +

m + O(D - 07,
(29)

where we have divided by the slit width so that the dimen-
sions are the same as for W, ({). Here the first term is now
the thermodynamic cost of having a volume of capillary-gas
which is metastable in the groove. This is the direct ana-
logue of the first term in W,(£) and determines the shift in
the location of the transition from i to ue.. The second
term is the all important repulsion of the meniscus from the
capillary opening and can be understood as follows: con-
sider an infinite open capillary slit exactly at u = uc., and
place a meniscus at some arbitrary position. Now imagine
slicing off the side walls at height D — € from the meniscus
and replacing this by the vapour. The change to the excess
grand potential from removing this volume of wall involves
precisely the same integral over the dispersion interaction
as in equation (27) apart from a slab of thickness L which
contributes to the error term in equation (29). Minimization
of w™*(£) recovers the above expression for {z and hence the
covariance law.

For completeness we remark that for the condensation
transition the binding potential is given by
9AL
= 4 ...,
8¢3
This has a very similar interpretation to the potential for
evaporation with the first term representing the energy cost of
having a volume of metastable capillary liquid for x4 < yc.. The
reason why the meniscus repulsion from the groove bottom is
higher order than for the evaporation can also be understood
by dimensional analysis: imagine first that we are at coexis-
tence in an open slit then cap the geometry by adding a slab
of solid that fits between the side walls a distance { below the
meniscus. Since this is of finite width L the integration of the
intermolecular forces over this volume produces a power law
which is one order higher compared to that for wetting at a
planar wall and evaporation.

O)BX( ﬁ)

= — WAl +
7 (Hee — W)Ap

(30)

4. Conclusion

In this paper we have used a mean-field DFT and slab model
analysis to determine the order of condensation and evapora-
tion transitions in a deep capillary groove with long-ranged
wall-fluid forces. We have shown that the condensation transi-
tion becomes first order below the wetting temperature due
to the presence of corner menisci and shown that the comple-
mentary Kelvin equation accurately describes the associated
size of the metastable regime. For evaporation on the other
hand our results indicate that the transition remains contin-
uous at all temperatures and confirm the mean-field value of

10

the critical exponent fr = 1/3 . Our analysis of evaporation
also revealed a remarkably simple covariance relation with
complete wetting at a planar wall.

Our study has been entirely at mean-field level and
neglects the long wavelength, interfacial, fluctuations of the
meniscus, the most dominant of which arise from those in
the height of the meniscus along the groove. As discussed
in [15] this means that the fluctuation theory of meniscus
unbinding is analogous to that of two dimensional complete
wetting but with a stiffness parameter, resisting the undu-
lations of the meniscus, which is « yL. Thus, for contin-
uous condensation, the mean-field power-law divergence
Le = ((uee — w)/LY™V* will, as u = pec, eventually cross-over
to e~ (L*(uee — 1))~ describing the true asymptotic critical
behaviour (assuming the groove is macroscopically long).
However, a simple matching of these power laws shows that
the size of the asymptotic regime is negligibly small since
it scales as L™'!. Thus to all intents and purposes the mean-
field description of the continuous capillary condensation
is exact. Similar remarks apply to continuous evaporation.
The repulsive term o (D — )72 appearing in the effective
potential (29) is marginal which implies that that value of
the exponent i = 1/3 is not altered by fluctuation effects.
The only influence of these is that they slightly change the
critical amplitude of the divergence of {g so that the mean-
field result (24) is multiplied by a factor 1 + O(ﬁyLz)_l. This
is only significant if the evaporation occurs in the imme-
diate vicinity of the capillary critical point and is otherwise
entirely negligible.

An important generalization of the present study is to
include fully long-ranged fluid-fluid forces which decay as
¢(r) « —e/r®. Indeed, within the slab model of evaporation it
is trivial to allow for such forces, at leading order, since the
integrals they introduce into the analysis are identical to those
arising from the wall-fluid forces. The upshot of this is that the
prediction for the meniscus height is altered to

1
2ap—ay) |3
gE(ﬂ)z(M] 31)
H—Hee
where
1 3
af = =R, (32)

Equivalently, the Hamaker constant appearing in the poten-
tials (28) and (29) is replaced by A « Ap(ay— a,,). This result
tells us that the covariance law (26) for evaporation occur-
ring for T > T,, and complete wetting remains unchanged.
More interestingly however it suggests that the evaporation
becomes first-order when the Hamaker constant changes
sign. This occurs under two circumstances: (a) at the wet-
ting temperature 7,, associated with critical (second-order)
wetting transition of the side walls (b) at the spinodal tem-
perature 7 associated with first-order wetting transition of
the side walls. This is defined as the temperature at which
the activation barrier in the wetting binding potential W,(£)
first appears. Interestingly, these conditions are precisely the
same as the slab model predictions for the order of wedge
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filling transitions and point to a possible deeper connection
with that phase transition [10]. We emphasize that this pre-
diction of a possible change in the order of the evaporation
transition is entirely consistent with the present numerical
DFT study since in our current model, the short-ranged
nature of the fluid-fluid forces means there is no spinodal
temperature associated with the first-order wetting transi-
tion. However some caution is needed with this prediction
regarding the change in order of evaporation since below
the wetting temperature one should also consider the higher
order terms in the binding potentials for which we need to
go beyond the sharp kink approximation. For example it is
certainly not the case that the higher order terms in (28) and
(29) are the same which is the reason why the covariance
law (26) only applies above T,,. In addition for very narrow
slits it is necessary to carefully model the opening of the
groove into the bulk reservoir since the structure of this may
lead to additional interfacial pinning. This requires more
study using numerical DFT rather than simple slab model
considerations.

Finally we mention that there is one phenomenon occur-
ring in the groove geometry that we have not considered
at all. This is the capillary-wetting transition defined as
the divergence in the adsorption I'¢ as the temperature is
increased towards T = T,, along the capillary-coexistence
line 4 = ue [22]. The complementary Kelvin equation tells
us that macroscopically the transition must occur at T, since
this is the temperature at which the contact angle vanishes
implying the end of any metastability associated with corner
menisci. The reason why we have avoided discussion of this
transition is that here the mean-field character of the DFT is
unreliable. According to the present DFT the capillary wet-
ting transition is first-order and with it is associated a cap-
illary pre-wetting line extending off capillary-coexistence
and for 7 > T"(L). The first-order nature of this transition
can be seen from the structure of the condensation binding
potential (30). While the slab model parameterization does
not allow for corner menisci for 7' < T,, it does tell us that if
a single meniscus were to be formed at a distance { above
the groove bottom then it must be repelled from it (since the
Hamaker constant A > 0). However we know that below T,
the lowest free-energy configuration is due to bound corner
menisci. Thus there is always a potential barrier between
bound corner menisci and a single meniscus state located
above the bottom. Thus the transition must be first-order.
However this mean-field reasoning is incorrect because the
capillary wetting transition must belong to the universality
of two dimensional critical wetting with short-ranged forces
since the O(£~3) interaction of the meniscus with the wall
appearing in equation (30) is irrelevant. This implies not
only that the transition is continuous and hence that there is
no capillary pre-wetting line but that the location of T"(L)
is renormalized by fluctuations and occurs below its mean-
field prediction because the meniscus can tunnel out of the
barrier which binds it to the corner(s). However modelling
this using an effective interfacial Hamiltonian, while taking
into account the influence of long-ranged forces, is difficult
because it is necessary to model two corner menisci and

1

single meniscus configurations. This will be the subject of
future work.
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Appendix A. Slab model integrals

The essential ingredient in the slab model calculation of the
constrained grand potential ®**(£) given by equation (21) is
the integration of the external potential over the volume of the
gas. Per unit length of the capillary, this is given by:

1 D L,
X f V(r)dr = / dz f &V, 7)
L” Vg [ L
D L—-t, 2
:(xwﬁ dzﬁ dx[—3 +y, 2)+yix, D -2
us z

+y/(L—x,z)+y/(L—x,D—z)]

D L—t, 2
=awf£ dz'/[” dx[; +2w(x, 2) + w(x, D — z))]

D -2,
=205W/€ dz[—z3 +¥P(L -4 2)—¥PUs2)
+ VL -, D—2)— P, D— z)],
where we have defined

22
2z

Thus, when we minimise 2% with respect to ¢, we can
make use of the relation

X (2)62 -
3 +

[2, 2
¥(x, z) = /W(X, )dx = — g )3x2x Rl (AL

_27328” + WAL -1, 0

al 1 L
g[f”/VgV(r)dr] = - 2aw[

— P )+ P(L -, D= )

