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Diversity and modularity of nanoporous materials
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Intermolecular bond strength

Diversity and modularity of nanoporous materials
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Diversity and modularity of nanoporous materials
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Application Context and Targets

CO, capture Xe/Kr Separations
Flue gas: latm, 14% CO,, 40°C Xe/Kr mixture: 20/80, latm total, 298K
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Performance measure: Selectivity + Material uptake

CO, _
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(amount of CO, captured) g Example CH, isotherm
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Property and Performance Prediction

Molecular simulations can accurately model
& adsorption of guest molecules :
Adsorbentframework Gas phase 5 ool 009

\ 5 .‘ Pure CO, isotherm, 208 K
2 Mg.{dobpdc)
°

©® McDonald of @' (exp.)
GCMC, MP2-derived FF (sim )

Loading (mol kg
o

Adsorption isotherms are computed using 000 025 050 075 100
grand canonical Monte Carlo. Typical assumptions: it
* Crystal structure is rigid,

Crystal structure (random * Classical Force-fields (Lennard-Jones + Coulomb terms)

example (MOF)) Henry coefficient: KH= B<exp(-BUins)>
Heat of adsorption: H, _<Uins€xp(-fUins)>
<exp(-BU,.o)>

B = 1/(kBT)
U,,s = test molecule insertion energy

ume A

Atomic scale

_@ I N

 P5¢ Pt
-

structure

Various scales need to be included to accurately predict
performance, e.q. electronic structure methods are used to tune
}‘%‘ - classical force-fields, and various engineering approaches are
s used to estimate material’s performance
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Hot Topics: Shape and Structure of Materials



MOF's for Hexane Isomers Separations
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Parasitic energy (kJ/(kg COZ))

Best Performing Zeolites in CO, Capture Application
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Discovery Methodology Overview
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Towards Crystal Structure Prediction
and Structure Enumeration



Towards Structure Prediction for Advanced Porous
Materials

New classes of advanced porous materials such as MOFs permit unlimited
structural variation through control of topology and functionality

Metal cations Organic bridging molecules Eramework
Q O
o 7
/l\ ‘
How can we reliably predict the

Square Triangle structures of these advanced
porous materials?
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Topology-based Structure Prediction “ U RCSR
Example: predicting the structure of a MOF comprising square and

triangular components
Ockwig et al.,Acc. Chem. Res. 2005, 38, 176
O’ Keeffe et al., Acc. Chem. Res. 2008, 41, 1782

3

NS

Catalogue of possible topologies
rcsranu.edu.au

Building blocks:

4-connected metal (square) and

3-connected linker (triangle) High'symmetry candidate:

tbo topology or “net”

Map building blocks Final model
vertices of topology g 7 exhibits /@ o
?A\‘c ] 1 °. ° o .o t
and perform (A specified re O B\ 0
b T P 9 e ° e o
N eF + ' o ® ® o
oz topology
K < ) 00 0
A . °00°o 8 ‘°o.°
? > N~ % %
Alternative, or functﬁfq\hl&ed g R/
o [ o]
0 (o}

linkers can be easily
accommodated

Martin, R.L.; Haranczyk, M., Cryst. Growth Des. 2014
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Structure Prediction

Example: Quality of predicted structure

COF-102
:
HO\B/OH ?t \?
- B‘o’ B"\
Ho
\
/B @HWX\Q\ sk
HO B
b
HO/B\OH
Experiment Model PM6-relaxed
p (unrelaxed) model
Density (g,/cm3 ) 0.42 0.40 (-5.44%)  0.43 (2.40%)
Included sphere o o
diameter (A) 9.04 9.56 (5.79%) 8.52 (-5.73%)
Free Sph‘(’kc)d"‘me“’r 799 | 7.67(-4.06%) 7.84 (-1.93%)
Accessible surface 5189 68 5730.52 5425.27
area (m’/g) ' (10.42%) (4.54%)
Accessible volume 100 1.07(6.75%)  0.93 (-6.67%)

(cm“ g)
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Tailored Structure Prediction Effort

Examples of various linkers:

MOF-74 and its analogues A g‘;%_? 10A
= ; 4
Pl 0 {{\G" z‘c\"}' &W’ $ ‘5‘?""1“‘

ad

) O IRMOF.74.IV
IRMOF.74.V
HO. s
Om . A
‘ .
i»\' :

