PHYSICAL REVIEW B 85, 085402 (2012)

Newton black films as wetting systems

Pedro Tarazona,>" Hector Martinez,""! Enrique Chacén,>** and Fernando Bresme

4.8

lDepartamento de Fisica Teorica de la Materia Condensada, Universidad Autonoma de Madrid, Madrid, ES-28049, Spain
2 Instituto de Ciencia de Materiales Nicolds Cabrera, Universidad Autonoma de Madrid, Madrid, ES-28049, Spain
3 Instituto de Ciencia de Materials de Madrid, CSIC, Madrid, ES-28049, Spain
4Department of Chemistry, Imperial College London, SW7 2AZ, London United Kingdom
(Received 12 January 2012; published 2 February 2012)

Newton black films (NBFs) can appear under a wide range of experimental conditions. NBFs define the adhesive
states of foams and emulsions, showing their formation is a very general physical phenomenon. We show that
the existence of NBFs and their whole experimental behavior can be understood within the theory of wetting
transitions. NBFs are experimental realizations of partial wetting or pre-wetting states. Hence, they provide
experimental systems to investigate the pre-wetting transition, and the spreading behavior under conditions that
are very difficult to realize in other experimental systems. We also introduce two new computational approaches
to obtain the disjoining pressure isotherm from canonical simulations, and to estimate the contact angles of

droplets of nanoscopic dimensions.
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I. INTRODUCTION

The iridescent films often observed in soap bubbles can lose
water and transform into a thinner black film, which does not
reflect light. Newton' appears to be the first reporting the exis-
tence of these so called Newton black films (NBFs). NBFs are
self-assembled structures consisting of nanometer thick layers
of water stabilized by surfactants.”> They can be stabilized
with a wide variety of amphiphilic molecules, ionic, nonionic
as well as phospholipids.>* Two distinct types of films can be
observed depending on the experimental conditions. Common
black films (CBFs) have a thickness 2 > 5 nm, which varies
with the ionic strength of the solution as predicted by the
Poisson-Boltzmann theory (PBT).>® For smaller thicknesses
experimental and theoretical studies have reported significant
deviations from the PBT.”® At high salt concentration and
low temperatures, CBFs undergo a transition to a thinner
Newton black film (NBF) that is stable in the absence of
external disturbances, and its thickness (4 ~ 3—4 nm) is almost
insensitive to the amount of salt, temperature, or pressure. It
has been argued that NBFs are always metastable with respect
to their rupture,’ but the high metastability barrier would
allow treating them as thermodynamic equilibrium states,
under the constraint of constant film area.'” The disjoining
pressure II, defined as the pressure difference between the
vapor outside and the water inside the film, is often used to
stabilize NBFs using the thin-film balance technique.>”!' TT
controls (see Section III) the shift of the chemical potential
of water, Ay = ugr — U, with respect to its liquid-vapor
saturation value. NBFs can form spontaneously at IT = 0, or
upon application of an external pressure, IT > 0.'! Several
experiments have highlighted the existence of hysteresis in the
CBF and NBF transition,”!! showing the transition might be
first order. The continuous thinning of the film under increasing
IT has also been reported.'!

Microscopically, the interactions determining the formation
of NBF are similar in nature and strength to those regulating
the stability of colloidal suspensions and emulsions. Emulsion
droplets feature strong attractions that lead to adhesion, and the
droplets stick together avoiding coalescence.'? The resulting
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interdroplet film is a NBF, and its structure is remarkably
similar to NBFs formed in foams.'*»'* Adhesive droplets,'
including biological vesicles,'® feature well defined contact
angles. Similarly, foam NBFs feature contact angles with
thicker films.!” The analysis of these results indicates that
the contact angles observed in emulsions and foams have the
same physical origin.

In our view, these experimental observations are representa-
tive of a wide range of phenomena that can be described with
the wetting transition (WT) theory.'®?° The water confined
inside the film is the wetting phase, while the inner surface
between the amphiphilic layers plays the role of the substrate
in the usual WT systems. To establish the connection between
NBF formation and wetting, we focus on the geometry of the
water droplets inside the film, and on the role of the disjoining
pressure to control the undersaturation of water with respect
to its bulk liquid-vapor coexistence. The interaction between
the amphiphile and water and the salinity of water define the
wetting temperature and the prewetting branch in the WT
theory. Newton in his experiments' of NBF exercised great
care to avoid external disturbances and the evaporation of water
by covering the films in a “clear glass.” This experimental setup
would achieve two objectives: (1) avoid that the system crosses
the metastability barrier for rupture and (2) keep the water
vapor at coexistence with the liquid, i.e., Ax = 0 or pgy = U.
The (under)saturation of the wetting phase is precisely the key
control parameter in the phenomenology of wetting, and the
interpretation of the phenomenology of NBF and (CBF as a
particular case of a wetting system.

In this paper, we show that the formation of NBF is
representative of a more general phenomenology that can
described using the WT theory. Establishing this connection,
enable us to identify the formation of black films as either
partial wetting or prewetting transitions.

Our paper is structured as follows. Firstly, we briefly discuss
the computer simulation methodology employed in this work.
We then discuss the two main approaches to quantify the
wetting transition in the films, namely, the control of the
undersaturation of the water vapor in experiments of soap
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films, and the geometry of the water droplets inside the
film. To address the first point, we present an approach to
quantify the change in the chemical potential, and hence,
the disjoining pressure, from canonical simulations. We then
present a comprehensive study of droplet formation inside
NBFs. A discussion of the impact of the size of the simulation
box on the geometry of the droplets follow, and we introduce
a novel approach to compute the contact angle of the resulting
nanoscopic droplets. The formation of NBF in experiments and
computer simulations are then discussed in terms of the WT
theory. This is the main contribution from this work. A final
section with the main conclusions and final remarks closes the

paper.

