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Introduction

• Why to use a simulation
• Some examples of questions we can 

address
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Molecular Simulations

•Molecular dynamics: 
solve equations of motion

•Monte Carlo: 
importance sampling

• Calculate thermodynamic 
and transport properties 
for a given intermolecular 
potential
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Uses of Molecular Simulations

The idea for a given intermolecular potential 
“exactly” compute the thermodynamic 
and transport properties of the system

We assume the 
interactions between 

the particles are known! 

Exact= in the limit of 
infinitely long simulations 
the error bars can be 
made infinitely small

Pressure
Heat capacity

Heat of adsorption
Structure

….Diffusion coefficient
Viscosity

…

If one could envision an 
experimental system of 
these N particles that 
interact with the potential.
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Why Molecular Simulations

Paul Dirac, after completing his formalism 
of

quantum mechanics: “The rest is 
chemistry…”. 

This is a heavy burden the shoulders of 
“chemistry”: 
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Intermolecular potential
The intermolecular potential can:

• Mimic the experimental system as 
accurate as possible:

• Replace experiments (dangerous, 
impossible to measure, expensive, …)

• Make a model system:
• Test theories that can not directly be 

tested with experiment 
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If we know/guess the “true” intermolecular 
potential
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Example 1: Mimic the “real world”
Critical properties of long chain 

hydrocarbons

To predict the thermodynamic properties (boiling points) 
of the hydrocarbon mixtures it is convenient 
(=Engineering models use them) to know the critical 
points of the hydrocarbons.
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Critical points of long chain hydrocarbons

Heptadecane
Pentane
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Hydrocarbons: intermolecular potential

United-atom model
• Fixed bond length
• Bond-bending
• Torsion
• Non-bonded: Lennard-Jones

CH3

CH3
CH2

CH2
CH2
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OPLS 
(Jorgensen) 

Model
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Vapour-liquid 
equilibria

Computational issues:
• How to compute 

vapour-liquid 
equilibrium?

• How to deal with 
long chain 
hydrocarbons?

Molecular dynamics: press 
enter and see …

Molecular dynamics: 
press enter and see …

But my system is 
extremely small, is 

the statistic reliable?

But C48 moves much slower 
than methane (C1). Do I 
have enough CPU time

Lectures on Free 
Energies and 

Phase Equilibrium

Lectures on 
advanced Monte 

Carlo
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Critical Temperature and Density 

Nature 365, 330 (1993).
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Example 2:
Computational Carbon Capture
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Carbon Capture and Sequestration

15Monday, January 6, 14



Amines

+ 2 + 

in water: 

MEA 

Flue gas:
0.7 bar N2
0.1 bar CO2

•  Large amounts of pure 
water required

• ~30% energy penalty for 
regeneration
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Metal Organic Frameworks

• BET surface areas up to 6200 
m2/g

• Density as low as 0.22 g/cm3

• Tunable pore sizes up to 5 nm
• Channels connected in 1-, 2-, or 

3-D 
• Internal surface can be 

functionalized
• BASF production on ton scale 

Zn4O(1,4-benzenedicarboxylate)3
MOF-5
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Computation Challenge
Chemical Flexibility of MOFs

• We can change the metal: Fe, Mg, Ca, Zn, Cu, etc
• We can change the linker
• We can change the pore topology

Out of these many many millions of structures, which 
one is the best for Carbon Capture?

crb dft sod mer rho
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Separating CO2

Partial pressure

lo
ad

in
g

CO2/N2
N2

CO2

CO2

N2

desorption

adsorption
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0.15 atm

Working capacity & Henry coefficient

Flue gas at 
40ºC

desorption T

Partial pressure

lo
ad

in
g

1.0 atm

working 
capacity

Slope: Henry 
coefficient
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0.15 atm

Increasing the working capacity: temperature

Flue gas at 
40ºC

desorption Td

Partial pressure

lo
ad

in
g

1.0 atm

T≪Td
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0.15 atm

Increasing the working capacity: pressure

Flue gas at 
40ºC

desorption Td

Partial pressure

lo
ad

in
g

1.0 atm

Pd ≪ 1atm

We can increase the working capacity, but at which cost?
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Performance metric: parasitic energy
Energy penalty for Carbon Capture and Sequestration: 
compression work and the heating energy:
• Heating energy (Q): heat necessary to regenerate a given 

sorbent:
• Sensible heat: heats and cools bed. Provides driving 

force to produce CO2

• Desorption heat: desorbs CO2 (equal to heat of 
adsorption, Δh).  