3

Examples of various metals

M,(dobpdc)
M = Mg, Mn, Fe, Co, Ni, Zn

Gygi et al Chem. Mater.2016 Deng et al. Science 2012

16 Maciej Haranczyk (maciej.haranczyk@imdea.org)



Structure Prediction of New Materials

Ab initio structure prediction of MOF-74 analogues

MOF-74 analogue made:
Mg, (olsalazine)

b. w— Mg (0lsalazine)(DMF),
I — Mg;(olsalazine)

(.
(
|

M.Witman et al Chemical Science 2016

17 Maciej Haranczyk (maciej.haranczyk@imdea.org)



High-throughput Structure Analysis
and
Structural Descriptors for Porous Materials



High-Throughput Analysis of Porous Materials
and Their Voids

Void space geometry and topology

Material
= positions (_)f ]L\:I::;dfér;:ter of Max. diameter of
atoms + unit P included sphere
cell

Monte Carlo
sampling of
accessible surface
area and volume

Pore size '
distribution

W -

Nor 4,]_4 ., Network representing
} ".E'l ; ©  “sk. accessible void space
2N “*  is used to compare
AN p

g materials
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High-Throughput Analysis of Porous Materials
and Their Voids

Void space geometry and topology

Material
= positions (_)f L\:I:;(;dfg:ter of Max. diameter of
atoms + unit P included sphere
cell

Monte Carlo
sampling of
accessible surface

Voronoi network Probe-accessible

(a periodic graph)  part of the network area and volume
in pink

Pore size '
distribution

'i" < —
Network representing

N
*, accessible void space

'-!-
‘**' is used to compare
*-1‘

Willems et al. Mesoporous&Microporous Materials, 2012
Implemented in Zeo++: www.zecoplusplus.org; employs Voro++ by C. Rycroft

materials
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High-Throughput Analysis of Porous Materials
and Their Voids

Voronoi decomposition in 2D accessible

inaccessible

accessible exteed

PO OC

Orn. e 14 rentei

pore volume non access. extended :
characterization narrow Amorphous CC3

Ongari et al. Langmuir, 2017; Pinheiro et al J. Mol. Graph. Model 2013
Implemented in Zeo++: www.zeoplusplus.org
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High-Throughput Analysis of Porous Materials

000
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Pinheiro et al. CrysEngComm, 2013 0 I . m
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Brute-force Search for Gas Storage Materials

€ LI H

Availal il locks
ble buildingbloc In smco synthesis Relaxation Molecular simulations

N~ e
eed LA
Optimal materials Design principles L‘
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Deliverable Capacity (v STP/v)

Covalent Organic Frameworks for Methane Storage

69840 COFs based on 666 linkers and 4 synthetic routes

s ‘
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Geometric Surface Area (m?/q)

24

10 20 30 40 50 60 70 80 90
Largest Free Sphere Diameter (A)

Count

Deliverable Capacity (v STP/v)

250

200 |

150

100

250

200

150

100

100 150 200
Deliverable Capacity (v STP/v)

10° 10°
Largest Included Sphere Diameter (A)

Mercado et al. Chem. Mat. 2018
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Accelerated Discovery with Machine Learning



Discovery of Materials for Xe/Kr Separations

Nanoporous Materials Genome = ca. 650k materials
Our diverse sample = ca. | 5k materials

Majority of structures have poor

40'7'”' e e e |
| : erformance...
I mmm hPPNs performance.... . |
35;‘ K RS " mmm CoRE MOFs Random set
30 o hMOFs ] .
A | . o
3| B hZeolites S
= 25+ - ) 1 3
“ - EEl |ZA zeolites g
2 on| &
2 2 _.mmm hZIFs | =
= i U
s .. mmm hCOFs &
o 15+ NI I i =
v . . R -
wn [« R 1 =}
10?9‘ L d : e < SXe,,"Kr =
5 7 \
. : : 0 5 10 15 20 25 30 35 40
0 2000 4000 6000 8000 10000 Selectivity Sy

Xe uptake (mol/m’ i '
e uptake (mol/m?) BUT with our discovery approaches

we can fish them out.
C. Simon, R. Mercado, S. Schnell, B. Smit, M. Haranczyk. What Are

the Best Materials To Separate a Xenon/Krypton Mixture?
Chemistry of Materials, 2015, 27 (12), pp 4459-4475.
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Discovery of Materials for Xe/Kr Separations

Structural descriptors (feature vector)

Descriptor Symbol
Void fraction [unitless] €y
Crystal density [kg/m?] p
Largest free sphere diameter [A] Dy
Largest included sphere diameter [A] D;
Accessible surface area [m?/cm?] a
Surface density [kg/m?] Ds

Lennard-Jones potential

V(r)= e (

27

Rm:i n

T

=

Rmt’n

r

:

m

1.0 g g OO .

