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Advanced Molecular Simulation Techniques

 Non-equilibrium MD

 External electric fields

 Crystallization of water and melting of ice 

 Shock wave propagation in materials

 Radiation damage

 Plasticity of materials

 Ab initio (quantum) MD

 “Reactive” force fields and simulations

 Multiscale approaches
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Non-Equilibrium Molecular Dynamics (NEMD)

 A perturbation (external field) is 
introduced into equations of motion

 The quantities Ap(q, p) and Aq(q, p) 

describe the way in which the field 
couples to the molecules

 In standard linear response theory, the 
perturbation is represented as an 
additonal term in the system 
Hamiltonian 

 When a perturbation is applied in MD 
simulation, the system typically heats 
up. This heating may be controlled  by 
techniques analogous to NVT and NPT
algorithms (thermostats, barostats)

Homogeneous shear 
boundary conditions 
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Ion Concentrations and Velocity Profiles in 

Nanochannel Electroosmotic Flows

Qiao and Aluru (2003) J.Chem.Phys., 118, 4692-4701

 The two channel walls are 
symmetrical with respect to 
the channel center line. 

 Each wall is made up of four 
layers of silicon atoms. 

 The channel width W is 
defined as the distance 
between the two innermost 
wall layers. 

 The dark dots are H2O 
molecules and the shaded 
circles are Cl- or Na+ ions. 

 z = 0 corresponds to the 
central plane of the channel 
system.
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Ion Concentrations and Velocity Profiles in 

Nanochannel Electroosmotic Flows

Qiao and Aluru (2003) J.Chem.Phys., 118, 4692-4701
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Atomistic Simulation of Shock Wave Propagation

Single-crystal copper: Bringa et al. (2004) J.Appl.Phys., 96, 3793-3799
 Snapshots of a shock along 110, showing 

the elastic precursors and the plastic wave 

 Coloring proportional to the kinetic energy of 
the atoms 

 The volume of the simulated sample was 
roughly 25a x 25a x 100a, with a = 3.615Å.

 Snapshots of velocity profiles for shock 
waves along 100, 110, and 111, 
taken 3 ps after the shock was started, 
for a piston pressure of 100 GPa

 Dashed lines give approximate location 
of plastic front
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Plasticity Induced by Shock Waves in 

Nonequilibrium Molecular Dynamics Simulations

Holian and Lomdahl (1998) Science, 280, 2085-2088

 NEMD simulations of shock waves in 3D 
FCC crystals with cross-sectional 
dimensions of 100 x 100 unit cells 
(10,000,000 atoms)

 The system slips along all of the 
available {111} slip planes, in different 
places along the nonplanar shock front

 For weaker shock waves (below the 
perfect-crystal yield strength), stacking 
faults can be nucleated by preexisting 
extended defects

Pattern of intersecting stacking faults at piston face (impact plane) induced by 
collision with momentum mirror at piston velocity up/c0 = 0.2. Shock wave has 
advanced halfway to the rear (~250 planes). Atoms are colored according to 
potential energy (color bar at side, energy increasing from bottom).
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Dislocation Nucleation in Shocked FCC Solids

Hatano (2004) PRL, 93, 085501-1100 x 100 x 200     FCC unit cells

In a defective crystal with a void, dislocations are found to nucleate on the void 
surface. Hugoniot elastic limit (HEL) drastically decreases to 15% of the perfect 
crystal when the void radius is 3.4 nanometers (~10 times the size of the atoms). 
The decrease of HEL becomes larger as the void radius increases, but HEL 
becomes insensitive to temperature.

8



5

NE-M1-PRI12ENP – Integrated Nuclear Engineering Project, February-June 2025
“Molecular modeling of materials for nuclear waste disposal applications”

Crystallization of Liquid Water in MD Simulations

Svishchev & Kusalik (1994) Phys.Rev.Lett, 73, 975-979
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Electrofreezing of Confined Water

Zangi & Mark (2004) J.Chem.Phys., 120, 7123-7130

 Instantaneous configuration of the 
lateral and transverse structure of 
confined TIP5P ice.

 Oxygen atoms are depicted in blue, 
hydrogen atoms in gray, and the 
lone pair electron sites in red.