- Yl D - ﬂ)], (A.2)
which can be expanded
0ol 1 1 1 20, — L
—|— [ V(@)dr| = - 2a,| = — z
OE[L” y r] “ [a}, L-t)y ©D-t°
9 L(L—-28)
— 4 | A3
TR IS
Combining with (21) one obtains
(P = pOL = 28;) — 2y + 2a,, Ap oL
X2 (L-1t)
20, — L 9 L(L-2¢)
— + =0 A4
D-10° 16 o ] a)
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and substituting ¢, from equation (20) gives:

.]zo,

which determines the equilibrium height of the meniscus in
a finite depth groove. Finally, using p—p;" ~(pug, —p) Ap and
equation (1) we find that for 4 < e, in the limit D — oo, the
equilibrium position of the meniscus height above the groove
bottom £ satisfies

(p—p/)(L-3t) =2y

+2awAp[ 20,—L

9 L(L-2t,)
(D—ty " 16 T

A.S
16 ¢ (A

9 a(L(L=2t,)) 1
8 (L-3t,) ¢
9 a,L

8 &

u=p. (L) +

~ po(L) + (A.6)

Conversely, for u > uc.(L), in the limit D — o, with D — {
fixed, the equilibrium distance of the meniscus from the top of
the groove { satisfies

2oy (L=2t,) 1

= L)—
H=pe (L) (L3 0
2a,,
e (L) =5 (A7)
E
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Abstract

The wetting and filling properties of a fluid adsorbed on a solid grooved substrate are studied
by means of a microscopic density functional theory. The grooved substrates are modelled
using a solid slab, interacting with the fluid particles via long-range dispersion forces, to
which a one-dimensional array of infinitely long rectangular grooves is sculpted. By
investigating the effect of the groove periodicity and the width of the grooves and the ridges, a
rich variety of different wetting morphologies is found. In particular, we show that for a
saturated ambient gas, the adsorbent can occur in one of four wetting states characterized by
(1) empty grooves, (ii) filled grooves, (iii) a formation of mesoscopic hemispherical caps (iv) a
macroscopically wet surface. The character of the transition between particular regimes, that
also extend off-coexistence, sensitively depends on the model geometry. The temperature at
which the system becomes completely wet is considerably higher than that for a flat wall.

(Some figures may appear in colour only in the online journal)

1. Introduction

Wetting and related phenomena at planar surfaces have
been thoroughly studied for the last several decades and
are currently fairly well understood at least for simple
fluids [1-3]. More recently, the subject of fluid adsorption
on structured surfaces has received considerable attention
from researchers and engineers (see, e.g., [4] and references
therein). From an engineering viewpoint, the perspective
on materials that possess large surface-to-volume ratios has
been appreciated. Indeed, recent advances in lithography have
allowed the decoration of solid surfaces on the micro- and
nano-scales and facilitated the fabrication of such devices [5].
From a more fundamental viewpoint, it was recognized that
structured substrates, when exposed to a gas that is close to
coexistence with its liquid phase, can produce quite distinct
adsorption characteristics compared to planar systems [6, 7].
For instance, macroscopic considerations that are based on
Young’s and Laplace’s equations predict that the adsorption
properties of a substrate with a linear-wedge shape can
be sensitively controlled by its opening angle [8]. As a
consequence, a large amount of the emerged liquid phase

0953-8984/13/445006+13$33.00

may adsorb near the apex even though only a microscopic
film of the liquid is adsorbed far from the wedge apex.
However, statistical mechanics has to be incorporated to learn
more about the nature of interfacial phenomena on non-planar
surfaces, particularly with respect to the phase transitions that
they induce. Among other findings, such a more microscopic
approach has resulted in the discovery of interesting
hidden symmetries (or so-called covariances) that relate the
adsorption properties of different substrate geometries [9, 10].

One class of structured surface that has recently attracted
a strong interest motivated by recent experiments [11-13]
comprises solid substrates patterned with regular arrays. A
sketch of such a model substrate used in this work is provided
in figure 1. This ‘grooved substrate’ is characterized by the
presence of rectangular capillary grooves of depth D and
width L,, which are etched into a solid slab. The grooves
form an infinite periodic one-dimensional array along the
x-direction with a periodicity L and are assumed to be
unbounded in the y-direction. It is further assumed that the
substrate is formed with uniformly distributed atoms, which
interact with the fluid particles with a long-range potential that
decays as 1/r° at large distances.

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. Illustration of the model. The grooves (each of width
L, = L — Ly and depth D) form an infinite one-dimensional array
along the x-axis. The sketch corresponds to the projection y = const.

Related substrate models were considered rather recently
by Dietrich et al [10, 14, 15] in a study of the complete
wetting of geometrically structured substrates by interfacial
Hamiltonian theory, derived from the so-called sharp-kink
approximation of density functional theory (DFT) [1]. In
this paper a more microscopic model is used, which
takes into account the short-range correlations between
fluid particles by adopting Rosenfeld’s fundamental measure
theory (FMT) [16]. In particular, this allows us to address the
questions such as: what is the equilibrium structure of an ad-
sorbed fluid for a particular substrate geometry? How does the
structure respond to a change in temperature and bulk pressure
(chemical potential)? What type of phase transitions does the
system exhibit and how does this depend on the individual
parameters that characterize the substrate geometry?

The remainder of the paper is organized as follows. In
section 2, fundamental adsorption phenomena at substrates,
to which the current model reduces in special cases, is briefly
recalled. In section 3, we formulate the molecular model of
the substrate and the fluid and outline the main features of
the microscopic DFT used in this work. The numerical results
including surface phase diagrams for several representative
geometrical models are presented in section 4. The main
points of the work are summarized and discussed in section 5
and a link with the earlier works based on an interface
Hamiltonian is made. The paper concludes with appendices
which provide the details of the derivations of some formulae
presented earlier.

2. Behaviour of the model substrate in special cases

In this section, we make a link between the substrate model
sketched in figure 1 and the more familiar model substrates to
which the current model reduces after taking the special limits
of the substrate geometric parameters. The main adsorption
characteristics of the resulting systems are briefly recalled.

21. Ly - occorLy — occorD— 0

If any of these limits is realized (alternatively, one can also
take L — 0 or Ly — 0), the grooved substrate reduces to
a simple planar wall. At the liquid—vapour bulk coexistence,
the planar wall (preferentially adsorbing liquid phase) exhibits
wetting transition at the wetting temperature T,. Typically, the
transition is first-order but can also be continuous (critical)
depending on the range and strength of the intermolecular
interactions. It should be noted that the latter phenomenon is
notably rare in nature; in fact it has not been observed for solid
substrates and has only been detected for a few binary liquid
mixtures.

Alternatively, the wetting layer may develop at a constant
temperature 7 > Ty, upon approaching the saturation value
of the chemical potential u — s (7)™ . In this complete
wetting process the width of the liquid film ¢, develops
according to

by ~ S Ps, (1)

as 6 = psat(T) —  — 0. The critical exponent B = 1/3
if the dominating force at large distances originates from
dispersion interactions. If the wetting transition at Ty, is
first-order, the singularity of the first derivative of the free
energy at Ty, is prolonged off-coexistence in a prewetting line
representing the loci of the thin—thick first-order transitions.
This line terminates at its own critical temperature Ty, and
approaches the coexistence line tangentially at Ty, as |u| ~
(T — Tw)*>.

22. L > oc0corD — o0

Either of these two limits defines a capped capillary (single
groove). Because of the presence of the bottom wall, a
meniscus separating capillary-gas and capillary-liquid is
formed near the bottom for u < e (H), whereas for p >
Ucc(H) the pore must be filled with a liquid, so that the
meniscus is to be found at the top. Here, uc.(H) is the
chemical potential of a slit (parallel plate) pore of a width
H, at which the capillary condensation occurs. Interestingly,
in contrast with the capillary condensation in a slit pore,
which is a first-order transition, the condensation in the
capped capillary proves to be continuous for walls that are
completely wet [10, 17-23]. The condensation is then given
by an unbinding of the meniscus separating the capillary-gas
and the capillary-liquid from the bottom end according to the
power law [17]

Coe ~ (1t — prec(H)) Pee, )

with B¢ = % for long-range forces. In the most recent studies
it was revealed [22, 23] that the order of the transition is
controlled by the wetting regime of the bottom wall, such
that below Ty, the adsorption in a capped capillary exhibits
first-order transition.