II. COMPUTER SIMULATIONS

The computer simulations were performed at constant
temperature, 7 = 298 and 375 K in the canonical ensemble
(N,V,T) using the Nosé-Hoover thermostat with a coupling
constant of 0.5 ps. The simulations were performed in parallel
using the code GROMACS 4.5.2!

We performed simulations with films containing different
number of surfactants, Ngps = 512 and 2048 sodium dode-
cyl sulfate (SDS) surfactants, with Ngps/2 surfactants per
monolayer. Ngps sodium counterions were randomly added,
and the number of water molecules, N,,, was varied between
Ny/Nsps = 1 and 12, to achieve different film thicknesses.
The largest systems (2048 SDS) were employed to simulate
adhesive films and to compute the contact angles.

The surfactants were modeled using united atom force fields
and the water molecules using the TIP4P-2005 rigid model.??
Full details of the force-field parameters can be found in
Refs. 23 and 24. The van der Waals interactions were truncated
using a spherical cutoff of 14 A. The electrostatic interactions
were computed using the particle mesh Ewald method.?

The simulations were performed over 200 ns at 298 K and
50ns at 375 K with 100 and 25 ns of equilibration, respectively,
and the equations of motion were integrated using a time step
of 0.002 ps. The area per surfactant in our simulations was set
to 33 A2, corresponding to the experimental estimate in SDS
NBFs.!3

All the films were initially positioned on the xy plane of the
simulation box with large vacuum regions above and below
the film, rendering a simulation box that is fully periodic.
Upon adhesion, a NBF in coexistence with a water droplet
was formed, but only after the long equilibration times reported
above and using large system sizes, Nsps = 2048 (see Ref. 24).

The surface tensions were computed through the micro-
scopic pressure tensor,

¥ = L[P: = 3(Pux + Py, M
where P,z are the pressure tensor components with & and
equal to the cartesian coordinates, (x,y,z), and L, the box
length in the direction normal to the interface plane. The
pressure components were obtained from the virial equation,

N-1 N

N
PugV =Y miVigVig+ Y ¥ Tijakijp, @
i=1

i=1 j>i
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where v, ., represents the velocity of atom i in direction a, r;;
is the vector joining atoms i and j, and f;; is the force between
these two atoms.

III. CONTROL OF THE UNDERSATURATION OF THE
WATER VAPOR IN EXPERIMENTS AND
SIMULATIONS OF SOAP FILMS

In the following, we give a detailed account of the
equivalence between the parameter Au, which is the usual
control parameter in WT theory and the disjoining pressure
IT used in experimental studies of CBF-NBF transitions.'!
Also we show how to obtain A from the results of canonical
ensemble simulations using the Gibbs-Duhem relation.

The disjoining pressure is controlled by the difference
between the vapor pressure outside the soap film py,, and
the pressure of the liquid water reservoir connected to the soap
film pyiq. The difference Ap = py,p — piiq is balanced by the
repulsion between the two monolayers so that IT = Ap. On
the other hand, the chemical potential of water, w, has to be the
same in the vapor outside the film and inside the soap bilayer.
In absence of disjoining pressure IT = 0, p(poiig) = p(Ovap) =
Deoex> and p(priq) = U(Ovap) = Mcoex- These conditions define
the densities of the coexisting liquid, pjiq, and vapor, Pyap,
phases at each temperature. The pressure in the vapor phase
can be easily changed in the experiments. The shifts in the
densities of the liquid and vapor from the coexisting values at
IT = 0 are given by the solution of the coupled equations:

p[pliq + Apliq(n)] = p[pvap + A,Ovap(l_[)] + II,
wuloig + A;Oliq(l—l)] = wlpvap + Apvap(n)] + Ap(ID).

3

Considering the Gibbs-Duhem relation for the bulk phases, at
constant temperature, we get

ploiq + Apiig(TD] = peoex + plig A1),
p[pvap + Apvap(n)] = Pcoex + pvapAM(H)’

“

and finally,

Ap(Il) = ()

Pliq — Pvap '
which defines the shift in chemical potential of water inside
the film with respect to the bulk coexisting value of water in
the liquid reservoir.

The molecular dynamics (MD) simulation results for the
surface tension y(NV,,) as a function of the water content N,,
in a system with fixed area A and number of SDS surfactants
Nsps may be used to calculate the variation of the chemical
potential of water and the equivalent disjoining pressure in
an experimental setup. Since the volume of the vapor phase
is small, the simulations results may be interpreted in terms
of a surface Gibbs-Duhem relation dy = —(N,,/A)du. The
results for the large system in which the water drop coexists
with the equilibrium NBF give the value N,, = NnpF at which
W(Ny) = Ueoex- Integrating we get

Nnpe A d]/
Al = peoex — W(Ny) = / dN,y, (6)

Ny Nw de
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FIG. 1. (Left) Dependence of the film surface tension with water
content. The dashed line represents a quadratic fit to the simulation
data. (Right) The disjoining pressure isotherm obtained from the
surface tensions and Egs. (6) and (7). The solid line is a guide to the
eye.

