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Interfacial tension gradients drive flow along fluid-fluid interfaces in a process known as
the Marangoni effect. Such gradients can be caused by surfactants, as extensively studied in
the literature. Less is known of its nanoscale behavior, where molecular interfaces exhibit
specific properties such as interfacial viscosity. In this work we study the solutal Marangoni
effect at a model fluid-fluid interface using molecular dynamics simulations. We show
that molecular interfacial effects are important and should be accounted for in nanofluidic
regimes. Hydrodynamic models can be extended with effective terms that include them.
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I. INTRODUCTION

The Marangoni effect (also called the Gibbs-Marangoni effect) describes liquid transport along
fluid-fluid interfaces from regions of low-to-high surface or interfacial tension [1,2]. It is a powerful
effect, requiring only small interfacial tension gradients to create strong convective flows. Such
gradients arise naturally by the addition of a surfactant at a liquid interface, as has been studied in
various configurations using both experiments [3] and continuum fluid dynamics simulations [4].
This solutal Marangoni effect plays a role in many phenomena, in particular foam and emulsion
formation and evolution [5].

The phenomena is well understood from the macroscopic point of view, where the induced
shear stress leads to flows proportional to the interfacial tension gradient [1]. However, less is
known on possible microscopic effects on such phenomena when the width of the interface is not
negligible compared to the size of the bubble or droplet, such as when considering nanoemulsion,
nanobubbles, or nanodroplets [6-8]. In this paper we will show how molecular details influence the
solutal Marangoni effect of a model fluid-fluid interface populated with surfactant molecules.

Molecular dynamics simulations have shown to be an efficient complementary tool to experi-
ments to better understand flows at the nanoscale, in particular close to interfaces [9—11]. Regarding
solutal Marangoni flow, molecular dynamics simulations have been used to confirm that nanoscopic
interfacial tension gradients induce molecular flows [12,13] and that the right force leading to
Marangoni flow is related to chemical potential gradients [14].

Less is known of how surfactants and molecular details affect the flow features at the nanoscale.
At such scales interfaces themselves are of nonzero width and display properties separate from the
bulk phases, especially in the presence of surfactants. For example, momentum is not transferred
perfectly across fluid-fluid interfaces when a shear stress is applied tangential to the interface. This
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FIG. 1. (a) Simulated two-phase system with surfactants at interfaces (white). (b) Two-dimensional view
with low (A) and high (B) surfactant concentration zones marked. Steady state flow vortices are sketched.
Figures are created with VMD, MATPLOTLIB, and PGFPLOTS [23-25].

corresponds to a partial slip between the fluid phases [15-22], which alters the viscous dissipation
across the phase boundary. The effect can be characterized by an interfacial viscosity

Ty W
= 9
Aux’]

M (1
where 7., is a tangential shear over the interface (which is normal to z), w the interface width, and
Auy, ; the change in velocity over that width. While this contribution to the dissipation in a system
is negligible on a macroscopic scale it is important to account for as we approach the nanoscale.
Furthermore, as the Marangoni effect induces strong shear stresses at the interface, the effect will
be important to understand for hydrodynamic modeling of nanoscale Marangoni systems.

With this work we use nonequilibrium molecular dynamics simulations to investigate the solutal
Marangoni effect on a molecular scale. In particular the varying interfacial viscosity is shown to
have a large influence as molecular length scales are approached. We show how this effect can be
accounted for in hydrodynamic modeling by knowing how liquid properties vary with the local
surfactant concentration, which becomes the only required interfacial parameter in addition to usual
macroscopic qualities.