While these features are experienced by single grooves
specified by either of the two limits, it should be noted that
the phase transitions and criticality of the former one with
D finite must be necessarily rounded beyond the mean-field
approximation (1D Ising model universality class).
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2.3.D — ocoand Ly, — o0

In this case, the grooved substrate reduces to the geometry
of a linear wedge with an opening angle ¢ = m/2. Such
a model exhibits a wedge filling transition that differs from
both wetting and capillary condensation: at the vapour—liquid
coexistence, a wedge becomes completely filled with liquid at
the filling temperature 7 that corresponds to the contact angle
of the liquid drop on the wall [8, 24, 25]:

0T =Tp) = (r —¥)/2. 3)

The filling transition is critical whenever the corresponding
wetting transition is also critical; however, if the wetting
transition is first-order, the filling transition can be either
first-order or critical depending on the opening angle [26—28].

3. Theory

3.1. Potential of the grooved substrate

The model grooved substrate, as sketched in figure 1, enters
into the theory as an external field V(r) exerted on the fluid
atoms. Owing to the periodicity along the x-axis and its
translational invariance in the y-dimension, one can write

o0
V) =Vi+ Y Valx+nlL,2). “)
n=—0oo
Here, V| (2) is the potential of a planar wall W = {x e R,y €
R, z € (—o0, 0)}, and V;(x, z) is the potential of a rectangular
body B = {x € (—L1,0),y € R, z € (0, D)} with a property
Vo(x,z) = Vo(—x — Ly, 2).
The substrate is treated as a continuous distribution of
atoms with a one-body density py, each of which interacts
with the fluid atoms via a Lennard-Jones tail

o) = ~dew (2), 5)

where r is the distance between the substrate and the fluid
particles. After integrating ¢y, (r) over the entire domain of the
wall (see appendix A) and introducing a hard-wall barrier to
model a short-range repulsion between fluid and wall atoms,
the potential of the substrate can be expressed as follows:

Vi) = {V‘ @ o ©)
o0; 71<0
and
Vax, 2)
o0; xe(—L]—U,o)ﬂze(O,D+o),(7)
B Va(x, 2): otherwise,
with
~ 200y
Vi) = =2, ®)
z
Va(x, 2) = aw [¥zp(Li + %) — ¥z p()], 9)

oy = —%mzw,owa‘S (10)

and
2 + x2(z — D) 4 2(z — D)*
23(z — D3/x2 + (z — D)?
2)C4 +x212 +2Z4

I//z,D (x) =

(1)

3.2. Density functional theory

Within classical DFT [29], the equilibrium density profile is
obtained by minimizing the grand potential functional

Qlpl = Flpl+ [ drpmive . (12)
where u is the chemical potential and V(r) is the external
potential. Here, F[p] is the intrinsic free energy functional of
the fluid one-body density, p(r), which can be split into ideal
and excess parts. As is common in modern DFT, the excess

free energy functional is further divided into a hard-sphere
term and an attractive contribution

Fexlpl = Fislpl + 3 // drdr’p(®)p()ua(lr — '), (13)

where u,(r) is the attractive portion of the fluid—fluid
interaction potential. In our analysis, we consider this to be
a truncated Lennard-Jones-like potential

0; r <o,
o\O
uy(r) = { —4e (—) : o <r<re, (14)
r
0; r>re

which is cut-off at r. = 2.50, where o is the hard-sphere
diameter. It should be noted that since the range of the
wall-fluid and fluid—fluid interactions are different, the
Hamaker constant of the system is always positive (at
least within the sharp-kink approximation), which ensures
that wetting transition at the corresponding planar wall is
first-order [1]. Note that the same molecular model was used
recently in [27, 28].

The hard-sphere part of the excess free energy is
approximated by the FMT functional [16],

Fulo) = 5 [ dr @t (s)

where B = 1/kgT is the inverse temperature. The function
@ depends on six weighted densities n,(r) which can be
expressed as double integrals for the rectangular symmetry as
is dictated by the external field (4) (see appendix B).

The minimization of (12) results in an Euler—Lagrange
equation

8Fnslp]
5p(r)
where iq is the ideal part of the chemical potential.
The equilibrium density profile is obtained by solving
equation (16) numerically on a two-dimensional Cartesian
grid with a spacing of 0.1o. The convolution term in (16) is
recast into a two-dimensional integral (see appendix C).

wia(p(r)) + + / dr' p(ua (I — 1)) = 1, (16)
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Figure 2. Coexisting density profiles for a model with L* = 15,
L} =10, and D* = 5. The temperature of the systems is T, = 1.33
and the bulk phase is a saturated gas.

The thermodynamic properties of the corresponding bulk
system are determined from equation (12), which is applied
to p(r) = const. From the resulting Helmholtz free energy
the liquid—vapour phase boundary can be constructed. The
binodal terminates at the bulk critical temperature kg7./e =
1.41.

4. Numerical results

Throughout this paper, we will adopt o and ¢ as our length
and energy units. Therefore, we will express our quantities
in dimensionless units, such as 7* = kgT'/¢, p* = po3, x* =
x/o, etc, unless stated otherwise. The interaction potential that
characterizes the substrate strength is set to ¢y = 1.2¢, and
we will restrict ourselves to the results for a substrate depth of
D = 5c.

4.1. Coexistence path

All results presented in this paragraph are for the liquid—gas
coexistence with a boundary condition for the density profile
o (x, zr) = py(T) for all x, where py(T) is the particle density
of a saturated vapour and zf refers to a vertical size of the
system. Our primary goal is to inspect the type of wetting
regimes that a system with a particular geometry can acquire
and compare with the wetting properties of the corresponding
planar wall. When applied to a planar wall, the solution of the
Euler-Lagrange equation (equation (16)) predicts a first-order
wetting transition at a temperature Ty, = 1.17 [27].

We start by considering a substrate model characterized
by the parameters L* = 15 and L} = 10. In this case, the

[Vife

xlc

Figure 3. Absolute value of the potential of the grooved-surface
model with L* = 15, L} = 10, and D* = 5 at z = D + o (solid line)
and the potential of the planar wall at z = ¢ (dashed line).

minimization of the grand potential functional (12) leads
to two different sets of results depending on the initial
configuration. The temperature at which two different states
yield the identical grand potential value defines the location
of the first-order transition, and we will refer to this process
as groove-wetting. This process is now compared with an
ordinary wetting transition on a planar wall. First, as observed
from the plots in figure 2 in which the coexisting low- and
high-density profiles are displayed (for a single period), the
symmetry breaking in the x-dimension induces a non-planar
character of the liquid—vapour interface in the low-density
state. This behaviour is in contrast with a liquid—vapour
interface above a flat wall, in which case only the fluctuation
effects disrupt its otherwise planar shape. The high-density
state corresponds to a completely wet substrate, so that the
non-uniformity of the substrate potential in the x-direction no
longer influences the geometry of the unbounded liquid—gas
interface. Second, the groove-wetting occurs at a temperature
Ty, = 1.33, which is much closer to the bulk critical
temperature (recall, 7 = 1.41) than the wetting temperature
of a planar wall, 7}, = 1.17. This result can be explained by
comparing the strength of the potentials of the flat substrate
and that of the grooved substrate. As shown in figure 3, the
latter reaches the value of the planar wall about the middle of
the ridges but the presence of the grooves significantly lowers
the local absolute value of the potential at a given height
above the substrate. Thus, the grooved substrate constitutes
an effectively weaker adsorbent than the corresponding planar
wall, which pushes the temperature at which the surface is
completely wet upwards.

For thicker grooves, LT = 5 (while maintaining L* = 15),
the adsorption scenario changes as the system can now realize
three different regimes as displayed in figure 4. These regimes
are separated by two first-order transitions—see figure 5,
where the temperature dependence of the adsorption per unit
length is shown. The latter is defined as

r:/ dxdz (p(x,2) — pp). (17)
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Figure 4. Density profiles of three distinct (separated by first-order o
transitions) phases for a model with L* = 15, L] = 5, and D* = 5. I 10 0.2
The corresponding temperatures are (from above): 7% = 1.1,
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ob = py(T), and the integral is taken over the volume of the
system that is available for fluid particles within an interval
x € (0,L). In contrast with the previous case, the width
of the grooves is now sufficient to allow a groove-filling
first-order phase transition before the system experiences
groove-wetting. Beyond this, the system is already saturated,
and the adsorption is effectively infinite.

