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ABSTRACT: The modular nature of metal−organic frameworks
(MOFs) leads to a very large number of possible structures. High-
throughput computational screening has led to a rapid increase in
property data that has enabled several potential applications for
MOFs, including gas storage, separations, catalysis, and other fields.
Despite their rich chemistry, MOFs are typically named using an ad
hoc approach, which can impede their searchability and the
discovery of broad insights. In this article, we develop two systematic
MOF identifiers, coined MOFid and MOFkey, and algorithms for
deconstructing MOFs into their building blocks and underlying
topological network. We review existing cheminformatics formats for
small molecules and address the challenges of adapting them to periodic crystal structures. Our algorithms are distributed as
open-source software, and we apply them here to extract insights from several MOF databases. Through the process of
designing MOFid and MOFkey, we provide a perspective on opportunities for the community to facilitate data reuse, improve
searchability, and rapidly apply cheminformatics analyses.

■ INTRODUCTION

Metal−organic frameworks (MOFs) are a class of nanoporous
materials with well-defined pore shape and chemistry. Their
modular construction via the self-assembly of inorganic
“nodes” (metal ions or small metal oxide clusters) and organic
“linkers” in different framework topologies leads to a
combinatorial design space. In principle, by judicious selection
of nodes and linkers (including defects, such as missing nodes
and/or linkers), one can design a MOF that is well-suited for
an application of interest (e.g., catalysis, separation).1−3 The
challenge is identifying the ideal and viable combination of
MOF building blocks and their configuration from this near-
unlimited design space. Some of us have previously been
involved in the development of databases for the MOF

community to manage and utilize this complexity, such as the
Computation-Ready, Experimental (CoRE) MOF data-
bases.4−7 Other efforts, such as the NIST/ARPA-E Database
of Novel and Emerging Adsorbent Materials,8 have also
demonstrated the tremendous potential of reusing data to
unlock new insights, such as running meta-analyses to examine
the reproducibility of adsorption isotherms.9 More generally,
best practices in data stewardship can be characterized by four
key attributes: findability, accessibility, interoperability, and
reusability, which have collectively been coined the FAIR
Guiding Principles.10 In this work, we will highlight current
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limitations in MOF metadata and present a new scheme to
facilitate value-added analysis using existing data.
Some of the largest barriers for materials informatics

currently include the “diversity of research areas within
materials, lack of data standards, and missing incentives for
sharing.”11 Unfortunately, the MOF literature also faces similar
challenges. MOFs have an ad hoc system of naming, typically
numbered (e.g., MOF-5) and/or derived from the university of
origin (e.g., NU-1000). As such, multiple names can refer to
the same MOF. For example, the names Cu-BTC (BTC =
benzene-1,3,5-tricarboxylic acid), Cu3(BTC)2, Cu2(BTC)3,
HKUST-1 (HKUST = Hong Kong University of Science
and Technology), and MOF-199 all refer to the same material.
M-MOF-74 is another common MOF family, which for a given
metal (M) has notations including M-MOF-74, M-CPO-27
(CPO = Coordination Polymer of Oslo), M2(DOBDC)
(DOBDC = 2,5-dioxido-1,4-benzenedicarboxylate),
M2(DHBDC) (DHBDC = 2,5-dihydroxybenzenedicarboxy-
late), M2(DHTP) (DHTP = 2,5-dihydroxyterephthalate),
M2(DOT) (DOT = 2,5-dioxidoterephthalate), and variants
on these notations with different punctuation. The current
difficulty in MOF discoverability also raises the possibility of
naming two distinct MOFs using the same identifier, such as
two unrelated structures12,13 named MOF-48 a decade apart.
Besides the benefits in nomenclature, a systematic MOF

identification scheme would also facilitate data mining efforts.
In a recent paper, text mining algorithms were used to extract
data about MOF pore volumes and surface areas from the
research literature.14 In this work, the authors employed a six-
step process to classify whether a given string of text was likely
to represent the name of a MOF. By contrast, if a MOF
identification standard were adopted by the research
community, users could search for a specific keyword to
rapidly identify publications or other data sources containing

information for a specific MOF. MOFs with the same
molecular formula but different connectivity, such as families
of zeolitic imidazolate frameworks (ZIFs), could also be
differentiated by their topologies using the identifier.
Ideally, standards for systematically naming MOFs could be