 H = 0.92 nm

 A = 46.24 nm2

 T = 280 K 

 E = 5 V/nm along the y axis.
 “Due to the difficulty in observing 

spontaneous homogenous nucleation in 
molecular liquids on the time scale 
applicable to computational studies, the 
thermodynamic conditions that are used 
are more drastic than those that are 
used normally in  experiments.”
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Slow Processes:

Crystallization of Liquid Water in MD Simulations

Matsumoto et al. (2002) Nature, 416, 409-413

Potential energy of the instantaneous 
structures in the NVT MD trajectory for 
512 TIP4P H2O molecules after 
quenching from 400K to 230K (at t = 0). 

 Cubic MD box with PBC

 The inset shows the total potential energies of the 
inherent structures, corresponding to the 
instantaneous structures in the trajectory for 
t = 250–320ns. Inherent structures are calculated 
by local quenching at 10ps intervals. 

 The freezing process can be divided into four 
stages: 

1. long quiescent period (red line) 
2. slow energy-decreasing period (green) 
3. fast energy-decreasing period (blue)
4. crystallization-completion period (purple).
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Matsumoto et al. (2002) Nature, 416, 409-413

Slow Processes:

Crystallization of Liquid Water in MD Simulations

12
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Some More Challenges: 

Rare Events, Slow Processes

 Methane clathrate formation from aqueous solution (Walsh et al., 2009)
 ~10,000 atom system; 2µs simulation  2·109 time steps

13
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Time and Length Scales of Geologic and 

Environmental Materials’ Simulation

geologic 

scale

macroscopic

continuum

scale

microscopic

mesoscale

molecular

nanoscale

atomic scale

quantum

 Statistical 
mechanics

 Quantum 
chemistry

structure

concrete

mortar

paste

nanocrystals

 Continuum 
mechanics

 Macroscopic 
thermodynamics

 Reactive transport

 All materials are truly multiscale

 Need to keep in mind the big picture

 There are good models for each 
individual physico-chemical scale

 No strict boundaries between scales

 The real challenge is to overcome 
high barriers for linking the models 
from one scale to another
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MD Modeling of Clay-Solution Interfaces

~3nm

~7nm

~10nm

Clay
layers

Aqueous 
solution

Classical Newtonian dynamics

 Ntot ~ 3,000 – 10,000 atoms
 NH2O ~ 0 – 1,000  molecules
 ClayFF force field (Cygan et al., 2004)
 a × b × c  ~ 3 × 3 × 10 nm3

 Periodic boundary conditions
 NVT- or NPT-ensemble T=300K; P =1 bar         
 t ~ 200 - 1,000 ps
 ∆t = 0.5-1.0 fs
Solution structure: 

 Atomic density profiles (⊥)
 Atomic density surface distributions ( | | )
 Topology of the interfacial H-bond network

Dynamics:

 Diffusion coefficients (longer time scale)
 Spectra of vibrational and rotational 

dynamics (shorter time scale)

15
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Effects of Scale: 

Non-Swelling Amine-Clay Composites 

0

100

200

300

400

500

600

700

2 7 12 17 22 27

 The 1-D atomic density profile for 
the 350K atom model is much 
more diffuse

 “Increased sampling phase space” 
is a plausible explanation

 However, when the 350K atom 
model was visualized it became 
apparent that something else is 
happening

7160 atom model  

350,840 atom model

Amine N atom density  

(Greewell and Coveney, 2006)  
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Large-Scale MD Case-Study: Sheet Undulations in 

Non-Swelling Amine-Clay Composites

 Within very large simulation super-cells (350,840 atoms; 
28nm × 50nm × 3nm) the clay sheets had been able to flex, 
resulting in a much broader distribution of atom density

 Structural flexibility is even more important for larger systems

 This distortion may be more evident at even larger super cell sizes, 
or using 2 -D boundary conditions

 Small and large model might have different and not obvious size effects, 
which can be beneficial or detrimental for the analysis 

 It is hard to separate 1-D density profiles and 2-D surface density 
distribution for large systems

Greenwell and Coveney (2006)
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MD Simulations of a Complete Life Form: The 

Structure of a Satellite Tobacco Mosaic Virus

Freddolino et al. Structure, 14, 437–449 (2006) 

 All-atom MD simulation of a complete virus, 
the satellite tobacco mosaic virus.