We now increase the periodicity to L* = 40 and examine
the impact of the groove width on fluid adsorption. For
L’f = 10, the situation is similar to the observations from
the previous case: the system undergoes groove-filling (T{;’s =
1.16) and groove-wetting transitions (TgW = 1.29). Compared
to the case where L* = 15, the wall inhomogeneity is less
dramatic and the complete wetting of the wall takes place
closer to Ty. Now, below, but near T, separate wetting
layers with concave interfaces are formed at the grooves
and the ridges, and groove-wetting occurs when the two
layers merge, such that the resulting liquid—vapour interface

Figure 6. Coexisting density profiles for a model with L* = 40,
L} = 10, and D* = 5. The temperature of the systems is T, = 1.19
and the bulk phase is the saturated gas.

becomes flat, see figure 6. When the groove width decreases
(increasing L), both Ty and Ty progressively decrease
and for a sufficiently large L; a new first-order transition is
revealed as illustrated in figure 7 for L] = 30. In addition to
groove-filling (Tt = 1.09) and groove-wetting (Tgw = 1.23),
there is also an equilibrium between two density profiles that
differ by the amount of the adsorbed liquid at the ridges as
displayed figure 8. A sufficiently large value of L; enables
the abrupt development of a thick layer at the ridges as a
result of the partial unbinding of the liquid—vapour interface
being pinned at the edges. We will refer to this process as
bounded-wetting. The temperature of this transition Ty, also
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Figure 7. Temperature dependence of the adsorption on a bulk
coexistence line for a model with L* = 40, L] = 30, and D* = 5.
For T* > 1.3, the system is already saturated (because of its finite
size).
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Figure 8. Coexisting density profiles for a model with L* = 40,
L} = 30, and D* = 5. The temperature of the systems is T, = 1.24
and the bulk phase is the saturated gas.

decreases with Ly, and the transition is metastable with respect
to groove-wetting unless Tpyw < Tgw. For the periodicity of
L* = 40, this relationship holds for L] < 33.

4.2. Surface phase diagrams

Now we extend our considerations to off-coexistence states.
In this case, the minimization of the grand potential (12) is
subject to the boundary condition p(z) = pp, Where py, is a
bulk density of a gas with a chemical potential 1 < pga. At
low values of u, the adsorption (17) is microscopic, while
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Figure 9. Phase diagram for a model with L* = 15, L} = 10, and
D* = 5. Ty, showing the wetting temperature on a flat wall; Ty is
the groove-wetting temperature, and 7. is the bulk critical
temperature. For a comparison, the prewetting line of a
corresponding flat wall (joining the bulk coexistence at T\,) is also
displayed.

its upper limit value (at wgy) is known from the previous
considerations. We wish to learn the behaviour of I" between
these two limits.

We start with a periodicity of L* = 15. For L] = 10, the
grooves are too narrow to undergo the filling transition; thus
the only free-energy singularity on the coexistence path is
at Tgy, which extends off-coexistence and terminates at its
own critical point as displayed in figure 9. The loci of the
first-order transitions characterized by a jump in I" are similar
to a prewetting line for a thin—thick transition on a planar wall.
Thus, we will call the process groove-prewetting. However, in
contrast with prewetting on a planar wall, in which case the
two coexisting states differ only by a width of an adsorbed
film, here the interface also changes its geometry, as shown
in figure 10. At the higher-adsorption state (bottom panel
in figure 10), the fluid inhomogeneity in the x-direction has
no substantial influence and the system experiences ordinary
complete wetting upon a further increase in x.

A different scenario occurs for L} = 5. In this case, the
grooves are wide enough that groove-wetting is preceded
by the groove-filling transition on the coexistence line. As
shown in figure 11, the first-order groove-filling transition
also continues off-coexistence and terminates at a temperature
T* = 1.22. Above this temperature, condensation in the
grooves is a continuous process. We further note that below
the temperatures 7* < 1.1, groove-filling becomes metastable
with respect to a crystalline structure of the fluid atoms
induced by the presence of the wall.

A larger periodicity gives rise to an even richer adsorption
scenario. The surface phase diagram of a model that is
specified by L* = 40 and L} = 35 is depicted in figure 12,
where an off-coexistence extension of the bounded-wetting is
present, in addition to groove-prewetting. This is illustrated in
figure 13 for temperature 7* = 1.27: the adsorption isotherm,
which is shown in the upper panel, clearly exhibits two
first-order transitions that correspond to bounded-wetting and
groove-prewetting. The loci of the equilibrium (stable) states
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Figure 10. Density profiles of the coexisting states before (top
panel) and after (bottom panel) groove-prewetting for a model with
L* =15,L] = 10 and D* = 5. The temperature is 7% = 1.34.
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Figure 11. Phase diagram for a model with L* = 15, L} = 5, and
D* = 5. The nomenclature is the same as in figure 9. The low
temperature curve corresponds to groove-filling, which terminates at
its critical point at a temperature kg7 /e ~ 1.22; the left end of the
curve, which would normally connect the bulk coexistence (see
figure 15), is truncated at the point where the first crystal nuclei
induced by the wall occur. For comparison, the prewetting line of a
corresponding flat wall (joining the bulk coexistence at Ty,) is also
displayed.

are given by the concave envelope of Q% = Q+pV displayed
in the lower panel; the precise locations of the two-phase
transitions can be determined as the cusps in Q% (u).

The surface phase diagram of a substrate with somewhat
broader grooves (L* = 40 and L} = 30) is further
complemented by the groove-filling transitions, see figure 14.
For this model, the bounded-wetting transition is unstable on
the coexistence path (7y, = 1.24, Tg‘w = 1.23). However, the
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Figure 12. Phase diagram for a model with L* = 40, L} = 35, and
D* = 5. The nomenclature is the same as in figure 9. In addition, the
bounded-wetting temperature Ty, is displayed. For comparison, the
prewetting line of a corresponding flat wall (joining the bulk
coexistence at Ty,) is also displayed.
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Figure 13. Adsorption isotherm (upper panel) and the excess grand
potential dependence on chemical potential for a model with
L* =40, L] = 35, and D* =5 at a temperature 7* = 1.27.

curves that represent bounded-wetting and groove-prewetting
intersect below the saturation line, which defines a triple point
at which three configurations of finite adsorption coexist.

For even broader grooves, the width of the ridges no
longer permits bounded-wetting. For the model of L* = 40
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Figure 14. Phase diagram for a model with L* = 40, L} = 30, and
D* = 5. The nomenclature is the same as in figure 12. The symbols
at low temperatures correspond to groove-filling. The low
temperature curve corresponds to groove-filling, which terminates at
its critical point at a temperature kg7 /e ~ 1.21; the left end of the
curve, which would normally connect the bulk coexistence (see
figure 15), is truncated at the point where the first crystal nuclei
induced by the wall occur. For comparison, the prewetting line of a
corresponding flat wall (joining the bulk coexistence at Ty,) is also
displayed. In the inset, a triple point at which three different wetting
morphologies coexist is shown.

and L} = 20 this results in a phase diagram in which only
groove-filling and groove-prewetting persist, as illustrated
in figure 15. This behaviour is somewhat similar to the
observation for the model with L* = 15 and LT =5 (see
figure 11). However, groove-filling is now stable with respect
to crystallization up to Ty, and its critical point extends even
beyond Ty

5. Discussion

In this work, phase transitions of simple fluids in contact with
grooved substrates have been investigated using a mean-field
non-local DFT. The adsorption properties of such substrates
were shown to be remarkably complex as a consequence of
an intricate interplay of various interfacial phenomena and
sensitively dependent on the particular substrate geometry.
The main conclusions that can be inferred from the presented
results are summarized as follows.

e When exposed to a saturated vapour, the wetting state of a
grooved substrate may pass through four different regimes.
At lower temperatures, the system typically experiences
the groove-filling transition, which is characterized by the
condensation of the gas inside the grooves, provided the
groove width is sufficiently large. For a given periodicity,
the value of Tyt increases with the groove width. For
narrow grooves, the groove-filling, although taking place
well above the bulk triple point, is already metastable with
respect to wall-induced freezing.
The system becomes completely wet above a tempera-
ture Ty, which is analogous to a wetting temperature Ty,
for a flat wall. This groove-wetting transition is always

Figure 15. Phase diagram for a model with L* = 40, L} = 20, and
D* = 5. Here, Ty denotes the filling temperature, T, is the wetting
temperature for a planar wall, Ty is the groove-wetting
temperature, and 7 is the bulk critical temperature. For comparison,
the prewetting line of a corresponding flat wall (joining the bulk
coexistence at Ty,) is also displayed.

first-order for the considered molecular model since the
range of the fluid—fluid and fluid—wall interactions is
different; thus, their contributions to the Hamaker constant
cannot be balanced.