II. METHOD

To start we consider a two-phase system with liquid phases 1 and 2 shown in Fig. 1. The phases
are immiscible and separated along the z axis by two interfaces. Both phases consist of dimer
Lennard-Jones molecules with identical atoms of mass m. Intermolecular interactions between
atoms in phase i and j are given by the Lennard-Jones potential

o5 9
Uij(r) = 48ij<rT - F)’ ()
where r is the distance between the atoms and ¢;;, o;; the interaction parameters. Phases 1 and 2
are made identical by setting 1] = &y = € and 01 = 023 = ¢ and immiscible by setting the cross-
interaction strength ¢, = 0.5¢. Internal harmonic bonds with strength £ = 1000¢ and distance o
keep the atoms of the dimers together. Surfactant molecules are created as identical dimers where
one atom is of species 1 and the other of species 2: the first is attracted to phase 1, the other to phase
2. By doing so, the surfactant molecules place themselves naturally at the fluid-fluid interface.
Simulations are performed and results presented in Lennard-Jones reduced units [26] with
& =0 =m = kg = 1, where kg is the Boltzmann constant. The temperature is 7 = 0.8 and bulk
atom number density in the liquid phases is p, = 0.87. Without surfactants the interfacial tension
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FIG. 2. (a) Interfacial tension y, (b) width w, and (c) viscosity of the interface w; for various surfactant
concentrations p; at the fluid-fluid interface. (d) Both sides of (3) shown for our data with a linear fit.

of the two-phase interface is measured to be yy = 1.5. Using nonequilibrium molecular dynamics
[27-29] the shear viscosity of the bulk is measured to be i, = 4.4. Simulations are performed
with GROMACS 2020 [30,31] using a leapfrog integrator with a time step dr = 0.002 and interaction
cutoff range r. = 3.5. Periodic boundary conditions are enforced along all dimensions. Temperature
is controlled with a velocity rescaling thermostat [32] with coupling time ¢, = 5.0.

To characterize the influence of surfactant concentration p; at the interface we measure how
local properties vary with it at equilibrium. Our required properties are the interfacial tension
y (pr), interface width w(p;), and interfacial viscosity u;(po;). Measurements are done using the
following procedure: First, surfactant molecules are inserted in equal amounts at the two liquid-
liquid interfaces and an equilibration simulation is run to achieve a consistent bulk density p,. The
box size is Ly = L, = 20 along x and y and L, along z. Each liquid phase has height 20. Second,
an NVT simulation of 10’ steps is run. From this simulation, the surfactant concentration (atom
number density) p; is defined by matching a Gaussian distribution p(z) = p; exp [—a(z — z)?] to
each interface at position z; and taking the mean. The interfacial tension y (p;) is simultaneously
calculated from the pressure tensor fluctuations inside the box [26]. Finally, following Ref. [17] a
shear 7., is created in the system using the same method as when measuring u;,. The shear simulation
is run for 2 x 10 steps to create a steady state, after which data is collected over 2 x 107 steps. We
then calculate the interfacial width w(p;) as the distance between where the density profiles of
phase 1 and 2 reach p = 0.95p, which allows us to measure Au, ;(p;) and calculate p;(p;) using
(1) (see Figs. S1 and S2 in the Supplemental Material [33]. Measurements are repeated for a range
of p; € [0, 0.7] (see Fig. 2).

To perform the nonequilibrium simulations, those dedicated to studying Marangoni flows, an
exchange scheme is deployed to create the zones of low and high p; seen in Fig. 1(b). For each
interface we define an edge zone A centered at x = 0 and a center zone B at x = L, /2. Each zone
is of size 2 x 2 along x and z and spans the entire width in y. At every N step of the simulation we
check whether a surfactant molecule exists in zone A and if so exchange its type (Lennard-Jones
interaction parameters) with a liquid molecule in zone B and vice versa. This scheme mimics that
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of Liu et al. [14] except focused at the interfaces and applied to dimers instead of monomers. The
position and momentum of the molecule remaining in each zone is not changed, only the molecule
type. Since all molecules are of equal size and mass we preserve local momentum. If the exchange
frequency N is sufficiently high a gradient d p; /dx forms along the interface.