 N ~ 1 million atoms
 NAMD 2.5 MD program 
 CHARMM22 force field for proteins; 

CHARMM27 for nucleic acids;            
TIP3P for water

 Total time ~ 50 ns    /   ∆ t = 1 fs
 Multiple time step algorithm: 

bonded interactions - every time step
short-range nonbonded - every 2 time steps
long-range electrostatic - every 4 time steps

 Periodic boundary conditions, long-range 
electrostatics by particle-mesh Ewald 

 256 Altix nodes at NCSA  / 1.1 ns per day
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MD Simulations of a Satellite 

Tobacco Mosaic Virus

Freddolino et al. Structure, 14, 437–449 (2006) 

 Protein capsid (green) is enveloping the RNA

 The RNA backbone is highlighted red; the bases are drawn 
as cylinders; orange is used for double-stranded RNA
regions; blue is used for single-stranded regions.

 The STMV particle is solvated in a 220 × 220 × 220 Å3 water 
box.

 Ions, added to neutralize negative charges of the RNA and 
positive charges of the coat proteins, are drawn in yellow 
(magnesium) and purple (chloride).
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MD Simulations of a Satellite 

Tobacco Mosaic Virus Freddolino et al. Structure, 14, 437–449 (2006) 

Protein capsid collapse in the absence of RNA (after 10 ns)
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MD Simulations of a Satellite 

Tobacco Mosaic Virus

Freddolino et al. Structure, 14, 437–449 (2006) 

Electrostatic potential distribution in 
a plane cut through the virion 
(averaged over 13 ns MD).

The square cell shown in the 
picture is 220 A° × 220 A°. 

Contours of the capsid are 
highlighted by the thick black line.

Mg2+ ions were initially placed in 
the vicinity of RNA, Cl- ions were 
distributed in the surrounding water.

The Cl- ions moved almost freely 
during the simulation;                DCl
= 1.5×10-5 cm2/s  => ~ bulk

Mg2+ ions remained attached to 
RNA, even exchange of Mg2+

places on RNA was rare. 
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 Use Q.M. to calculate energies at each 
time step (Schrödinger equation)

 Allows for chemical reaction
 Follow reactions through time
 Very expensive computationally 
 ~n×100 atoms; ~15×15×15 Å periodic box; 

t ~ 10-50 ps

 H-exchange among surface sites occurs by a proton channel 
(wire) of H-bonds involving surface –OH- and H2O

 Rate of exchange is controlled by the rate of H2O rearrangement 
near the surface, not by individual H-exchange reactions

Particle Edges: Quantum (Ab Initio) Molecular 

Dynamics to Address the Chemical Reactivity

H-bonding and proton exchange at the edges of clay particles

S.V.Churakov, Geochim. Cosmochim. Acta, 71, 1130-1144 (2007)
S.V.Churakov, Amer. Mineral., 94, 156-165 (2009)
X. Liu et al., Geochim. Cosmochim. Acta (2012, 2013, 2014, 2015)
S. Tazi et al., Geochim. Cosmochim. Acta, 94 1-11 (2012)

Aggregate of clay particles

Primary clay particle

Inter-particle pore

Interlayer pore
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Gibbsite bulk

001 

cleavage

8.7 Å

Gibbsite

edge

 Brucite, gibbsite, kaolinite edges
 3D periodic boundary conditions
 Cells size: 

 Natoms ~100 for DFT+parametrization; 
 Natoms ~ 2500 for classical MD

Basal surface

Species adsorbed 
on edge surface

Edge surface

Gibbsite

basal 

Vacuum 
20 Å

10.1 Å 

ClayFF Parametrization for Clay Particle Edges

M.Pouvreau, PhD Thesis, Dec. 2016

Kaolinite

edge

New special ClayFF M-O-H bending terms

UClayFF-MOH = UClayFF-orig + UM-O-H = 
= UClayFF-orig + k (θ -θ0 )²

k and θ0 have to minimize the differences 
between DFT and ClayFF-MOH results

Pouvreau, Greathouse, Cygan, Kalinichev, J.Phys.Chem.C, 2017, 121, 14757-14771;   2019, 123, 11628–11638

26
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Next: Adsorption at the Particle Edges 

and Mesoscale Modeling of Nanoparticle Aggregates

Aggregate 

of clay particles

Primary clay particle

Inter-particle pore

Interlayer pore

Aggregate 

of cement 

nanoparticles
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(010) Montmorillonite Edge: Interlayer vs Interface 

Adsorption of NORM Cations (H2020 ShaleX Project)

� All cations are more stable in the interlayer 
compared to the interfacial region

� The associated average free energy gain 
are as follows :

• ~10 kJ/mol for Na+

• ~25 kJ/mol for Sr2+

• ~19 kJ/mol for Ba2+

� The energy gain when Na+ enters the 
interlayer region is almost doubled for Sr2+

and Ba2+:  1 Sr2+/Ba2+ for 2 Na+ ions.

