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The surfactant-driven superspreading of droplets on hydrophobic substrates is considered. A key element of the superspreading
mechanism is the adsorption of surfactant molecules from the liquid—vapour interface onto the substrate through the contact
line, which must be coordinated with the replenishment of interfaces with surfactant from the interior of the droplet. We use
molecular dynamics simulations with coarse-grained force fields to provide a detailed structural description of the droplet shape
and surfactant dynamics during the superspreading process. We also provide a simple method for accurate estimation of the

contact angle subtended by the droplets at the contact line.

1 Introduction

Controlling the wetting of solid substrates by aqueous
droplets, which is central to numerous industrial and daily-life
applications, requires a fundamental understanding of spread-
ing phenomena; !~ these applications include coating tech-
nology, enhanced oil recovery, drug and herbicides delivery*
which involve the spreading of aqueous drops on hydropho-
bic substrates via the use of surfactants>. Although aque-
ous solutions containing surfactants are commonly used in
many applications, a comprehensive understanding of the mi-
croscopic role of surfactant molecules in spreading phenom-
ena remains challenging. >*® While experimental and theoret-
ical studies have discussed possible mechanisms of spreading
for surfactant-laden droplets,y‘ molecular-scale simulations
are indispensable for capturing the microscopic behaviour of
surfactants associated with those mechanisms. To this end,
molecular-level simulations’ based on a coarse-grained force-
field have recently unveiled the mechanism of superspread-
ing,6’8‘11 which enables certain surfactants!? to drive the
anomalously fast!3 and complete wetting of moderately hy-
drophobic substrates.’

Previous work had initially focused on the study of aqueous
and polymeric droplets on various technologically relevant
substrates by using all-atom'4!7 and coarse-grained mod-
els. 1834 The progress in computational capacity and the avail-
ability of reliable force-fields has further enabled the faithful
modelling of surfactants in bulk aqueous solutions ! sug-
gesting links between the behaviour of surfactants in the bulk
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and their role in spreading processes.*>™ In this context, the
superspreading mechanism '> and the main characteristics of
superspreading surfactants have attracted much interest over
the last years.”*>¢ In spite of this, fundamental understand-
ing of many aspects of superspreading remains lacking.

Our aim in this article is to perform large-scale molecu-
lar dynamics (MD) simulations, using coarse-grained force
fields, to gain this fundamental understanding with key issues
being to: identify the different stages of the superspreading
process, the dependence of the final contact area on surfac-
tant concentration, and the distribution of surfactant and water
molecules in the bulk and at the vapour-liquid and liquid-solid
interfaces; we will also include a reliable method to estimate
the macroscopic contact angle of aqueous droplets required for
the parametrization of fluid—substrate interactions in a coarse-
grained model.

2 Model and methods

2.1 Molecular dynamics simulations

Here, we use MD simulations of a coarse-grained model to
study aqueous droplets. Henceforth, the Boltzmann constant
is taken as unity and m and o are the reduced units for the
mass and the size of the beads, respectively, while € defines
the energy scale. Hence, the time unit is 7 = ¢ (m/€)"/2.

All simulations are realised in the NVT ensemble by using
the Nosé-Hoover thermostat as implemented in the HOOMD
package®’, with an integration time-step of At = 0.0057, on
GPGPUs. In addition, we have implemented the wall potential
that describes the interactions between the fluid phase and the
substrate*® (Eq. 4). The number of particles and the volume
of the simulation box are kept constant during the simulations,
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while temperature fluctuates around a predefined value, T =
0.6057 (corresponding to 25°C).

For surfactant-free aqueous droplets, the total number of
water beads (N) in the simulation box varies from 2 x 103 to
24 x 10* beads. For surfactant-laden aqueous droplets, the to-
tal number of beads in the simulation box is 8 x 10*. The
lengths of our trajectories for the surfactant-laden droplets de-
pend on the time required for the droplets to reach an equilib-
rium state. In this case, typical trajectory lengths are between
107 and 108 MD time-steps depending on surfactant concen-
tration. For surfactant-free aqueous droplets, the trajectories
were 2 x 10 MD time-steps after equilibration runs of up to
10% MD time-steps depending on the size of the droplet (cf.
Fig. 1b, ¢). Trajectory samples were collected every 10* MD
time-steps for all cases, which guarantees the collection of in-
dependent statistical samples required for the analysis of the
trajectories.