established like those for small organic molecules. We draw
inspiration from the field of cheminformatics, which has had
many promising advances for small molecules.15−20 Common
cheminformatics representations are transferable across differ-
ent platforms for chemical search and analysis, including
Reaxys,21 ChemDraw,22 PubChem,23 and chemical supplier
Web sites. Historically, cheminformatics developments have
been primarily focused on small organic molecules instead of
polymers, metal-containing compounds, or framework top-
ologies. One challenge is that MOFs combine all three of these
domains. More broadly, the MOF and coordination polymer
community is also still navigating ambiguous definitions for the
field as a whole, let alone how to describe individual crystal
structures.24 The IUPAC task group on “Coordination
Polymers and Metal−Organic Frameworks: Terminology and
Nomenclature Guidelines” released a report25 encouraging
researchers to continue describing framework topology using
symbols from the Reticular Chemistry Structure Resource
(RCSR) database.26 This report led to a follow-up IUPAC task
group on topological representations,27 which will be discussed
more thoroughly in the Methods. There has been some related
progress developing IUPAC conventions and computer
formats for polymers, which represent their chemistry by the
monomer(s) or constitutional repeat unit(s).28−32 These
polymer methods have not been formally extended to MOFs.
Ultimately, we would like more powerful methods to

integrate multiple sources of data together, to easily search
for MOFs, and to better manage the vast amounts of data
being generated by the MOF community. The Cambridge

Figure 1. A scheme sketching the algorithms for deconstructing MOF-50552/NOTT-10053 into its basic building blocks, which provide
information about the MOF chemistry and underlying topological net. The “metal-oxo” algorithm describes the MOF chemistry, “single node”
provides the underlying topology, and “all node” provides an alternative topological representation, if available. The light blue circles indicate the
vertices in the simplified net: there is a single four-coordinated vertex in the “single node” topology and two three-coordinated branch points in the
“all node” topology. In this example, the MOF contains a copper paddlewheel node, 3,3′,5,5′-biphenyltetracarboxylate (bptc) linker, and
topological nets represented by the RCSR symbols nbo and fof.

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.9b01050
Cryst. Growth Des. 2019, 19, 6682−6697

6683

http://dx.doi.org/10.1021/acs.cgd.9b01050


Structural Database (CSD) is a great success story of data
sharing. At the time of writing, this database includes over one
million crystal structures33,34 and has built a culture where
authors in the MOF community publicly deposit crystal
structure data prior to the publication of a new material
(increasingly with a journal mandate). Similarly, the RCSR26 is
a database for framework topologies that has been broadly
adopted by the community to compactly communicate the
connectivity and overall framework structure for MOFs and
related crystalline, periodic materials. Researchers can currently
search the CSD for a specific crystal substructure35,36 or the
RCSR for a given framework topology26,37−39 as independent
queries, but there is an opportunity to consider these two
properties in a single resource.
The primary objective of this work is to expand the

capabilities for MOF data reuse. Much like the successes of the
RCSR for topologies and the CSD for crystal structures, new
cheminformatics conventions for MOFs could similarly
transform the research capabilities for finding and labeling
MOFs in the literature. The proposed standards could
supplement the current system of human-readable colloquial
names (e.g., Cu-BTC) with machine-readable identification
schemes (e.g., Cu.QMKYBPDZANOJGF.MOFkey-
v1.tbo) to improve MOF search, data management, and
discovery of structure−property relationships. In this work, we
present the development of two complementary MOF
representation schemes, their validation, and their utility for
analysis and insights through a few examples. One is a compact
representation of a MOF’s composition and topology built
upon InChIKeys;40 the other is a more verbose format
providing additional information on bond connectivity that
builds upon SMILES strings.41,42 In both cases, we deconstruct
a MOF into its individual building blocks and represent them
using these modified cheminformatics formats. After discussing
the details of the proposed format and our underlying software
implementation, we review some challenges and limitations in
our canonical MOF identifiers. We test the code using
“known” MOF structures and demonstrate applications in
database statistics, duplicate detection, and identification of
polymorphic families. Finally, we comment on the progress we
have made to facilitate analysis between MOF databases and
future opportunities in the field.

