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With a realistic description of the free energy of bulk fluids, it is now possible to make
accurate predictions at the molecular level for the phase behaviour of systems as com-
plex as aqueous solutions of amphiphiles, reacting and associating fluids, polymers, and
electrolytes (e.g., using the statistical associating fluid theory SAFT). A quantitative
molecular description of the interfacial properties of inhomogeneous fluids, including the
surface tension and adsorption is much less common. In this work we first hope to im-
prove the general understanding of the effect of association on the vapour-liquid interface.
The vapour-liquid interface of the inhomogenous associating fluid is examined by com-
bining the SAFT and density functional theory (DFT) approaches. A simple SAFT-HS
representation is employed as it incorporates all of the essential physics of associating
fluids and provides a good representation of the vapour pressure and coexisting phases.
In this simplified SAFT approach the bulk fluid is represented as a hard-core reference,
the association is treated with Wertheim’s first order perturbation theory (TPT1), and a
van der Waals mean-field approximation is used for the dispersive attractive interactions.
In order to keep the representation of the bulk fluid and interface at the same level of
approximation we use the van der Waals theory for non-uniform fluids, which is a DFT
at the level of a local density approximation (LDA); the correlations are neglected in the
attractive non-local term. The vapour-liquid interface of model systems with one, two
and four bonding sites are examined for varying degrees of association. As expected,
a stronger site-site interaction is generally found to sharpen the interface (decrease the
interfacial thickness) and increase the surface tension. In the case of a dimerising (sin-
gle site) fluid a limiting behaviour is reached for full association (saturation) where the
molecular species are dimers. After an in depth analysis of the effect of association on
the vapour-liquid interface, we highlight the strengths of our simple SAFT-DFT approach
by making some quantitative comparisons with experimental surface tensions for selected

systems including water and replacement refrigerants.



1 Introduction

A great deal of effort has been spent in recent years on the development and use of accu-
rate equations of state for the determination of the thermodynamic properties and phase
equilibria of fluid systems (see Ref. [1] for a recent review). With a realistic description
of the free energy of bulk fluids, it is now possible to make quantitative predictions at
the molecular level for the phase behaviour of systems as complex as aqueous solutions
of amphiphiles, reacting and associating fluids, polymers, and electrolytes. An accurate
molecular description of the interfacial properties of inhomogeneous fluids, including the
surface tension and adsorption is much less common. Processes which occur at surfaces
are central to most aspects of our daily lives: the nature of the interfaces between the
lipid bilayers that form cell membranes and the aqueous environment inside and outside
the cell are very sensitive to the presence of solutes and other molecular species, especially
in the case of surface active agent (surfactants); the stability of colloids (emulsions such
as milk or areosols such as smoke) are profoundly affected by surface effects; the forma-
tion of micelles and lyotropic liquid crystalline phases formed by amphiphilic surfactant
molecules in aqueous solution (soaps, cosmetics, foodstuffs, etc.) is governed by a deli-
cate interplay between surface and bulk contributions to the free energy; a description of
adsorption at solid surfaces is also of prime importance in understanding the processes
involved in catalytic reactions and corrosion. These few examples clearly indicate the
importance of inhomogenous systems, as well as the desirability of developing an accurate
predictive theory of surface phenomena.

The most successful modern theory of inhomogeneous classical fluids is undeniably
the density functional method, in which the free energy of the system is expressed as a
functional of the spacially varying single particle density. An excellent account of density
functional theory (DFT) is given in the review by Evans [2]; in this brief introduction
we will focus only on the salient features that relate to our work. Onsager [3, 4] was

one of the first to use a ‘density’ functional approach in his treatment of the isotropic-



nematic transition in a system of infinitely long rods; here, the free energy is written as
a functional of the singlet orientational distribution function (single particle ‘density’)
at the crude level of the second virial coefficient. In historical terms, Onsager’s seminal
paper appears to have been overlooked until the renewed interest in anisotropic phase
transitions of hard body models during the 1980s. The density functional method owes
much of its origins to the description of the inhomogeneous quantum electron fluid. In
the mid 1970s it became apparent that the approaches developed a decade earlier for the
electron fluid could be readily applied in the area of classical fluids to yield a number of
useful approximate schemes, including the square gradient approximation or the type of
perturbation theory that we employ in the current work [5, 6, 7]. The first calculation
of the density profile and surface tension of the vapour-liquid interface of a Lennard-
Jones fluid using a perturbation theory about a hard-sphere reference is due to Toxvaerd
[8]; in this pioneering work he employed the local density approximation (LDA) for the
repulsive reference fluid and used a mean density to evaluate the correlation function
of the inhomogeneous reference fluid. If the correlations are ignored completely in the
perturbation term the approach simplifies to the so-called ‘van der Waals theory’ of non-
uniform fluids; the reader is referred to the paper by Sullivan [9] for a detailed discussion
of this approximation. As short-range correlations in the fluid are also neglected in the
LDA approach the theory can not be used to describe oscillatory density profiles of the
type exhibited by confined fluids. Although the van der Waals treatment may appear
to be a rather drastic approximation, this simple theory has been applied to numerous
problems in interfacial phenomena and has provided great insight into the nature of
the vapour-liquid interface, adsorption and wetting phenomena, and phase transitions in
confined fluids [10, 11, 12]. An advantage of the van der Waals approximation is that one
can sometimes invert the Ornstein-Zernike integral equation to obtain approximations for
the inhomogeneous pair distribution functions, which are particularly useful in studies of

phase transitions and wetting [13, 14]. In this work we hope to provide a clear example



