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An international collaboration network



Research is conducted 
by a multidisciplinary 

team of physicists, 
chemists, and 

engineers

Frontier research in six major areas
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Following complex chemical reactions with operando in silico techniques 

Molecular dynamics

Zeolites
Metal-organic frameworks 

(MOFs)

Chemical transformations and catalysis in nanoporous materials
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Inorganic chemistry Organic chemistry

Metal ions or clusters Organic molecules

Inorganic chemistry
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Metal-organic frameworks are hybrid materials
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Metal-organic frameworks are hybrid materials
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More than 10000 distinct MOF structures exist!



NU-110: 4.4 ml g-1 pore volume
7140 m² g-1 surface area

~ 40 g of NU-110 has the same surface area 
as all the 160 floors of the Burj Khalifa
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MOFs exhibit many attractive properties,
such as their high porosity

J. Hupp et al., J. Am. Chem. Soc. 134 (36): 15016-15021, 2012
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This gives rise to a large variety of possible MOF applications



Chemical and physical processes in MOFs

Chemical processes

Physical processes



Experimental 
results

Exact results for 
given model

Theoretical 
predictions

How does molecular modeling fit in?

Perform
experiments

Run computer
simulations

Construct
approximate

theories

Test of models Test of theories

Real material Model material

M.P. Allen and D.J. Tildesley, Computer simulations of liquids, 1989

Explanation, prediction 
and design



MOF 
pellets

MOF
crystals

MOF
cells

bond
lengths
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Computational modeling at the nanoscale

The macroscopic properties of a material are determined
by the fundamental interactions on the nanoscale 
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The potential energy is a central quantity

The PES determines the energy of a system as a function 
of a well-chosen set of parameters, e.g. the nuclear coordinates
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Which path is the easiest?
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Which path is the easiest?



N = 1 N = 3 N = 30 N > 1000 !!

The complexity of the PES dramatically increases with the number of atoms

Oxygen
molecule

Water Benzene Small simulation cell

Number of atoms

18

The PES is a highly dimensional function

RN:





Towards operando description
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Towards operando description



Molecular modeling methods

The selection of the 
appropriate model 

depends on 
the time and length 

scale of the phenomena 
under study

22



Time-independent 
Schrödinger equation

electrons

nuclei
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Quantum mechanical approach: the Schrödinger equation



Molecules are described as a set of classical spheres and springs 
which imitate the interactions provided by quantum chemistry laws 
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Classical approach: force fields



μs
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How large are the systems we can model today?  
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Access to large-scale computer programs



Licenses for 
major simulation packages

Dedicated in house developed software
Made available open source at

https://molmod.ugent.be/software

Zeobuilder MD-TracksHiPart

QuickFF

TAMkin

Yaff, MolMod, Con3F, …

Access to large-scale computer programs
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Access to large-scale computer facilities: the HPC

• CMM is one of the largest users of tier-2 and tier-1 
HPC

• 35 frequent users

• A lot of number-crunching

• Heavily involved in pilot-user phases: testing and 
benchmarking codes/clusters

• Pushing machines to their limits

• Co-investor in central HPC infrastructure

28

High-end infrastructure necessary to stay competitive 
in our research field



Fundamental role of HPC in highly competitive research



Different types of jobs

job type 1: large static calculations

limiting factor: RAM memory

e.g. RPA on 76-atom MOF – 26 TB, 2800 cores

J. Wieme, K. Lejaeghere et al., Nat. Commun. 2018
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Different types of jobs

job type 2: high-throughput calculations

limiting factor: core hours + storage

e.g. high-throughput simulations on 14 MOFs
576 core hours (x700), 78 GB storage 

P.Z. Moghadam, S.M.J. Rogge et al., 
Joule, 2019, in revision. 
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Different types of jobs

job type 3: dynamic calculations

limiting factor: wall time + storage

e.g. dynamic behavior of UiO-66 
[50k steps, 16k core hours, 8 GB] x 36

J. Hajek, et al. Chemical Science, 2018

Jo
b

s



Chemical processes in MOFs



ACTIVE SITE

Catalysis in MOFs
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Reactants Products