■ METHODS
Topological Deconstruction Algorithm. The overall premise of

the proposed MOF identification scheme is to combine information
about the chemistry of MOF building blocks and information on how
they assemble topologically. Given the complexity of deconstructing
MOFs into their building blocks, we have designed a workflow that
combines the results from three different algorithms to assign our
proposed MOF identifiers. The general steps in our approach are
depicted in Figure 1. We have developed a new “metal-oxo” algorithm
focused on MOF chemistry, which keeps the organic linkers intact as
discrete building blocks (including any carboxylate groups). From a
topological perspective, the published “single node” and “all node”
algorithms27,43,44 provide a better representation of the MOF
connectivity. Each algorithm provides different information about
the MOF, thus leading to our hybrid approach. In this section, we
describe the differences between these methods and highlight related
work in the literature.
We start with a brief review of MOF deconstruction concepts from

the literature and then discuss the approach we used in this work.
Multiple methods for decomposing MOFs into their building blocks
have been developed, though they have not yet been applied for the
purpose of a MOF identification system. Coupry et al. assigned MOF

building blocks for force field assessment by classifying the atoms into
three main classes: metal atoms, adjacent oxygen atoms bonded to
metals within the SBUs, and all other atoms, which were assumed to
represent the linkers.45 Another approach is to enumerate possible
MOF templates, such as single metal ions bonded to linkers or
carboxylate linkers binding to metal nodes.46 Perhaps the simplest
algorithm is disconnecting any bonds to metal atoms and leaving the
rest of the molecular graph intact. This algorithm is called the
“standard simplification” algorithm47 and has the same approach as
IUPAC’s International Chemical Identifier (InChI) standard.48 A
more complex “cluster simplification” algorithm in ToposPro breaks
apart crystal structures by examining the minimal ring sizes for each
bond to differentiate between intra- and intercluster bonds.37,38 Other
algorithms, which take into consideration the linker shape, will be
described in the “single node” and “all node” methods below.

In this work, we developed a new “metal-oxo” simplification
algorithm to describe MOF chemistry by dividing MOF structures
into distinct inorganic and organic building blocks. First, we assign the
bond adjacency matrix from the crystal structure using a simple
distance cutoff method implemented in Open Babel,49 which uses the
CSD covalent radii to determine expected bond distances.50 We adopt
the convention from InChI for classifying elements as metals versus
nonmetals.40 For the “metal-oxo” algorithm, we generally define the
inorganic building blocks as metal-oxo clusters, including oxides and
bound hydroxide, peroxide, and water species (e.g., the Zr6(μ3-
O)4(μ3-OH)4(OH)4(OH2)4 node of NU-1000

51 or the Zn4O cluster
of MOF-5). Remaining fragments are classified as organic building
blocks, approximately described as any larger nonmetal cluster. Thus,
a hydroxyl group bound to a metal atom would be considered as part
of the inorganic cluster, but a methoxy group in the same position
would instead be treated as an organic building block and may be
classified as a bound solvent molecule with a crystallographically
invisible hydrogen atom for charge neutrality. Carboxylate functional
groups, including the oxygen atoms, are considered as part of the
organic building blocks, because they are covalently bonded to the
rest of the linker molecule.

Once we have determined the MOF chemistry, we also need to
assign a topological net, which describes the underlying connectivity
of the MOF building blocks. Describing the MOF topology is often
more apparent using a shape- or connectivity-based building block
convention as opposed to the chemistry-based “metal-oxo” algorithm.
We represent the building blocks as secondary building units
(SBUs),54,55 which are characterized by their points of extension56

connecting to other building blocks in the topological net. By using
SBUs in the “single node” and “all node” algorithms, we can consider
the inorganic “nodes” and organic “linkers” as abstract shapes
(polygons and polyhedra) linked together in the simplified net.43,54

Unlike the “metal-oxo” algorithm, the other two approaches generally
consider coordinated carboxylates (and certain heteroaromatic rings)
as part of the “node” (see Figure 1 and Section S1.2). This convention
can be important in cases such as MFU-4l, which is represented as a
Kuratowski-type pentametallic SBU instead of five discrete metal
atoms (see Figure S1).57

After the MOF atoms have been assigned as “nodes” and “linkers,”
we simplify each cluster by replacing it with a single pseudoatom at its
centroid (geometric center). Additional simplification steps, such as
solvent detection, checking for interpenetrated nets, and handling
infinite rod-like SBUs, are detailed in Section S1.2.