of how a simple van der Waals like DFT can be used successfully to describe the vapour-
liquid interface of complex associating fluids such as water. No description of DFT,
however brief, would be complete without a mention of weighted-density approximations
[15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25]. Most schemes that have been proposed to
improve the van der Waals free energy functional focus on a more accurate treatment of
the reference system, which is described at the local density level, instead of the inclusion
of correlations in the mean-field treatment of the long-range attractive interactions. The
idea of a weighted-density approximation (WDA) is that an appropriate average of the
density over a local volume is used to describe the residual reference free energy instead
of the local density. The advantage of using a WDA is that one can reproduce the
oscillatory profiles found for a fluid close to a solid boundary. In a wonderful example
of the broad applicability of DFT to the three principal states of matter, Curtin and
Ashcroft [26] used a WDA to accurately describe the vapour-liquid and solid-liquid phase
boundaries together with the triple point of the Lennard-Jones system. Although a WDA
will generally give the best description of the inhomogeneous system, in studies of the
vapour-liquid interface a free energy functional treated at the LDA level is often found to
give a good description of the interfacial properties.

The thermodynamic and structural properties of the inhomogeneous system such as
the density profiles, interfacial tensions, the solvation forces, and phase transitions are
prescribed by the precise form of the free energy functional. The difficulty with DFT is
that accurate free energies are known for only a small number of systems. In practice this
has meant that DFT studies of interfacial phenomena have been largely limited to well
defined models and few direct comparisons with experiment have been made. In contrast,
the past decades has seen the development of highly accurate equations of states for the
bulk thermodynamic properties of complex fluid mixtures: one of the most sophisticated,
successful, and versatile has been the statistical associating fluid theory (SAFT) [27, 28]

and its many extensions (see the recent review by Miiller and Gubbins [29]). In the



SAFT approach the separate contributions of molecular length (non-sphericity), inter-
and intra-molecular association (hydrogen bonding) and dispersion (attractive) forces are
described as separate perturbation terms in the free energy; the molecules are modelled as
chains of attractive spherical segments with short-range bonding sites which mediate the
molecular association. The origins of the approach lie in the theory of Wertheim [30] where
associating molecules are treated in the context of both a perturbation theory and an
integral equation. The perturbation expressions of Wertheim were initially incorporated
into an equation of state for mixtures of associating chain molecules formed from hard-
sphere segments, with the dispersion forces treated at the mean-field level of van der
Waals [31, 32]; this prototype of the SAFT equation of state, more recently referred to
as SAFT-HS [33], is essentially an augmented van der Waals equation, and is used here
as the basis of a van der Waals-like DFT for inhomogeous associating fluids. SAFT was
originally formulated to describe chains formed from Lennard-Jones segments with the
structure of the hard-sphere fluid as a reference [27, 28], although an accurate description
of the monomer Lennard-Jones reference fluid has also been employed [34, 35, 36, 37,
38, 39, 40, 41, 42, 43]. In more more recent versions of the theory, the approach has
been extended to deal with associating chain molecules formed from attractive segments
of variable range (SAFT-VR) by using a second-order high-temperature perturbation
expansion [44, 45]. The use of the SAFT-VR approach in studies of fluid phase equilibria
provides a good example of the accuracy of the SAFT free energy in describing the
bulk thermodynamics of systems ranging from small strongly associating molecules such
as water [46] and replacement refrigerants [47], to long-chain alkanes [48] and polymers
[49], and electrolyte solutions [46, 50]. Numerous examples of the use of SAFT in the
description of the phase equilibria of complex fluids and mixtures can be found in the
extensive correlations of Huang and Radosz [51, 52] and in the review by Miiller and
Gubbins [29].

Before we discuss the application of DF'T for inhomogeneous associating fluids within



the context of the Wertheim and SAFT approaches, it is important to acknowledge the
use of the alternative model of association introduced by Cummings and Stell [53, 54, 55].
Studies of inhomogenous systems of associating spherical molecules adsorbed (or des-
orbed) on different types of surfaces with singlet and pair integral equations are too
numerous to describe in detail [56]. The molecule-molecule and molecule-surface associa-
tion are found to have a profound effect on the density profiles describing the adsorption
of the molecules. The application of DFT is generally simpler and computationally less
demanding than approaches based on integral equation theories. The use of Wertheim’s
perturbation theory for association within a DFT approach was first suggested by Chap-
man [57]. Such an approach has been used with a WDA to study associating fluids of
hard spherical molecules with bonding sites (similar to the models that we use in this
study) confined between hard walls, and good agreement with simulation is obtained
[58, 59, 60, 61]. The same type of DFT has been used by Sokolowski and co-workers to
study associating fluids between planar walls and in pores [62]. Of particular interest
here are related DFT studies of the vapour-liquid interface of a dimerising Lennard-Jones
fluid [63], of the effect of confinment on the vapour-liquid density profiles [64], and of
gas-liquid nucleation in dimerising fluids [65]. The theory of Wertheim has also been
applied to study ‘polymeric’ fluids consisting of fully associated hard-sphere chains us-
ing a DFT approach with the Kierlik and Rosinberg WDA [66, 67, 68, 69, 70]; in this
case the Henderson-Abraham-Barker integral equation theory [71] gives a better overall
description of system than the DFT.

