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ILL Theory Group

● Similar background in simulation and theory 
despite pursuing different objectives

● Common task to provide support 
to Science [User And ILL]

● Shared use of ILL HPC Cluster, [molecular 
packages, numerical codes, data management strategy]

● Link molecular modelling and more formal 
approaches (Statistical Phys., Solid State Phys.)

● Shared Position between numerical/theoretical 
groups [Ex: Battery Hub, Quantum/Magnetism] ?
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Ex:
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Plazanet, Rols, 
Voneshen, 
Fourkas, 
Coasne, J. Mol. 
Liq. 2022
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Fluid in Nanoporous Materials

Courtesy of Levitz 

Large surface areas (ex. ashes 
~m2/g) but larger surfaces can 
be reached ~1000 m2/g

New thermodynamic and transport phenomena

Nanoporous solids (with one 
dimension ~ nm) are of 
particular interest because D ~ ξ

Bridging molecular dynamics/macroscopic 
transport using statistical mechanics? 

Self-diffusion. Available microscopic formalisms (intermittent 
brownian motion, free volume theory, surface diffusion, etc.)

Permeability. De Gennes narrowing and 
the link between structure and collective diffusion 

Adsorption/transport interplay
Complex hydrodynamics

e.g. slippage, interfacial transport,
and non-viscous effects



A Lennard-Jones fluid in flexible silicalite-1 (pores ~5-8 Å) 

Methane in Zeolite
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Molecular Dynamics Simulation

Self-Diffusion
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Quasi Elastic Neutron Scattering

W. Kellouai, P. Judeinstein, M. Plazanet, 
S. Baudoin, Q. Berrod, J. M. Zanotti

Self-Diffusion

Circles = 
Neutron scattering 

0

2×10-5

S 
(q

,ω
) (

a.
u.

)

ΔE (meV)
-3 -2 -1 0

na

T = 250 K 
q = 0.5 Å-1

na narrowing

IN6/Sharp@ILL

Kellouai et al. 2024, 2025



Physical Model for Self-Diffusion

Free Volume Theory

Kellouai et al. 2024, 2025
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Darcy’s Law 

Permeability and Hydrodynamics Breakdown

   
    

   
    

  
   
    

   
      

   
   

   
    

 

Transport at 
the nanoscale. 
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Darcy’s Law 

Permeability ~ Collective Diffusion

𝐉𝐉 = −𝜌𝜌𝜌𝜌𝛁𝛁𝑃𝑃

Darcy

𝐉𝐉 = −𝜌𝜌
𝐷𝐷0
𝑘𝑘𝐵𝐵𝑇𝑇

𝛁𝛁𝜇𝜇

Onsager

5 nm

Falk, Coasne, 
Bocquet, et al. 
Nature Comm.
2015

Bousige, et al. 
Nature Materials 
2016

K = 𝐷𝐷0
𝜌𝜌𝑘𝑘𝐵𝐵𝑇𝑇

Gibbs-Duhem: dP = 𝜌𝜌d𝜇𝜇

Consider a fluid confined 
in a nanoporous material 

Flow induced by a pressure 
gradient 𝛁𝛁𝑃𝑃 applied

𝛁𝛁𝑃𝑃

Schlaich, Barrat, Coasne, Chem. Rev.  2024



Microscopic Theory for Collective Dynamics

De Gennes Narrowing
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Fluid Structure Factor S(q)
𝑆𝑆 𝐪𝐪 = 𝜌𝜌 𝐪𝐪 𝜌𝜌∗ 𝐪𝐪
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Strong Bragg peaks imposed 
bythe zeolite structure 

Main fluid correlation peak 𝐪𝐪𝐿𝐿at a 
similar wave vector than the bulk fluid 

Fluid correlation peak is narrower than 
the bulk as the bulk fluid as the fluid 
phase is more ordered 
(i.e. coherent ordering over larger distances)



Fluctuations in S(q)

𝑆𝑆 𝐪𝐪 = 𝜌𝜌 𝐪𝐪 𝜌𝜌∗ 𝐪𝐪
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Surprisingly, the fluid is less correlated at these Bragg peaks



Collective Diffusion D0
Non-equilibrium Molecular Dynamics

Linear regime verified

Induced flow rate remains 
much smaller than the 
thermal motion

D0 decreases upon 
Increasing the loading na
due to steric repulsion
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Coherent Scattering Functions
𝐹𝐹coh 𝐪𝐪, 𝑡𝑡 ~ 𝜌𝜌 𝐪𝐪, 𝑡𝑡 𝜌𝜌∗ 𝐪𝐪, 0
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De Gennes Narrowing

De Gennes narrowing observed 
around the correlation peak 
DT(q)S(q) ~ constant
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Conclusions

Simple physical microscopic model – relying on available 
parameters to simple experiments – are available to describe 
diffusion and permeability of fluids in nanoporous media

Despite the simplicity of our system, we expect these predictions to 
hold when more complex systems are considered 
(molecules with intramolecular modes, disordered materials, etc.)

These powerful frameworks allow predicting and rationalizing macroscopic 
transport in nanoporous media from a molecular physics perspective 
(statistical mechanics)

A. Schlaich, J. L. Barrat, B. Coasne, 
Theory and Modeling of Transport for Simple 
Fluids in Nanoporous Materials
Chem. Rev. 125, 2561 (2025)



Perspective (1)
Explore acoustic stimulation of the 
adsorption and transport of fluids confined 
in nanoporous materials.

Strong acoustic-driven 
increase in self and 
collective diffusion as the 
work of the acoustic force 
decreases the free energy 
barriers

𝐷𝐷0 𝛿𝛿 ~ exp −𝛽𝛽(Δ𝐹𝐹0∗ − 𝐹𝐹𝑎𝑎𝑎𝑎𝛿𝛿)

∼ 𝐷𝐷0 0 exp 𝛽𝛽𝐹𝐹𝑎𝑎𝑎𝑎𝛿𝛿)



Perspective (2)
Quantum (electronic) effects in confining metal surfaces lead to electrostatic screening → impact 
on the thermodynamics and dynamics of interfacial fluids at metallic surfaces

We report a dynamic intwertwining: solid and 
liquid dynamics are coupled through friction, 
strongly affected by metallicity (Figure)

This coupled dynamics can be envisaged for energy 
harvesting by generating electric currents through 
liquid flowing. This behavior is reported in our 
molecular simulation is in agreement with theoretical 
predictions.

Physical 
problem

Effective 
modeling
using Virtual 
Thomas-Fermi 
fluids
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