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Computational-exploration of  MOFsfor 

CO2 capture
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UMR 5253 CNRS, UM, ENSCM Institut Universitaire de France
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Motivation

Molecular simulations :
Force-field & DFT              

based-computationaltools

Molecularmodellingappliedto MOFsfor CO2 capture

Molecular simulations :

ἢForce-field-basedMonte 

Carlo & MolecularDynamics

ἢDensityFunctionalTheory

Experiments :
Fromthe synthesistowards

the determination & the in 
situ characterizationof  

theirperformances

Synergy

(i) Tuning the chemical/structural featuresof  existingmaterialsfor 

targetedapplications 

(iii) Envisioning new directions in the fieldof  separationfor a 

potentialoptimizationof  the currentprocesses

(ii) Guding the synthesisof  novelMOFs
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MIL for Materials of  Institute Lavoisier

3.6 Å

3.3 Å
AlO4(OH)2 

1,4 BDC

MIL-53 Narrow pore

+

AlO4(OH)2 

1,3 BDC

MIL-53(Al)

Low S(CO2/N 2)~ 3.5 Å  pore size

L. Hamon et al, J. Am. Chem. Soc. 2009

DV=40%

1. TuningMOFsfor CO2 capture
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3.6 Å

3.3 Å
AlO4(OH)2 

1,4 BDC

MIL-53 Narrow pore

BDCïBenzene Dicarboxylate

+

AlO4(OH)2 

1,3 BDC

MIL-53(Al)

Low S(CO2/N 2)

1,4 BDC

NDC

NDC

Binding Energy = -13.2 kJ/mol

BDC

Binding Energy = -5.4 kJ/mol

quantum calculations

M05-2X Hybrid-meta 

GGA functional

Stronger Ǯ...Ǯinteractions 

~ 3.5 Å  pore size

MIL for Materials of  Institute Lavoisier

L. Hamon et al, J. Am. Chem. Soc. 2009

>

DV=40%

1. TuningMOFsfor CO2 capture
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Structure model for MIL-53(Al)-NDC

~ 3.2 Å  pore size

Ligand replacement

MIL-53(Al) DFT*-optimized structure

Molecular sieving effect?

*PBE/MOLOPT  (CP2K)/ D3 Dispersion correction

~ 3.5 Å  pore size

1. TuningMOFsfor CO2 capture
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DFT a b c ǟ Ǡ ǡ Cell volume 

MIL -53 (NDC) Empty 24.598 7.530 6.547 90 106.9 90 1160.6

CO2 loaded

MIL -53 NDC
24.658 7.862 6.603 89.74 107.20 90 1222.8

Structure models of  MIL -53(Al)-NDC@CO2 :                                                                 

DFT predictions

Onlya smallexpansion of  the structure uponCO2 adsorption

1160.6 Å3 1222.8 Å3

DV=5%

CO2 Saturation capacityfrom GCMC simulations
DFT : CP2K PBE functional & TZVP/DZVP -

MOLOPT basis set & D3 dispersion correction

1. TuningMOFsfor CO2 capture
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DFT vsPXRD a b c ǟ Ǡ ǡ Cell volume
Volume 

change

MIL -53 (NDC) Empty 24.586 7.726 6.743 90 106.5 90 1156.6

MIL -53 (NDC) Empty 24.598 7.530 6.547 90 106.9 90 1160.6

MIL -53 NDC(Cr)                  

1bar CO2

24.399 7.475 6.759 90 104.8 90 1191.6 3%

CO2

MIL -53 NDC
24.658 7.862 6.603 89.74 107.20 90 1222.8 5%

Structure models of  MIL -53(Al)-NDC@CO2 :                                                                 

DFT predictions vs in situ PXRD

Onlya smallexpansion of  the structure uponCO2 adsorption

1. TuningMOFsfor CO2 capture
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CO2@MIL -53 (Al) NDC

0 1 2 3 4 5 6

0,0

0,5
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Dry structure

CO
2
 loaded structure
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2
 U
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)

Pressure (in Bar)

Dry

CO2 loaded structure

N 2@MIL -53 (Al) NDC

Adsorption/Co-adsorption : Grand Canonical Monte Carlo calculations

Negligible N2 uptake in both forms

CO2/N 2 mixture(15/85, 1 bar, 298 K) : H igh PredictedCO2/N 2 Selectivity

EmptyStructure: S(CO2/N 2)ĄÐ
CO2 loadedStructure: S(CO2/N 2) ~5000

298 K 298 K

Empty

Empty

1. TuningMOFsfor CO2 capture
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CO2@MIL -53 (Al) NDC N 2@MIL -53 (Al) NDC

Adsorption/ Coadsorption: GCMC simulations vsExperiments
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Pressure (in Bar)

Dry structure

Gravimetry

CO
2
 loaded structure

Ą For CO2 : very good agreement experiment-simulation                                  

(amount adsorbed & shape)

Ą For N2 : confirmation of  a very small predicted uptake 
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Dry