We adopt two standard conventions for reporting the topology, in
accordance with prior literature and recommendations from an
IUPAC task group on the subject.27,43,44 Most importantly, we
determine the basic net from the “single node” simplification
algorithm, which considers each SBU and polytopic linker as a single
vertex in the topological net. We also run a topological simplification
using the “all node” approach, which explicitly identifies branch points
within the linker. As shown by the MOF-505 example in Figure 1, this
algorithm can provide additional information about the underlying
shape of the MOF building blocks. However, there can be ambiguity
in assigning the locations of branch points, so we recommend
reporting the parent “single node” topology as well.
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We describe the simplified topological net by using the
abbreviations tabulated in the online RCSR database.26 Our analysis
code exports a crystal geometry data (.cgd) file containing the vertices
in the simplified net and their periodic connectivity. Then, the open-
source program Systre58 is invoked as a command-line Java program
to assign the RCSR topology. Briefly, Systre detects the underlying
topological net by calculating a fingerprint called the Systre Key,
which describes how vertices connect in the labeled quotient graph.59

We exclusively use topology codes from the RCSR database in this
work, using the archive published on June 1, 2019. The use of RCSR
codes is the only part of our identifier schemes that relies on a central
registry. In a future iteration of the schemes, it may be possible to
decouple the topological description from the RCSR (i.e., to describe
MOFs having non-RCSR or new topologies) by hashing the Systre
Key into a somewhat compact fingerprint.59

Adapting Cheminformatics Formats for MOFs. In this
section, we motivate the selection and modification of two
cheminformatics formats for our MOF identifier schemes. Once a
MOF is deconstructed into its representative building blocks and
underlying topological net, the chemical structure needs to be
represented in a standardized format. One of the objectives of
cheminformatics is compactly representing the chemical structures of
molecules.60 A popular format is the Simplified Molecular Input Line
Entry System (SMILES), which compactly encodes a molecular graph
as a string of bonded elements and how they branch.41,42 Some work
has extended SMILES for supramolecular structures and nanodevices,
although not specifically applied to MOFs.61 A major disadvantage of
SMILES is that multiple SMILES strings can refer to the same
compound: the assigned SMILES can vary by implementation and
sometimes even the order of atoms in the molecular graph. Multiple
canonicalization algorithms have been proposed, though different
cheminformatics toolkits (and sometimes versions) will not produce
the same canonical SMILES.30,49,62 In the past decade, the InChI
format40,48 has also been widely adopted due to its standardized,
open-source implementation.48,63 This format is more similar to a
barcode of the molecular graph and has a compact hashed version
called the InChIKey.64 Even though InChI is a standardized format,
metals are represented as nonbonded atoms, so additional flags or
nonstandard implementations65 would be required to describe the
molecular graph of MOF nodes. A format called Universal SMILES
combines the readability of SMILES with the canonical ordering from
InChI.66 Universal SMILES may be a good approach for future
descriptions of MOFs, but we did not use it in this work due to the
complicated, unusual bond valence within MOF nodes. In addition,
one of us recently introduced SELFIES67 as a novel semantic graph
representation tool that has been shown to be more robust than
SMILES, especially for purposes of machine learning. A possible
extension of MOFid would be creating a SELFIES variant.
Even though cheminformatics methods are well-established for

small organic molecules, they cannot be used without significant

modifications to adequately describe MOFs. As shown in Section S3,
the periodic, crystalline structure of MOFs has undesirable effects on
traditional cheminformatics formats, such as long, uninterpretable
strings and a dependence on the number of unit cells. However, the
SMILES and InChIKey formats work well once the MOF is split up
into its building blocks. Decomposing MOF structures into their
nodes and linkers enables compatibility with existing cheminformatics
software (e.g., ChemDraw22) and enables rapid analysis based on the
individual building blocks. This approach also parallels current MOF
names like M2(DOT), which describe MOFs based on their building
blocks (though these names contain nonstandard abbreviations,
special characters, and generally no information on the overall
framework topology).