There have also been some more phenomenological thermodynamic studies of inho-
mogeneous associating fluids. Suresh and co-workers [72] have examined association at
a liquid-solid interface using a monolayer lattice-type theory, and have compared their
results with the density functional theory of Segura et al. [59]. A square-gradient Cahn-
Hillard description with a crude treatment of the partition function for hydrogen bond

formation has been used to study the interfacial properties of water [73]; in this case the



focus was on the anomolous behaviour in the supercooled region. The SAFT approach
has also been implemented within the Cahn-Hillard theory to describe the vapour-liquid
surface tension of alkanes, alcohols, and water in terms of an empirical adjustable param-
eter [74]; although the SAFT description offered the best representation of the interfacial
properties for the group of equations of state studied, this approach did not give accurate
surface tensions, especially near the critical point. An interfacial equation of state has
been developed using SAFT and the mean-spherical approximation (MSA) to describe
systems involving aqueous solutions of surfactant with and without added salt [75]; con-
sidering the complexity of these systems the approach provides a good representation of
the interfacial tension, but again this is at the expense of using an empirical adjustable
parameter. The limited predictive capabilities of these empirical approaches restrict the
applicability of such methods to cases where something is known about the interfacial
properties of the system under investigation. DF'T approaches, although more difficult to
apply to systems that are of practical interest, are truly molecular, and offer a predictive
platform for inhomogeneous systems not only for interfacial properties such as the surface
tension and excess surface adsorption but also for density profiles and the thickness of the
interface.

Two main points have probably become clear from the ensuing discussion. The first is
that the overwhelming majority of integral equation and DFT studies of inhomogeneous
associating systems have focused on the solid-fluid interface and confined systems. There
is great need for studies of the vapour-liquid interface of associating systems. The second
point is that the systems examined in most of these studies are highly idealised models
such as associating hard-sphere and Lennard-Jones molecules. This has meant that there
has been little or no contact between the DFT studies and experiment. Often, however,
the step between an idealised and a realistic description is not a large one: in the case
of water, for example, a hard-sphere spherical core with four square-well bonding sites

and with the dispersion attractive interactions treated at the mean-field level provides a



good description of the bulk vapour-liquid equilibria [33]. In our current paper we first
hope to improve the general understanding of the effect of association on the vapour-
liquid interface by examining model systems with one, two and four bonding sites. The
SAFT description of the free energy of the associating fluid is used as it provides a good
description of the bulk associating fluid. The inhomogenous vapour-liquid interface of
the associating fluid will be examined by combining the SAFT and DFT approaches.
This represents one of a series of papers in which we examine the vapour-liquid, and
liquid-liquid interface of systems with increasing complexity; our final goal is to make
quantitative predictions of the surface tension and surface excess adsorption of systems
comprising water, oil, and surfactant. We start with the simplest SAFT-HS representation
that incorporates all of the essential physics of associating fluids and provides a good
representation of the vapour pressure and coexisting densities of strongly associated fluids
such as water [33]: in this simplified SAFT approach the bulk fluid is represented as a hard-
sphere reference, the association is treated with the Wertheim first order perturbation
theory (TPT1), and the dispersive attractive interactions are treated with a van der
Waals mean-field term. In order to keep the representation of the bulk fluid and interface
at the same level of approximation we use the van der Waals theory for nonuniform fluids
which, as mentioned earlier, is a DFT at the LDA level. The advantages of using such
a simple van der Waals DFT are that the extension to mixtures is straighforward, that
the theory can be improved by incorporating correlations in the nonlocal term or by
examining WDAs, and that the resulting Euler-Lagrange equation is relatively easy to
solve by iteration. The main drawback of such a theory is that the mean-field form of
direct correlation function does not include the short-range correlations and oscillatory
density profiles, which are especially significant in representing confined systems. In the
case of the vapour-liquid interface, however, the density profile is a smoothly varying
function of position, and a van der Waals treatment is generally adequate. After an in

depth analysis of the effect of association on the vapour-liquid interface for a number of



model systems, we will highlight the strengths of our simple SAFT-DFT approach by
making some quantitative comparisons with experimental surface tensions for water and

some replacement refrigerants.

2 Model and theory

In this work we consider associating fluids in which molecules are formed from tangent
spheres (monomers) each of diameter o. The interaction between monomers has two
contributions: a short-range repulsive part, given by a hard-sphere potential, and a long-

range attractive term, modelled as a Yukawa potential,

exp [-A(r/o — 1)]
jo)

where 7 is the distance between the centres of the monomers, € is the depth of the potential,

Py (r) = —€ (1)

and A\~! is the range of the attractive interactions. This choice of the dispersive term is
particularly suited for the description of screened polar interactions the most common
of which are the Coulombic interactions found in electrolytes and colloids, as well as in
aqueous systems. The precise form of the attractive interaction is not important in this
study, and a Lennard-Jones or square-well potential can also be used [76].

Association between the molecules is mediated by one (or more) embedded off-centre
bonding sites (see figure 1) placed at a distance 74 from the centre of a given monomer.
The site-site interaction is represented by a square-well potential of range r. and depth
.

This model, although rather crude, accounts for the most salient features of real as-
sociating chain molecules, such as bead connectivity (representing topological constraints
and internal flexibility), excluded volume effects, attractive forces between molecules, and

highly anisotropic short-range attractive interactions that characterise hydrogen-bonding.

This type of model is at the heart of the SAFT modeling of fluids [29].
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As was discussed in the introduction, density functional theory constitutes the most
convenient route for a theoretical analysis of the interfacial properties of fluids. For
convenience, we consider an open system at temperature 7" and chemical potential p in a
volume V. In the absence of external fields, the grand potential {2 of the inhomogeneous

system is given by [2, 12]

Qlp(r)] = Flp(r)] — u [ dro(r). (2)

where p(r) is the number density at position 7, and F|[p(r)] is the intrinsic Helmholtz
free energy of the system, which is a functional of p(r). Following a perturbative scheme,

it will be assumed that F[p(7)] can be expressed as [2, 12]

Flp(r)) = [ dr ™ (r) + F*[p(r)]. 3)

where the first term on the right-hand side (reference term) accounts for the relevant
contributions of the intermolecular interactions (repulsive forces, short-range association
and chain contribution) to the free energy; F** is the contribution to the free energy due
to the dispersive attractive interactions.