CO2 loaded structure

Gravimetry: not detectable

IAST thermodynamicmodel :  confirmation of  the veryhighSelectivity

298 K 298 K

Prakash et al, to besubmitted

Empty

Empty

1. TuningMOFsfor CO2 capture
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AlO4(OH)2 

1,4 BDC

+

50 %

BipyridinePyrazine

50 %

Computational Tuning of  SIFSIXs: Structure prediction by DFT*

50 %
~ 5.4 Å  pore size

~ 4.0 Å  pore size

*Full celloptimization, PBE/MOLOPT  (CP2K)/ D3 Dispersion correction

Bipyridine-4F

50 %

Pyrazine

+
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6

CuSiF6

1. TuningMOFsfor CO2 capture
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CO2 uptake @SIFSIXs-Cu

Adsorption : Grand Canonical Monte Carlo simulations

ĄIncrease of  CO2 uptake (4 mmol/g, 1 bar), a high affinity for CO2 (-

40 kJ/mol)

298 K

CO2 Enthalpy @SIFSIXs-Cu
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7

Pyrazine/Bipyridine -4F vsPyrazine

1. TuningMOFsfor CO2 capture
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Co-adsorption : Grand Canonical Monte Carlo calculations

0 2 4 6 8 10

0

50
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 SIFSIX-Cu-bipy

 SIFSIX-Cu-bipy-Pyraz

 SIFSIX-Cu-bipy-Pyraz-4F

Pressure / bar

S
(C

O
2
/N

2
)

S(CO2/N 2) @SIFSIXs-Cu (mixture 15/85)-298 K   

Paperin preparation

ĄIncrease of  CO2 uptake (4 mmol/g, 1 bar), still a high affinity for 

CO2 (-40 kJ/mol) & a high Selectivity S (CO2/N 2)å400-500 at low P

Pyrazine/Bipyridine -4F vsPyrazine

« Refined» adsorbent for CO2 capture  

1. TuningMOFsfor CO2 capture
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KAUST-8 : Fluorinated AlFFIVE-1-Ni 

Porous framework: 

Ą Square-shaped 1D small pore channel: molecularsievingfor CH4

Ą Potential adsorption sites for H2O & CO2:

1. Periodic array of  Al(III) CUS sites  

2. Fluorine moieties 

Ni(II) -pyrazine2-periodic 

square grid-layers

with AlF5 inorganicpillars

9

1. TuningMOFsfor CO2 capture
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Ą Identification of  the adsorption sites for CO2 & H2O as 

single components & mixture

Periodic DFT calculations

Distinct adsorption sites for the guests: 

V(A) CO2 : interactions with F-atomsof pillars

V(B) H2O in the vicinityof  the AlF5 inorganicnode(CUS sites)

V(C) Samescenario for the co-adsorption  
10

1. TuningMOFsfor CO2 capture
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Periodic DFT calculationsvs Single crystalXRD data 

Confirmation of  the potentialconcomitant adsorption of  CO2

& H2O in distinct sites

DFT Single crystalXRD

Breakthroughtests: selectivecapture of  CO2 & H2O from

naturalgas

Science, 356, 731, 2017 11

1. TuningMOFsfor CO2 capture
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Periodic DFT calculationsvs Single crystalXRD data 

Confirmation of  the potentialconcomitant adsorption of  CO2

& H2O in distinct sites

DFT Single crystalXRD

Breakthroughtests: selectivecapture of  CO2 & H2O from

naturalgas

Science, 356, 731, 2017 11

1. TuningMOFsfor CO2 capture



U
M

R
 5

2
5

3
 -

In
s
ti
tu

t 
d

e
 C

h
im

ie
 M

o
lé

c
u
la

ir
e

 

e
t 
d

e
s
 M

a
té

ri
a

u
x
 d

e
 M

o
n

tp
e

lli
e
r

22

Determine	SBUs	&	Modify	
S cky	Atoms	

Insert	SBUs	into	a	random	
Unit	Cell	

Correct	Ra o	Present?	

Monte	Carlo	Move	 Unit	Cell	Adjustment	
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Geometric	and	Unit	Cell	
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Print	Structure	
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2. Guidingthe synthesisof novelMOFs

AutomatedAssemblyof SecondaryBuilding Units
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2. Guidingthe synthesisof novelMOFs

AutomatedAssemblyof SecondaryBuilding Units
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S cky	Atoms	

Insert	SBUs	into	a	random	
Unit	Cell	

Correct	Ra o	Present?	

Monte	Carlo	Move	 Unit	Cell	Adjustment	

All	S cky	Atoms	Bonded	

Geometric	and	Unit	Cell	
Minimiza on	

Print	Structure	
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ǒInsert them in the unit cell

ǒDefine ά{ǘƛŎƪȅέ ŀǘƻƳ ōƛƴŘƛƴƎ ǎƛǘŜǎ ƻƴ ŜŀŎƘ {.¦ 

Á Rotation
Á translation 
Á partial/full regrowth

Á Constant temperature
Á Simulated annealing
Á parallel tempering

( )TorsionBendingBondingLJTotal EEEEE 4321 wwww +++=

ǒMinimization of a cost function

Á Fixed SG or P1
Á Experimental or free cell parameters      

ǒSBUs randomly move within the unit 
cell and connected by ǘƘŜ άStickyΩ  ŀǘƻƳǎ
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