The simulation box for the spherical cap droplets, rectan-
gular in shape, is 2010 long in the x and y directions, which
guarantees that periodic images even of the largest droplet do
not interact with each other due to the presence of periodic
boundary conditions in these directions. In the z direction,
beads were constrained by two walls normal to the z direc-
tion and parallel in the x and y directions. The distance be-
tween these two walls was typically 90c for the droplets of the
spherical cap geometry and 1350 for the cylindrical droplets.
The bottom wall represents our substrate, which is unstruc-
tured and has infinite thickness [described by a potential given
below*® (Eq. 4)]. The top wall is implemented as a purely
repulsive potential and its distance from the bottom wall (sub-
strate) guarantees that the top wall does not interact with any
of the simulated droplets. Additionally, the size of the simu-
lation box in the z direction is large enough to guarantee that
the two walls do not interact with each other due to the pres-
ence of the periodic boundary conditions in the z direction.
For cylindrical droplets, the length L (Fig. 1d) is along the y
direction. In this direction, periodic boundary conditions ap-
ply, while in the z and x directions the simulation box is large
enough to guarantee that mirror images of the droplet do not
interact with each other in these directions.

2.2 Statistical Associating Fluid Theory (SAFT-v)

The SAFT-v is a molecular-based equation of state (EoS) that
analytically describes thermophysical data.*® Computer sim-
ulations using the SAFT-y Mie force-field have successfully
elucidated the superspreading mechanism of surfactant-laden
droplets on hydrophobic substrates.”>%? Due to the close
match between the theory and the underlying Hamiltonian of
a system, the EoS offers an accurate fit for force-field param-
eters, which can be optimized to reproduce the macroscopi-
cally observed thermophysical properties and describe faith-

fully fluid—fluid and fluid—solid interactions, 3%:40-30-33

The SAFT approach involves the derivation of robust and
transferable potentials of effective beads, which represent
either a molecule, or a chemical moiety; the parameters
can all be traced to macroscopic properties of the original
segments of pure components.”® These beads can be com-
bined to describe heterogeneous chain fluids.>* In our study,
a bead denoted as ‘W’ represents two water molecules*’
(H,0). Effective beads ‘M’ represent a chemical group
(CH3);—Si—0,, and an effective bead ‘D’ corresponds to the
group O, f(CILZI3)2fSifO 1. ‘EO’ effective beads represent
—CH2—6—CH2— (ether) chemical groups, while we make
no distinction between terminal methyl groups and the CH,
groups.** The masses of W, M, D, and EO effective beads are
summarised in Table 1.

The non-bonded interactions between effective beads are
described by the Mie potential, which is given by

AL FY

Gij ij o-ij ij
— - — 1
(rij ) (rij ) ] M

A4
Py A (%)
~(am) (3)

The indices i and j indicate the bead type (e.g., W, M, etc.).
Thus, o0;j, &j, li’j, and ki”j are parameters of the Mie potential,
while r;; is the distance between any two beads. The values
of Mie potential parameters for different pairs of beads are
summarised in Table 2 of the Appendix; the potential cutoff
is 4.58340. In addition, we also have li‘;- =6.

Surfactant molecules are built by binding effective beads

with a harmonic potential:

U(rij) = Ceij

where,

V(r,-j) :O.Sk(l",’j—O'ij)z, (2)

where the values of o;; are given in Table 2, and k =
295.33¢/0>. Additionally, any three consecutive beads in
each surfactant molecule of type EO interact via a harmonic
angle potential

Vo (6,x) = 0.5ke (6,1 — 60), 3)

where 0;j; is the angle defined by three consecutive beads
along the surfactant chain, kg = 4.32¢/rad? is a constant, and
6y = 2.75rad is the equilibrium angle of the harmonic poten-
tial.