and the equivalent disjoining pressure

[I(Ny) = A,u(l_[)(pliq - /Ovap)- 7

Figure 1 shows the results for surface tension obtained in
the canonical ensemble MD simulations, using 256 SDS
surfactants per monolayer, and the fit of the data to a quadratic
equation. We consider in the fit surface tensions from N,
well below the equilibrium Nngp value, to the spinodal point,
where y (N,,) reaches a minimum and, consequently, i(N,,) is
a maximum. The fit was used to obtain the disjoining pressure
represented in the right panel of Fig. 1 using Eqgs. (6) and (7)
given above. Notice that the calculation cannot be extended
beyond the minimum of y(N,,), since the homogeneous films
become unstable, and they nucleate droplets that break the
homogeneity assumed in the Gibbs-Duhem relation. This
tendency to nucleate droplets is reduced for smaller simulation
boxes, which show a larger metastable branch, and allow to
explore homogeneous systems with N,,/A ratios that would
result otherwise in droplet nucleation.

IV. GEOMETRICAL PHASE DIAGRAM OF DROPS IN
NEWTON BLACK FILMS

In our simulations of SDS films with different amounts
of water, we observe three qualitatively different drop struc-
tures. At low water content, the structure is a thin film of
undersaturated NBF. For a water/surfactant ratio n,, ~ 2, the
chemical potential of water reaches its saturation value, and
any excess amount of water results in the formation of liquid
droplets inside the SDS bilayer. However, in simulations
with small cross sectional areas [e.g., A = (9.2 nm)?], the
structure of the film remains globally uniform, as a metastable
supersaturated NBF, up to a spinodal point approximately at
ny ~ 3. Increasing n,, beyond that value, results in droplet
formation, and the in-plane homogeneity of the film is broken.
Following a slow process, the droplets coalesce into a single
large drop, provided the cross sectional area, A of the box is
large enough. Further increase of the amount of water, n,, > 6,
leads to the formation of thick films that are again globally
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uniform as a result of the finite size of the simulation box and
the periodic boundary conditions, which result in coalescence
of the periodic images of the large water drops into a water slab,
which now takes full advantage of the boundary conditions
to accommodate any amount of water without increasing its
surface area. This later effect may be understood in terms of
a simple geometrical model in which we compare the surface
excess free energy of a cap-shaped drop, which makes no use
of the periodic boundary conditions on the xy plane, with a
cylindrical drop, which uses the periodic boundaries in the x
direction, and a planar slab, which uses the periodicity in both
transverse directions. In each case, the system has a surface
A, of liquid water covered by a SDS amphiphile and a surface
Ay of thin SDS film. For each geometry, the values of Aj
and Ay have to be calculated with the constraints that the
liquid water volume is constant, and the total transverse area
A is also constant. Hence, the excess free energy is calculated
as AF =y A, + yyAy, with the surface tensions of the film
vr and that of the liquid water with the SDS monolayer y.
In our case, y; corresponds to the result computed for the
saturated NBF, y; = yngr = 77 mN/m at T = 298 K, and
y is one half of the value computed for the thick slabs,
Vihick = 120 mN/m, which corresponds to Ay =0, A, =
2A, and hence A Fga, = YiickA. The optimal shapes for the
spherical caps or the cylindrical segment have to be obtained
with the contact angle 0 that fulfills the mechanical equilib-
rium condition set by Young’s equation cos6 = y;/(2y) =
YNBE/ Vinick- Therefore the volume of the spherical double cap
drop, V = 4m/3(1 — cos0)?R3, determines its radius R, the
areas A; = 4 (1 — cos @)R?, and Af=A—m(sin 6)?>R?, and
hence its free energy Fyp,. Similarly, the free energy A Fey fora
cylindrical segment, spanning the full length of the simulation
box in one of the transverse directions, may be obtained
from the geometrical formulas: V = 2(f — cos@sin6)R>L,,
A; =40RL,,and Ay = A — 2RL, sinf. The comparison of
the free energies for each configuration leads to the geometrical
phase diagram presented in Fig. 2, which shows how the
MD simulations performed in the smaller box, 256 SDS
molecules per monolayer and A = (9.2 nm)?, span through
the whole spectrum of shapes, while the larger simulations,
1024 SDS molecules per monolayerand A = (18.4 nm)?, were
performed well within the region of stability of the spherical
double caps.

V. COMPUTATION OF CONTACT ANGLES OF
NANOSCALE DROPLETS USING THE INTRINSIC
SURFACE APPROACH

Now that we have established the geometrical phase
diagram determining the region of stability of the drops in
the simulation, we discuss a novel approach to compute the
contact angle of the resulting droplets. Recent works have
reported computations of contact angles of nanoparticles and
nanodroplets at fluid interfaces®® as well as droplets adsorbed
at solid surfaces.?’

