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Cluster trees, near neighbor graphs, 
and continuum percolation

A statistical approach to topological 
data analysis

Topological Graphs for Data 
Analysis: Structure, Stability and 
Statistics

Minimal geodesics along volume 
preserving maps, through semi-
discrete optimal transport

The Materials Genome in Action

Triangulating manifolds

Zigzag persistence: New horizons in 
topological data analysis

Interactive visualization of high 
dimensional data: can we deal with
curse of dimentionality and failure 
of intuition?
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http://www.whitehouse.gov/mgi

“To help businesses discover, develop, and deploy new materials twice as fast, 
we’re launching what we call the Materials Genome Initiative. 
The invention of  silicon circuits and lithium ion batteries made computers 
and iPods and iPads possible, but it took years to get those technologies from 
the drawing board to the market place. We can do it faster.” 
-President Obama (6/11)

THE MATERIAL CODE
Machine-learning techniques could revolutionize 

how materials science is done.
B Y  N I C O L A  N O S E N G O

FEATURENEWS

2 2  |  N A T U R E  |  V O L  5 3 3  |  5  M A Y  2 0 1 6
© 2016 Macmillan Publishers Limited. All rights reserved

Nature 533, 22–25 (05 May 2016)
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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



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 a given applications?

crb dft sod mer rho



> 3,000,000
materials





Can we predict the performance of a material before its synthesis?

coordinates of the center of all rods must remain constant to
preserve the hexagonal packing of the crystal structure.

By imposing these constraints, we can establish the frame-
work of the unit cell by resolving the only two variables that can
change for any given ligand. Firstly, an SBU rod may shi in the
c-direction relative to its starting c-coordinates. Secondly, the
unit cell will expand by some fractional value in both the a and
b crystallographic directions. These variables we denote dC and
F, respectively. The c lattice parameter cannot increase or
decrease upon ligand exchange due to the connectivity of a 1-D
rodMOF. Thus, with L as an input, we can solve for the values of
F and dC that satisfy the three constraints of Fig. 5. A
continuum of (F, dC) solutions exist; if F increases for example,
dC must also change in order to maintain a xed length
between connection points on adjacent rods. The nal task is to
choose an (F, dC) from the set of solutions that yields the most
feasible crystal structure. This is accomplished by implement-
ing a 3D-point cloud tting of all carboxylic acid and phenolic
oxygen atoms on the terminal benzene rings to their known
connection coordinates on an SBU rod. The (F, dC) combination
that results in a point cloud tting with the lowest root mean
square displacement (RMSD) is selected as the optimal crystal
framework. Thus the structural assembly method is fast and
efficient, taking only a few seconds to generate all 61 hypo-
thetical MOFs, three of which are visualized in Fig. 6.

Geometry relaxations and partial atomic charge analysis

The geometries, including both cell parameters and atomic
positions, of the 61 hypothetical MOF-74 analogs generated
from the aforementioned procedure are optimized at DFT level
of theory, using the PBE functional,30 together with Grimme's
D3 dispersion correction31 with the Axilrod–Teller–Muto three-
body terms. The optimized lattice parameters of the original
Mg-MOF-74, a ¼ 26.17 Å and c ¼ 6.95 Å, are in good agreement
with experimental values (a ¼ 25.92 and c ¼ 6.86).32 Similar
settings were used in our previous studies on MIL-53 and UiO-
66 type MOFs,33–35 in which good agreement with experimental
structural and calorimetric data was obtained. All periodic DFT
calculations were performed using the CP2K code which uses
a mixed Gaussian/plane-wave basis set.36,37 We employed
double-z polarization quality Gaussian basis sets and a 400 Ry

plane-wave cutoff for the auxiliary grid, in conjunction with the
Goedecker–Teter–Hutter pseudopotentials.38,39 A convergence
threshold of 1.0 " 10#6 Hartree was used for all self-consistent
eld calculations. The structural optimizations were considered
converged if the maximum force on all atoms falls below
0.534 kcal mol#1 Å#1 (4.5 " 10#4 hartree per bohr). All calcu-
lations were performed with the G-point approximation using
a 1 " 1 " 2 multiplication of the hexagonal primitive cell.