� This is consistent with our statistical 
analyses showing that ~70% of Sr2+/Ba2+

initially present in the interfacial region 
migrate in the interlayers during the 
simulations

� There are noticeable energy barriers at 
the (010) edge for Sr2+/Ba2+ to enter the 
MMT interlayers

Interlayer

Na+

Sr2+

Ba2+

B.F.Ngouana et al., J.Phys.Chem.C, 2025, in prep.
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CH4/CO2 Partitioning in Clay Nano- and Meso-Pores: 

Molecular Dynamics Modeling with Constant 

Reservoir Composition
N.Loganathan, G.M.Bowers, B.F.Ngouana-Wakou, A.G.Kalinichev, R.J.Kirkpatrick, O.Yazaydin
PCCP, 21, 6917-6924 (2019);      JPCC, 124, 2490−2500 (2020)

Scheme of the simulation 
cells used in the constant 
reservoir composition 
molecular dynamics, 
CRC-MD calculations of 
CO2/CH4 partitioning into 
pores bounded by 
montmorillonite basal 
surfaces

a) full simulation cell showing the different 
regions; pink arrows represent bias 
forces

b) enlarged image of the silt-like pore and 
montmorillonite T-O-T layers
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Energetics and Mechanism of Clay and Swelling (I)

30
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Energetics and Mechanism of Clay and Swelling (II)

� Edge H-bonds between TOT layers in the dry state act like a gate, preventing 
the passage of water molecules and ions into the interlayer

� Swelling process begins by breaking those H-bonds so that H2O molecules can 
diffuse into the interlayer

� It is possible that proton transfer could significantly affect the mechanism and 
energy differences between hydration states

Ho et al.,  J.Phys.Chem.Lett., 10, 3704-3709 (2019)
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Ho et al., Langmuir, 34, 5926-5934 (2018)

Enhanced Ion Adsorption on Nanoparticle Edges 

and Corners 
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AFM vs MD of Chlorite Step Edges

Yamada et al., Nature Comm., (2017)
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Ho et al.,  Scientific Reports, 7, 15286 (2017)

Atomistic Mechanisms of Clay Nano-Particles 

Aggregation, Compaction, and Dewatering
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Zheng, Bourg (2023) 
ACS Nano, 17, 19211-19223

37

NE-M1-PRI12ENP – Integrated Nuclear Engineering Project, February-June 2025
“Molecular modeling of materials for nuclear waste disposal applications”

From Nanoscale MD Simulations to the Prediction 

of Thermal, Mechanical, and Hydraulic Properties 

of Hydrated Clay on 106- and 1015-fold Larger 

Length and Time Scales

 Large-scale simulators rely critically on constitutive relations representing the THMC material properties 
of bentonite to predict the performance of bentonite buffers

 Empirical relations of previous studies were generally derived to fit individual experimental datasets
 Here, the insights gained from MD simulations and compilation of previous experimental results help to 

constrain the form of these empirical constitutive relations

Zheng, Bourg, ACS Nano, 17, 19211-19223 (2023)
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Challenges of the Quantitative Analysis of 

Interfacial Structure at the Irregular Surfaces

H2O on hematite, Spagnoli et al., (2009)

 “Real surfaces” should probably look more like this
 Some order is evident, but is much harder to quantify 

than in the case of flat surfaces
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 Simple 1-D and 2-D approaches do not work

 Even though we have full atomistic description of a large system, 
there are no obvious ways to extract useful information

 Need to develop new approaches to analyze adsorption, 
conformations, H-bonding, diffusion, beyond 1-D and 2-D 
simplifications

Challenges of the Quantitative Analysis of 

Interfacial Structure at the Irregular Surfaces

Allen et al. (2007)

 Structure and dynamics 
in topologically complex 
nanoporous space, e.g., 
between aggregated 
nanoparticles
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H-Bonding Structure Around Aqueous 