The SMILES format has only seen limited use in the literature for
MOFs and other metal−organic compounds. SMILES strings have
primarily been used in the MOF literature to enumerate linker
structures, such as automating the design of flexible linkers.68 Searches
through chemical databases, such as PubChem,23 can identify
compatible linker molecules for constructing new MOFs in silico,
which has enabled the systematic analysis of MOFs for methane
storage69,70 and high surface areas,71 and the design of MOF-74
analogues.72 Some reports on organometallics and inorganic
complexes have analyzed the metal core and organic ligands
separately, similar to our MOF decomposition strategy. Using this
“divide-and-conquer” approach, they can more successfully generate
3D geometries and machine learning descriptors for these
structures.73−76 Parallel efforts using SMILES to describe chemical
connectivity are being undertaken by the Crystallography Open
Database to improve searchability and facilitate the identification of
structure−property relationships.77 In their work, the database
authors specifically focused on smaller species like metallocenes and
explicitly excluded large polymeric structures like MOFs. There is also
increasing interest and a request for proposal from the InChI trust for
developing new capabilities for organometallics,78 so this field remains
an active area of research. We have constructed MOF identifier
schemes derived from the SMILES and InChIKey formats; their
specifications and anticipated use cases are detailed in the next
section.

MOF Identifier Formats. We propose two related identifiers to
represent MOFs, adapting existing infrastructure for cheminformatics
and topological representations. The MOFid format is derived from
SMILES and provides detailed chemical information about the MOF
building blocks as well as metadata about the overall simplified
topology. The MOFkey format is derived from the InChIKey and
serves as a canonical identifier for a MOF’s linkers, identity of the
metal(s), and overall framework topology. Generally, the MOFkey
would be useful as a compact identifier and barcode for MOFs (e.g.,
in a research article and/or abstract), whereas the MOFid trades
brevity and searchability for reversibility between the identifier and

Figure 2. Example of identifying the Cu-BTC MOF using the SMILES-derived MOFid format and InChIKey-based MOFkey format.
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structure (e.g., useful for Supporting Information or a detailed
database).
We first present examples of the MOFid and MOFkey schemes and

then discuss these formats in more detail. Figure 2 shows how the
formats are derived from the composition of the MOF Cu-BTC.
Table 1 provides additional examples of identifiers for common
MOFs identified by Anderson and Goḿez-Gualdroń.79 We note that
the current version of the MOFid code cannot successfully determine
the topology of certain MOFs with rod-like metal nodes, such as Mg-
MOF-74, although it may be possible in future versions using the
algorithms outlined in Section S1.4.
MOFid uses a specialized form of the SMILES format. Both

formats represent the chemical structure(s) using the elemental
symbols and a series of special characters to represent bonds, rings,
branches, and other features in the molecular graph. Distinct chemical
components are denoted by a standard dot-separated notation (a
“dot-bond”).81 We use the canonical SMILES output format
implemented in Open Babel to export the nodes and linkers. The
current implementation sorts all of the building blocks together in
alphabetical ASCII order, though other schemes such as nodes then
linkers may be possible as part of a future specification. We disabled
notation of stereochemistry to avoid complicated SMILES strings,
which denote unnecessary details such as octahedral stereochemistry
within metal SBUs. Like the Crystallography Open Database,77 we
denote connectivity within inorganic clusters using single bonds (i.e.,
a metal−oxygen connection is always represented by a bond order of
one). We avoid assigning formal charges to metal atoms, because we
do not want to imply any assumptions or guesses about the metal
oxidation state, especially given the difficulty of assigning bonds to
metal atoms. (See also the section on Limitations and Challenges.)
The system does not currently handle charge-balancing cations or
anions as special cases. Before exporting a linker substructure to
SMILES, InChIKey, or other formats, we adjust the charges on linker
molecules by pattern-matching against commonly charged sub-
structures (e.g., assigning a formal charge of −1 to anionic carboxylate
groups). Many cheminformatics representations of small organic
molecules impose bond valence requirements, so explicitly assigning
charges avoids an unexpected number of implicitly represented
hydrogen atoms.
After defining the building blocks, we use the molecule name or