We show in the following that the computation of contact
angles of nanoscale droplets can be efficiently performed using
the intrinsic sampling method (ISM).?8-3! The ISM can be
used to construct the local thickness probability distribution
P(h) from the analysis of the instantaneous shapes of the
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FIG. 2. (Color online) Geometrical diagram for the optimal
shape of a water volume within a bilayer as determined by the
periodic boundary conditions used in computer simulations over
the two transverse directions with length L, = L, = \/Z, and as
a function of the contact angle between the thin NBF and the water
droplets. The volume of the film V, is represented through its mean
thickness, (h) = V /A + hngr, scaled with the generic transverse size
L, in the left vertical axis. The right vertical axis corresponds to
the mean thickness (in units of the molecular diameter of water,
o = 0.3166 nm) for the simulations done with box size L, =
9.2 nm, T =298 K, and different amounts of water (squares),
n, = N, /Nsps =11.96, 8.6, 6.0, 4.4, and 2.0 (from top to bottom)
to obtain the surface tension y(N,). The circles correspond to
simulations performed with the larger box, L, = 18.4 nm, which
were used to obtain the coexistence of the NBF and the drops with
n, = 6.0, dark (red) circle at 7 = 298 K and grey (green) circle at
T = 375 K. Notice that in this case, only the left vertical axes is valid.
(color online)

SDS monolayers. In our approach, the nominal thickness,#,
corresponds to the distance between the intrinsic surfaces.
The intrinsic surfaces were constructed using the positions of
the sulfur atoms in the SDS monolayers (see Ref. 24 for more
details). Figure 3 shows P(h) for the systems represented by
squares in Fig. 2, which correspond to the smaller system
investigated here, 256 SDS. The thickness probability distri-
bution P(h) evolves from a narrow asymmetric peak around
the mean thickness of the NBEF, to a symmetric Gaussian
shape for the thick water slabs, with the mean value set by
the amount of water and the width created by the capillary
wave fluctuations at the edges of the slab. The intermediate
cases, n,, = 6, when the film breaks its planar symmetry to
create droplets, give a more interesting probability distribution
P (h), which features a double peak, indicating the coexistence
between a thin NBF and the water droplet. We note that the
formation of a single spherical capped drop, formed by the
coalescence of the smaller droplets nucleated in the adhesion
process, requires long simulations times ~10? ns time scale.
Moreover, the relatively small size of the drop results in
important shape fluctuations. For this reason, to quantify the
shape of the droplet, we performed simulations with larger
system sizes. These results are discussed in the following.
Figure 4 shows the thickness distribution at the higher
temperature 7 = 375 K and n,, = 6, obtained from an average
over 12 ns after allowing 48 ns for the formation of a lenticular
drop with 12288 water and 2048 SDS molecules in a simulation
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FIG. 3. (Color online) Probability distribution of finding a sep-
aration i between the intrinsic surfaces of the two monolayers as
a function of the film water content n,,. The results correspond to
the SDS film at 7 =298 K and L, = 9.2 nm. Dotted (red) line:
n, = 11.96, dashed dark grey (blue) line: n,, = 8.6, grey (green) full
line: n,, = 6.0, black line: n,, = 4.4, and light dashed (orange) line:
n,, = 2. (color online)

box with L, = L, = 18.4 nm. The panel on the left shows the
low h part of the distribution P (%), and it is compared with
the distribution Pygg(h) obtained from an average using the
thin NBF regions. The typical separation within these regions
is about 1.2—1.3 in units of the molecular diameter of water
(0 = 0.3116 nm), i.e., only about 0.4 nm. The total thickness
of the NBF (2 &~ 4 nm) is obtained adding the length of the
SDS tails on the external sides of the film, but for the analysis
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FIG. 4. (Color online) Probability distribution of film thickness
P(h) for the SDS film at T = 375 K with a NBF at coexistence with
a lenticular drop, in a system with total transverse size L, = 18.4 nm
and n,, = 6. The grey (green) line shows the simulation results for
the total system, and the dashed line the probability distribution over
the thin NBF region, normalized to cover a fraction 0.608 of the total
transverse area. The dark full line (blue) represents the contribution
from the drop Pgop(h), and the thin full line represents the fit to a
perfect spherical drop P,n(h) (see text for details). The left panel
presents the detailed view of P(h) for low & (i.e., the NBF) and the
right panel shows the large & region (i.e., the water drop).
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of the water drops inside the film it is more convenient to keep
the representation in terms of the inner thickness of the SDS
bilayer. For # < 1.80, we find that the narrow peak of the total
P(h) [grey (green) line] is identical to that in Pygp(#) (dashed
line) rescaled by a factor 0.608, which represents the fraction
of the total area A that is covered by the NBF. Therefore,
the distribution of A corresponding to that drop is given by
the difference Pyrop(h) = P(h) — 0.608 Pypr(h), shown by the
grey dark (blue) line in the right panel of Fig. 4. The integral
of Pyop(h) gives the remaining fraction (0.392) of the total
area A, which represents the projected area of the drop on the
xy plane. This drop thickness distribution has to be compared
with the histogram of a lenticular drop, with perfect spherical
caps: Pyn(h) = /(2A)[h — ho + 2R cos(9)] for h, < h <
ho +2R[1 — cos(f)], where R is the spherical radius and 6
the contact angle at the point where the spherical segments
would reach the plane at 7 = 0. The parameter 4, defines the
actual thickness of the film away from the drop, and within
this simple representation it should be close the mean value
(h) ~ 1.40 in the NBF. Py;;(h) has a trapezoidal shape, with
a slope 7 /(2A) that is independent of the parameters R, 0 and
ho. Indeed, we observe that the simulation results for Pyrop(h)
follow precisely that slope over the range 80 < h < 120,
and we may therefore use the vertical shift of the straight
line to fit Pyrop(h) = Pypn(h) + m(h + 37.250)/(2A) over that
range of h. Near the top of the drop, for # > 120, the actual
shape of Pyrop(h) may be regarded as a smoothed version of
the sharp edge of Py(h). This is expected from the typical
fluctuations in the shape of any liquid surface, but since they
should not change the projected area of the drop, we may
fix the upper threshold of Pyp(h), so that the integral of
Pgon(h) — Pyrop(h) for h > 8o vanishes. That condition gives
hmax = ho + 2R(1 — cos @) = 15.680 that together with the
above estimates for Py,p(h) and ho, give the parameters that
define the spherical cap fit to the drop shape, R = 26.45¢
and contact angle 6 = 41.5° calculated at the point where
h = I’l() =14o.