Activation energy barrier

35

Reaction without a catalyst
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Reactants Products

36

36

Activation energy barrier

Reaction with a catalyst
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A catalytic reaction: a path between different minima on the PES
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A catalytic reaction in nanoporous materials



ΔG
‡

Adsorbed

reactants

Adsorbed

products
TS

 ΔGads

 ΔGf

Without

catalyst

Construction of a free energy diagram
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Adsorbed
reactants

Transition
state

Adsorbed
products

Without
catalyst



Exploring the free energy surface at operating conditions 
using molecular dynamics methods

40

Molecular dynamics methods allow to explore the PES



Two main approaches to study reactions
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+

[C6H4(CO2)2]2-
[Zr6O4(OH)4]12+

UiO-66



Missing linker defects

Point defects
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Pristine brick
Zr6O4(OH)4

Partly dehydrated brick
Zr6O5(OH)2

- H2O

Fully dehydrated brick
Zr6O6

- H2O

250 – 300 °C
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Dehydration



Pristine brick
Zr6O4(OH)4

Partly dehydrated brick
Zr6O5(OH)2

- H2O

Method: Nudged elastic band

45

Dehydration mechanism

J. Hajek et al., Chemical Science, 2018
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Dynamic nature of UiO-66
Job type 3

Dynamic calculations
with extended 

time and/or length scale

J. Hajek et al., Chemical Science, 2018



Translation

Rotation

Method: Umbrella sampling, CV  = 0.9
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Dynamic nature of UiO-66
Job type 3

Dynamic calculations
with extended 

time and/or length scale

J. Hajek et al., Chemical Science, 2018



Missing linker defects

Point defects
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Interaction between material and solvent

Material SolventSolvated material

49

Ab initio MD simulation, PBE-D3, T = 298 K, p = 1 atm

Job type 3
Dynamic calculations

with extended 
time and/or length scale



Interaction between material and solvent
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Hydrogen bond configuration

51C. Caratelli et al., ChemPhysChem, 2017



Proton transport in solvent

52C. Caratelli et al., ChemPhysChem, 2017



Advanced MD: metadynamics

Metadynamics
T = 298 K, p = 1 atm
CP2K

CV =෍

i=1

n 1 −
ri
r0

n

1 −
ri
r0

m

53C. Caratelli et al., Chemical Science, in preparation



Physical transformations in nanoporous materials



Physical transformations in MOFs: pressure as a stimulus

Closed pore (CP)Large pore (LP)

pressure

temperature

Flexible MOFs, such as MIL-53(Al), undergo 
single-crystal-to-single-crystal phase transitions 

already at low pressures (< 100 MPa)

55S.M.J. Rogge et al., Acc. Chem. Res. 51 (1): 138-148, 2018



Rigid MOFs, such as UiO-66(Zr), undergo 
single-crystal-to-amorphous transitions 
only at elevated pressures (> 100 MPa)

AmorphousCrystalline

pressure

56S.M.J. Rogge et al., Acc. Chem. Res. 51 (1): 138-148, 2018

Physical transformations in MOFs: pressure as a stimulus
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Experimental investigation of flexibility

Physical transformations in MOFs: other stimuli

L. Vanduyfhuys et al., Nat. Commun. 9: 204, 2018
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Physical transformations in MOFs are activated processes,
requiring enhanced sampling methods

R. Demuynck et al., J. Chem. Theory Comput. 13 (12): 5861-5873, 2017
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A proper description of the PES is crucial to obtain quantitative results

Random phase approximation (RPA) to the correlation energy
to quantitatively predict the transition temperature in MIL-53(Al)

J. Wieme et al., Nat. Commun. 9: 4899, 2018

Job type 1
Large static calculations
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High-throughput screening of MOFs and COFs

J. De Vos et al., in preparation

Job type 2
High-throughput 

calculations
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Different types of spatial disorder are inherently present in MOFs 
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To model the different types of short-range spatial disorder,
nanometer-sized unit cells are sufficient

S.M.J. Rogge et al., Chem. Mater. 28 (16): 5721-5732, 2016

Job type 2
High-throughput 

calculations

Impact of defects on the mechanical stability of UiO-66(Zr)
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