065

Fractional y coordinate

mBm Accessible Voronoi nodes

0. pr
8.0 0.2 04 0.6 ' aaa Inaccessible Voronoi nodes
Fractional = coordinate

. ® @) Vaterial atoms
y

min

r (A)



Probability

Discovery of Materials for Xe/Kr Separations (II)

Sample of diverse materials become the training set

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Selectivity Sy, /k,

0 2000 4000 6000 8000 10000
Xe uptake (mol/m?)

No single feature (descriptor) determines properties
of interest

Good Good Good

Poor g, Poor é‘ Poor
3 2
e 0
o o)
a a
0.0 0.2 0.4 o'.e. 0.8 1.0 -50 -40 -30 -20 ~-10 0 10 0 5 10 15 20 25 30 35 40
Xe Void fraction Voronoi energy, E, (kJ/mol) Largest free sphere, D, (A)
] ’T $
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Discovery of Materials for Xe/Kr Separations (III)

Statistical machine learning is used to correlated
Decision Forest

feature vectors with performance data. A
Here, we use a decision forest r = )
- Z
X
» True . y=1 tree T v
=5
=
| =
N s A
| y=2 | | y=3 | |x[1]<u9| | y=1 | 0.2 Pr(v)
O' .'A :
2l
. . 35!’ 1 0 0-67 | T T T
Validation of ﬁ o s - ;
. o T 30 TG : : : :
S 25 ° ! ‘ j j j
£ 0.7 2‘ S 04 S S
<20 065 L I 3
2 3 a | | | |
E 0.58 §03 e
@0 15- 042 o : : : :
ey © 3 : : : :
= 10- 035 02 ]
g 0235 = ‘ | | |
T 5 RMSE: 1.20 i e 01 SR
’ momom ;
0 L L L L L L 4 . . -
0 5 10 15 20 25 30 35 0.0- 7 o D, D, o E, P

Selectivity Sy., ., (Out of bag prediction)
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Discovery of Materials for Xe/Kr Separations (IV)

Performance
prediction
for all
structures in
the
Nanoporous
Materials
Genome

30

Selectivity Sy, x, (Simulated)
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RMSE: 2.21
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Selectivity Sy, (Decision forest)

0.9 2

Normalized frequency

L
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Maciej Haranczyk (mharanczyk@lbl.gov)
Computational Research Division
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- Selected set
Random set

13 20 28 30 35 40
Selectivity S, .

C. Simon, R. Mercado, S. Schnell, B.
Smit, M. Haranczyk.What Are the

Best Materials To Separate a Xenon/

Krypton Mixture? Chemistry of
Materials, 2015, 27 (12), pp
4459-4475.



SBMOF-1 Discovery and Experimental Verification

-

- = = SBMOF-1
=~ Experimental MOFs
« Hypothetical MOFs

Probability density

e - -

0 20 40 60 80 100
Selectivity for Xe over Kr

0.2 —a Kr
o=o Xe

0.0 0.2 0.4 0.6 0.8 1.0
Pressure (bar)

o

Xe/Kr selectivity

18

- mh wh =
o N A

onN A~ O @

5 10 15 20 25 30 35 40
Xe Henry coefficient (mmol g~' bar™")

> SBMOF-1

<] CC3

O Co-formate

O SBMOF-2

O HKUST-1

[] MOF-505'"
<> PCN-14'

Y/ Ni-MOF-74

{) ZincTetrazolate
O IRMOF-1'1

A FMOF-Cut

D. Banerjee, C.M. Simon, A.M. Plonka, R.K. Motkuri, J. Liu, X. Chen, B. Smit, ].B. Parise, M.

Haranczyk, PK.Thallapally - Metal-Organic Framework with Optimal Adsorption,
Separation, and Selectivity towards Xenon — Nature Communications 7 (2016) 11831
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Optimization-based Materials Design



Optimization-based Material Design

Convergence ?