Since the interfacial tension decreases with increasing surfactant concentration, a Marangoni flow
develops between the zones to equilibrate the chemical potential. By maintaining the imbalance a
steady state flow develops. Simulation systems are prepared and equilibrated following these steps
for varying sizes L, = L, € [10, 100], with the size along y kept at a constant L, = 20. The final
box size along z after the surfactants have been added and system equilibrated is L} > L,. The
exchange step frequency is N = 500. For each system size we start four independent nonequilibrium
simulations, each of which runs for between 5 x 107 and 5 x 10% steps. We discard data from the
first 2 x 10 steps to allow for the flow field in the system to develop. This is verified by comparing
to data from the second half of the simulation. Finally, we collect the average flow field (mass and
velocity) from the simulation in bins of size 0.25 x 0.25 along x and z.

III. RESULTS

Measurements of interfacial properties ¥ (p;), w(po;), and u;(p;) are presented in Figs. 2(a)—
2(c). As expected we see that the addition of molecular surfactants decreases the interfacial tension
but increases the interface width and viscosity. These changes are mostly linear in the range of
o1 € [0, 0.5], which as we will see contains the variation for all of our nonequilibrium simulations,
but for higher concentrations we see a distinct nonlinear behavior as the surfactants start to form a
separate phase of its own.

From a physical perspective it is clear how the presence of molecular surfactants link these
quantities, but one may question if a relationship between them is in fact universal. A previous
study [17] suggested that the interfacial viscosity can be deduced from the interfacial tension and
bulk viscosity as

|
222

ay 3)

for some coefficient a that depends on the involved phases. We note that our data agrees well with
this relationship for @ = 1.17 [see Fig. 2(d)].

Turning to our nonequilibrium simulations, we present steady state surfactant density maps and
flow streamlines for two systems in Fig. 3. We see that the steady state corresponds to a continuous
gradient of surfactant concentration p;(x) along the interfaces and that a Marangoni driven flow
develops in response to it. Looking at the flow fields in more detail we see that the flow vortices
are not centered in each cell center. They trend towards a point that is two-thirds along the interface
with a finite shift towards the center that is noticeable only for the smallest systems. We choose this
vortex center point as the reference axis along z for comparing field data, since the flow will be most
similar along it for all systems.

By measuring p;(x) along the interfaces we calculate our interfacial properties y (p;) = y(x)
and u;(pr) = ur(x) along them through measurements in Fig. 2. We also measure the interfacial
velocity u, ;(x) along the interfaces. These measurements are shown in Fig. 4 for L, = 40. Results
from more system sizes and a view of the described reference axis are available in Figs. S3— S6 of
the Supplemental Material [33].

IV. DISCUSSION

Although the flow profiles look qualitatively consistent with what could be expected from
a Marangoni driven flow (Fig. 3) a question arises: Can our simulated nanoscopic Marangoni
flow be quantitatively described by continuum hydrodynamic modeling using the incompressible
Navier-Stokes equation? Not if we neglect to model the interfaces molecular properties, as we will
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FIG. 3. (a) Surfactant density p; and (b) velocity streamlines for steady state flow in systems of input size
10 x 10 and 80 x 80.

now show. Marangoni convection velocity is related to the interfacial tension gradient Vy and the
viscosity u:

Uy, | X E, “)

b

if we take the bulk shear viscosity ;. But in Figs. 4(b), 4(d) we see a velocity gradient at the center,
where the interfacial tension gradient is constant. The effect remains even as we double the system
size along x only (see Fig. S6 of the Supplemental Material [33]), thus this is not due to the finite
size of the system or to hydrodynamic effects.