It will be assumed that the reference term can be treated in a local density approx-
imation (LDA) such that f¢/(r) = f"¢/(p(r)) is the Helmholtz free energy density of a
(spatially) uniform system with constant density p(r) [2, 12].

Following the usual perturbation DFT, the attractive contribution can be written as

[2, 12]

Felor)] = 5 [ drdr'p(r)o(r)g" (v, 7)6 (7~ ]) (4)

In the mean-field description the correlations between molecules at » and ' are neglected

(¢ (r,7') = 1) and the free energy is given by [2, 12]
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Flp(r)] = 5 [ drdr'o(r)p(r')6™ (v ~ +'). %)

where ¢ (|r —7'|) is the attractive part of the intermolecular potential between the
segments that form the chains.
In the spirit of the bulk SAFT-HS equation of state [31, 32, 33], we propose the

following expression for fm¢/(p(r)):

Frel(p(r)) = F (p(r)) + 22 (p(r)) + f " (p(r)) + 22 (p(r). (6)

This free energy reference function is essentially the LDA version of the Chapman DFT

[58, 59, 60, 61]. In equation (6), f*a! is the ideal gas contribution:

Fitelp(r)) = ks Tp(r) [In (A%(r)) = 1] (7)

where kg is the Boltzmann constant, and A the thermal de Broglie wavelength. f*
is the (residual) free energy density of a fluid of hard spheres, represented here by the

Carnahan-Starling expression [77, 78]:

An(r) — 3n°(r)
(1—=n(r))>

where 1 = (7/6)po® = bp is the packing fraction and b is the segment volume. f%m ig

F*(p(r)) = ksTo(r) ) (8)

the Helmholtz free energy density due to the formation of the chain molecule [79, 31, 32],

Fr(pr)) = —ksTp(r)(m — 1) Ing" (o p(r)), (9)

where m is the number of segments per molecule; g"*(; p(r)) is the contact value of the
monomer-monomer hard-sphere pair radial distribution function, given by the expression

of Carnahan and Starling [77, 78],

12



et oy L ()2
903 plr) = TS (10)

The association contribution in equation (6), f**°¢, is obtained directly from Wertheim’s
first-order thermodynamic perturbation theory [30] in terms of X (r), the fraction of

molecules located at  not bonded at a given site A:

(o) = kaTp(r) {5 (1nXatr) - 2472) 4 L, (1)

n 2
where n is the number of associating sites. As Chapman [57], and Kierlik and Rosinberg
[66, 67, 68] note, the theory of Wertheim is formulated in the context of inhomogeneous
fluids. At the first-order level, equation (11) is exact even in a more general non-local con-

text. In Wertheim’s formalism, X 4(7) is given by a set of coupled mass-action equations

[30]:

Xa(r) = {1 <3 dr'p(r')XBw')AAB(r')}l . (12)

The term A ,p in the integrand can be approximated by [31, 32]:

Aup = KapFapg" (o; p(r)), (13)

where K ,p is the volume available for bonding sites A and B, Fap = exp(e"/kpT) — 1,
€' is the site-site association energy. The volume available for bonding sites A and B is

simply given by [31, 32],
Kap = —2_ [In(r + 2r) (6 + 187377y — 24r7°)+
T

(rs + 20 — 1)(22r2 = Briry — Ty — 8r22 475 + 1)) (14)

where 1% = r4/0 and r* = r./o are the reduced distance from the centre of the hard sphere
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to the centre of the association site and the reduced square-well range, respectively.
At equilibrium Q[p(7)] is a minimum and the corresponding density profile p(r) is

obtained by a minimisation with respect to p(r) :

aQp(r)]
dp(r)

Since we are dealing with planar vapour-liquid interfaces, the density profile is only a

—0. (15)

function of z, the position along the direction perpendicular to the interface. This allows

us to write the Euler-Lagrange equation (15) as

afideal(p(z)) (C)fhs (,O(Z)) afchain(p(z)) afassoc(p(z))
kgT { 9p(2) + ap(z) + op(z) + dp(z) } i

too L att ,
| e (2= )~ =0 (16)
—00

In this equation am is obtained as an average over the radial and angular variables using
cylindrical coordinates. The integrated attractive potential used in this work, which
corresponds to segments that interact through the Yukawa intermolecular potential, is

given by

2
U if|z—2| <o

—att ' A
¢y (]2 = 2')) o [_A<|Z;Z|_1)] if |z—2|>0 1

——e€exp

A

We follow the method used by Tjipto-Margo et al. [80] to solve the integral equation

(16) numerically, since it has proved much more accurate than other simpler techniques

[81, 82]. Equation (16) is solved over a grid of points between z; and zpe., which

are chosen so that p(z) tends to the bulk liquid and vapour densities as z — z;, and
2 = Zmaz, respectively.

Once the equilibrium density profile is obtained, the surface tension is calculated from

the simple thermodynamic identity [2, 12],
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v = Q—F# (18)
where A is the area of the interface and P the bulk pressure.

The width of the interface (w) is defined as the distance over which the density changes
from pf¥ 4 0.1(phetk — pbulk) o pbulk 40.9(phulk — pbulk) where pfu* and pt** are the liquid
and vapour coexistence densities, respectively.