The partial atomic charge analysis was performed at the
relaxed geometry, using the REPEAT method of Campañá
et al.,25 which was recently implemented into the CP2K code
based on a restrained electrostatic potential framework.40 Our
implementation of the REPEAT method in the CP2K code
makes it possible to perform seamless geometry optimization
and accurate partial atomic charge analysis of porous materials
in the same soware package. In addition, the parallel algo-
rithms signicantly accelerate the partial atomic charge anal-
ysis of large systems, for which the computational cost scales
cubicly with the cell length and density of grid points used for
the electrostatic potential tting. The REPEAT method calcu-
lates partial atomic charges from electrostatic potentials
determined from DFT calculations, and only the grid points
outside the van der Waals (vdW) radii of each atom were
included in the tting. In our calculations, we have used the
vdW radii from the Universal Force Field (UFF),41 which were
also used by Campañá et al. in their original paper on the
REPEAT method,25 with a scaling factor of 1.0. No other
restraint was imposed during the REPEAT charge analysis. Our
implementation of the REPEAT method is available in the latest
released version of the CP2K code. A detailed comparison of the
derived charges from our implementation and from previous
calculations, and a sample input to perform REPEAT charge
analysis with CP2K, are provided in the ESI.†

Porosity characterizations and GCMC simulations

Geometric structure analysis of the MOF-74 analog set was
completed using the Zeo++ soware suite.42 A probe radius of
1.65 Å which corresponds to the kinetic diameter of CO2 was
utilized to characterize the probe accessible surface area, the
probe accessible volume, the largest included sphere, and the
largest free sphere of all hypothetical structures. GCMC

Fig. 6 Visualization of three of the constructed hypothetical MOF-74 analogs. The center structure is Mg2(olsalazine).

This journal is © The Royal Society of Chemistry 2016 Chem. Sci., 2016, 7, 6263–6272 | 6267
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We predicted the structure of Mg2(osalazine) and 
subsequent synthesis confirmed the predicted 
structure and adsorption properties 

osalazine	
behavior in the saturation regime of these extended frame-
works. This high-pressure, saturation regime was not investi-
gated in this study, as can be seen in Fig. 10, since it is less
interesting for carbon capture applications and hence we expect
exibility to have a minimal effect on the results presented in
this work.

Validation of Mg2(olsalazine)

The reaction of olsalazine sodium with Mg(NO3)2$6H2O in
a mixture of DMF:ethanol (ratio of 1 : 1) at 120 !C yields
a homogeneous material based on rod-type crystals as
conrmed by scanning electron microscopy (SEM) images
(Fig. 11a). The size of the isolated crystals was too small to

Fig. 10 (a) CO2 adsorption isotherms in units of moles loaded per kilogram and (b) in units of molecules loaded per unit cell in the hypothetical
MOF-74 analog library. Each isotherm is color-coded by the CO2 accessible volume per unit cell of the corresponding structure. The isotherm
with star markers and gold dashes represents the isotherm for Mg2(DOBDC), whereas the isotherm with diamond markers and red dashes
represents Mg2(olsalazine).

Fig. 11 (a) SEM image of the as-made material reveals that the morphology of [Mg2(olsalazine) (DMF)2]$2DMF$3H2O crystals is based upon rods
(scale bar: 5 mm) (b) comparison the simulated pattern from the idealized structure of [Mg2(olsalazine)] with the experimental pattern of the as
made [Mg2(olsalazine) (DMF)2]$2DMF$3H2O (c) comparison of the theoretical and the experimental CO2 adsorption isotherms collected at 298,
303 and 313 K and 1 bar and (d) view of Mg2(olsalazine) along c-axis showing the formation of a 3-dimensional framework with hexagonal one-
dimensional pores as it is observed in Mg-MOF-74.

6270 | Chem. Sci., 2016, 7, 6263–6272 This journal is © The Royal Society of Chemistry 2016
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behavior in the saturation regime of these extended frame-
works. This high-pressure, saturation regime was not investi-
gated in this study, as can be seen in Fig. 10, since it is less
interesting for carbon capture applications and hence we expect
exibility to have a minimal effect on the results presented in
this work.

Validation of Mg2(olsalazine)

The reaction of olsalazine sodium with Mg(NO3)2$6H2O in
a mixture of DMF:ethanol (ratio of 1 : 1) at 120 !C yields
a homogeneous material based on rod-type crystals as
conrmed by scanning electron microscopy (SEM) images
(Fig. 11a). The size of the isolated crystals was too small to

Fig. 10 (a) CO2 adsorption isotherms in units of moles loaded per kilogram and (b) in units of molecules loaded per unit cell in the hypothetical
MOF-74 analog library. Each isotherm is color-coded by the CO2 accessible volume per unit cell of the corresponding structure. The isotherm
with star markers and gold dashes represents the isotherm for Mg2(DOBDC), whereas the isotherm with diamond markers and red dashes
represents Mg2(olsalazine).