The fluid—substrate interactions were realised by an unbi-
ased integration of the solid potential considering wall com-
posed of spherical Mie beads.*® The form of the potential
reads

3 Ojj /1,.’/-—3 j )Liuj_3
Usup(D) = 27pCe;;0j; A(f) _B<3) , )
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Fig. 1 (a) A cross-section of a spherical cap or cylindrical droplet,
where the macroscopic contact angle ¢, the height / and the radius
« are indicated. Different snapshots of aqueous spherical cap (b,c)
droplets on a hydrophilic substrate and a cylindrical droplet on a
hydrophobic substrate (¢ > 7/2) (d) are displayed. The length L is
indicated for cylindrical droplets (d). The simulation snapshots are
not scaled in the figures according to their size for the sake of clarity.
For example, in case (c) the droplet is zoomed in considerably
compared to cases (b) and (d) in order to highlight the structure of
the LV interface and the CL. The average size (N) of each droplet is
approximately: 2 x 10° (b), 4 x 103 (), and 8 x 10* (d) beads. In
case (d) periodic boundary conditions are applied in the y direction.

where A = 1/(7Ll-’j — 2)(7Ll-’j —3)and B= 1/(7Ll~‘;- — 2)(7Ll~‘;- -3).
C, 6ij.&j, /'L[j, and /'Ll-‘j have been defined in Eq. 1, p is the
number density, which typically for a paraffinic substrate is
p ~ 1673, D is the vertical distance between beads and the
substrate. The cut-off of the fluid—substrate interaction is the
same as the cut-off used for the fluid—fluid interactions. The
substrate—water (SW) interaction is tuned to provide a contact
angle of approximately 60° by setting the value of egw = 1.4¢€
(cf., Fig. 2), from which one can obtain the substrate in-
teraction parameter £gs, while oss = ¢. All other fluid—
solid interactions arise from the use of common combination

rules, &; = (G +0;;/2), A/;—3 = /(Af = 3)(A]; = 3), and

&j = (1—kij)\/ 070 €i€jj/ 0.

2.3 Aqueous droplets and estimation of contact angles

We assume that droplets have the same shape independently of
their size since their shape is a result of free energy minimisa-
tion. This similarity in average equilibrium shape is expressed
by the ratio A = i/« (Fig. 1a), where h is the vertical distance
between the droplet apex and the solid-liquid (SL) interface,
and ¢ is the radius of the SL interface.

140
53]
120 | ©
100 r
Z 80 L
S Se
130 fil. o o B
60 E s ‘# S O @
ool Ee S g
L o o
o 50 100 :5::0 200 250 g
20 I N‘[10] I I I I I
04 06 0.8 1 12 14 16 1.8

Esw

Fig. 2 Dependence of the contact angle on the substrate interaction
&sw for a spherical cap droplet containing approximately on average
24 x 10* beads. Results have been obtained by applying Eq. 5
(squares) and a standard linear fitting method at the contact line
(circles). Insets illustrate the dependence of the contact angle ¢
based on Eq. 5 as a function of the average number of beads in the
droplet (N) for a hydrophobic substrate (bottom left) and a
hydrophilic substrate (top right) for spherical cap droplets (sc) and
cylindrical droplets with L = 20,30, and 40 . The vertical line
indicates an approximate limit over which ¢ does not depend on the
average number of beads (N). Lines are a guide for the eye.

The contact angle ¢ is given>® by

¢ = arcsin(1/p), Q)

for hydrophilic substrates (¢ < 7/2) for both cylindrical and
spherical cap droplets, where u = (1 +22)/(24). For hy-
drophobic substrates, the contact angle will be ¢’ = 7 — ¢.
Hence, it suffices to measure the average droplet height (/)
and the average radius (o) in order to determine the average
value of the contact angle ¢ = (¢). This is equivalent to the
macroscopic contact angle of water (CAW) accessible to con-
tinuum theory or experiment.

In Fig. 2, we illustrate the dependence of the CAW ¢ on the
interaction between water molecules and the solid substrate
and compare the above method of measuring the contact angle
¢ to another using a linear fit applied on the liquid—vapour
interface close to the contact line (CL). For the linear fit, the
(liquid—vapour) LV interface is determined by identifying the
most exterior beads belonging to the droplet. For this we use
the Stillinger criterion>’ taking any pair of beads at a distance
smaller than 1.50;; to be part of the drop 7,38,

The calculation of the contact angle through the ratio A
overcomes the problems of fitting methods providing an accu-
rate estimate of the CAW versus the substrate interaction Eswy,
which in turn enables the evaluation of the parameter £sg of the
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Fig. 3 Experimental phase diagram (Temperature vs. weight
percent concentration [wt%]) for Silwet-L77. The experimental
phase diagram has been adapted from Ref.>>. Characteristic
snapshots from our computer simulations based on the SAFT force
field are also presented showing the characteristic fluid lamellar
phase (L) in agreement with experiment. Colours indicate the type
of beads as defined in the main text highlighting the distinction
between surfactant hydrophobic beads (M, D), surfactant
hydrophilic beads (EO), and water molecules (W). The T-shaped
cartoon indicates the structure of the surfactant consisting of
M-D-M beads (hydrophobic part) and eight EO (hydrophilic) beads,
where the size of the beads is scaled according to their sizes (o;;)
given in Table 2. Lines in the phase diagram do not indicate sharp
phase boundaries as discussed in Ref.?>, in agreement with our
simulations.

