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ABSTRACT

The precise determination of surface transport coefficients at liquid interfaces is critical to an array of processes, ranging from atmospheric
chemistry to catalysis. Building on our prior results that highlighted the emergence of a greatly reduced surface viscosity in simple liquids via
the dispersion relation of surface excitations [Malgaretti et al., ]. Chem. Phys. 158, 114705 (2023)], this work introduces a different approach
to directly measure surface viscosity. We use modified Green-Kubo relations suitable for inhomogeneous systems to accurately quantify
viscosity contributions from fluid slabs of variable thickness through extensive molecular dynamics simulations. This approach distinguishes
the viscosity effects of the surface layer vs the bulk, offering an independent measure of surface viscosity and providing a more detailed

understanding of interfacial dynamics and its transport coefficients.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0206954

Chemical reactions that take place at liquid interfaces exhibit
distinct kinetics and thermodynamics compared to those occur-
ring in the bulk.'” Understanding the behavior of these reac-
tions is crucial for environmental,’ industrial,’ and biological
processes,”” yet it remains a challenge due to their complexity,
including the determination of transport properties in the interfacial
region.

Historical insights into surface viscosity can be traced back
to the foundational contributions of Marangoni and Boussinesq,
highlighting its significance in fluid dynamics at interfaces.'’""
Traditionally, research into surface viscosity has focused on com-
plex rheological systems, underlining its role in key phenomena,
such as liquid film formation,"” droplet dynamics,'* and in gen-
eral systems whose properties are dominated by the adsorption of
surfactants.”” Interest in the surface viscosity of Newtonian flu-
ids, notably water, re-emerged in the 1980s through experimental
studies,'® which later faced a re-evaluation,'” partly due to method-
ological constraints that limited observations to micrometer-scale
interfacial areas, thus missing the molecular-scale effects. The recent
advances in computational methods and molecular dynamics sim-
ulations have revitalized this area of study, revealing the increased

mobility of molecules at the surface of simple liquids'® and suggest-
ing a unique surface viscosity distinct from that in the bulk phase."
This shift emphasizes the need for direct measurement methods that
accurately reflect the complex behavior of surface viscosity and its
impact at the molecular level.”"”

In our previous work, we collected evidence of a surprisingly
low surface viscosity in liquid argon by analyzing the dispersion law
of surface modes using the linearized solution of the continuum
hydrodynamic equations in the presence of an interface. The surface
viscosity measured this way appears to be largely confined to the first
molecular layer, with a bulk-like behavior, including propagation of
sound waves already emerging in the second molecular layer. The
mismatch between the molecular scale at which the surface viscosity
appears and the macroscopic continuum modeling used to interpret
the measured dispersion laws could be rightfully considered a lim-
itation. For this reason, we decided to attack the problem using a
different approach based on the fully microscopic Green-Kubo rela-
tions, modified to account for inhomogeneous systems. Here, we
conduct an in-depth analysis of viscosity contributions within fluid
layers of differing thicknesses through extensive molecular dynam-
ics simulations. This method allows separating surface and bulk fluid
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shear viscosity, providing an independent measure of the surface
viscosity.

Green-Kubo relations® are routinely used to extract transport
coefficients by exploiting equilibrium fluctuations, including shear
viscosity. In bulk systems, the shear viscosity can be computed via
the integral of the autocorrelation function of off-diagonal pres-
sure tensor elements, although other non-equilibrium approaches
might be more efficient.”” For inhomogeneous systems, the sim-
ple Green-Kubo formula would not suffice, and in principle, the
non-locality of the associated response function should be consid-
ered,”” although the required amount of sampling in an inhomo-
geneous setting would be prohibitive. Since far from the critical
point, the liquid phase presents a rather sharp transition to the
vapor, with inhomogeneity confined to, at most, the first three
molecular layers close to the surface,”” we use the following approx-
imation, valid for single-component fluids, in which we replace
the volumes appearing in the definition of the pressure tensor
elements and in the Green-Kubo formulas by the equivalent vol-
ume V = N/p occupied by N molecules. Here, p is the density
far from the interface in a system in slab configuration with a
large number of particles, where finite size effects are supposed
to be negligible. This way, the pressure tensor reads p = 2N(T
- E)/p, where T = Y;m;jv; ® vi/2 is the kinetic energy tensor and
E = Y;F; ® r;/2 is the virial tensor for particles with position r; and
velocity v; subject to a force F;. Similarly, the Green-Kubo rela-
tion for the (average) viscosity of an inhomogeneous system can be
written as