To determine the interfacial properties at a given temperature, accurate values of
bulk properties (densities, pressure, and chemical potential) of the coexisting phases are
required. These values are obtained from the Helmholtz free energy functional given by
equation (3) which, in the limit of a uniform system p(z) = p***, reduces to the SAFT-HS
free energy [31, 32]. The mean-field treatment of the attractive term F*" in our DFT

is consistent with the use of a van der Waals-like attractive free energy in the SAFT-HS

approach [31, 32],

F% = —Npe™ (19)

where N, = mN is the number of segments of the system and €™/ is an integrated van
der Waals mean-field energy. At the mean-field level of approximation of the SAFT-HS
approach, the particular form used for the attractive potential is irrelevant. However, this
is no longer the case with a non-uniform fluid, and a specific intermolecular attractive
interaction must be considered [2, 12]. Since the functional given by equation (3) has to
reduce to the SAFT-HS Helmholtz free energy in the bulk limit, the dispersive energy

parameter of the attractive potential must satisfy the following relation:

27_[_ /OO qsatt(T)Ter — _%0_3€mf — _bemf (20)

The dispersive energy associated with the attractive part of the intermolecular potential

is related to the value of €™ by equation (20). Depending on the form of the attractive
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potential chosen to represent the fluid in a given application, a different relation between
the attractive potential parameters and the integrated van der Waals energy must be

used.

3 Results and discussion

We apply the SAFT-DFT approach outlined in the previous section to study the vapour-
liquid interface for two types of systems: i) fluids of associating spherical molecules,
and ii) fluids of non-associating chain molecules. We first consider systems of spherical
molecules, with one or two association sites, and investigate the effect of association
on interfacial properties, such as the surface tension, the interfacial thickness, and the
distribution of associated clusters through the vapour-liquid interface. Systems of non-
associating chain molecules are then considered to investigate the influence of chain length
or molecular shape on the surface tension. We also briefly discuss the effect of the range
of the dispersive interactions on the interfacial properties. The predictions for the surface
tension for simple models of water and replacement refrigerants are also compared with
experimental values in order to assess the adequacy of our SAFT-DFT approach.

Before studying the interfacial behaviour of the associating fluids, we use the bulk
SAFT-HS equation of state to determine the vapour-liquid equilibrium by solving the

equilibrium conditions:

pr(ne, T) = pv(nv, T) (21)

pr(ne, T) = pv (v, T) (22)

where the subscripts refer to the liquid (L) and vapour (V) phases. In the following
discussion, the integrated mean-field energy ¢™/ is chosen as the unit of energy and the

hard-sphere diameter o as the unit of length. According to this, we define the following re-
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duced quantities: temperature, T* = kT /e™; pressure, P* = Pb/e™; bonding volume,
K* = K/o®; strength of the site-site association interaction, e"** = ¢ /e™/; interfacial

thickness, w* = w/c; and surface tension v* = yo?2/e™/.

3.1 Spherical associating molecules

The interfacial properties for fluids consisting of spherical associating molecules can be ob-
tained from equations (2)-(5) by neglecting the chain contribution, f®™ = (. Molecules
with either one or two bonding sites are considered for different values of the association

b In all cases, the associating sites are characterised by a bonding volume

energy, €
K* =5.55938 x 1071, which corresponds to the choice 7% = 0.25 and a range of r} = 0.55
for the site-site association potential defined in section 2.

We first consider the case in which the molecules have a single site A with a site-site

hb* — 1. Only A-A bonding is allowed so that only dimerisation is possible. The

energy of €
density profiles, p(z), at different temperatures for a fixed range of the Yukawa potential
corresponding to A = 1.5 are shown in figure 2. These profiles exhibit the expected
behaviour: at low temperatures the curves represent a sharp interface, which corresponds
to a high value of the surface tension, and as the temperature increases towards the critical
value (7 = 0.116270), the profiles become broader.

The effect of association through the interface is examined by calculating the fraction
of molecules not bonded (monomers); the appropriate interfacial profile is shown in figure
3a for a reduced temperature of 7* = 0.070, which is well below the critical point. At
this temperature, dimerisation occurs to different extent in the liquid and vapour phases.
The degree of dimerisation is greater in the liquid than in the vapour because of the
difference in density [31, 32]: about 95% of the molecules are bonded in the bulk liquid
phase (X4 ~ 0.05) and about 40% are bonded in the bulk vapour phase (X4 ~ 0.6).
It is interesting to note that the profile for the fraction of monomers is shifted towards

the gas phase with respect to the vapour-liquid interface: this means that the fraction
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of monomers saturate to a constant value in the liquid phase before the density profile

reaches the bulk limit p%* while the fraction of monomers is still increasing to the bulk

vapour limit even when the vapour density has saturated to its constant bulk value p?¥.
This effect was also observed with a Wertheim DFT and Monte Carlo simulation for a
one-site associating Lennard-Jones fluid by Boréwko et al. [63].

The behaviour of the interfacial profile for the fraction of monomers has also been
studied at a higher temperature of 7% = 0.105, which is very close to the critical point.
As shown in figure 3b, the fraction of monomers increases in both the vapour and liquid
phases when the temperature is increased: about 70% of the molecules are bonded in the
bulk liquid (X4 ~ 0.3) and about 30% are bonded in the bulk vapour (X4 ~ 0.7). This
is due to the strong effect of the temperature on X 4, which dominates the effect of the
density [31, 32]. As for the lower temperatures, the profile for the fraction of monomers
is shifted towards the vapour side of the interface with respect to the density profile.

In figure 4 we present the temperature dependence of the surface tension for systems
of spherical molecules with one bonding site for different values of the association energy;
for comparison the limiting cases of no association (¢"** = 0) and complete dimerisation
(e"** = 00) are also included. The surface tension of associating systems at a fixed temper-
ature increases for larger values of the association energy. This effect, which is related to a

larger cohesive energy in the system as the value of €"**

is increased, is consistent with the
sharper density profiles found at lower temperatures (see figure 2). At low temperatures
there is a near linear dependence of the surface tension with temperature, with a stronger
curvature close to the critical point. A noticeable effect of strong association is the large
change in the slope of the surface tension curves compared to that of a non-associating
system. At a given temperature, the slope of the surface tension curves becomes more

hb+ is increased; for large values of the association energy the slope decreases

negative as e
again and approaches the limiting value of complete dimerisation (¢"* = co). A similar

effect has also been observed for the vapour pressure of the same system (see figures 12
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and 13 of Ref. [31]).