Finally, our DFT study predicts the presence of another
transition, which we call bounded-wetting transition. This
transition (if stable) precedes groove-wetting and can be
thought of as a partial unbinding of a wetting film at the
ridges, the remnant of an ordinary wetting transition on a
planar wall, which would occur at Ty, if the grooves were
absent. Clearly, this transition is possible only if the ridges
are sufficiently wide to accommodate mesoscopically thick
films. Some analogy can be found with thin—thick wetting
on planar walls for systems that exhibit long-range critical
wetting [30-32]. Unlike the latter, which is a consequence
of the competition of different interaction contributions,
bounded-wetting is induced by lateral heterogeneity of the
wall.

e For all models that are considered here, we have
found that Tgw > Ty, and in most cases, the difference
between the two temperatures was significant. This finding
deserves some discussion considering that according to the
macroscopic arguments, a corrugated surface of area Ag
becomes completely wet, if

A
Ysv = —Viv T+ Vsl (18)

As

where A < Ay is the area of the liquid—vapour interface.
Because this condition is easier to be met than the one
for a planar wall, one would expect that the wetting of a
grooved surface occurs at a lower temperature than wetting
on a corresponding flat wall. Generally, macroscopic
models such as the well-known Wenzel model [33]
predict that the roughness of a solid surface enhances its
wetting (or drying) properties; thus, corrugation makes
hydrophilic substrates even more wettable. Other simple
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decays as £~2(x) with an amplitude depending on the
strength and geometry of the wall. As illustrated in
figure 4, the effective wall parameter is considerably
weakened by the presence of the grooves, which tends
to shift the temperature of complete wetting to higher
values. Moreover, the molecular model presented
here takes into account the strongly inhomogeneous
character of the adsorbed fluid including packing
effects that are particularly strong in the vicinity of the
wall.

(2) Our model of the grooved substrate exhibits sharp
edges at the ends of the ridges. Here, the surface
tension prevents the local meniscus from unbinding
from the substrate, even if far from the edge
apex the height of the interface above the surface
is macroscopic [37]. Furthermore, the macroscopic
Young equation (even if the line tension contribution
is taken into account) ceases to hold if the three-
phase contact line is located at the edge, since the
apparent contact angle exhibits ambiguity. The latter
phenomenon, known as Gibbs’ criterion, has often
been invoked in conjecture with contact line pinning
at the edge, see e.g. [38]. Note, however, that the
concept of the contact line pinning was questioned
in the recent more microscopic study dealing with
nanoscopic sessile droplets [39] due to the presence of
the accompanying wetting films.

e Each phase transition that occurs at the two-phase
coexistence also extends to the undersaturation states
and terminates at its own critical point as shown in
figures 9, 11, 12, 14 and 15. In particular, the critical
point corresponding to groove-filling occurs slightly above
Ty and the difference is pronounced when the grooves
(of a fixed depth) are wide (see figure 15). This should
be contrasted with the groove-filling in a deep (D —
o0) groove, where, as mentioned in section 2, this
point corresponds to 7y, and separates first-order and
critical filling regimes. We note that the limited numerical
accuracy does not allow us to determine the way in which
the transition line connects the bulk coexistence, so that
this remains an open question.

1 Only shallow grooves were considered throughout of this work. No
qualitative difference was found for the models with the deeper grooves (up
to D = 200).

plP,

Figure 16. Adsorption isotherm for a model with L* = 40,

L} =20, and D* = 5 at a temperature 7* = 1.35. Filling, postfilling
and planar regimes can be distinguished. The undersaturation is
expressed as a ratio between the bulk and saturated vapour densities.

e In [10], the authors report their results based on effective
interfacial Hamiltonian theory for complete wetting of
patterned substrates (including rectangular grooves) with
long-ranged intermolecular potentials. They observed four
distinct scaling regimes. This matches with the picture
of adsorption for our model provided the isotherm
corresponds to T > Ty and does not cross any of
the first-order transition lines. As an example, we show
in figure 16 the adsorption isotherm for one of the
aforementioned substrate models at a sufficiently high
temperature. Clearly, the filling regime corresponding to
an abrupt rise of the meniscus inside the grooves is
less pronounced than that for much deeper capillaries
considered in [10]. The following postfilling regime is
characterized by an almost linear dependence of the
adsorption on undersaturation. Finally, the last regime
corresponds to the power law behaviour, equation (1),
as for the planar wall. The authors in [10] further split
the latter into the effective planar scaling regime with a
geometry-dependent Hamaker constant and the one for
which the geometrical patterns are irrelevant.

e The last remark concerns the approximations and possible
extensions of this work. As strictly of a mean-field
character, the approximative DFT necessarily neglects
some kinds of fluctuations such as those due to capillary
waves and thus it is legitimate to ask whether the predicted
phenomena could realistically be observed. Recall, first,
that since the molecular model includes dispersion
forces, the mean-field approximation is valid for wetting
and filling transitions in three dimensions [1, 9, 40].
It is further important to emphasize that owing to an
infinite extension of the groove array (together with
a translation invariancy along the y-axis), the phase
transitions considered here terminate at true critical points.
However, as already mentioned in section 2, this would
not be the case of a single groove (of finite depth), for
which the groove-filling transition must be rounded due to
its pseudo-1D character.
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Throughout this work the concern was on the fluid phase
of the adsorbent only. As we have seen, however, a strong
wall-induced crystallization takes place well above the
bulk triple point (Ttb ~ 0.5T¢, see, e.g., [41]). Therefore,
in some cases (see figures 11 and 14) the crystal nuclei
form before the groove-filling lines connect the bulk
coexistence. One could avoid such issue by considering a
lower value of the parameter ¢y, but then the other phase
transitions would also be shifted and possibly vanish. The
proper investigation of the equilibrium fluid solidification
at the structured wall is definitely an interesting task
but requires a more demanding (3D) treatment than used
here.

There is a number of open questions as regards to
the related models. For instance, one may ask to what
extent the phase behaviour scenario will be modified
by considering the atomic corrugation of the wall, as
addressed, e.g., in [42—44]. In fact, the model itself could
serve to mimic a periodically corrugated substrate if both D
and L parameters are of the order of the molecular diameter
o. We note that for D =~ 2¢ the filling transition disappears.
Also, it would be interesting to make a link with adsorption
at chemically structured surfaces, especially in view of the
‘morphological phase transitions’ predicted in [45, 46].
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Appendix A. Wall potential

In this appendix, the attractive contributions of the potentials
V1(2) and V;(x, z) (equations (6) and (7)) as given by (8)—(11)
are derived.

We assume that the wall is formed with uniformly
distributed atoms with a density p,, which interact with
the fluid particles according to (5). A contribution of the
semi-infinite planar wall, V(z), is given by integrating ¢y, (r)
over the domain {x € R,y € R, z € (—0o0, 0)}, which leads to
a familiar 7~ expression:
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The attractive potential exerted by a single rectangular
body comprising a volume {x € (—L{,0),y € R,z € (0, D)}
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Furthermore, for z < D:
lim ¥, p(x) = —o0;
x—0

thus, \72 (0, z < D) diverges as also expected.
Finally, in the limit of infinite D, (A.3) becomes

lim . p o) 1 2%+ a2 427
m X)=——
poo ' P B 233242

and because

lim
X—> 00

lim X) = ——,
D_)OO’»”Z,D( ) Z3
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one obtains in the limit of both D — oo and L; — o0

lim  lim (\71(z) + Va(x, 2))

Li—o00 D
1 2422427 1
_ R A L A4
o |:Z3 * 2x3534/x2 + 22 * x3:| A

which is the potential of a rectangular wedge, cf [27].

Appendix B. Weighted densities

In this appendix, we derive the expressions of the Rosenfeld
weighted densities for a hard-sphere A/-component mixture,
exploiting the rectangular symmetry induced by the external
potential (4).

