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Understanding the microscopic interplay among mass,
solute, heat, and charge transport at interfaces is essential
for unravelling key geophysical processes. These insights
have broad implications across environmental sciences—
ranging from water and soil management!!] urban
organization, and COz sequestration to advanced
applications” such as nanopore technologies, water
desalination, or energy storage. Although continuum
descriptions of transport perform well over a broad
spectrum, thermal fluctuations, adsorption effects, electrical
double layers, and molecular friction critically govern the
richness of coupled phenomena at the nanoscale!** and
require atomistic considerations!®/.

In this work, we introduce a unified methodology that
leverages a space- and time-dependent response matrix to
probe the intricate dynamics of confined fluids. Our
formalism is summarized by the relation: [see figure and
equation], where j,(r,t) denotes the local fluxes of: fluid,
solute, heat, and charge, Vo, (r',t") the gradients of the
conjugate driving potentials (i.e., pressure, chemical
potential, temperature, and electric potential), and
K,p(r,t;1',t") the coupled response kernel accounting for non-
local and memory effects. Using equilibrium molecular
dynamics simulations on model confined fluids, we extend
the Green—Kubo formulae!® to sample the response kernel
and connect microscopic mechanisms to the coupled
responses.

This approach enables the dissection of fundamental
processes—such as molecular layering, advection/diffusion
of solutes and heat, and charge relaxation—and examines
how confinement, salt concentration, and surface
interactions modulate couplings (e.g., thermo-hydraulic,
hydro-electric, electro-osmotic etc...). The comprehensive
space-time response framework bridges molecular
behaviour with hydrodynamic theories, thereby advancing
our understanding of transport at the nanoscale. The insights
gained contribute to a deeper comprehension of solid-fluid
interfaces, with significant implications for geophysics,
electrochemistry, and various technological applications.
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