Carbonic Species

H2CO3 HCO3
- CO3

2- CO2

H2O

(i) donor–acceptor O···O < 3.5 Å
(ii) donor–acceptor H ··· O < 2.45 Å
(iii) H-donor-acceptor angle < 30°

H-bonding criteria

Kumar et al., JPCB, 113, 794-802 (2009)
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 Use Q.M. to calculate energies at each 
time step (Schrödinger equation)

 Allows for chemical reaction
 Follow reactions through time
 Very expensive computationally 
 ~n×100 atoms; ~15×15×15 Å periodic box; 

t ~ 10-50 ps

 H-exchange among surface sites occurs by a proton channel 
(wire) of H-bonds involving surface –OH- and H2O

 Rate of exchange is controlled by the rate of H2O rearrangement 
near the surface, not by individual H-exchange reactions

Particle Edges: Quantum (Ab Initio) Molecular 

Dynamics to Address Chemical Reactivity

H-bonding and proton exchange at the edges of clay particles

S.V.Churakov, Geochim. Cosmochim. Acta, 71, 1130-1144 (2007)
S.V.Churakov, Amer. Mineral., 94, 156-165 (2009)
X. Liu et al., Geochim. Cosmochim. Acta (2012, 2013, 2014, 2015)
S. Tazi et al., Geochim. Cosmochim. Acta, 94 1-11 (2012)

Aggregate of clay particles

Primary clay particle

Inter-particle pore

Interlayer pore
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Classical or Ab Initio Metadynamics –

A Possible Solution

Fictitious particle

Real system

Real potential
energy surface

Added Gaussians

spring

Products’ well Reactants’ well

Reaction coordinate, s

Gaussian  envelop   
feels

46
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Ab-initio Metadynamics

“Biased dynamics” through an extended Lagrangian formulation. 
Laio & Parrinello, PNAS, 99, 12562 (2002)

- the standard CP Lagrangian

- the “collective variable”

s – the position of the fictitious particle (reaction coordinate),
μ – its mass

O(4)

O(3)

O(2)

H(5)

H(6) C(1)
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Free Energy Surfaces for Dissociation of 

the Cis-Trans(2) - H2CO3 in the Gas-Phase

Kumar, Kalinichev & Kirkpatrick, J.Chem.Phys., 126, 204315 (2007)

H
2
CO

3

H
2
O + CO

2

ΔFa = 37.6 kcal/mol

O(4)

O(3)

O(2)

H(5)

H(6) C(1)
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Free Energy Surface of  Cis-Trans(2) - H2CO3 

Dissociation in Aqueous Solution

CO2 (aq.)

H2CO3 (aq.)

ΔF1 =  17.2 kcal/mol

ΔF2 =  18.1 kcal/mol
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H
3
O

+

Superimposed snapshots of H2O 
distribution from equilibrium MD

H
+

H
+

H+

OH
-

 A proton channel (“proton wire”) along the  H-bonding network 
facilitates the dissociation

 The “proton wire” could be as short as just 3 H-transfer events!
 Metadynamics calculation is hard to control if more then 2 

collective variable are used, which is inevitable for multiple H-
transfer events in aqueous environment

Mechanism of Cis-Trans - H2CO3 Dissociation 

in Aqueous Solution

Kumar, Kalinichev & Kirkpatrick, JPCB, 113, 794-802 (2009)
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S.Mutisya, A.G.Kalinichev, Minerals, 11, 509 (2021)

Reactivity of Supercritical CO2 with Portlandite

Surfaces (AIMD + Metadynamics)

Ca OH � � CO� ⟶ CaCO� � H�O

51
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Next Generation Force Field is Necessary for 

Large Scale MD Simulations

 How the structure and dynamics at the interface 
will change, if the surface is reactive, e.g., through 
H-transfer?

 What happens when the surface reactivity is very 
different at different sites?