Possible discrete chemical Possible “alchemical”
building blocks: building blocks: Q
BDC NDC HPDC TMBDC 8T8



Exploring Frontiers of High Surface Area Materials:
Gravimetric Surface Area (GSA)
Motivation: GSA has been the most =)

addressed property in the design of _ »
MOFs. d A

N
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U
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-

A) - B) | S :
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Exploring Frontiers of High Surface Area Materials:
Gravimetric Surface Area (GSA)

Optimized Alchemical Real MOF
MOF

X

¢ o) | Lol L
) -Jhﬁr%  Togc?

! &
—_—> AU | T

A,:\.)

e L LT L A

Optimal
building blocks . . .
f 1’;; Identified record breaking materials
or eac g“
considered Best peu: 9968.35 m’g’ lzest nezzlo (2.935.6 N g 12000 aaas SIS Bt
. coordinated): 7956. « 7956.26 8309.38
topology: mlg’! g 8000 7 17y 14 881768 701274
6000
5]
Q
—~
- =) 0
@ NU-110 oot rht fof  pts nbo  peu  the

Best tho: 9988.61 mg”!  Best rhr: 7572.74 m’g" Martin, Haranczyk, Chemical Science, 2013
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Exploring Frontiers of High Surface Area MOFs

Chemical complexity — I-III Alchemical linkers Chemical linkers
12000 12000
e -::-_:gglll' .-‘....-------. “® pcu (two
Setl . 10000"‘: ::-'::3,....-----} ‘]?;;In(é‘:; S 10000:;:___-":___‘____.———- Ilgands)
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é #o00 r t.-"‘ *a tbo é 8000 .-‘..., p?:]eCted
ot ' pis © o**
o peent ket w rht
o 6000 =735 fot - 6000 =i #=rht projected
@ =t 8 — rht benchmark
S 4000 —rhtbenchmark g 4000 (NU-110)
o = 0 (NU-110) 5 0
/Jil{_. @  Setl Set |l Set Il @ Setl Set | Set ll
\Q @/ T Ligand complexity Ligand complexity
o ’/jﬂt\\\m
N
| . .
| Similar study for volumetric surface
Setll - Ll area (VSA)
o 4000
‘:E’ 3500
$ 3000
@
o - B
€
3
v 2000
pcu (two
ligands)
Topology
®Aichemical = Projection
Set Il . Martin, Haranczyk, J. Chem. Theory Comp. (JCTC) 2013
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Towards Multiobjective Design

12000 T T T T T T T

Multiobjective design can be achieved by Investigated materials
combining objectives: o0 - Space (Set I) 1

F = GSA * VSA 8000

Pareto

visited ------
cds —H—
pcu —O—
pyr
tbo

6000

Comparison of topologies (Set I):

12000 T T T T T T T
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4000 -~

10000 - b acs —& .
cds —— 2000 - — .

8000
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6000

pyr Organic inker

4000
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0490 >4

2000
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o o o
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- ) SN e topologies are on
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B
<
.

Martin, Haranczyk, Crystal Growth Design, 2013
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Optimization in Real Chemical Space

An alternative implementation of optimization-based design approach involves real
molecular fragments and genetic algorithms .

Our chemical library consists of 84
reactions and over 40,000
compounds on which to perform
them

(Aldrich catalogue(A);
eMolecules.com(B))

At each step, “mutations” are
performed on candidate molecules

The “fittest” (e.g., highest resulting
MOF surface area) progress and
are the basis for subsequent
molecules

38

Genetic algorithm (GA) workflow

recombine

population

Initialization library

- .- -

A .. -

cut

GSA « VSA
higher than
the worst?

torsions < 87
number of
sites=27

discard

€an pairwise ang|é
<1257
o of distance < 0.5 2

molecular
dynamics on
the molecule

build framework /

of network

discard

Bao et al. PCCP 2015; JPCC 2015
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Gravimetric surface area (m*/g)

»

Gravimetric surface area (m~/g)

Optimization in Real Chemical Space
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Volumetric surface area (m2/ cm")

(a) nbo-A-12901900

Net SBU Description
acs l-’d; trigonal prism
cds, Ivt, nbo, rhr Cu; square “paddiewheel”
dia, sod Vi(OH)s tetrahedral
hxg T, Oy hexagonal
peu Zn;O octahedral

¥ p €9 & B

(b) Cuz

(a) Pd;

(b) nbo-A-13347100

U:() o«o

LN ap— 1

>==0-Q
Bao et al.