The estimation of the contact angle involves some uncer-
tainty. Only in the macroscopic limit, R >> hg, it would
be independent of the estimate of the film thickness. In our
case, the estimation of the angle with the same spherical caps
extended to the & = 0 plane would raise the contact angle
up to € =44° as shown in Fig. 5. The deviation between
the observed Pyop(h) and the geometrical Pgyp(h) shown in
the left panel of Fig. 4 is larger at the lower end of the
thickness distribution with a strong peak that is approximately
twice the predicted value for Pg(ho). The interpretation is
that the contact between the drop and the NBF is not a
mathematical line, but a molecular sized region over which the
thickness goes smoothly from the spherical caps to the planar
film. The observed distribution Pyp(h) for 20 < h < 7o
gives the relevant information on that contact region, and it
may be extracted with the hypothesis that P(h) corresponds
to an, approximately, axial distribution of thicknesses, i.e.,
h(x,y) = h(r), withr?> = x? 4 y2, and the origin is taken at the
drop axis. Within this hypothesis the drop shape is implicitly
given by the equation P[h(r)][dh(r)/dr] = —27r/A, where
A is the total area over which P (%) is calculated. In the region
around the top of the drop #(0) = hnax, the equation becomes
singular, and it should be integrated assuming that P (k) has
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FIG. 5. (Color online) (a)—(c) Drop shape extracted from the
thickness probability distributions in Fig. 4 for the SDS film at
T =375 K. The dashed lines correspond to the spherical cap
representation, while the full lines are obtained assuming perfect
axial symmetry. (a) A general view of the full water drop, while
panel (c) focus on the contact region, with the dotted (red) line
representing a circular fit to the shape of the meniscus. The parallel
horizontal lines give the estimates for the NBF. Panel (b) gives the
local angle of the surface with respect to the horizontal NBF, both
along the sphere cap fit (full line) and the meniscus shape extracted
from P(h) (dashed line). The symbols represent the different choices
to evaluate the contact angle: circle and square for the 2 = 0 and
h = hy intersections of the spherical caps respectively. The diamond
is the maximum local value of the angle, before the flattening of the
meniscus shape. (d) Contour plot of the density profile of the water
droplet obtained directly from the analysis of the simulations at 375
K. The results correspond to an average over the last 12 ns of the
simulation.

the perfect spherical shape of Py, (%). Because in the contact
region, the presence of irregular fluctuations does not have a
significant effect the mean shape of the drop may be calculated

from
A o 1/2
r= —/ dhP(h) . (8)
T Jhr)

The results in Fig. 5 show that the contact region spans
about 30 around the mathematical contact line, and the
local thickness deviates up to one molecular diameter o
from the spherical cap prediction. In the contact region, the
curvature of the line A(r) changes its sign, with respect to
the curvature in the spherical cap. The dotted line of the
panel (c) of Fig. 5 shows that the shape of the meniscus
formed by A(r) in the contact region is very well fitted by
a circumference of radius Rpe, = 18.80 with the opposite
curvature of the axial radius R sin(f) = 180, so that the
meniscus has nearly null mean curvature. The local angle of
the drop 6(r) = arctan{[dh(r)]/dr} is shown in Fig. 5(b). As
r increases from the drop axis toward the contact region, 0(r)
reaches a maximum at 6,,x = 34°. We find that nowhere along
the actual surface of the drop the local contact angle reaches
the value O (ho) = 41.5° extracted from the spherical cap fit
to the upper half of Pyop(h), and which should be the relevant
value to be used in Youngs equation. Of course, these different
routes to estimate the contact angle should agree for large
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FIG. 6. (Color online) Probability distribution of film thickness
P(h) in the SDS Film. The lines have the same meaning as in Fig. 4
but for 7 = 298 K. The dark grey (blue) and dotted lines (red) in the
right panel, represent the contribution of the droplet to the probability
distribution sampled over two different 12 ns intervals. The dashed
line represents the probability distribution for the thin NBF region,
normalized to cover a fraction 0.597 of the total transverse area. The
left panel presents the detailed view of P (k) for low 4 (i.e., the NBF)
and the right panel shows the large 4 region (i.e., the water drop).

drops, when R is much larger than the contact region. In our
simulations, with a drop formed by ~10* water molecules, the
finite size effects are still important, and produce significant
differences in the estimation of 6.

The same analysis has been carried out for the drop formed
at lower temperature, 7 = 298 K, giving an estimate of
R =22.50 for the radius and 6 = 50° £ 2° for the contact
angle. We note that the increase in contact angle observed at
lower temperatures agrees with the predictions of WT theory.
However, the low temperature results show some important
differences with those at T = 375 K, reflecting some of the
possible peculiarities of black films as wetting systems. First
of all, the dynamics for the formation of the drop is much
slower at this temperature, and long simulation spanning more
about 0.2 s were needed to form a single drop with good axial
symmetry. Even after such long relaxation time, the sampling
of i over 12 ns intervals still gave important differences in the
shape of Pyop(h), particularly in the linear region used in the
fit to Pspn(h), as shown in Fig. 6. Also, the direct comparison
of the fitted spherical caps with snapshots of the system in
Fig. 7 shows a poorer agreement than at high temperature.