Fig. 11 (a) SEM image of the as-made material reveals that the morphology of [Mg2(olsalazine) (DMF)2]$2DMF$3H2O crystals is based upon rods
(scale bar: 5 mm) (b) comparison the simulated pattern from the idealized structure of [Mg2(olsalazine)] with the experimental pattern of the as
made [Mg2(olsalazine) (DMF)2]$2DMF$3H2O (c) comparison of the theoretical and the experimental CO2 adsorption isotherms collected at 298,
303 and 313 K and 1 bar and (d) view of Mg2(olsalazine) along c-axis showing the formation of a 3-dimensional framework with hexagonal one-
dimensional pores as it is observed in Mg-MOF-74.

6270 | Chem. Sci., 2016, 7, 6263–6272 This journal is © The Royal Society of Chemistry 2016
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M. Witman, et al Chem. Sci. 7 (9), 6263 (2016) http://dx.doi.org/10.1039/c6sc01477a 



Methane Storage



Methane cars: the technological obstacle

CH4


1 liter

Gasoline, 1 liter

0.036 MJ 34.2 MJ



Methane versus gasoline

LNG CNG
Makal et al. Chem. Soc. Rev.  2012 41.23, 7761-7779.



65 bar

PH = 65 bar

5.8 bar

PL = 5.8 bar

~1 bar

Insufficient 

flow

Nano porous materials?Can we find a material with the same energy 
density as compressed natural gas?



Goal: maximize deliverable capacity

“For methane, an optimal 
enthalpy change 

 of [16.2] kJ/mol is found.”

HCH4

opt = H0 exp −qiso RT( )

…	but	only	a	limited	number	of	
materials	were	analyzed



In silico screening of zeolites

MFI expt’l data: Sun et al. (1998) J. Phys. Chem. B. 102(8), 1466-1473.  
                        Zhu et al. (2000) Phys. Chem. Chem. Phys. 2(9), 1989-1995.

Force field: Dubbeldam et al. (2004) Phys. Rev. 93(8), 088302.



In silico screening of zeolites

C. Simon et al. (2014) Phys. Chem. Chem. Phys. 16 (12), 5499-5513

 



Can we find a material that  
meets the DOE target?

Screening > 100,000 materials
• zeolites
• Metal organic Frameworks, MOFs (Snurr and 

co-workers)
• zeolitic imidazolate frameworks, ZIFs, 

(Haranczyk)
• Polymer Porous Networks, PPNs (Haranczyk)



Insight from the model

 

Empty tank

C. Simon, et al  Energy Environ. Sci. 8, 1190 (2015) http://dx.doi.org/10.1039/C4EE03515A

http://dx.doi.org/10.1039/C4EE03515A


Methane storage in all silica zeolites: 
•only the pore shape matters
•similar pores should have similar performance

How to compare pores?



Simple Descriptors

Simple descriptors: 
• Di : diameter of maximum included sphere,  
• Df: diameter of  maximum free sphere, 
• ρ: density,  
• ASA: accessible surface area,  
• AV: accessible volume 

Di Df



 

Seed Descriptor Selected Nth Similar Structure 
1st 2nd 3rd 4th 

SSF 

PerH 

    

 

ConD 

    
IWV 

PerH 

    

 

ConD 

    
 

 

name Di Df ρ ASA AV

CD

Seed SSF 7.59 6.15 1.64 1191 0.122

1st h8242590 7.87 6.16 1.62 1210 0.119

2nd h8239380 7.60 6.29 1.63 1156 0.120

3rd h8267258 7.72 6.21 1.63 1205 0.115

4th h8070132 7.69 6.49 1.62 1187 0.126



Persistent Homology





 

Seed Descriptor Selected Nth Similar Structure 
1st 2nd 3rd 4th 

SSF 

PerH 

    

 

ConD 

    
IWV 

PerH 

    

 

ConD 

    
 

 



name Di Df ρ ASA AV

TD

Seed SSF 7.59 6.15 1.64 1191.97 0.122
1st h8328603 8.09 6.34 1.77 1167.86 0.120

2nd h8267258 7.72 6.21 1.63 1205.27 0.115
3rd h8325096 7.28 5.91 1.72 1160.44 0.114

4th h8267032 7.54 6.22 1.70 1171.01 0.115

CD

Seed SSF 7.59 6.15 1.64 1191.97 0.122
1st h8242590 7.87 6.16 1.62 1210.05 0.119
2nd h8239380 7.60 6.29 1.63 1156.76 0.120