Sensible heat requirement Desorption heat requirement

• Compressor work (Wcomp): Work to compress CO2 to 150 bar 
(for transport)

• Parasitic energy calculated by discounting the heat 
requirement by the Carnot efficiency to simulate the effect 
of taking steam from a steam cycle 

( )compcarnoteq WQW +⋅= η75.0
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•  180 Known structures
• >3.000,000 

hypothetical structures
• Which is the best for 

carbon capture?

Zeolites

24Monday, January 6, 14



Zeolites for Carbon Capture

Equivalent Energy 
for those all silica 
structures with 
experimental data

What is the best structure?

What is the lowest energy?
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Zeolites (MFI)

Open: simulations
Closed: experiments

(E. García-Pérez et al. Adsorption (2007) 13: 469–476)

N2

CO2
472 Adsorption (2007) 13: 469–476

Fig. 2 Computed (Sim) and measured (Exp) adsorption isotherms of
CO2 and N2 in MFI-type zeolite. Previous experimental (Choudhary
and Mayadevi 1996; Hirotani et al. 1997; Sun et al. 1998; Zhu et al.
2006) and simulation (Goj et al. 2002) data are included for comparison

with experiments in all range of pressures. The small dis-
crepancies between our results and the experimental values
are attributed to the Si/Al ratio of the MOR structures used
in the experimental measurements. Simulations were per-
formed for pure silica MOR whereas experimental data for
methane and CO2 were obtained for H-MOR with Si/Al = 6
and 7 protons per unit cell, and experimental data of N2 were
obtained for Na-MOR with Si/Al = 20 and 2 sodium cations
per unit cell.

Figure 3b compares the simulated isotherms of CO2,
CH4, and N2 in CHA with the experimental isotherms of Li
et al. (2004) for SAPO-34—an isotype of CHA—proving
very good agreement up to the range of pressures used for
the experimental isotherms. The computed values for N2 are
also in excellent agreement with previous data of Grey et al.
(2001).

Besides computing the adsorption of pure components in
various zeolites, we have performed simulation on mixtures
of the selected gases. Figure 4 shows the obtained adsorp-
tion isotherms for equimolar mixtures of CO2/N2 in MFI at
308 K (Fig. 4a) and the computed adsorption selectivity for
the equimolar and the 10:90 CO2/N2 bulk mixture in MFI
at the same temperature (Fig. 4b). Similar calculations were
performed for ITE (50:50 bulk mixture) and ISV (50:50 and
10:90 bulk mixture) at 498 K and 308 K, respectively. The
resulting simulation data are shown in Fig. 5. The selectiv-
ity is defined as the ratio of adsorbed molar fraction over
bulk molar fraction. Our results are consistent with the pre-
vious atomistic results of Goj et al. (2002) proving for all the
structures the preferential adsorption of CO2 over N2. The
preferential adsorption of carbon dioxide is partially due to
its large quadrupole moment that strengthens the adsorbate-
adsorbent Coulombic interactions, thereby increasing the