 Quantum chemical treatment can be accurate, but 
it is computationally very expensive for complex 
systems, even with the next generation of high 
performance computers

 There are several approaches (e.g., ReaxFF), 
but no good solution yet

 Another possible compromise solution may be 
multi-state empirical valence bond (MS-EVB) 
parameterization (e.g., G.A.Voth, Acc.Chem.Res. 39,
143-150, 2006) 

Spagnoli et al., (2009)

Ohlin et al., (2009)
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Empirical Valence Bond (EVB) Approach 

to the Molecular Modeling of Reactive Aqueous 

Solutions
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 The symmetrical EVB N×N matrix 
consists of N diagonal elements (diabatic
states) and N(N-1)/2 off-diagonal 
“coupling terms”

 The matrix diagonalization yields the 
ground state potential energy surface and 
forces applied to each atom of the system
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Charged Ring Model of OH– in Aqueous Solution

 A hard massless ring is attached to the oxygen 
atom, and carries the atom’s negative charge

 As a result, water molecules mostly interact with 
the ring rather than with the oxygen atom

 Hydroxyl orientation is stabilized by the ring
 The negative charge is “spread”, thus effectively 

decreasing the ion’s coordination number
 The ring is shifted down from the oxygen atom 

to favor tetrahedral configuration of the 1st 
solvation shell

 Spatial distribution functions of the oxygen (red) 
and hydrogen (white) atoms of the OH– first 
hydration shell H2O molecules, (a) charged-ring, 
(b) point-charge OH– ion models. Ufimtsev et al., Chem. Phys. Lett. , 442, 128-133 (2007) 
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Ab Initio vs. EVB: Potential Energy
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An Example of a HO…H…OH Proton Hopping Event

 Under-coordinated 3-bonded environment of OH–(aq) is an important step 
facilitating the reaction

 Rearrangements of H-bonds in the second hydration shell are important in 
order to successfully complete the process

Total event 

duration: 
0.28 ps

Ufimtsev, Kalinichev, Martinez, Kirkpatrick,  PCCP, 11, 9420-9430 (2009)
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Time and Length Scales of Geologic and 

Environmental Materials’ Simulation

geologic 

scale

macroscopic

continuum

scale

microscopic

mesoscale

molecular

nanoscale

atomic scale

quantum

 Statistical mechanics
 Quantum chemistry

structure

concrete

mortar

paste

nanocrystals

 Continuum 
mechanics

 Macroscopic 
thermodynamics

 Reactive transport

 All materials are truly multiscale

 Need to keep in mind the big picture

 There are good models for each 
individual physico-chemical scale

 No strict boundaries between scales

 The real challenge is to overcome 
high barriers for linking the models 
from one scale to another
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Multiscale Problems & Approaches (I)

Weinberger, C. R.; Tucker, G. J.(Eds.) 
Multiscale Materials Modeling for 

Nanomechanics. Springer International 
Publishing, 2016, 554pp.
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Multiscale Problems & Approaches (II)

Marry, V.; Rotenberg, B., 
Upscaling Strategies for 
Modeling Clay-Rock 
Properties. In Developments 

in Clay Science, Tournassat, 
C.; Steefel, C. I.; Bourg, I. C.; 
Bergaya, F., Eds. Elsevier: 
2015; Vol. 6, pp 399-417.
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Multiscale Problems & Approaches (III)

Churakov, S. V.; Gimmi, T., 
Up-Scaling of Molecular Diffusion 
Coefficients in Clays: A Two-Step 
Approach. Journal of Physical 

Chemistry C 2011, 115, 6703-6714
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Multiscale Problems & Approaches (IV)

Ebrahimi, D.; Whittle, A. J.; Pellenq, R. J. M., Effect of polydispersity of clay 
platelets on the aggregation and mechanical properties of clay at the 
mesoscale. Clays and Clay Minerals 2016, 64, 425-437
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Multiscale Problems & Approaches (V)

Ebrahimi et al., Effect of polydispersity of clay platelets on the aggregation and mechanical 
properties of clay at the mesoscale. Clays and Clay Minerals 2016, 64, 425-437
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Multiscale Problems & Approaches (VI)

Suter, J. L.; Groen, D.; Coveney, P. V., Chemically specific multiscale modeling of clay-polymer 
nanocomposites reveals intercalation dynamics, tactoid self-assembly and emergent materials 
properties. Advanced Materials 2015, 27, 966-984
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Multiscale Problems & Approaches (VII)

Suter, J. L.; Groen, D.; Coveney, P. V., Chemically specific multiscale modeling of clay-polymer 
nanocomposites reveals intercalation dynamics, tactoid self-assembly and emergent materials 
properties. Advanced Materials 2015, 27, 966-984
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Zheng, Bourg (2023) 
ACS Nano, 17, 19211-19223
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From Nanoscale MD Simulations to the Prediction 

of Thermal, Mechanical, and Hydraulic Properties 

of Hydrated Clay on 106- and 1015-fold Larger 

Length and Time Scales

 Large-scale simulators rely critically on constitutive relations representing the THMC material properties 
of bentonite to predict the performance of bentonite buffers