(c) V4(OH)4

(¢) nbo-B-12769400

(d) TiOs (¢) ZngO

PCCP 2015; JPCC 2015

b A- 13047100
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Synthesizability and Applicability Prediction
with New Structure Descriptors



Towards Synthesizability Prediction: Zeolites

Hypothetical zeolite topologies ~3M vs 200-300 known ones

Li structural criteria based on known zeolites
(Li et al., Angew. Chem. Int. Ed. 2013, 10.1002/anie.201206340)

‘ Si-0 distance

. f 050 ‘

distance § |
@ o\ i,
e © \ /7
® — Q
= o (O—e x
| / Z’ ‘ Si-Si-Si angles: g 8 . )
._@ o @/.\@/Q\@ & |ZA zeolites

‘ — 159 160 16 162 163
‘ W Average Si-O distance (A)




New Descriptors for Synthesizability Prediction

Distance to fifth neighbor:
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Degree of tetrahedrality [0-1]:

=1.00

Aitet

0 degrees

Z {exp[_(ak - (:tet) ] Z COS(3(p)

_(am - atet)2
=P 2Aa*




New Descriptors for Synthesizability Prediction and
their Applications to Deems Database

Average O-Si-O distance Average Si-O-Si distance Minimum distance to fifth

versus average Si-O distance versus average Si-O distance neighbor versus minimum
Si-O-Si distance

g y=0.02 + 1.62x “ -~ y = 0.007 + 0.996x
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Average Si-O distance (A) verage SHO distance (A) Minimum Si-O-Si distance (A)
8 JX =023+1.49x  * " -
" o & y - y = 10.45 - 4.6x l_,'.. 2 .
3 = A*=0.952 @ A*=0913 5 °
o g 2 3
—_— § o e . g x
(0] g § o < .
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"m % s 4 (3 [ .' N .o a o
~
] %
E é' g ] |.' '- 2 &
q) g 2 4 A CPL] g
v ~ . < 1 £ 2
D L. . LN ™ o =
o~ ° @
1,58 1.60 1.62 1.64 1.88 1.58 1.60 1.62 1.64 1.66 27 28 29 0 3
Average Si-O distance (A) Average Si-O distance (A) Minimum Si-O-Si distance (A)

Deem, J. Phys. Chem. C 2009, 10.1021/jp906984z
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Pushing It Further: Applicability Prediction

Discovery rate
[frameworks/yr]

Tetrahedral order parameter 8,

44

—
oL oom

0.96 -

0.92

0.88

0.84

©.
K2

\gb.() ,\960 \9%0 '2900 10!2,0
| ] 1l Y

5-year
L'____(_/\W/‘-W average

Z,

<5tet> S-year
————— Maverage
(removed
CZP, RWY)
O
o
A

Tetrahedrality descriptor for

industrially relevant zeolites

Framework Tetrahedrality

type Bret
MFI 0.979
FAU 0.979
BEA 0.976
MOR 0.971
Average 0.976

High tetrahedrality seems a
necessary structural feature to
sustain harsh process
conditions

Zimmermann, Haranczyk, CG&D, 2016



How many all silicious zeolites are ‘out there’ ?

All criteria applied to Deems PCOD database

@ g Deem NA
5 LIDI 0.90
D ©
= S 1 LID2 5.55
g 7 LID3 30.51
Es- LID4 2141
Z < S
1 A New (5thN) 82.43
© - — Qtet 69.72

Deem LID1 LID2 LID3 LID4 New Qtet
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How many all silicious zeolites are ‘out there’ ?

All criteria applied to Deems PCOD database

@ § Deem NA
§ - LID| 0.90
g g- LID2 5.55
g 7 LID3 3051
8- LID4 21.41
Z < S
1 A New (5thN) 82.43
© - = Qtet 69.72

Deem LID1 LID2 LID3 LID4 New Qtet

~|120

*Plus including filer based on diffusion criteria (2D channels, large pores)
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Molecular Barn-finds
and their Porous Crystalline Phases



Barn-find

A barn find is a classic car or motorcycle that has been discovered, often in derelict
condition. The term comes from their tendency to be found in places such as barns,
sheds, carports and outbuildings where they have been stored for many years.The term
usually applies to vehicles that are rare and valuable, and which are consequently of
great interest to car collectors and enthusiasts despite their poor condition.
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Progress in Discovery of Porous Molecular Materials