Fig. 3 Computed adsorption isotherms of CO2, CH4, and N2 in (up-
per panel) MOR-type zeolite and (lower panel) CHA-type zeolite
at several temperatures. Available experimental data are included for
comparison (Delgado et al. 2006; Grey et al. 2001; Li et al. 2004;
Webster et al. 1999)

adsorption in the structure. Similar behaviour can be there-
fore expected during the adsorption of CO2/CH4 mixtures
and the obtained results in MFI and DDR structures are
shown in Fig. 6. The simulated isotherms are in concordance
with previous experimental results (Babarao et al. 2007;
Zhu et al. 2006), as shown in Fig. 6a. The adsorption se-
lectivity is favorable for CO2 in both cases and is nearly
constant with increasing pressure. The adsorption of CO2
is almost unaffected by the presence of nitrogen, but N2
adsorption is extremely sensitive to presence of CO2. Fig-
ure 6b shows the isothermal-isobaric (100 kPa) gas phase
adsorbed diagram for the mixture methane and carbon diox-
ide on DDR (298 K) and MFI (313 K). Our results indicate
a fast rise in the mole fraction of CO2 in adsorbed phases at
low CO2 fraction in gas phase. This behavior has also been
observed by Himeno et al. (2007) and Harlick and Tezel
(2003) in DDR and MFI respectively and is attributed to the
dominant CO2 adsorption in the binary system. Our results
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All known zeolites
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What is the best zeolite structure?

Deem et al. J. Phys. Chem. C 2009, 113, 21353.

Hypothetical zeolites
~2.7 106 unique structures were enumerated, with roughly 10% within the 
+30 kJ/mol Si energetic band above R-quartz in which the known zeolites lie
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GPU: one isotherm in 1 minute

CPU: one isotherm  5-10 days

J. Kim and B. Smit, J. Chem. Theory 
Comput. 8 (7), 2336 (2012) 

GPU
trade-off between memory, # threads, and work load
• Energy calculation in parallel
• Monte Carlo in parallel for different pressures

How to predict 1 million isotherms?

-  Less than 20 cores 
-  Designed for general programming 

CPU 

Control  
Logic ALU 

Cache 

DRAM 

-  More than 500 cores 
-  Optimized for SIMD (same-
instruction-multiple-data) problems 

GPU 

ALU 
DRAM 
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Screening: zeolites

Screening: > 300,000 structures
Identified many structures with a significantly lower 
parasitic energy compared to the current technology
L.-C. Lin,  et al, In silico screening of carbon-capture materials Nat Mater 11 (7), 633 (2012)
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Example 3: make a model system
Question: are attractive interactions needed to 

form a solid phase?
YES:

• Attractive forces are needed for vapour-
liquid equilibrium

• Theories predict this ..

BUT: 
• There no molecules with only attractive 

interactions

How to test the theory?

My theory is RIGHT: 
but this experimentalist 

refuses to use 
molecules that do not 

have any attractive 
interactions

Your theory is WRONG 
it disagrees with the 

experiments
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But we can simulate hard spheres ..

• Bernie Alder carried out 
Molecular Dynamics simulations 
of the freezing of hard spheres

• But, …. did the scientific 
community accept this 
computer results as 
experimental evidence …

• … during a Gordon conference 
it was proposed to vote on it 
…

• … and it was voted against the 
results of Alder
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Experiments are now possible

.. But not on 
molecules 

but on colloids:

From the following article:

A colloidal model system with an interaction tunable from hard sphere 
to soft and dipolar
Anand Yethiraj and Alfons van Blaaderen
Nature 421, 513-517 (30 January 2003)
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Molecular Dynamics

• Theory:

• Compute the forces on the particles
• Solve the equations of motion
• Sample after some timesteps

 

r1

MD

r2rn

34Monday, January 6, 14



35

Monte Carlo

• Generate a set of configurations with the 
correct probability

• Compute the thermodynamic and transport 
properties as averages over all configurations

MC

r1
r2

What is the correct probability?
Statistical Thermodynamics

How to compute these 
properties from a simulation?
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Classical and Statistical Thermodynamics

Problem: we have a set of coordinates and 
velocities -what to do with it?
• Statistical Thermodynamics

• The probability to find a particular 
configuration

• Properties are expressed in term of averages

• Free energies

• Thermodynamics: relation of the free 
energies to thermodynamic properties  
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