100

substrate. The results of Fig. 2 indicate a linear dependence
with the substrate interaction which diverges slightly only at
small contact angles. This is expected, since in this limit the
droplet height becomes comparable to the potential cut-off.
Moreover, statistical errors are significantly lower when Eq. 5
is applied versus those from the standard fitting method.

Fig. 2 illustrates also results for a spherical cap aqueous
droplet containing around 24 x 10* beads, for which the con-
tact angle ¢ does not depend on the droplet size. As presented
in the insets of Fig. 2, droplets containing more than approx-
imately 6 x 10* beads have reached the macroscopic limit of
the contact angle, and, hence, we expect that the results for ¢
presented in the main panel of Fig. 2 for droplets containing
24 x 10* beads to be robust. The latter conclusion is valid irre-
spective of the substrate hydrophobicity (insets, Fig. 2), which
is tuned through the interaction parameter €sw. For droplets

Fig. 4 Schematic illustration of a droplet cross-section and the
leading adsorption processes taking place during superspreading,
initially (a), at an intermediate stage (b) and at the final equilibrium
state (c). Each dynamic adsorption process is indicated by a
different arrow, where the arrow end of larger size indicates the
dominant direction of mass transport, while the overall size of the
arrows typifies the absolute magnitude of this adsorption process.
Namely, the main adsorption processes of the superspreading
mechanism are the hopping of surfactant from the LV to the SL
interface through the contact line (CL), and the replenishment of
surfactant at the interfaces (SL and LV) with surfactant coming from
the bulk. The final stage is a bilayer (thin film), where surfactant
molecules at liquid—vapour (LV) and solid-liquid (SL) interfaces are
in dynamic equilibrium. Figure adapted from Ref.”.

containing less than approximately 6 x 10* beads, the contact
angle depends on the size of the droplet, and statistical error
bars are larger indicating also larger fluctuations in the dimen-
sions of the droplets. Standard scaling analysis suggests that
this limit is closer to 7 x 10* beads,’® but an exact determi-
nation of this limit has not been possible, and presumably is
also model-dependent. Furthermore, we have compared these
results with those based on a fitting method of estimating the
CAW ¢, and we found strong dependence of ¢ on the size of
the droplet, in agreement with previous simulation results. %
Moreover, the line tension®' does not seem to play a signifi-
cant role in the behaviour of large droplets. For small droplets,
i.e., below 6 x 10* beads it is possible that the role of the line
tension in determining ¢ may no longer be negligible.

In the following, we express properties of droplets as a func-
tion of droplet size through the ratio A and the droplet radius
a for aqueous droplets on hydrophilic substrates. For cylin-
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Fig. 5 Top panel: Height of the droplet as defined in the main text
as a function of time for different concentrations as indicated. Inset
displays the height (squares) and the final SL droplet area (circles)
as a function of surfactant concentration. Lines are a guide for the
eye. In the bottom panel, we chose the case of ¢ = 8.3CAC, for
which the fastest spreading occurs, in order to display simulation
snapshots at different stages of the spreading process. Red colour
corresponds to the hydrophobic moieties of Silwet-L77, blue to the
hydrophilic groups, and cyan for water, the same as in Figs. 3 and 4.
The scale of each snapshot is the same.
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Fig. 6 Density of water or surfactant as indicated at the CWC
(6.2CAC) seen from above (along the z direction) as a function of
coordinates x and y. 0,0 corresponds to the centre of the droplet.
Density profiles have been calculated at the times shown for each
column, i.e., an intermediate time corresponding to states such as
that of Fig. 4b (30 x 10*7) and a later time corresponding to states
described schematically by Fig. 4¢ (45.2 x 10*7). Panels (a) and (b)
illustrate the density of water molecules on the LV interface, panel
(c) the density of surfactant molecules on the SL interface, and panel
(d) the density profile of water beads on the SL interface.