2‘ .4 5

e ATAA _,,"
ot AR <
Q.‘." e PR

v Dianin's compound Calixarenes Cucurbiturils

1904 1976 1979 1981 2000 2010 2012 2015

PP v} .',_‘

il - ’ >"‘1 ~ :‘ \7

» . ¢ b

WK ey O B B

N < I
'L ‘l- ;ﬁ ?M-) ¥ 4 Porphryrin box cages . ;\’-g‘
[446] imine cages [8+12]imine cages | Triptycere cages | Carbon-carbon cages | [8+12] boronk ester cages [4+6) alkyne metathesis cages
2009 2010 2011 2012 2013 2014 2015 2016 | Surface area of 3758 m2/g
— 5 Pore diameter of 2.3 nm
Hansell&Cooper,; Nature Rev Mat 2016
per; Zhang et al, Angew. Chem., Int. Ed. 2014

Databases of crystal structures:
e Cambridge Structure Database (CSD)
* Crystallography Open Database

« — Ql

CSD:

* Largest [650k]

e Structures provided by users

e Structures need to fulfill high quality criteria
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Porous Molecular Materials from Data Science
Perspective

Are there any previously synthesized cage
molecules yet to enter the porous materials
research?

“Molecular barn finds”

The introduction of a porous molecule to the porous solids community requires three steps: (i) the molecule has
to be synthesized, (i) the corresponding solid material (amorphous or crystalline) needs to be obtained, and (iii)
its porosity needs to be confirmed.
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Repository of All Known Molecules

Databases of molecules:

e 1 e PubChem
* ChemSpider
~
(32 * Vendors
PubChem

* Largest of them [|00M]

e Structures mined from
literature, patents, provided by
vendors

* All structures encoded as SMILES,
some have 3D coordinates
(generated with OpenEye’s OMEGA
and MMFF94)
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Porous ?

CID = 10008508
CID = 101377082

Examples from PubChem
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Detection of Molecular Porosity

Linear shape

S

Linear molecule

53

Open shape

Molecular belt

anERERER

Inneror
outer?

N

Partially trapped

Complicated shape

B

Almost fully trapped

Molecular cup

Fully trapped

Molecular cage



Pore Exposure Ratio (PER) Molecular Descriptor

) ® @

PER,, = Max(Len(L))) / 2IIR
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Outline of PER Calculation (1)

Input molecule Voronoi graph for molecule

Identification of points highlighting
the void space around atoms —
Use of Voronoi nodes
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Outline of PER Calculation (2)

Input molecule Voronoi graph for molecule

Voronol
tocsollation
(over atoms)

l Compute PER

PER for one Voronoi node

(analogous procedure applied to
all Voronoi nodes)

56

For each node, PER value is calculated

Molecule (black spheres and lines) G - Spherical grid
and studied point (white sphere) around the molecule

. 1.\1 /-.é 7\ -K\F\
Construct gnid /] r:.' g“?.. { 1 R

ey %y
Vo A—E\L |k 4
V& o d

4

-

-~ -

~ ’
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Outline of PER Calculation (3)

For each node, PER value is calculated

Input molecule Voronoi graph for molecule Molecule (black spheres and lines)
and studied point (white sphere)

l Compute PER

xﬁf‘?
vyl

*
» Y
1.‘1 t.?t, . 1
PER for one Voronoi node e
(‘;"\‘}W procedure applied to Triangles formed by T1 Triangles formed by T2
all Voronoi nodes) edges and reference point  edges and reference point
do not cross any bond. do cross at least one bond.,
KEEPT1 ERASE T2
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Outline of PER Calculation (4)

For each node, PER

Input molecule Voronoi graph for molecule Molecule (black spheres and lines) G - Spherical grid
and studied point (white sphere) around the molecule

(orange triangles)

;‘p—#x oo SESD
S R ERSY L
v 3 z Construct grid r‘ % Ayl =

node Value is calculated

{ t ¥
Voronol ~Q b 3" } : : %:’ 1/\/
tossollation " ; . x‘ 4 ! " J
(over atoms) 4 PR T =Y ',I ?NL,"L:V: =4
v % &% / s /
o @P T )
o =
l Compute PER
Area (LCC)
o e ———
PERnode

Area (Spherical grid)

LCC — Largest connected
component made of triangles

PER for one Voronoi node
(analogous procedure apphed to
all Voronoi nodes)
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Outline of PER Calculation (5)

For each node, PER

node
Input molecule

ry
.
Voronoi
toseollation
(over atoms)

