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Computational prediction of MOF
structures from the entire periodic table:
AuToGraFS + UFF4AMOF

Complex approach to analysis of crystal
structures based on unified topological
model
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MOFs are inorganic—organic composite materials built by
combining individually stable building blocks. Dozens of
inorganic connectors may be linked via a nearly infinite
variety of organic molecules in hundreds of topologies,
resulting in a plethora of possible structures. The accurate
and low-cost prediction of these structures is important for
guiding synthetic efforts toward applications.

To meet this need of providing high quality structures of
arbitrary frameworks, we developed AuToGraFS: the Auto-
matic Topological Generator for Framework Structures [1].
AuToGraFS is open-source software, which employs a da-
tabase of SBUs to create framework structure models using
topologies sourced from the Reticular Chemistry Structure
Resource (RCSR).

An integral part of AuToGraFS is a MOF-specific extension
to Rappé's Universal Force Field, UFF4MOF [2]. The UFF-
4MOF extension to UFF contains parameters for all transi-
tion metal environments found in the Computation-Ready
Experimental (CoRE) Database and specific parameters
for paddlewheels, Zn,O and MO building blocks. Hydro-
gen-bonded frameworks are also possible [3]. With these
two tools, we produce highly accurate structures with less
than 2% error on cell parameters, even on cells as large as
20,000 atoms.
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We present a unified topological model for analysis of con-
nectivity in crystal structures. In this model, we represent
crystal structure as a periodic simple graph (net), whose verti-
ces and edges have particular weights. The resulting weighted
net combines connectivity of chemical species with their de-
scriptors. This approach provides heuristic analysis of crystal
structures, modeling crystal growth and physical properties
of substances (e.g. ionic conductivity), and finding structural
relations at different levels of crystal organization.

The descriptors characterize the overall net (e.g. topological
type), structural groups (e.g. coordination symbol), interatomic
contacts (e.g. length), and voids (e.g. radii). We also propose
two groups of new descriptors for interatomic contacts and
voids. The former group includes bond pathways and param-
eters of electron density at the bond critical point: the electron
density p(r,,), 4p(r,,), density of potential and kinetic energy.
The latter group contains area and volume of van der Waals
spheres of atoms and channel systems (ChS) periodicity of
ChS, hkl of ChS, porosity, radius of included and free spheres.

The following new algorithms are developed to use the de-
scriptors within the model:

1) scanning of Voronoi net (a net of vertices and edges of
Voronoi polyhedra) for analysis of the channels and cavities
in a crystal structure;

2) approximation of the elementary void by Voronoi polyhe-
dron whose faces are shifted to the van-der-Waals surface;

3) searching for the accessible channels system;

4) splitting the structure net to subgraphs (ligands, clusters,
homoleptic groups) and their topological analysis.

All the algorithms are implemented in the ToposPro pack-
age (http://topospro.com/).

Using the algorithms two new topological databases were
created to be used in the screening and design of MOF
structures: the database of structural building units (more
than 5000 entries) implemented in the TORIS client (http://
topospro.com/software/toris/) and the database of cavities
and channels in more than 14000 MOFs.

New algorithms and descriptors were successfully used for
assessment of mechanical stability and adsorption proper-
ties of some breathing and rigid MOFs, checking for iso-
morphism of 502 MOF structures from the CoRe MOF da-
tabase [1], and searching for structural relations of 11 new
coordination polymers [2,3]. We discuss the applicability
of the topological model for the development of crystallo-
graphic knowledge databases.
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In coordination chemistry the concept of formal oxidation
states is essential to the understanding of metal centre ge-
ometries and in the interpretation of corresponding chemi-
cal and physical characteristics. The Cambridge Structural
Database (CSD) currently contains over 400,000 transition
metal-containing entries,' however only about half contain
a specified oxidation state. Surveying and editing the re-
maining entries is far too resource and time intensive to be
carried out manually. A system in which entries missing this
information can be quickly analysed and rectified is particu-
larly desirable. Procedures have already been explored that
could potentially semi-automate oxidation state validation
by using the Bond Valence Sum (BVS) Method.? This meth-
od proposes that the valence of an atom can be determined
using only knowledge of its bond lengths, atomic neigh-
bours, and some predetermined constants.?

Here we present the implementation of BVS to the CSD
through CSD python API scripts, discussing the strengths
and limitations of the method. Testing of the BVS meth-
od against entries containing named oxidation states has
already proved applicable to over 80% of entries with a
94% success rate across over 40,000 structures. We also
explore the use of complementary methods for improved
assignment confidence and greater applicability, addressing
potential issues with the BVS method. A process in which
ligand fragment charges are automatically assigned from
computational formation energy calculations is discussed,
resulting in a combined methods assignment success for
over 99% of transition metal environments.
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