The effect of varying the degree of association on the interfacial thickness is also
considered for the same values of the site-site energy (see figure 5). The main consequence
of more association is to decrease the thickness of the interface at fixed temperature, which
is consistent with a larger cohesive energy. This behaviour is in contrast to that reported
by Boréwko et al. [63] for a dimerising Lennard-Jones in which there appears to be little
or no effect of association on the interfacial thickness; the poor characterisation of the
density profiles and relatively small samples which were examined could be responsible
for this inconsistency.

To summarise the results for a dimerising fluid, the main effect of molecular asso-
ciation is to increase the surface tension and decrease the interfacial thickness, with a
corresponding shift of the curves to higher temperatures due to the larger critical point.

We next proceed to investigate the vapour-liquid interface of fluids of spherical molecules
with two anisotropic bonding sites (see figure 1b). In this case, the two bonding sites,
denoted by A and B, are only allowed to form AB bonds (no AA or BB association
is considered). The range of the Yukawa potential (A = 1.5) and the bonding volume
(K* = 5.55938 x 107*) are taken to be the same as for the one-site system, and the
effect of association on the interfacial behaviour is again studied for several values of the
bonding energy €"**.

When a molecule has two associating sites, chain aggregates can form. Although the
theory presented here does not yield direct information on the distribution of clusters, the
fraction of clusters of a given size can be estimated using purely statistical arguments (see
Ref. [31] for further details). We have calculated the fraction of molecules not bonded at
sites A and B along the liquid-vapour interface, and hence obtain the average aggregate

size, m(z), as the inverse of the fraction X 4(z) (or Xp(z)) using the relation [31, 32]

m(z) = X3'(2) = X5' (2). (23)
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Initially, we consider the two-site spherical molecules with a site-site energy of ¢"** = 1.
The average aggregate size across the interfacial region is shown in figure 6 for different
temperatures. At a temperature of 7% = 0.097, which is well below the critical tempera-
ture (7 = 0.129429), the average aggregate size is close to 7 in the bulk liquid, and the
vapour phase is mainly monomeric. These results indicate that the liquid phase consists
mainly of large aggregates, while the vapour phase consists almost entirely of unassociated
molecules. As the temperature is raised towards the critical point, the average aggregate
size in the liquid phase rapidly decreases. The opposite behaviour is found in the vapour
phase (but to a lesser extent), where an increase in temperature results in the formation
of slightly larger aggregates. Close to the critical point, the liquid and vapour phases have
similar densities, and hence, the average aggregate size tends to the same constant value.

The temperature dependence of the surface tension and the interfacial thickness of
spherical molecules with two association sites for different bonding energies are presented
in figures 7 and 8. For comparison, we also include the results for the non-associating
(e"** = 0) limit. As can be seen from figure 7, the surface tension again increases as the
association energy increases. The surface tension curves are also seen to shift towards
higher temperatures for the larger degree of association.

A change of curvature in the surface tension curves is observed for the two-site systems,
an effect which was not found in the case of molecules with a single bonding site. This
effect can be ascribed to the existence of large clusters in the fluid, particularly for the
highly associated systems. In the case of the one-site fluid (see figure 4) the limiting
coexistence curve of the fully dimerised system (hard dumbbell) is approached as the
bonding energy is increased. By contrast, the two-site system is not limited to dimer
formation, and the surface tension curves are shifted to increasingly higher temperatures
as the association energy increases.

The surface tension, when plotted versus the temperature, shows a conver curvature

at intermediate temperatures, while for non-associating and one-site systems, a concave
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curvature is always observed. As can be seen from figure 7, this effect is more pronounced
as the association energy is increased. The behaviour predicted by the SAFT-DFT equa-
tions is consistent with the available experimental data for the surface tension of strongly
associating fluids, such as water and some replacement refrigerants, as will be shown in
the final section.

The results for the interfacial thickness of the two-site systems are displayed in figure
8. At a given temperature the interface becomes sharper as the association energy is
increased. This is compatible with the behaviour found for the surface tension (cf figure
7).

In summary, the main effect of association on the interfacial properties of fluids of
spherical molecules with two associating sites is a shift of the surface tension curves to
higher temperatures as the degree of association is increased. A similar conclusion was
made in the case of the one-site system, but with an important difference: the curves are
bounded by the limit of full dimerisation (e"* — oc0) in the case of molecules with a single
site whereas for molecules with two sites systems with aggregates of increasing length are

obtained.

3.2 Non-associating chain molecules

The Helmholtz free energy functional for non-associating fluids of homonuclear hard-
sphere chains can be obtained from equations (2)-(5) by neglecting the contribution due
to association, f*%°¢ = (.

The temperature dependence of the surface tension for non-associating fluids consisting
of chain-like molecules formed from m spherical segments (see figure 1 ¢)) is shown in
figure 9. An increase in the chain length of the molecules has two major effects on the
surface tension. Firstly, the critical temperature of the fluid increases, and there is a
corresponding shift of the surface tension curves to higher temperatures. Secondly, the

surface tension increases as the chain length of the molecules becomes larger; this effect
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is expected as the cohesive energy of the system becomes larger as the molecules become
longer.