The direct observation of the SDS molecules in snapshots
of the simulation gives the clue for the behavior observed at
low temperature. First of all, the mobility of the surfactant
molecules in the NBF is strongly reduced with respect to
what is observed at high 7, with a concomitant slowing
down in the diffusion of water in the thin film, and hence
the coalescence of the nucleated droplets into a single drop. A
second effect is connected to the variation of the concentration
of surfactants in the region near the apex of the drop, which
is significantly reduced. The drop features regions that are
completely depleted from surfactants. Hence in that region,
the surface tension will be larger than in regions where the
surfactant concentrates. Our results point towards a surface
phase transition in the surfactant monolayers, with a two-
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FIG. 7. (Color online) (Left) Drop shape extracted from P(h)
for the SDS system at 7 = 298 K. The broken line is the spherical
cap fit and the continuous thick line is the result of assuming that
P(h) has perfect axial symmetry. (Right) Contour plot of the density
profile of the water droplet obtained directly from the analysis of the
simulations at 298 K. The results correspond to an average over the
last 12 ns of a simulation spanning 200 ns.

dimensional condensation. Therefore regarded as the substrate
of a wetting system, the SDS bilayer reacts to the formation
of the wetting phase. i.e., the droplets, in a complex way.
Because the drops form inside the film, the substrate, i.e.
the surfactant monolayers, have to change their total area.
As the monolayers have the freedom to redistribute their local
density, the amount of surfactant per unit area at the droplet
apex might be different from that of the NBF. In a typical
experimental situation in which the film is in contact with a
surfactant reservoir, the amount of surfactant in the coexisting
NBF and the drop surface would be fixed by the chemical
potential of the surfactant. However, in a canonical ensemble
simulation or in an experiment with an isolated film in a fixed
area frame, the distribution of the surfactant between the two
coexisting structures may result in a more complex situation,
with a substrate phase transition, which is atypical in the usual
wetting systems.

We note that the simulations of the smaller system, with
L, =9.2 nm and 256 SDS molecules per layer, could only
produce smaller droplets, for which the contact region spanned
too much of the total drop shape and the fluctuations where
more important. Therefore a good quantitative analysis for
the drop shape becomes impossible, although the observed
shapes for the thickness distribution P(h) could still be
semiquantitatively interpreted using the approach discussed
above for the larger drops.

VI. WETTING TRANSITION THEORY AND NEWTON
BLACK FILM FORMATION

The formation of droplets inside the films supports the
existence of a wetting transition in Newton black films.
The WT theory provides a general approach to predict the
wetting behavior from the film’s surface tension, y(I',T,u),
as a function of the adsorption I', i.e., the excess number of
water molecules per unit area, the temperature 7', and the
chemical potential. At bulk coexistence, (s, and T below
the wetting temperature 7, the thermodynamic equilibrium
state (TES) corresponds to a thin water layer and it is
given by the minimum of y(I"; T, ). The layer becomes
macroscopically thick for T > T,,. The transition between
thin and thick layers may be continuous (second order) or
discontinuous (first order), the latter involving an energy
barrier Ay between the thin film and the macroscopic layer
state. The surface field and surface enhancement, or the
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T>Tw NBF metastable for M=0

FIG. 8. (Color online) (a) Sketch of a generic pressure-temperature phase diagram showing the wetting 7,, and critical prewetting T';

w

temperatures. The saturation line, P, = P,, (Il = 0) is also shown. (b) Sketch of the surface tension y (h; IT) versus the film thickness % in a
partial wetting situation with Ay > 0, which would lead to the complete wetting, whereas the sketches (d)—(f) span the prewetting line. The full
line in these panels indicates the saturation condition, IT = 0, and the dashed lines correspond to IT > 0, where y (k; I1) = y(h;0) 4 [1h (see
Sec. III and the Appendix for a discussion on the construction on these diagrams). The location of the thermodynamically stable (dark grey or
blue) and metastable phases (light grey or red) have been indicated. The thick dashed lines indicate prewetting coexistence between NBF and
CBEF. The circles in panel (c) show our molecular dynamics computer simulation results of the surface tension of sodium dodecyl sulfate black
films as a function of the number of water molecules per surfactant at a partial wetting situation. Note that unlike in sketch (b), the conjectured
dashed lines are also shown for IT < 0. The full circles represent systems with inhomogeneous thicknesses, where NBF regions coexist with
small water droplets. The open circles represent stable and metastable states. The arrows indicate the surface tensions of the equilibrium NBF

and the corresponding macroscopic thick film.

strength and range of the substrate-adsorbate interactions
determine T,, and Ay.’> When the wetting phase is away
from bulk coexistence, the surface tension increases with
'as y(I'; T,pn) = y(U; Ty psa) + AuT, shifting the relative
stability of the thin and thick layers for T > T,,. Any first
order WT features a prewetting line, i.e., a first-order surface
phase transition between thin and thick films at Au(7T) > O,
over arange of temperatures from 7, to the critical prewetting
temperature T;‘w [see Fig. 8(a)].