drical droplets (Fig. lc,d), A, = 2ouL¢, A, = 2al, and
V¢ = o?vL, where v depends only on the ratio A, i.e., v =
w?¢ —pu+/1—(1/u)2. 1 and ¢ have been defined previously
and L is the length of the cylindrical droplet (Fig. 1c,d). For
droplets of spherical cap shape (Fig. 1b, ¢), A}, = a*m(1+
A?), A = a’m, and V¢ = a’wA (3 + A2)/6. These rela-
tions 62 clearly indicate that the computational cost of simulat-
ing cylindrical droplets over spherical droplets scales as L/ Q.
Indeed, the values of contact angle ¢ for droplets with more
than 6 x 10* beads are the same within the statistical error for
cylindrical droplets of different L and spherical cap droplets
justifying the use of cylindrical droplets in computer simula-
tions if the ratio L/a is chosen correctly. Notwithstanding,
for more complex scenarios, suach as surfactant-laden aque-
ous systems, it is unproven that the results from cylindrical
droplets are equivalent to that of spherical droplets; hence, the
latter will be used herein.
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Fig. 7 Density of water or surfactant as indicated at 8.3CAC seen
from above (along the z direction) as a function of coordinates x and
y. For this surfactant concentration the fastest spreading takes place.
0,0 corresponds to the centre of the droplet. Density profiles have
been calculated at the times shown for each column, i.e., an
intermediate time corresponding to states such as that of Fig. 4b
(7.5 x 10*1) and a later time corresponding to states described
schematically by Fig. 4c (13.7 x 10*7). Panels (a) and (b) illustrate
the density of water molecules on the LV interface, panel (c) the
destiny of water molecules on the SL interface, and panel (d) the
density profile of surfactant beads on the SL interface.

3 Results for Surfactant-laden aqueous sys-
tems

3.1 Bulk phase Behaviour of Silwet-L77 surfactant

Simulations based on the SAFT force-field are able to de-
scribe the fluid—fluid interactions of surfactant aqueous solu-
tions in the bulk. This is powerfully evidenced by the qual-
itative comparison of experimental phase behaviour™ to the
behaviour observed in our computer simulations (Fig. 3). In
the case of Silwet-L77 surfactant, our model obtains the ex-
perimentally observed characteristic fluid lamellar (L) struc-
ture.> Moreover, our simulations provide an overall qualita-
tive description of the behaviour of this system. The ability
of the SAFT force-field to reliably represent the fluid—fluid in-
teractions between moieties and water molecules is indispens-
able for modelling the superspreading mechanism.

Similarly, the phase behaviour observed experimentally for
C10ES surfactant®® (not shown here), which is a nonsuper-
spreading surfactant, agrees very well with our computer sim-
ulations based on the SAFT force-field, as well as in many
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Fig. 8 Density profiles for a droplet having 2CAC surfactant
concentration at time 22.5 x 10*7 and a droplet having 10CAC
surfactant concentration at time 47.5 x 10*7. Panels (a, b) illustrate
the density of water molecules on the SL interface, and (c, d) the
density of surfactant beads on the SL interface. The shape of the
droplet in both cases (low and large concentrations) resembles that
of Fig. 4a.
40

other cases of nonanionic surfactants in aqueous solutions.
For C10ES surfactants, we have obtained in our simulations
the characteristic hexagonal phase (cylinders) for high sur-
factant concentrations in agreement with experimental ob-
servation.® In addition, we have observed the formation of
micellar-type structures at low to intermediate concentrations,
while combinations of hexagonal and lamellar structures ap-
pear at higher surfactant concentration. Various phase dia-
grams based on the SAFT force field for other poly-alkyl-ether
surfactants and details on the parameterization of these sur-
factant moieties validating the SAFT force-field have been re-
cently provided by Lobanova in her thesis.*’

3.2 Superspreading of droplets

Previously, Theodorakis et al.” found that the first element of
superspreading mechanism is the adsorption of surfactant onto
the substrate through the CL (see Fig. 4) confirming the con-
clusions by Karapetsas et al. % Crucially, this adsorption pro-
cess must be followed by the replenishment of the LV and SL
interfaces with surfactants from the interior of the droplet.”-%*
At some point, a bilayer forms at the CL and a rapid spread-
ing process follows, as observed in experiments. %% Also, we
have reported that the T-shaped geometry favours the spread-
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ing process, which, for superspreading surfactants, exhibits a
maximum with the increase of surfactant concentration.® Al-
though the basic machanism is understood, it is now known
that a plethora of different factors can suppress or aid super-
spreading behaviour.