It is gratifying to find that the relatively simple SAFT-DFT approach presented here
yields the correct qualitative trends for the dependence of the surface tension with chain
lengths observed experimentally for systems such as the n-alkanes. In the final section we

will present a preliminary comparison with experiment for selected systems.

3.3 Effect of the range of the mean-field dispersion term

Before direct comparisons are made for real systems, we briefly discuss the effect of the
range of the dispersive attractive interactions (in this particular case the Yukawa poten-
tial) on the interfacial properties. This has been studied in more detail for the Yukawa
and square-well models in another publication [76]. The range of the dispersion forces
turns out to be a useful parameter in the quantitative description of the surface tension
of real systems.

In our mean-field SAFT-HS treatment of the vapour-liquid equilibria the range and
strength of the dispersive interactions are coupled in such a way that the integrated
dispersive energy (van der Waals attractive constant) remains constant (see equation
(20)). At this van der Waals level the bulk vapour-liquid equilibria (vapour-pressure,
coexisting densities etc.) is unique for a given value of the van der Waals integrated
constant regardless of the specific values of the range and depth of the potential. This
is not however true for the interfacial properties which are sensitive to the precise form
of the potential. We exemplify this by examining a non-associating Yukawa fluid at the
mean-field SAFT-DFT level for various ranges of the attractive interaction, but keeping
the integrated dispersive energy constant.

The temperature dependence of the surface tension for a Yukawa fluid is shown in
figure 10 for different ranges of the attractive interaction. As expected the surface tension

is seen to increase with increasing range; there is a corresponding increase in the slope of
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the surface tension curve. This effect is due to an increase in the overall cohesive energy
of molecules associated with the interface. It is clear from the figure, that the range of the
potential can be adjusted to provide the appropriate slope of the surface tension curve, a

feature which we take advantage of in making comparisons with real systems.

3.4 Preliminary comparison with experiment

The models of the type described in the previous sections have been widely used to exam-
ine the phase equilibria of a wide variety of real systems, including n-alkanes, carboxylic
acids, alcohols, water, and other strongly associating systems, such as hydrogen fluoride
and replacement refrigerants (see the detailed review in Ref. [1]). The interfacial prop-
erties of strongly associated systems present features which are markedly different from
those exhibited by non-associating systems. For example, the surface tension-temperature
curve for water has a characteristic s-shape, corresponding to regions with negative (far
from the critical region) and positive (in the critical region) curvature, while the surface
tension of the n-alkanes decreases monotonically with increasing temperature ([83]).

We now use the SAFT-DFT developed in the previous sections to examine the inter-
facial properties (particularly the surface tension) of water and two refrigerants, difluo-
roethane (HFC-32) and 1,1,1,2-tetrafluoroethane (HFC-134a). As in earlier work [33], the
water molecule is modelled as a hard-spherical repulsive core of diameter o with four em-
bedded off-centre square-well bonding sites to mediate the hydrogen bonding (see figure
1d). The four bonding sites account for the two electron lone pairs and the two hydrogen
sites of the water molecule. The sites are placed in a tetrahedral geometry, although the
relative locations of the bonding sites are not taken into account within the first-order
approximation of the theory used here. The dispersive attractive interactions between
water molecules are represented by a Yukawa potential (eq. (1)), treated at the mean-
field level of approximation. The values of the molecular size (o), integrated mean-field

attractive energy (e™), hydrogen-bond energy ("), and bonding volume (K), are taken
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from previous work [33], and are presented in table 1. This set of parameters represents
the best fit to the vapour pressures and saturated liquid densities of water from the triple
to the critical point, rescaled to reproduce the critical point.

The refrigerants HFC-32 and HFC-134a are both polar molecules, but it is not clear
whether or not they form hydrogen bonds. Recent neutron scattering experiments for
trifluoromethane (HFC-24) suggest that these types of molecules do not hydrogen bond
[84]. As in previous work the models used to represent the refrigerants do not include an
explicit contribution for the polar interactions, but include two bonding sites in order to
account for the dipolar anisotropy of the molecules; accordingly, the attractive interaction
due to the dipoles, or weak hydrogen bonds, are treated as a type of association [47, 85].
The HFC-32 refrigerant is modelled as a single hard sphere, and HFC-134a as two fused
hard spheres with m = 1.35; the non-sphericity parameter is chosen so as to give the
best agreement with the experimental vapour-liquid equilibrium data. The remaining
intermolcular parameters are taken from Ref. [85] and are summarised in table 1.

A preliminary comparison of the SAFT-DFT predictions with the experimental values
of the surface tension of water [86] is shown in figure 11. As can be seen, the agreement
between experimental data and the theoretical results is excellent over the whole range
of temperatures. The range parameter A ~ 2 provides the best description of the surface
tension curve. It is very pleasing to note that SAFT-DFT is able to reproduce the s-shaped
curve with a change in curvature from concave to conver of water. This characteristic is
not exhibited by non-associating fluids and can be ascribed to hydrogen bonding.

The SAFT-DFT predictions for the temperature dependence of the surface tension
of HFC-32 and HFC-134a are shown in figures 12 and 13, respectively. The theoretical
description of the surface tension of HFC-32 (figure 11) are again found to be in excellent
agreement with experiment [87] for a range parameter of A ~ 1. In the case of HFC-134a,
the agreement between experimental data and theory is equally good for a similar value

of A ~ 1.5.
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4 Conclusions

In this paper we have focussed on the effect of association on the vapour-liquid interfacial
properties of pure fluids using a SAFT based density functional theory (DFT). The theory
is essentially a van der Waals (mean-field) theory of non-uniform fluids with the reference
term treated within the local density approximation (LDA). The main effect of association
is found to be sharpen the vapour-liquid interface and to increase the surface tension. In
the case of molecules with one bonding site, the behaviour is bounded between the non-
associating and completely dimerised limits. By contrast, an increase in association for
the two-site molecules leads to aggregates of increasing length and the surface tension
curves are shifted to increasingly higher temperatures. By taking the limit of complete
association the SAFT-DFT theory can be used to represent chain molecules of a fixed
chain length. Since the theory presented here is based on a LDA, smooth density profiles
are expected and this approach can not be used to describe very high inhomogeneities. In
particular, certain interfacial effects associated to the solid-liquid phase transition could
only be observed when a non-local approach is used.