The accessible variable in experiments of black films is
the film thickness /, which plays the role of the adsorption,
while the disjoining pressure controls Au. The experimental
disjoining pressure curves’'! closely follow the predictions of
the WT theory. At saturated conditions, I[1 =0, and T < T,
[see Fig. 8(b)] the film surface tension reaches a minimum

that corresponds to the formation of the NBF, first discussed
by Newton,' and recently investigated using experiments with
ionic surfactants.'®!* This is a partial wetting state. At TT = 0
one can induce complete wetting at 7 > T, by increasing
the temperature or changing the amphiphile concentration,
then the NBF becomes metastable [see Fig. 8(d)] or unstable
[see Figs. 8(e) and 8(f)] with respect to the thicker CBF. In
the partial wet state, a contact angle between the NBF and
the surface of the inner water droplets must appear, a notion
that is compatible with early experimental studies.!” Under
positive IT, the stable NBF would become slightly thinner, but
without qualitative changes in its structure, again compatible
with the apparent insensitivity of the NBF thickness to pressure
changes, reported in several experiments.”!! A high-energy
barrier in y (h; 0) may inhibit the formation of the NBF from a
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thick film, and a moderate increase in I'1 may keep the system
in a metastable CBF [light grey (red) line in Fig. 8(b)]. The
value of IT needed to induce the spontaneous formation of
the NBF may be reduced or even eliminated by lowering the
barrier Ay, e.g., by increasing the amount of salt.

For T > T,, and Ay > 0, the theory predicts that the
NBF i.e., the partial wetting state, moves away from bulk
coexistence, along the prewetting transition line, I1,,,(T') > 0,
where it coexists with the thicker CBF. This is the CBF-NBF
transition reported in experiments of non-ionic surfactants,
see Fig. 2 of Ref. 11, which corresponds to the sequence
(d)-(e)-(f) in our Fig. 8. For Il < I1,,(T), the thin NBF
becomes metastable with respect to the thicker CBF. The
shallow minimum of y(I"; T, ) makes the film very sensitive
to changes in IT and/or Ay, i.e., disjoining pressure and/or
salinity. The range of metastability for NBFs and CBFs at
each side of I, (T), and the difference in thickness between
the CBF and NBF become smaller as T increases toward the
critical prewetting point [see Figs. 8(d) and 8(e)]. For ' > T}, ,
a continuous change in the film thickness will be observed
[see Fig. 8(f)]. Recently, the CBF-NBF transition has been
discussed in the context of liquid-vapor phase transitions.??
This idea is reminiscent of the interpretation of the wetting
transitions in terms of bulk phase transitions, a notion that was
introduced shortly after the discovery of the WT theory.*?

The dependence of y (h; IT) with & (see Fig. 8) agrees with
the DLVO theory,>® which considers a balance of electrostatic
repulsion between the two layers and their effective attraction
due to van der Waal forces. That theory explains the influence
of salt concentration on the barrier height Ay. Depending on
this height a first order WT, with a long (prewetting) NBF-CBF
coexistence line and large hysteresis, may change to a weakly
first order, or even a continuous wetting transition.

Figure 8(c) shows our surface tension data (see Fig. 7)
represented in the context of the WT theory. These data were
used to find the saturation conditions of water, i.e., Ay =0
(see Sec. III). An adhesion transition is observed with six
water molecules per SDS. This state lies between the line of
under/supersaturated NBF, extended at both sides of Ay = 0,
which corresponds to 1-2 water molecules per SDS, and the
plateau defined by y, = 0.120 N/m, which defines a state
where thick water slabs with @(N,) = g form.

The simulation of large system sizes has enabled us to
show that in the adhesive state the excess water in the NBF is
expelled from the film, forming a lenticular drop. This is the
behavior expected in a partial-wetting system, 7 < T,,, with
the thin NBF coexisting with a large inclusion of the wetting
phase. The contact angle of the water droplets, obtained from
the analysis of the simulations, 6 = 50° £ 2° (298 K) agrees
with Youngs equation prediction, Y., cos9 = yNgr, Using the
surface tensions indicated in Fig. 8(c) for Ay = 0. Increasing
the temperature, 7 = 375 K, the contact angle decreases to
0 = 41.5° £ 2° . This is again the expected behavior for a
system approaching complete wetting.

VII. PECULIARITIES OF WETTING
TRANSITIONS IN NBFS

The bilayer formed by the SDS surfactant molecules acts
as the “substrate” in a typical partial wetting problem, but
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contrary to the case of a liquid drop on a plane solid surface,
the SDS film is not “inert,” and it may react to the formation of
the water drop. This situation arises naturally in our canonical
MD simulations, which are performed at fixed number of SDS
molecules N,, and fixed cross-sectional area,A. As discussed
above this can result in a surface surfactant concentration that
may by higher in the NBF, and lower at the apex of the drop
surface, so that the mean surfactant concentration N, /A is
constant. Moreover, the total surface to be covered by the
SDS films changes during the formation of the drop, and it
depends on the shape of the drop. Therefore, although Young’s
equation, cos(f) = yNBr/ Y i still valid, we have to be aware
that the values of yngr and y», employed above, cannot be
obtained directly from those of uniform thin films and thick
slabs with the same fixed surfactant concentration N, /A. As
a matter of fact, the analysis of the simulations with the larger
number of surfactants, 7 = 298 K and n,, = N,,/Nsps = 6,
which corresponds to the adhesive films, indicates that the
area per surfactant in the self assembled NBF is 31.4 A2
per surfactant, instead of the average A/Nsps =33 AZ.
Another canonical MD simulation of a thin film with that
surfactant surface concentration gives a surface tension of
ynBE & 77 mN/m. Consistently, we should assume that the
higher concentration of SDS on the NBF region implies a
lower concentration on the surface of the liquid drop, so that
the value of Y in this case would be larger than 120 mN/m
estimated from the thick water slabs with A/Nsps = 33 A2,

Overall, the accurate prediction of the contact angle would
require information on the dependence of the surface tension
with respect to the surfactant concentration, both in the thin
NBF and in the single SDS monolayer (or the thick water slab).
The true thermodynamic equilibrium state for the liquid drop
inside the BF requires the equality of the surfactant chemical
potential in the two regions. This would produce small changes
in the water/surfactant ratio, in the surface tensions and in
the contact angle, with respect to those estimated for fixed
surfactant concentrations. However, this complication is only
a minor trouble, and it does not have a major impact in the
prediction of the NBF structure from canonical ensemble
computer simulations.