A key surrogate quantity to monitor superspreading is the
droplet height, 4. For hydrophobic substrates, the hydropho-
bic moiety of the surfactant attaches to the substrate increasing
the size of the droplet in the planar directions. As a result, the
height % of the droplet decreases due to mass conservation. At
this point, we observe that the droplet oscillates between two
states, until the replenishment of the interfaces has been com-
pleted. Moreover, we observe that the time required for re-
plenishment of the interfaces with surfactant varies, while we
can discern a prolonged intermediate state during the spread-
ing (Fig. 5a). Following interface replenishment, the dragging
process at the CL is facilitated due to the low surface tensions
of the interfaces, resulting in the further increase of the droplet
area. The whole process continues, until the occurrence of the
thin film formation and the establishment of dynamic equilib-
rium (Fig. 4).

We have also observed the spreading to be faster, and the
height to reduce more rapidly, as the surfactant concentra-
tion increases, reaching a maximal value for certain concen-
tration (Fig. 5a).” For very high concentrations, we observe
that the surfactant reduces its superspreading ability (Fig. 5a),
in agreement with experimental observations.

The final values of droplet height, which are displayed in
the inset of Fig. 5a indicate the same value of height within
the statistical error for small surfactant concentrations, where
the effect of surfactant is small. At a certain surfactant concen-
tration, which is known as the Critical Wetting Concentration
(CWC) we observe that the droplet height reduces dramati-
cally (cf. Fig. 4c) to very similar values. Further increase in
surfactant concentration results in an abrupt increase of the
droplet height, i.e., a deterioration of the spreading rate. On
the other hand, the final area of the SL interface Ag; displays
a smoother variation with surfactant concentration (inset of
Fig. 5a). The latter may provide a hint that the height / of the
droplet is related to the replenishment element of the super-
spreading mechanism, whereas the area is a property closer
linked to the adsorption of surfactant from the LV interface
onto the substrate through the CL. Therefore, variations of
the height i could provide an estimate of the time that surfac-
tant molecules need to replenish the interfaces. Additionally,
this time appears to be strongly correlated with the different
stages of superspreading and the geometry of the LV inter-
face (Fig. 5b). This is evidenced by the appearance of the
bilayer formation (cf. stage e of the droplet in Fig. 5b), where
a significant change in the droplet shape begins to takes place,
characterised by the onset of thin film formation. The above
discussion on the superspreading of surfactant-laden droplets

share some similarities regarding the structure of the droplets
with the voltage-induced superspreading of liquids on moder-
ately hydrophobic substates, which can be captured by high
speed video cameras. %’

The rapid rate of reduction in the droplet height in the latter
stages of spreading (Fig. 5) is explained by the small size of
the droplet, which amounts only to a few tens of nanometres
(e.g., from a droplet diameter of 30nm for the case of Fig. 4a
to 60nm for the case of Fig. 4b”). This is also manifested by
results on the density profiles (Figs. 6, 7 and supplementary
material), which reveal the size and the shape of the droplet
at a particular time corresponding to an intermediate state (cf.
Fig. 4b) and a later time corresponding to the final equilibrium
configuration of Fig. 4c or similar to that of Fig. 5f.

The water and surfactant molecules are homogenously dis-
tributed across the bulk of the droplet at any time during the
spreading process, and the overall density of the droplets also
remains constant, as shown in Fig. 6 (and in the supplemen-
tary information) for a droplet at the CWC. However, by mon-
itoring the surfactant at the LV interfaces (the dimension of
each box element containing the interface beads is 20npm), we
observe that the amount of water molecules at the interfaces
decreases as water is ‘sandwiched’ between the LV and SL in-
terfaces. The area close to the CL has a significant amount of
water, however, as it is exposed to the CL, where surfactant
adsorbs directly from the LV interface onto the substrate. The
same is true for the local density at the SL interface: water
molecules are exposed to the vapour because of the formation
of the bilayer, the adsorption from the LV onto the substrate
through the CL, and the drag of water molecules from surfac-
tant molecules at the CL area.