1= Jim (N/p) [ (b (0 ()t )
H—> 00 0

where, once more, the definition of the pressure tensor is the one
described above, which uses the effective volume of the liquid phase.
Here, we assume that the liquid-vapor interfacial system is in a
slab configuration with its normal directed along z. In this case,
the momentum can freely diffuse, under periodic boundary condi-
tions, along the x and y directions, which are those appearing in the
formula for #.

The key approximation that we use to extract the surface viscos-
ity is to consider a two-layer model, where the fluid slab of thickness
h is regarded as the stacking of two interfacial regions of thickness h;
and viscosity 7, and one region of thickness i — 2h; and viscosity 7,.
The total viscosity of a slab system can then be approximated as the
average of 77, and 7, weighted by the respective volumes,

n(h) = [no(h = 2hs) + n:2hs] /h, 2)

very much in the spirit of the approach that Lyman and cowork-
ers used for lipid membranes.””® The difference in this case is that
there is only one component and two phases, and one needs to use
the Green-Kubo relation adapted for inhomogeneous systems, as
described before. The main idea is to simulate liquid—-vapor equilib-
rium systems of varying thickness and extract the surface viscosity 7,
from a best-fit procedure. Given the number of particles N in the sys-
tem, we can use the corresponding effective thickness, h = N/(Ap),
where A is the simulation box cross-sectional area.

We performed a series of molecular dynamics simulations
of liquid argon, using the Lennard-Jones interaction poten-
tial U(r) = 4e[(o/r)"* = (0/r)] with e=0.99641 kJ/mol and
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FIG. 1. Simulation snapshots of the argon system, with surface layer atoms
highlighted in yellow. From left to right, the largest system with N = 3000, two inter-
mediate ones (N = 2119 and 1207), and the smallest stable 2d-spanning system,
with N = 400 atoms. The simulation box is also represented with a thin frame.

0=0.34098 nm at the temperature of 90 K using the GRO-
MACS” simulation package, version 2023.0, integrating the equa-
tions of motion with a time step of 1 fs in the canonical ensemble
(Nosé-Hoover thermostat™*” with a time constant of 2 ps), taking
into account the long-range interaction effects””’" with the smooth
particle mesh Ewald method*” (using a real-space cutoff of 1.3 nm,
a Fourier spacing of 0.15 nm, and a relative contribution of the real-
space part of the potential at cutoff of 0.001). We simulated systems
with the number of argon atoms N ranging from 400 to 3000 in
a rectangular box with edges 3.6014, 3.6014, and 21.6 nm, in slab
configuration with normal along the z direction. Figure 1 shows
some equilibrated configurations. We integrated the equations of
motion for at least 50 ns for each system, dumping to disk the val-
ues of the pressure tensor elements every 1 fs and the configurations
every 10 ps. We computed the autocorrelation functions using a fast
Fourier transform approach, exploiting the complete information
encoded in the dumped data.

Figure 2 shows the measured viscosity as a function of the
effective slab thickness h. The viscosity was obtained by averaging
the value of the integral, Eq. (1), over 1000 points in the range ¢ 7
from 4 to 5 ps, where it has reached a clear plateau of the running
Green-Kubo integral #(t) for all systems, as shown in Fig. 3. The
length of the simulations (at least 50 ns) and the frequency of dump-
ing the pressure tensor components (1 fs) were key to reach the high
accuracy shown in Figs. 2 and 3.

Simulations with an effective thickness h < 1.2 nm were too
small in size to stably span the simulation box in two directions,
collapsing into cylindrical droplets, spherical droplets, or transition-
ing completely to the gas phase. At larger values of h, the measured
viscosity shows a clear increasing trend that reaches an asymptotic
value for large values of the effective thickness.