3rd h8267258 7.72 6.21 1.63 1205.27 0.115

4th h8070132 7.69 6.49 1.62 1187.66 0.126

 

Seed Descriptor Selected Nth Similar Structure 
1st 2nd 3rd 4th 

SSF 

PerH 

    

 

ConD 

    
IWV 

PerH 

    

 

ConD 

    
 

 



AFUPEX SEHSUU SEHTEF 

   
Gaodeng Xuexiao Huaxue 
Xuebao, 2007, 28, 1437 

Inorg. Chem. 45, 4065 (2006) 

BAZFUF QOWRAV01 ICAROV 

   
Inorg. Chem. 50, 9147 (2011) Chem. Eur. J. 17, 13007 (2011) 

VETTIZ BUFPAU01 BOXFOK 

   
Chem. Eur. J. 18, 16642 (2012) J. Am. Chem. Soc. 131, 3814 (2009) 

CIWSAD OSIKIL SACDOR 

   
J. Am. Chem. Soc. 129, 15418 
(2007) 

Angew. Chem. Int. Ed. 50, 6105 
(2011) 

Angew. Chem. Int. Ed. 49, 5750 
(2010) 

 

180 known zeolites
>10,000 MOFs

Y. Lee, et al.  Nat. Commun. 8 (2017) 
http://dx.doi.org/10.1038/
ncomms15396

http://dx.doi.org/10.1038/ncomms15396
http://dx.doi.org/10.1038/ncomms15396


In silico screening of zeolites

C. Simon et al. (2014) Phys. Chem. Chem. Phys. 16 (12), 5499-5513

 



Heat of a adsorption of top performing materials

Group G

Group B
Group A

Group D

Group E

Group F

Group C

12   Qad (kJ/mol CH4)   22

Table S2. Examples of top-performing zeolites in 6 different groups  

 Examples Features 
Group A 

 

z 1-dimensional 
channels 

z Large 
equilateral 
polygonal 
cross-section 

Group B 

 

z 1-dimensional 
channels 

z Small cross-
section 

z Multi channels 

Group C 

 

z 1-dimensional 
channels 

z Un-equilateral 
polygonal 
cross-section 

Group D 

 

z Flatten 
channels 

z Small void 
fraction, but 
average surface 
area 

Group E 

 

z Connected 
small 
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cross-section 

z Other shapes 
 

Group F 

 

z Small 
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cross-section 
without 
connection 
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Y. Lee, et al.  Nat. Commun. 8 (2017) http://dx.doi.org/10.1038/ncomms15396

http://dx.doi.org/10.1038/ncomms15396
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Qad, kJ/mol CH4 adsorbed 

      IFR                LEV               VSV                BIK     

    IFR             LEV VSV BIK     

Y. Lee, et al.  Nat. Commun. 8 (2017) 
http://dx.doi.org/10.1038/
ncomms15396

http://dx.doi.org/10.1038/ncomms15396
http://dx.doi.org/10.1038/ncomms15396


Similar materials have similar performance
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Y. Lee, et al.  Nat. Commun. 8 (2017) http://dx.doi.org/10.1038/ncomms15396

http://dx.doi.org/10.1038/ncomms15396


Diversity of MOF Materials Database 

Five	Different	Types	



Diversity of Materials Databases 
Coverage	of	 each	DB	on	 the	 en4re	map	 :	 red	 –	 high	
number,	blue	–	low	number,	gray	-	empty	



Diversity of zeolite structures 



Diversity of zeolite structures 

Known materials Predicted



What does not work yet…



Symmetry + 
Periodic boundary conditions



Probe

Solution: probe dependent fingerprint

methane

hydrogen



Inside versus outside

Both have the same fingerprint, but 
not the same performance



Wish list

• Too expensive
• we do not know how to take crystal symmetry into account
• distance matrix too expensive to compute for 1’000’000 

materials
• Better description

• difference between the inside and the outside
• No perfect understanding

• which distance to use for which property
• Pore volume depends on the probe



Conclusions
• Methane storage

• Best material: as many sites as possible with the right 
energy

• ARPA-e targets are too optimistic
• Similarity

• We have developed the language to express similarity
• Nanoporous materials: we can now quantity the similarity of 

the pore structure
• Similar pores similar performance

• Materials Genome:
• Intelligence versus brute force ....
• Screening for best materials: what can be obtained
• Big-data science