To model this velocity change we have to account for the interface itself. So what happens inside
of it? In Fig. 5(a) we extract the velocity profile u,(z) through the reference axis of a 40 x 40 size
system and denote the bulk and interface with different markers. We see that u,(z) is quadratic in
each bulk phase, with a minima at the center and maximum at the interface, in agreement with a
calculation of the expected flow as shown in Eq. (S27) of the Supplemental Material [33]. This
is apparent by adjusting the minima to O and taking the square root, which results in a linear
profile through the center bulk [Fig. 5(b)]. However, at the interface the linear slope changes, which
indicates a change in viscosity inside the interface. This confirms the influence of the interfacial
viscosity u;, defined by Eq. (1), on the local amplitude of the flow at the interface. See Figs. S7 and
S8 in the Supplemental Material [33] for profiles of more system sizes.

We now consider how to describe the nanoscopic flow using hydrodynamics. In the Supplemental
Material [33] we calculate the expected interface velocity u, ; using the continuum Navier-Stokes
equation [Eq. (S27)]:

oH dy
wodx’

where H is the height of the flow-reverse-flow vortex along z, u is the shear viscosity and o a
prefactor, which is @ = 1/6 for the considered flow geometry, similar to those we observe at the

)

Ux I (x) =
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FIG. 4. (a) Measured surfactant concentration p;, (b) interfacial tension y, and (c) interfacial flow u, along
the phase boundaries for a system of size 40 x 40.

vortex center axis in all our systems. If this model correctly describes the shear dissipation of our
simulated systems, Eq. (5) should yield a constant « for our measured u, ;, dy /dx, and p at these
points.

With this in mind we measure « from our simulations in two ways for our full range of system
sizes (see Fig. 6): First, using only the bulk phase dissipation, by setting u = u, and H = L, /4
since there are four vortices along z. Here o changes dramatically for systems with L, < 40, where
the interface is prominent. For larger systems « is still higher than 1/6.

Second, we include the interfacial dissipation by calculating the effective viscosity p*(x) using
a harmonic average, as the shear is parallel to the interface [17]

wx) +Lyx)  wkx) | Lyx)

- s (6)
n*(x) wr(x) Mo

10-3 aBulk olInterface 10-2

: 8 -
4 % 5% ) f/
2 a o3 ¢ 4
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0 ,% % 2 AAA%‘M‘
2 of
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y4 y4
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FIG. 5. (a) Velocity profile u,(z) for system size 40 x 40. Interface centers are marked. (b) Square-root plot
where i1, = u,(z) — uy adjusts the profile to its approximate minima. Linear fit of center bulk values drawn as
a dashed line.
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FIG. 6. « coefficients for a range of system sizes L, = L,.

where Ly(x) = L}/2 — w(x) is the width of the bulk phases. Setting H = L}/4 and u = u* to
estimate « for our systems we obtain an improved agreement with the description. « is now constant
and close to 1/6. This last result, even if qualitative, confirms that such nanoscopic Marangoni flow
can be well modeled by a continuum hydrodynamics approach if the local interfacial properties are
taken into account.

V. CONCLUSIONS

From the results presented in this work on the modeling of a nanoscopic solutal Marangoni
flow we make two conclusions: First, local finite interface features must be accounted for to model
nanoscopic systems. This is shown by the inability to model the velocity gradient u,; without
accounting for the varying interface properties, here being interfacial tension, interface width, and
interfacial viscosity. Second, this interfacial viscosity j;, which is included in the effective viscosity
W* is a quantitative measure of the dissipation inside an interface and can be measured locally. While
this work has focused on solutal Marangoni convection, this has implications for any systems, which
model nanoscale flows with interfaces.

A few complications are of note. The assumptions made to derive Eq. (5) are simplified. In
particular, our streamlines are not perfectly parallel to the interface along the vortex axis, but slightly
tilted [Fig. 3(b)]. This leads to estimated coefficients, which are slightly higher than o« = 1/6. The
tilt decreases for our smaller systems, where the measured « coefficients are closer to 1/6. This
supports the description as being qualitatively correct. Furthermore, our molecular modeling based
on Lennard-Jones dimers is very simple. Further study into interfacial properties using more realistic
liquid models are required to understand their real implications for nanoscale flows of practical
interest.
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