By recasting the viscosity expression in the form hy(h) = y,h
- 2Anh,, with Ay = 5, - 17,, it becomes clear that there is no chance
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FIG. 2. Thickness-dependent viscosity #(h) (circles) measured for systems with

particle numbers ranging from 400 to 3000, as a function of the effective thickness
h = N/(Ap). The continuous line is the best fit for the two-layer model, Eq. (2).
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FIG. 3. Running Green-Kubo integral #(t;) from Eq. (1), for the same selected

set of thicknesses shown in Fig. 1 (from the top to the bottom, N = 3000, 2119,

1207, and 400, respectively). The shaded area represents the region over which
the integral is averaged to obtain the reported estimates.

to independently determine the two parameters #, and h; from a
fit, as any combination that gives the same product will yield the
same best fit. Luckily, we can obtain an estimate of the equivalent
thickness of the surface layer A by using the surface molecule iden-
tification algorithm GITIM,*® as implemented in the Pytim software
package,’* to count how many molecules N, belong to each of the
surface layers. We can then estimate the equivalent height from the
bulk density and the simulation box cross-sectional area A as hs
= N;/(Ap). The first step to obtaining N involves identifying the lig-
uid phase as the largest cluster of atoms (two particles are considered
to be in the same cluster if their distance is less than 0.45 nm). Then,
we applied the GITIM algorithm, which, in a nutshell, computes
the Delaunay triangulation of the atomic positions to determine all
interstitial spaces between atoms and tags as surface ones, the atoms
at the vertices of triangles that can host a probe sphere with radius r,,
also taking the atomic excluded volumes into account. To choose the
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probe radius r, = 0.195 nm, we followed the prescription described
in Ref. 35.

This calculation yields a mean number of surface layer atoms
on each side of the slab equal to Ny = 114 + 1, corresponding to an
effective thickness of the interfacial layer hs = 0.43 nm. The value
of h is larger than o = 0.340 98 as it characterizes an interfacial layer
that is corrugated at a scale below that of capillary waves,*” but is still
comparable to the molecular size. Keeping this parameter fixed, we
could proceed with the best fit of the two-layer model, providing, as
the main result of this work, the estimate of the viscosity and surface
viscosity 7, = 237 + 2 and 7, = 32 + 6 uPa s, respectively.

Interestingly, the smallest system that can stably span the xy
cross section of the simulation box is composed, as shown in Fig. 1,
of three layers only, namely, two surface layers and an inner layer.
What is quite impressive, in our opinion, is that the best fit describes
very well the behavior of the 5(h) curve up to the smallest stable
system, showing that the two-layer model can capture the phe-
nomenology of the surface viscosity down to systems consisting of
a single molecular layer surrounded by two surface ones.

The resulting fit parameter 7, is the extrapolation to an
infinitely thick slab of fluid and agrees with the value of 240 yPa s
provided by the model viscosity of argon that matches the exper-
imental data within 2%.”° The calculation of the surface viscosity
considerably improves our previous estimate obtained using the sur-
face modes dispersion relations,'” which was roughly a factor 8 — 16
times smaller than the shear viscosity of the bulk fluid, correspond-
ing in this case to the range #, = 15~ 30 yPa s. In our previous
work, it was not possible to provide a quantitative estimate of the
uncertainty, and the range we provided was based on a qualitative
assessment, while with the present approach, we can provide a quan-
titative prediction. The surface viscosity 7, is still several (6 - 9)
times smaller than the shear viscosity of the bulk fluid, providing
an independent confirmation of a greatly reduced surface viscosity.
It is worth mentioning that the estimate of % : depends on ks, and
any change in the thickness of the surface layer would reflect on the
value of the surface viscosity. However, a reasonable +10% change
in h; yields surface viscosity estimates in the range 11-50 pPa s, still
confirming a markedly reduced surface transport coefficient.

In conclusion, this work introduces a novel approach
for directly measuring surface viscosity, leveraging modified
Green-Kubo relations within the framework of inhomogeneous sys-
tems. Using extensive molecular dynamics simulations, we have
demonstrated the existence of a greatly reduced surface viscosity
in liquid argon, which is a general model for simple liquids. This
study opens several avenues for further research, particularly in
exploring the surface viscosity of different fluids and their impact
on various physical and chemical processes. The methodology can
be applied as-is to other neat liquids of practical importance, such
as water, taking care of calculating the pressure contribution on
a molecular rather than on an atomic basis, potentially leading
to a broader understanding of surface phenomena and interfacial
dynamics. The application of this method to other liquids is already
underway.
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