 Empirical relations of previous studies were generally derived to fit individual experimental datasets
 Here, the insights gained from MD simulations and compilation of previous experimental results help to 

constrain the form of these empirical constitutive relations

Zheng, Bourg, ACS Nano, 17, 19211-19223 (2023)
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Nonadditivity & Collective Motions (I)

Silvera Batista, C. A.; Larson, R. G.; Kotov, N. A., Nonadditivity of nanoparticle 
interactions. Science 2015, 350, (6257)

67

NE-M1-PRI12ENP – Integrated Nuclear Engineering Project, February-June 2025
“Molecular modeling of materials for nuclear waste disposal applications”

Nonadditivity & Collective Motions (II)

Belonoshko, A. B.; Lukinov, T.; Fu, J.; Zhao, J.; Davis, S.; Simak, S. I., Stabilization of body-
centred cubic iron under inner-core conditions. Nature Geoscience 2017, 10, 312-317
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Problems & Priorities

 Quantitative analysis of the structure and dynamics 
of irregularly shaped interfaces 

 Slow processes & rare events (on the MD scale)

 Chemical reactivity on the relatively large time- and 
length- scales (reactive FF, QM-MM)

 Upscaling MD to meso- and macro- scale (multi-scale 
approaches, coarse-graining, etc.)

 Collective / cooperative effects
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 Molecular computer modeling is a powerful tool to study many nano-
scale phenomena in clay and cement chemistry, geochemistry, materials 
science, and environmental chemistry, complementary to other 
experimental physical and chemical methods already widely used to 
characterize properties of materials and their aqueous interfaces

 Molecular simulations are able to qualitatively, and often quantitatively, 
reproduce and predict the structure and properties clay and cement 
phases and their interfaces with aqueous solutions 

 The ability to improve our physical understanding of the complex 
physical and chemical behavior of these systems and to unravel many 
fundamental atomic- and molecular-scale correlations between their 
structural, transport, spectroscopic, and thermodynamic properties is the 
most important and valuable feature of these techniques

 Being neither pure theory, nor pure experiment, such “computer 
experiments” can greatly stimulate the development of both theoretical 
and experimental studies of clay/water interfaces in the near future

Conclusions and Outlook (I)

5
0
 n

m
N

i 2
+



36

71
NE-M1-PRI12ENP – Integrated Nuclear Engineering Project, February-June 2025

“Molecular modeling of materials for nuclear waste disposal applications”

 Close collaboration between 

experimental and molecular 

modeling approaches is necessary

 New more powerful peta- and 

exa- scale supercomputing 

facilities are becoming extremely 
helpful in allowing to address the 
observed phenomena at much larger 
geochemically and environmentally 
relevant time- and length- scales

Bright future ahead!

Conclusions and Outlook (II)

 Good consistency of MD-simulated  results with X-ray, NMR, INS, QENS measurements

 Simulations with larger more realistic and diverse models of reactive mineral-water 
interfaces are necessary

 New quantitative multi-scale approaches need to be developed
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Questions for the final paper / report on one of the ~26 topics, 

e.g., 1 – clays; 2 – cement; 3 – TiO2 surfaces; 4 – corrosion; 

5 – organics, etc. https://moodle.imt-atlantique.fr/course/view.php?id=407#section-11
(Please use only as a guidance)

 What molecular modeling method was used and why?

 Was it a fully atomistic simulations, or some simplified models were used?

 What other approximations were used in the modeling?

 What was the number of particles in the simulations? Was it big enough for the specific 
problem? Was it small enough to make the simulations computationally efficient?

 How long-range electrostatic interactions were handled in the simulations? Was it important for 
the given problem?

 What kind of boundary conditions were applied to the simulation box? Why?

 What properties of the system were calculated from the molecular simulation? 

 Make a qualitative assessment of the accuracy for the calculated properties given the number 
of atoms in the simulated system and the duration of the simulation.

 What other properties would you additionally calculate from the same simulations for the same 
system?

 Formulate 2 or 3 strong points of the given molecular simulation paper and 2 or 3 weak points 
of the paper.
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