Voronoi nodes
classification
(PER-based)

Voronoi graph for molecule Molecule (black spheres and lines)

and studied point (white sphere)

;‘vﬁ%’ 50

v
; Construct grid

Compute PER
(for each Voronoi node)

PER = PER

Internal Voronoi nodes and edges PER for one Voronoi node

(analogous procedure applied to
all Voronoi nodes)

Algorithms being implemented in Zeo++
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Internal Voronoi Node |IF PER

value is calculated

G - Spherical grid
around the molecule

(orange triangles)
e - A% \
> o ,4{3’.?‘#1
"4 " o - -
A . .’ »
N s *
, L
Way L AP Wy
'\ [ L -
RS S
&tfvs

node < Threshold

ode (Largest Internal Voronoi node)



Pore Exposure Ratio (PER) Molecular Descriptor

CID = 101377082 CID = 16148678 CID =102210546
Pore Exposure Ration = 0.15 Pore Exposure Ration = 0.1 Pore Exposure Ration = 0,31

Molecular Cages — PER 0 - 0.36

WY*L
Lo {

4‘»
{ A
CID = 88543151 e CID = 10008508

Pore Exposure Ration = 0.81 Pore Exposure Rasion = 0.75

PER,, = Max( Surf(C,) ) / Surf(C)

Molecular Non-Cages — PER > 0.36
(Non-porous Molecules - PER > 0.75)
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Screening PubChem

Pubchem Compound Database » 1) Single molecules » 2) Organic Molecules
94 333 141 89 910 395 89 501 325

v

3) Core-based Molecules < 4) Non Radicals < 5) Neutral Molecules

2 749 691 87 393 415 87 537 080
R Without 3D coords | ' More than 48 atoms Filters: OpenBabel + custom tools
08018 L. 3D Generation: Schrodinger Ligpre
6) <=8 rotatable bonds : ger Ligprep
. 1417 637 Conformer search: MacroModel, GROMACS, MD/

simulated annealing

» With 3D coords > PER prediction Set
Ml 1298975 Forcefields: OPLS2005, DL_FIELD

Porosity-based
database
description

Porosity-based
database filter

PER < 0.36
+

LCD > 1 4A

PER < 0.45
=+

LCD > 14

PubChem porous
molecules

(c.a.4.7K mols)

PubChem organic cages
(c-a. I.IK mols)




Molecular Cage Barn-finds

62

M1 | 101377082 | Japanese | We are not able to obtain a copy of the proceeding article to confirm the
synthesis of M1.

M2 [ 102021452 | English | The reference article mentions Molecule M2 as a possible outcome of a
reaction. The synthesis of M2, however , is not confirmed.

M3 | 102210546 | English | The reference discusses an analogue of M3 in which vertex H atoms are
substitute with Me groups. We expect that M3 can be synthesized with the
same reaction path as the Me analogue.

M4 | 102263757 | Japanese | We are not able to obtain a copy of the reference. However synthesis of M4
was reported in another article (Tetrahedron Letters 51 (2010) 6521-6525).

M5 | 102333795 | Japanese | We are not able to obtain a copy of the proceeding article to confirm the
synthesis of M5.

M6 | 16148678 We are not able to identify the reference article.




Crystal Structure Prediction

Cage in solution

Methodology:
» Systematic search through 13

most common space groups
* 5000 random configurations
« OPLS2005 forcefield

* UPACK code
* Porosity characterization

with Zeo++ &
SR
KRR

e

Lower-density polymorph Higher-density polymorph
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M1 Crystal Structure Prediction (1)

8 =] 5

relative lattice energy (kJ/mol)

AE=0kJ/mol p=0.920 g/cm?
PLD =4.27A LCD =8.17A
SA=1071 m¥g
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M1 Crystal Structure Prediction (2)
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Crystalline Phases of M1-M6
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Conclusions

» Nanoporous materials, with their chemical diversity and
industrial importance, represent an exciting and
enormous search space — novel algorithms to execute

searches are needed

» In many cases shape/geometry is a sufficient proxy for
molecular interactions; therefore applications of
computational geometry can have a huge impact

» Opportunities for material discovery via optimization,
search algorithms and machine learning are clear

» Feature engineering (esp. physics-based descriptors)
and statistical-based analysis of large sets of structures
offer collaboration opportunities between
mathematicians and domain scientists

67 Maciej Haranczyk
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Thank you