The weighted densities are defined by a sum of
convolutions

N
na(e) =3 [ @ piwl =),
i=1

where, according to the original Rosenfeld fundamental
measure theory [16], the weighted functions consist of four
scalars

(B.1)

Wg(l‘) = @(R,-—r); le(l‘) :5(0‘/2_r);
Wi (r) = wa(r) W) = wa(r)
! 4 R; ’ 0 21 R; ’
and two vectors
i r wa(r)
wh(r) = ~3(Ri = 1) wi(r) = 42R

Here, R; refers to the radius of the ith species.

B.1. n3(x, 2)

The weighted density n3(x,z) is given by the following
volume integral in the Cartesian coordinates:
R27z

R;
n3(x, z) —22/ dZ/ /
i=1 \/IT
x R} =2 =X +¥,2+7), (B2)

which can be solved numerically by any standard quadrature.
However, it may be more convenient to transform the dummy

variables 7 — R;z and X' — X/, /Ri2 — 72 to express n3(x, z)
as the integral over the domain (—1, 1) x (—1, 1):

N 1 1
n3(x, 2) =2ZR,3/ dz'(1 —z’z)/ d'v/1 — x2
i=1 -1 -1

x p(x+RivV1 —7?x, 2+ Ri7).

This form allows us to employ the Gaussian quadrature:

(B.3)

ne,

n3(x, 7) & ZZR3ZWk(1 — (@) )|:ZW
Xpu+&¢L4@pw¢+&@ﬂ&a@

11

where x%, W%, k = {1, ny} are the nodes and the weights of
the Legendre polynomials up to degree nr,, and xz , wk k=
{1, nc,} are the nodes and the weights of the Chebyshev
polynomials of the second kind up to degree ne,.

B.2. na(x, 2), ni(x, 2), no(x, 2)
The ‘surface’ weighted function can be expressed as follows:

R;
ny(x, Z)—ZZR/ dz/
i=1

szz

/:T

p(x+x,z+2).
2

X (B.5)

2

R,~2—Z — X

Now, because the integrand blows up at the boundaries of
the inner integral, the use of the Gaussian quadrature is vital.
Following the same transformation as above, (B.5) becomes

N 1 1
mx =23 [ @ [ ar
i=1 -1 -1

1
X ¢=p(x —+ ijx/, z+ RiZ/)
ne|

ZZRZZWk [ZWC‘
Xp@+&¢L4@pwﬂ+&@ﬁ,@@

where x;2, w2, k = {1, n¢, } are the nodes and the weights of
the Chebyshev polynomials of the first kind up to degree nc, .
Similarly, for n; (x z) and ng(x, z) one obtains

~

ncl
ni(x,z) ~ ZR Zwk |:Zw
< p(x+ R;mx;' Lz RiZ%):| (B.7)
and
np ey
no(x, z) ~ Z Zwk [Z w;
J

x p(x + Rimf‘ ,Z+ R,zk):| .(B.8)

B.3. ny(x,2),ny(x, 2)

The vectorial weighted densities can be dealt in the same
manner. Thus, for the x-components of ny(x, z) and nj(x, z)
we obtain

I
my(x,z) =2 / /
i=1 RZ
x A
X px+x,z+7)
RZ_Z/Z_X/Z
1
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nc2 I’lcl

SO P
X p(x+Riy/1— (522" 2 +Rizzz)] ,

(B.9)

and

nCZ

ni(x,z) ~ —ZR Zw |:ch1 o
X p(x+Riy/1— ()" z +Riz22)] .

(B.10)

Similarly, for the y-components it follows that

my(x, 2) =ZZ/R dz/

X

R2 _ Z/Z

1/Rz—z

o(x+x,z2+7)

)

—Z

3 ke

k

5
N

ne
~ 2ZR12 [iwcl
i=1

X p(x+Riy/1 = (g2, 2+ Riz%)i| :

B.11)

and

n(x, 2) ~

ncl
3 r S bk
J
X p(x+Riy/1— (z%)zxfl,z + Riz%):| .

(B.12)
Appendix C. [ dr’p(r))ua(Jr — r'|)
In this appendix, we develop the third term in equation (16):

I(r) = /dl"p(l")ua(ll‘ -]

=/dr/p(r+r’)ua(r’), (C.1)

with the attractive potential u, given by (14). With p(r) =
o (x, z), the function I(r) = I(x, z) reads

I(x,2) = /ua(r’)p(X+X’,z+z’) dr’

= / ua(rpx+x',z2+7)
x [H(re —r)—H(oc —r)]dr, (C2)

where H(x) is the Heaviside function, and we wish to express
(C.2) as a double integral over the x and z coordinates.

12

Figure C.1. Sketch of the integrated domain in the x—z projection
fory =0.

Y

Figure C.2. Sketch of the integrated domain in the x—y projection
forz <o.

Apparently, one can treat I(x, z) as the difference between two
independent contributions over the spheres of radii o and r,.
Unfortunately, although this approach would be possible for a
potential such as the square-well, it cannot be applied for the
present model, since u, (r) cannot be extended to zero. Instead,
I(x, z) is separated into five terms as follows (see figures C.1
and C.2):

I=I+1o+Dh+D+ 1, (C.3)
where
re =7
I = —880’6/ dz'[ dX'p(x+x,z2+7)
o —Q/r —Z
X Yy, (x/’ Z,),
—0 r2_z/2
6 / / / /
I, = —8¢o / dz 2dx/o(x+x,z-|-z)
_rc — /.

X wrc (x/a Z/) ’
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—8806/ dz/ dxp(x+x,z+7)
o NSz

by =
r2—z%
X w}’c ()C/, Z/)v
=
122 = —880’ f dz// dx/,o(x+xl,z+z/)
— /0271/2
X Wrc (x/a Z/)a
and
o
I = —880’6/ d7
—0o

2

A p(x + ¥, 24+ Vo (K, 7).
/022 e

Here we use the following abbreviations:

o
Ur (x,2) =
0

_ 5r2y2 + 3y§

o2—7
X

dy
(2 +y? +22)°
3 arctan [}72]

8rird &5 ,
and
7 y2(x,2;7¢) dz
v s C(X, 7) = / ez
" y1(x,2:0) (2 4+ 22 4 72)3
|
B r(y1 —y2)
875 (12 + )22 +3)2

x [=5r° +3y1y3 4+ rH(=3y] + Tyiy2 — 3y3)
+ 2y (5y] = yiy2 + 5y3)]
+ 302 + 9207 +)3)?

where r(x, z) = vVx% + 72, y1(x, z; 0) = Vo2 — x2 — 72, and
(x5 re) =12 —x* — 2%

A singularity of I/;J’rc at r — 0 is removable:

lim G (5. 9) = —x (=5 — =
o Vot =TS s T s )

C
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We consider the phase equilibria of a fluid confined in a deep capillary groove of width L with identical
side walls and a bottom made of a different material. All walls are completely wet by the liquid. Using
density functional theory and interfacial models, we show that the meniscus separating liquid and gas
phases at two phase capillary coexistence meets the bottom capped end of the groove at a capillary contact
angle 6°*?(L) which depends on the difference between the Hamaker constants. If the bottom wall has a
weaker wall-fluid attraction than the side walls, then 6 > 0 even though all the isolated walls are
themselves completely wet. This alters the capillary condensation transition which is now first order;
this would be continuous in a capped capillary made wholly of either type of material. We show that
the capillary contact angle 0°°P(L) vanishes in two limits, corresponding to different capillary wetting
transitions. These occur as the width (i) becomes macroscopically large, and (ii) is reduced to a microscopic
value determined by the difference in Hamaker constants. This second wetting transition is characterized by
large scale fluctuations and essential critical singularities arising from marginal interfacial interactions.
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The equilibrium contact angle € of a macroscopic drop
of liquid on a planar substrate (wall) is determined by the
tensions of the wall-gas, wall-liquid and liquid-gas inter-
faces, by Young’s equation [1-3]

Ywg = Ywi = V1 COS 0. (1)

For complete wetting (0 =0), the tensions satisfy
Antonow’s rule y,,, = y,, + 7,4, Which means that, as the
pressure is increased towards saturation, p — pg(T), at
temperature 7, a macroscopic layer of liquid must be
adsorbed at the wall. However, for partial wetting (6 > 0),
the wetting layer thickness remains finite at pg,. It is well-
known that fluid adsorption is strongly modified, and
in general, enhanced by substrate geometry [4—14]. An
example of this is the capillary condensation of liquid in a
slit of width L at a shifted value of the pressure p..(T; L)
[15,16], the details of which depend on whether the slit
is capped at one end, thus forming a rectangular groove
[17-22]. Here, we point out that, in this groove geometry,
one may identify a capillary contact angle 0°* (L), defined
by analogy with the Young equation but at capillary
coexistence p.., rather than at bulk coexistence pg,.
This can be thought of as the angle at which the meniscus,
separating capillary liquid and gas phases, meets the groove
bottom as shown in Fig. 1. Intuitively, one may think that if
all the walls are made of completely wet material (6 = 0),
then the capillary contact angle is also zero (0°*P(L) = 0).
This is indeed the case if all the walls are identical.
However, if the bottom wall, which extends over the whole
lower half-space, has a weaker long-ranged dispersion

0031-9007/14/113(14)/146101(5)
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interaction with the fluid than the side walls, the capillary
contact angle 6°*P(L ) is nonzero. Thus, while grooves made
wholly of either material have 6°°(L) =0, somewhat
counterintuitively, a groove made of a combination of both
has 6°*?(L) > 0. In addition, we show that 6P(L) vanishes
in two limits: (a) as the slit becomes macroscopically wide,
and (b) as L is reduced to a specific value determined by
the mismatch in Hamaker constants of the side and
bottom walls.