The main conclusion of our analysis is that NBF may indeed
be interpreted as equilibrium structures. They can be identified
in canonical MD simulations as structures in coexistence with
water drops, i.e., a situation that is qualitatively similar to the
partial wetting of a drop on a substrate.

VIII. CONCLUSIONS AND FINAL REMARKS

The connection between black films and the wetting
transition provides a notion to study these films using the
powerful theoretical techniques that have been developed to
understand fluctuations and dynamics in wetting systems, such
as liquids on a solid substrate, liquid-liquid interfaces, surface
segregation of solid alloys, surface ferromagnetism, or liquid
crystal interfaces. Black films can now be added to this list,
with the peculiarity that the wetting phase is inside the bilayer
substrate, so that it may play a more active role than in the
usual wetting of inert substrates. The relevant variables, Ay,
A = pgy — M, and Ty, which control the wetting behavior
of a system, may be controlled in BFs through the salinity of
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water, the disjoining pressure, and the chemical composition
of the amphiphile. BFs thus provide unique systems to readily
study the prewetting transition and the spreading behavior in
a system with frustrated complete wetting?’, since the wetting
phase (water) has a higher refractive index than the (vapor)
bulk phases on both sides of the film, a situation very difficult
to find in the usual wetting systems.

The possibility that the NBF substrate, i.e., the surfactant
layers are not inert, i.e., that their surface concentration can
change depending on the experimental conditions, provides a
variable to create and control nanostructured films.

We have to point out that the generic WT theory does not
explain the stability of the substrate, i.e., the surfactant layers.
The (meta)stability of the thin NBF with respect to its rupture,
which depends on the molecular structure of the hydrated am-
phiphiles, may only be understood with molecular models that
include the relevant characteristics of these molecules. In this
respect, our extensive MD simulations show that the adhesive
membrane is very stable, and arises naturally when the polar
heads of the SDS molecules share a small amount of water.

Our work rationalizes previous experimental studies and
we anticipate it may provide a framework to design thin films
with uses as two-dimensional templates to assist the assembly
of complex nanoscale structures**> as well as to understand
the physical mechanism of membrane adhesion in biological
systems.36
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APPENDIX: CALCULATION OF THE SURFACE TENSION
CURVES

The surface tension y (h; [T) curves showed in the sketches
of Fig. 8 have been obtained using the model proposed
in Ref. 11. We assume that y(h; 1 = 0) contains a steric
repulsion term B/h® between the surfactant molecules, an
attractive van der Waals interaction A/ h2, and the screened
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electrostatic repulsion given by the linearized form of the
Poisson-Boltzmann equation:

=5 % + Cexp(—«h),
where C depends on the surface charge, and the Debye
screening x ~! of the salt concentration. Note that we consider
y(h; 1 = 0), while in Ref. 11, the authors considered the
disjoining pressure: I1(h) = —dy(h)/dh. Our values for the
constants B, A, C, and « have been chosen in order to
reproduce the correct physical behavior, with sharp maxima
and minima in the surface tension curves. We note that we
have not attempted to model a specific experimental system.
In all the sketches shown in Fig. 8, the dimensionless values
A=1/3, B=4/3, k =1 were used. The sketches (d)—(f)
were obtained by changing the barrier height. We considered
the values C = 2.5,3,4, and 5, respectively. The curves with
disjoining pressure IT = O were obtained by adding a linear
term to the IT = O function,

y(h,I1 =0) (A1)

y(h; 1) = y(h; 11 = 0) + Ih, (A2)

choosing values for the disjoining pressure that qualitatively
cover the relevant range. Therefore our sketched form for
y(h; 1) were done using the same theoretical framework
considered in Ref. 11, but again we insist with have not
attempted here to give a realistic quantitative description of
specific experimental systems, but to reflect the generic wetting
behavior expected in experimental situations.

The sketches of y(n,;u) presented in Fig. 8(c) were
constructed to quantitatively fit the results of the MD sim-
ulations for the equilibrium values of y(n,; u). Since these
data do not give information on the possible metastability
barrier, we have used the simplest possible description for a
partial wetting situation, namely, we have used two exponential
functions:

¥ (1,5 0) = Viick + A exp(—any) + Bexp(—Bny,), (A3)

where n,, = Ny, /Nsps.

The thick layer value yi;cxk = 0.12 N/m is directly obtained
from the results with n,, > 6. The parameters A = 5.9 N/m,
B =0.173 N/m, ¢ = 2.7, and 8 = 0.59 are fitted to get the
observed values for the position and the minimum of

AN,
Ao

when water is shifted away from bulk coexistence conditions.
Notice that the absence of a metastability barrier, i.e., Ay =
0, in this expression, the surface tension would produce
continuous, rather than first order wetting transitions, for
T > Tw. However, that distinction is irrelevant for 7 < Ty,
as the only stable state is the thin NBF, and the structure of the
minimum of y(n,; Aun) cannot be used to infer the shape of
that function in the unstable region.

y(nw: Ap) =y (ny:0) + , (A4)
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