We observe no discernible pattern for the local density of
surfactant molecules at any of the SL or LV interfaces, indi-
cating that the geometry of the droplet during the spreading
process does not affect the distribution of surfactant on these
interfaces. This is observed at all times during the spreading
process, and not only at the times indicated in Fig. 6. We only
observe a small decrease in the density of surfactant at the
LV interface, as the droplet assumes a thin film shape (Fig. 6),
which becomes more apparent for droplets with higher surfac-
tant concentration (Fig. 7). For the latter case, similar effects
are observed, but the patterns of the local density are more
apparent in the case of the surfactant density profiles, clearly,
due to the high concentration of surfactant.

The density profiles for droplets at low (2CAC) and high
(10CAC) concentration (Fig. 8 and supplementary info),
where no superspreading is observed, differ considerably with
the superspreading densities of Figs. 6 and 7 (see also sup-
plementary information); here, CAC is the critical aggrega-
tion concentration. For low concentration, the LV interface
has a higher density of water compared to the superspreading
cases, despite being at a concentration two times higher than
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the CAC. For high concentrations, the density profile of wa-
ter at the LV interface shows a more homogeneous structure
than the ring pattern (higher density close to the LV interface)
apparent in the superspreading regime (see Fig. 8 and sup-
plementary information). Moreover, the density of surfactant
at the LV interface for low concentration (but still above the
CAQ), is lower than the superspreading cases. For low con-
centrations, the SL interface is dominated by water molecules.
We have also monitored the time spent by each surfactant
molecule at various regions of the droplets, i.e., the SL and LV
interfaces, the CL, and the bulk. During the spreading of the
droplets and for the superspreading cases, we have found that
a significant amount of surfactant visited the SL and LV inter-
faces; the probability of surfactants being at the LV interface
is higher, because the latter can accomodate a larger number
of surfactants than the SL interface at a lower energy. Only
a small fraction of surfactants spend up to 40% of their time
at the CL during the spreading process. Finally, there are sur-
factants which never become part of the bulk of the droplet,
which is related to the small size of the simulated droplets.

4 Summary and outlook

In this work, we have discussed the modelling of surfactant-
laden droplets in the context of superspreading. We have
presented a simple method for obtaining contact angles reli-
ably at the macroscopic scale and identified the limit where
the contact angle becomes independent of the droplet size for
this model, in agreement with previous simulations studies by
Santiso et al..®° We have also provided characteristic exam-
ples that validate the use of SAFT force fields in computer
simulations as a coarse-graining tool that reproduces faithfully
macroscopic properties. Moreover, we have discussed details
of properties pertaining to the superspreading phenomenon,
providing details of the structural properties of the droplets
during superspreading. This work elucidates the mechanism
of superspreading, extending the work of Theodorakis et al.®
and providing a basis for in silico design of surfactants for
coating flow applications.
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Table 1 The masses of M, D, W and EO effective beads in reduced
mass units.

W M D EO

Mass [m] | 0.8179 | 1.8588 | 1.6833 | 1.0000

Table 2 The parameters of the Mie potential for the interactions
between beads. li“j = 6 in all cases.

i-j oijlo] | & le/ks] | Af;
W-W | 0.8584 | 0.8129 | 8.00
W-M | 1.0491 | 08132 | 13.72
W-D 0.9643 0.6311 10.38
W-EO 0.8946 0.9756 11.94
M-M 1.2398 0.8998 26.00
M-D | 1.1550 | 0.7114 | 18.83
M-EO | 1.0853 | 0.8262 | 22.18
D-D 1.0702 0.5081 13.90
D-EO 1.0004 0.6355 16.21
EO-EO | 0.9307 0.8067 19.00

the GPGPU server in the Mathematics Department at Imperial
College London.

S Appendix

Here, we provide a summary of the force field parameters.
Reduced and real units are related as follows: o =0.43635nm,
€/kp = 492K, m = 44.0521amu, and the 7 = 1.4062ps.
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The key elements of superspreading mechanism are the adsorption of surfactant
from the liquid-vapour interface onto the substrate through the contact-line and the
replenishment of interface with surfactant from the bulk. These elements manifest
themselves in various properties of the droplets. We provide an in-depth analysis of
the superspreading phenomenon, details allowing for the modelling of this
phenomenon, and a way to estimate accurately the macroscopic contact angle in
aqueous droplets. Figure illustrates different states of the droplet during
superspreading.
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