Consider the interface between a planar wall of infinite
area, occupying the half-space z < 0, and a bulk vapor at a
subcritical temperature T < T, and pressure p < pe,(T)
[or, equivalently, chemical potential y < pg, (T)]. If @ = 0,
then as p — pg the equilibrium thickness ¢, of the

(a) (b)
L
« D
CAPILLARY
CAPILLARY LIQuID
1 1

FIG. 1 (color online). (a) Schematic illustration of a mesoscopic
droplet of capillary liquid in a heterogeneous groove at capillary
coexistence. The meniscus is of near circular cross section,
meeting the side walls tangentially, and forming an angle 6P
as it separates from the bottom. (b) Cross section of a hetero-
geneous groove made from two completely wet materials.

© 2014 American Physical Society
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adsorbed liquid layer grows and would become macro-
scopic in the absence of gravity. The divergence of £, was
first understood by Frumkin and Derjaguin using the
concept of a disjoining pressure [23]. Equivalently, one
determines a binding potential W, (#) defined as the excess
grand potential per unit area of a wetting film constrained to
be of thickness ¢ [2]. This quantity can be constructed from
a microscopic density functional theory (DFT), where the
Grand potential Q[p] = F[p] — [ drp(r)(u — V(r)) is writ-
ten as a functional of the one-body average density p(r).
Here, F[p] is the intrinsic Helmholtz functional modeling
fluid-fluid interactions and V(r) is the external potential
due to the wall(s) [24]. Thus, for a single wall, V(r) =
pw J dr'w(|r —r'|), where the integral is over the volume
of the wall (of number density p,,) and w(r) is the pair
potential between fluid and wall atoms. The binding
potential then follows from Q[p] using a sharp-kink
approximation for the density profile p(r) in which one
simply assumes that there is liquid of bulk density p; below
the interface and bulk gas of density p, above it. For
systems with dispersion forces whose wall-fluid and fluid-
fluid potentials decay proportional to —&"r~® and —er~9,
respectively, the binding potential has the well-known
form [2]

A
Wel(€) = 6pt + 5+ (2)

where 6p = pg, — p. The first term is the thermodynamic
penalty of having a layer of a metastable liquid. The second
emerges after the interaction potentials are integrated over
the 3D volume of the wall and the thickness of the wetting
layer, and its coefficient identifies the Hamaker constant
A x (p;=p,)(p,€" — pie), which is positive for complete
wetting. Minimization of W ,(¢) determines the equilib-
rium film thickness 2, ~ 8p~'/3 [2].

Consider now a capillary groove of macroscopic length
and depth but of microscopic width L which is capped at its
bottom. The groove is made from three slabs (two identical
side walls and a bottom) of two different materials which
are both completely wet. The side walls, of material 1 with
interaction strength &}, occupy the regions z > 0 and
|x| > L/2. The slit is capped by having the third slab of
material 2, with interaction strength €5, occupy the whole
lower space, z < 0 [See Fig. 1(b)]. In practice, this can be
achieved by depositing a layer of material 1 on material 2,
and then etching a groove (or an array of them) whose
width L is much smaller than the material dimensions. The
open end (z — o) at the top of the capillary groove is
in contact with a bulk gas at pressure p and temperature 7.
In an uncapped slit, confinement between the side walls
leads to the phenomenon of capillary condensation corre-
sponding to the shift of the bulklike coexistence curve
so that, at fixed L, capillary-liquid (CL) and capillary-
gas (CG) phases coexist along a line p..(T;L) which

terminates at a capillary critical temperature 7.(L). In the
capped system, geometry necessitates the formation of a
meniscus separating CL and CG phases at some distance
¢, from the bottom, which determines the adsorp-
tion I' & (p; — p,)LE ;.

To find 7,,, we first consider a mean-field (MF) treat-
ment and, using a sharp-kink approximation for the density
profile, construct from Q[p| a capillary binding potential
Weap(L) by constraining the meniscus to a uniform height
along the groove and determine the excess grand potential
per unit area of the groove bottom. If > L, we find

Ay — Ay
fZ

3A,L

We(¢) = Ap?l -
() p + 8f3

+

(3)

where Ap = p..(T;L) — p and A, A, are the (positive)
Hamaker constants for the side and bottom walls, respec-
tively. The first term is the thermodynamic penalty of
having a thick layer of CL and is analogous to the term 6p¢
in W_(¢) except that pressure is now measured relative to
capillary condensation. Analysis at this order also deter-
mines the value of pe(T) — p..(T:L) = 2y,,/(L = 3¢,),
which is the Kelvin-Derjaguin result for the shift of the
coexistence line allowing for thick wetting films at the side
walls [16]. The remaining terms in WP (¢) arise from
the dispersion forces and can be understood as follows:
consider an infinite uncapped capillary slit exactly at
p = p.. and place the meniscus at some arbitrary position.
Now, cap the capillary by inserting an infinite slab of
material type 1 of width L at some large distance # below
the meniscus. Since the width of this slab is finite, the
contribution to Q[p] from the dispersion forces can only
decay as O(¢7?) [see the final term of Eq. (3)]. When we
make the capillary heterogenous, we must further imagine
slicing off an infinite slab of material 1 at the same depth
and replacing it with an infinite slab of material type 2. The
contribution to Q[p] from the dispersion forces for both
these slabs now involves integration over a 3D semivolume,
leading to the second term of Eq. (3). We now consider
three scenarios:

(A) A homogeneous capillary (A; = A,). In this case,
the meniscus is repelled from the capped end by a term
of O(£~%), which competes with the thermodynamic
attraction proportional to ApZ. Minimization of WP (¢)
determines the MF meniscus height #,, ~ Ap~'/# [19]. The
condensation occurring as p — p,. is therefore a continu-
ous capillary transition.

(B) A heterogeneous capillary (A; < A,). Now, there is a
stronger repulsion from the cap than in case A, and the
meniscus height grows as Z,, ~ Ap~'/3, similar to complete
wetting at a planar wall. The condensation transition
remains continuous.

(C) A heterogeneous capillary (A; > A,). Importantly,
the difference between the Hamaker constants leads to an
interfacial attraction, so that the meniscus remains bound at
a distance ¢,, ¥ 9LA;/16(A; — A,) from the cap, even at
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p = p..- This state coexists with one in which the groove is
filled with CL.

The remarkable implication of this result is that, in a
capillary with a less attractive bottom wall, the condensa-
tion transition is first order even though it would be
continuous in a homogeneous capillary made entirely of
either material. We emphasize that this phenomenon only
occurs if the less attractive bottom wall occupies the whole
lower half-space [See Fig. 1(b)]. If the slab of material type
2 capping the capillary occupies only the width of the slit,
the effect is absent since the effective binding potential
for this system is W (£) = Ap¢ + 3A,L/8¢3 + - - -. The
condensation remains continuous, as for case A, albeit with
a different amplitude.

We have tested these predictions using a Rosenfeld-like
DFT [25] with a mean-field treatment of the attractive
fluid-fluid forces Fyq = 3 [[dridryp(ry)u(rp)p(r;). For

the latter, we chose u(r) = —4e(c/r)®, where o is the
hard-sphere diameter. This attractive pair potential is
truncated at r. = 2.50 and is set to zero inside the hard
sphere [26].