This preliminary and relatively simple SAFT-DFT is found to provide a good descrip-
tion of the surface tension of strongly associating molecules such as water and replacement
refrigerants. In future work we plan to improve the treatment of the interfacial properties
by using a perturbation theory such as SAFT-VR [44] to describe the bulk phases, rather
than the crude mean-field description used in the current work. A more sophisticated
treatment such as that of Kierlik and Rosinberg [66, 67] will also be used to describe
chain molecules; in the current work all of the segments making up the chain are treated
in an equivalent local fashion so that all information about the orientation of molecule
at the interface is lost. One of our final goals is to examine the interfaces of mixtures
including aqueous solutions of surfactants using a molecular based SAFT-DFT of the type

described in this paper.
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Table 1. Optimised parameters for the models of water (H20), difluoromethane (HFC-

32), and 1,1,1,2-tetrafluoromethane (HFC-134a) taken from Ref. [33, 85].

Substance m /A (e/kp)/K ("/kp)/K K/A

H,O 1 3.589 4384 1534 1.3499
HFC-32 1 3.705 2207 1426 5.2028
HFC-134a 1.35 4.020 2373 1487 4.2162
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List of figures

Figure 1. Models for: (a) a spherical associating molecule with one associating site; (b)
a spherical associating molecule with two associating sites; (c¢) a non-associating chainlike
molecule; and (d) a water-like molecule. A number of off-centre square-well bonding sites
are placed on hard spheres of diameter o. The sites are at a distance rj; = 0.25 from the
centre of the sphere and have a range r¥. The two different types of sites are depicted
as white and gray; only white-gray bonding is allowed. The white and gray sites interact
with an associating energy €" when the site-site distance in less than 7. A mean-field

dispersive interaction energy is included per spherical segment with an integrated energy

emt

Figure 2. Density profiles of spherical molecules with one associating site for different
temperatures. The curves are labelled with the corresponding value of the reduced tem-
perature T%. In all cases the bonding volume is K* = 5.55938 x 10~* and the bonding

energy €"* =1,

Figure 3. Density profiles (continuous curves) and fraction of monomers (dashed curves)
across the vapour-liquid interface of spherical molecules with one associating site at re-
duced temperatures (a) 7" = 0.070, and (b) 7 = 0.105. In all cases K* = 5.55938 x 10~*

and eht* = 1.

Figure 4. Surface tension of spherical molecules with one associating site as a function
of temperature for different values of the association energy: €"* = 0 (continuous curve),
0.7 (dotted curve), 1 (dashed curve), 1.5 (long-dashed curve), 2 (dot-dashed curve), and
oo (continuous curve). In all cases K* = 5.55938 x 107*. The inset also shows the

dependence of the surface tension with the temperature reduced with respect to the
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critical temperature.

Figure 5. Interfacial thickness of spherical molecules with one associating site as a
function of temperature for different values of the association energy. The curves represent

the same values as in figure 4.

Figure 6. Average aggregate size across the vapour-liquid interface of spherical molecules
with two associating sites at different temperatures: T* = 0.097 (continuous curve), 0.104
(dotted curve), 0.110 (dashed curve), 0.116 (long-dashed curve), and 0.123 (dot-dashed

curve). In all cases K* = 5.55938 x 10~% and "* = 1.

Figure 7. Surface tension of spherical molecules with two associating sites as a function
of temperature for different association energies: €"* = 0 (continuous curve), 1 (dotted
curve), 2 (dashed curve), 3 (long-dashed curve), and 5 (dot-dashed curve). In all cases
K* = 5.55938 x 10~*. The inset also shows the dependence of the surface tension with

the temperature reduced with respect to the critical temperature.

Figure 8. Interfacial thickness of spherical molecules with two associating sites as a
function of temperature for different values of the association energy. The curves represent

the same values as in figure 7.

Figure 9. Surface tension of non-associating chain molecules as a function of temper-
ature. The curves are labelled according to the chain length m. The inset also shows
the dependence of the surface tension with the temperature reduced with respect to the

critical temperature.

Figure 10. Surface tension of non-associating spherical molecules as a function of tem-
perature for Yukawa systems with different potential ranges: A™' = 0.33 (continuous

curve), A™!' = 0.4 (dotted curve), A=' = 0.5 (dashed curve), A™' = 0.67 (long-dashed
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curve), and A" = 1 (dot-dashed curve).

Figure 11. Surface tension as a function of temperature for water. The circles correspond
to experimental data [86]; the curve represents the theoretical prediction using the SAFT-

DFT approach with a set of parameters taken from Ref. [33] and A = 2.

Figure 12. Surface tension as a function of temperature for HFC-32 (difluoromethane).
The circles correspond to experimental data [87]; the curve represents the theoretical
prediction using the SAFT-DFT approach with a set of parameters taken from Ref. [85]
and A = 1.

Figure 13. Surface tension as a function of temperature for HFC-134a (1,1,1,2-tetrafluoroethane).
The circles correspond to experimental data; the curve represents the theoretical predic-

tion using the SAFT-DFT approach with a set of parameters taken from [85] and A = 1.5.
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