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Motivation: In-situ Upgrading of Oil Sands via MCNPs

P. Pereira,  Can. J Chem. Eng. 2012, 90 (2), 320

Hyeon et al. J Am 
Chem Soc 1996, 118 
(23), 5492

2-3 nm MCNPs

Substituted PAHs

Benzene

Hydrogenation
Hydrocracking
Hydrodesulphurization
Hydrodenitrogenation

ü Save water

ü Save energy

ü Save the environment
Goal: understand the chemistry in the oil 

reservoir
Inter-American Collaboration 
in Materials Research (CIAM)
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Outline
Benzene hydrogenation mechanism: [Adsorption of 
Cyclic C6H6, C6H8, C6H10 and C6H12 on the (0001) 
surface of α-Mo2C]
Parameterizing a faster quantum mechanical 
method: [DFTB Parameterization of Mo, C, H, O and 
Si]
The role of entropy and the environment: 
[Molybdenum Carbide Nanocatalysts at Work in the in-
situ Environment: a DFTB and QM(DFTB)/MM Study]

X. Liu, D. R. Salahub et al, J Phys Chem C 2013, 117 (14), 7069
X. Liu, D. R. Salahub et al, Theor.Chem.Acc., 2016, 135:168, 1-14 
X. Liu, D. R. Salahub et al, J Am Chem Soc 2015, 137, 4249 5
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KS-DFT Choices  - deMon2k

•Exact
•Fitting
•Multipoles

•Gaussians
•Slaters
•Numerical Functions
•Plane waves
•APW etc.

•L(S)DA
•GGA
•Hybrid
•AC
•LAP,TAU
(meta-GGA)
•OEP

(-1/2 ∇2 + Vne + VC  + VXC) fi
KS = ei

f
i
KS

Exc ,   vxc = δExc /δρ

ĤΨ = EΨ      E = E[ρ(r)]



C6H7 C6H8 C6H9 C6H10 C6H11

Benzene Hydrogenation Reaction Intermediates
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cluster model Mo38C19

Adsorption of C6H6, C6H8, C6H10, 

C6H12

PBE/RMCP(DZVP)/GEN-A2/Dispersion
X. Liu, D. R. Salahub et al J Phys Chem C 2013, 117 (14), 7069

9



C6H6 12-C6H8 1234-C6H10 C6H12

Thermodynamically Stable Adsorption 

Configuration
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What are missing from the DFT studies?

Ø The topology (shape) of the real active sites on 
MCNPs;

Ø The electron delocalization over the real 
nanoparticles;

Ø The reaction barriers

An even faster method is needed!
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DFTB Benchmarking: Reaction Path Energies

X. Liu, T. Heine, and D. R. Salahub In preparation
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673K!

Entropy?  The in-situ Environment?
Something is still missing!

Can we ignore the entropies of the 
transition metal containing nanoparticles 

and the solvent  in understanding 
heterogeneous catalytic reactions at high 

temperature?
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A 1.2 nm MCNP embedded in 100 benzene 
molecules

The QM/MM Model
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QM/MM Umbrella Sampling (a typical window)
Addition of the 1st hydrogen
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The Second Hydrogenation Reaction

States E(QM-NEB) U(QM-Thermal) A(QM-Thermal) A’(QM/MM-US) A’- A

R(QM-NEB) 0.0 0.0 0.0 0.0 0.0
TS 31.5 27.3 26.1 33.8 7.7
P 23.0 23.7 23.0 10.9 12.123



Final Remarks - important concepts

ü Benzene hydrogenation on molybdenum carbide:
Langmuir-Hinshelwood mechanism.

ü MCNPs: metallic nanoparticles.
ü The key to improve the catalytic activity:

controlling the morphology of the MCNPs.
ü The MCNPs are flexible under working conditions.
ü The entropic (including anharmonic entropy) effect

and the solvent environment are crucial.
ü Nanoparticles are neither clusters nor bulk
ü Need a new paradigm for nanocatalysis that includes

flexibility, anharmonicity and entropy

24



How to choose/find reaction coordinates (collective 

variables)?

Groupe théoriciens, LCP, Orsay, October 3, 
2018

?



QM/MM Umbrella Sampling (a typical window)
Addition of the 1st hydrogen
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The Second Hydrogenation Reaction

States E(QM-NEB) U(QM-Thermal) A(QM-Thermal) A’(QM/MM-US) A’- A

R(QM-NEB) 0.0 0.0 0.0 0.0 0.0
TS 31.5 27.3 26.1 33.8 7.7
P 23.0 23.7 23.0 10.9 12.128



A sampling of enhanced sampling methods

1. Umbrella sampling (Torrie, Valleau, 1977)
2. Transition path sampling (Bolhuis, Chandler, 1998)
3. Replica exchange (Parallel tempering) (Sugita, 1999)
4. Meta-dynamics (Laio, Parrinello, 2002)
5. String method (Vanden Eijnden, 2002)
6. Path collective variables (Parrinello, 2007)
7. Adaptive Biasing Force (Pohorille, 2008, Klein, 2010)
8. Free-energy without CVs (Laio, 2018)
9. Time-lagged autoencoders/deep learning (Noé, 2018)
10. CV discovery with deep Bayesian models (Schöberl, 

2018)
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