The external potential V(x, z) has a hard-wall contribu-
tion and a long-ranged tail, which can be determined
analytically from integrating the potential —4¢" (5/r)® over
the volumes of the side (i = 1) and bottom (i = 2) walls.
Far from the bottom of the capillary (~500), we fix the
density to that of a CG phase in order to model the open end
of the groove. Translational invariance is assumed along the
capillary (the y axis). The temperature is set at 7 = 0.967
(kgT,. = 1.41¢), which is above the wetting temperatures
of both the weaker (¢" =¢, T,, = 0.93T.) and stronger
(" =1.2e, T, = 0.83T,.) attractive walls, ensuring com-
plete wetting of all surfaces.

In Fig. 2, we show adsorption isotherms obtained from a
full DFT calculation for three slits of width L = 12¢: &} =
ey =1.2¢ (case A), €' =¢ and &) =1.2¢e (case B),
and &) = 1.2¢ and &y = ¢ (case C). As predicted, the

T T T T T T T

0.15

0.1

I'o?/L

0.05

097 098 099 1
N‘/Ncc

FIG. 2. Adsorption isotherms obtained by numerical minimi-
zation of the DFT for (a) a homogeneous capillary, (b) a capillary
with a more attractive bottom wall, and (c) a capillary with a less
attractive bottom wall, for L = 126 and T = 0.96T ... Here, p... is
the chemical potential at capillary condensation determined
independently for each infinite open slit.

condensation is continuous for the first two cases, and a
log-log plot shows very good agreement with the predicted
exponent values 1/4 and 1/3, respectively [(See Fig. 3(a)].
For the third case, with a less attractive bottom wall, the
condensation transition is first order and, at capillary
coexistence, a meniscus remains bound close to the cap
[Fig. 3(b)].

Just as Young’s equation allows us to define a contact
angle 0 from the three surface tensions associated with
coexisting bulk phases and a single isolated wall at
P = Psa» We may now define a capillary contact angle
from the analogous free energies of the coexisting capillary
phases at p = p.:

Ywg (L) = 1yi (L) =7, (L) cos0<®(L).  (4)

Here, y;,"(L) is the surface tension associated with the
meniscus separating capillary liquid and capillary gas
phases, defined as the excess grand potential per unit area
of the capillary bottom. For wide slits, this tension is well
approximated by y;"(L) = zy,,/2, owing to the near
circular shape of the meniscus. Similarly, yyg (L) and
yul (L) are the surface tensions associated with the inter-
face between the groove bottom and the CG phase (bound
meniscus) and CL phase (unbound meniscus), respectively.

At MF level, we can identify W“(Z,) =
71y (L)((cos (L) — 1), which leads to
32(A; — Ay)?
0P (L) ~ 324, - 4Ay), L — oo, (5)

- 9 SﬂylgAlL ’

valid for A; > A, and sufficiently large L. Otherwise, when
A; < A,, the capillary contact angle vanishes.

The MF result [Eq. (5)] suggests that we can induce a
capillary wetting transition by changing the sign of
A; — A,, similar to the standard mechanism for the critical
wetting transition at a single planar wall [2,3]. However,

S22F 5
2.4 g
26k (A) i

-2.81 B

(B)

-3.2F B

34F -

I I I I
-11 -10 9 -8 - 6 -3 3 6

log 1/ ice) 2o

FIG. 3 (color online). (a) Log-log plot of adsorption isotherms
for the two examples of continuous capillary condensation and
comparison with the predicted slopes —1/4 and —1/3 [cases (A)
and (B), respectively]. (b) For case (C), a two dimensional density
profile p(x, z) showing a bound state meniscus configuration that
coexists with a completely filled capillary at u = p,..
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rather than tuning the Hamaker constants, we focus instead
on how 0°(L) depends on L, while maintaining capillary
coexistence p = p..(L). To do this, we must go beyond
MF and consider fluctuation effects arising from the
wandering of the meniscus height along the groove
(v axis). These are well described by the 1D interfacial
Hamiltonian

Hew[f] = L / dy{ﬁ;pz(L) (2—92 + W“‘P(f)}, (6)

where Z(y) denotes the local height of the meniscus at
position y, and one may approximate y;,” (L) ~ 7y, /2. The

partition function can be evaluated exactly using standard
transfer-matrix techniques, the spectrum of which follows
from solution of a Schrodinger-like equation from which
one can readily determine ¢,, = (), the roughness

& =+/(?) — ¢}, and the length scale &, describing
height correlations along the direction of the groove.
Analysis shows that 8P may vanish in two different ways.
The first occurs when the slit becomes macroscopically
wide, in which case interfacial (meniscus) fluctuations are
suppressed. Thus, 6°P(L) vanishes according to [Eq. (5)]
with the accompanying scaling behavior £,, ~ L, £, ~+/L
and &, ~ L? describing the growth of the meniscus.

The second type of capillary transition involving the
meniscus occurs as the slit width decreases. According to
the MF result [Eq. (5)], the capillary contact angle 8P (L)
continues to increase as the width becomes microscopic.
However, the reduction in the stiffness coefficient Ly;,"(L)
enhances fluctuation effects, and the meniscus eventually
tunnels out of the potential well in WP. Thus, at a
sufficiently small slit separation L = L,,, the capillary
contact angle §°° also vanishes, corresponding to another
capillary wetting transition. This transition belongs to the
intermediate fluctuation regime of two dimensional critical
wetting, because the #~2 interaction is marginal, making it
highly sensitive to the short-ranged structure of the binding
potential [27]. In our case, the final term in WP (£) [see
Eq. (3)] is strongly repulsive, which means that the
transition is characterized by essential singularities
[28,29]. When the difference in the Hamaker constants
is small, this identifies the value of the slit width L, at
which 6°®(L) vanishes as

kyT

2\/7y, (A — Ay)’

Note that the divergence of L,, as A, — A; is consistent
with the fact that this transition is absent in a homogeneous
capillary. When A; = A,, the capillary contact angle is
always zero. As L is decreased towards L,, in a hetero-
geneous capillary, the capillary contact angle vanishes as

Lw =

Ay > A,y (7)

Mean-Field Fluctuation Dominated
Regime Regime
cap
9 CAPILLARY
WETTING POINTS CAPILLARY
PP CRITICAL POINT
o ¥ y
R . °
0 Tw Te T

FIG. 4. Schematic behavior of the capillary contact angle 8P

as a function of the dimensionless variable 7 = \/kpT /47y, ,L?.

The locations of the capillary wetting transitions and capillary
critical point are shown.

(L)~ e VI L, (8)

with the accompanying scaling £, ~ & ~ 5;./ ‘x 1 /O,
characteristic of fluctuation-dominated behavior. For nar-
rower grooves (L < L,,), complete wetting of the cap is
restored (0°*P = 0) and eventually, coexistence ends at a
conventional capillary critical point [15]. These features are
illustrated schematically in Fig. 4, where we plot 6 vs

T=4/kgT/ 47zyl_qL2. This dimensionless parameter may be

interpreted in two ways. At fixed T < T, increasing 7
corresponds to decreasing L to the critical slit width L.(T),
at which capillary coexistence between CL and CG phases
ends. Alternatively, at fixed L, increasing z corresponds to
increasing T towards the capillary critical temperature
T.(L). The value of 7 at the capillary critical point depends
on the slit width but, in the limit L — oo, tends to a
universal value 7. Using the known values of the critical
amplitude ratios associated with the wetting parameter [30]
and critical point shift 7.(L) — T, [26,31], this can be
reliably estimated as 7. 0.1. The vanishing of 6P, as
described by Egs. (5) and (8), corresponds to the two
different capillary wetting transitions, which occur at 7 = 0
and 7 =7, = /(A — A,)/(kgT), respectively. The maxi-
mum value of P occurs between these two transitions and
is of order A, /kgT if the difference between the Hamaker
constants is large.

In summary, we have shown that, in a capillary groove,
the competition between the wall-fluid dispersion forces at
the bottom and side walls can lead to a nonzero capillary
contact angle, though the isolated walls exhibit complete
wetting. This finite 8P will be present for all temperatures
away from the near vicinity of the capillary critical point if
the mismatch between the Hamaker constants is of order
kgT. Thus, even though the wetting transitions at 7 = 0 and
7 =1, may be difficult to observe experimentally, the
qualitative change to the order of capillary condensation
should be readily observable in grooves of micron size,
very similar to the experiments of Mistura et al. reported
in [21].
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