comment field from the SMILES format to pack metadata about the
parent MOF structure, such as its topology and interpenetration,
separated by periods. In some cheminformatics toolkits (e.g., Open
Babel), the comment field is defined as anything following the
chemical structure and a tab or other whitespace. First, there is a
MOFid-v1 string that flags the SMILES as a valid MOFid (version 1
of the scheme). Next, the MOFid contains the three-letter RCSR
code for the base “single-node” topology. If the “all node”
representation is different, or the user wishes to specify other

topological representations, they can be appended using commas. If a
topology cannot be assigned, the code reports a placeholder value of
ERROR or UNKNOWN. The catenation, or degree of interpenetration,
of the MOF is specified with the keyword cat and number of
additional disconnected nets (e.g., IRMOF-1 is represented as cat0,
but interpenetrated IRMOF-1 and IRMOF-9 are both represented by
cat1). Finally, the MOFid ends in a semicolon followed by a user-
specified comment field, which authors could use to provide a
common name, structure number, or other identifying information in
a paper. Since the MOFid metadata repurposes a comment field, there
is the possibility to extend the MOFid specification later to include
more metadata, such as the ratio of linkers in multivariate MOFs or
the source of the MOF crystal structure (e.g., hypothetical, SHELXL,
CCDC deposit).

MOFkey compactly contains similar information but is based on
the InChIKey format. Nodes are identified by a list of unique metals,
specified by their elemental symbol and sorted by atomic number. For
example, the Zn4O node of MOF-5 would be identified by Zn.
Nonmetal elements, such as oxygen and hydrogen, are excluded from
MOFkey’s representation of a node to avoid inconsistencies in how
crystal structures are reported. For example, a copper paddlewheel
could be represented using two coordinatively unsaturated metal
atoms alone, with a bound water, or with an oxygen atom (without
hydrogen atoms explicitly included). Thus, the MOFid could contain
any of these three representations, whereas MOFkey avoids this
ambiguity by only reporting the metal(s) and MOF topology. Then,
each unique linker molecule is specified by a truncated 14-character
InChIKey, which describes its “molecular skeleton” or “connectivity
layer.”40,82 A standard InChIKey contains 27 characters in three
layers; however, in the databases we tested, the second two layers
contain the identical 13 characters -UHFFFAOYSA-N per linker. We
safely removed these layers for brevity: these layers would only be
different if they contained information like linker stereochemistry or
rare cases like nonstandard isotopes, but these cases are not
considered by our code. Like MOFid, dots are used to separate the
MOF metadata and linker InChIKeys. Next, the MOFkey contains an
easily searchable format identifier, in this case MOFkey-v1. Finally,
the base “single node” RCSR topology is specified, if available. We
intend for MOFkey to be searchable verbatim, so we do not include
alternate or user-specified topologies. Similarly, we do not include the
MOF catenation for brevity and simplicity. In MOFs with a single
type of metal and linker, the full MOFkey will be 31 characters in
length, considerably shorter than the MOFid in most instances. We
note that 10 characters of the MOFkey format are devoted to the
MOFkey-v1. label. We kept a verbose version flag (-v1) as part of
our MOFkey prototype, but a future, formal specification could omit
this information or represent it using a single character (similar to
InChIKey).

Figure 3. Example of linking the hypothetical structure GA-hMOF-22242 to publicly available chemical data. All three distinct linkers are
searchable on Google via the InChIKey portion of the MOFkey. For more information about the composition of the GA hMOFs, see Section S2.3
and refs 87 and 88.
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We note that only identifying the inorganic nodes by the metal
elements in the MOFkey offers some advantages and disadvantages
compared with the graph-based approach in the MOFid. It is difficult
to assign the precise proton topology on the metal nodes for some
MOFs, requiring detailed study to elucidate the precise isomer.51

Differences in assigning the locations of the protons within the Zr6
node, as seen in MOF-545 and PCN-222,51,83,84 lead to differences in
the SMILES and ambiguity in the identifier, whereas MOFkey
classifies these nodes as the same Zr metal and csq topology. Given
that MOFkey is intended to be a compact, canonical identification
scheme for a parent MOF family, we see the potential loss of
information as an acceptable trade-off to gain a stable identification
scheme. Along the same lines, we note that MOFkey is more robust to
the underlying cheminformatics toolkit than MOFid. As noted earlier,
several canonicalization algorithms and implementations exist for
SMILES (recently leading to an IUPAC SMILES+ project85).
SMILES is a useful format for reversibly representing molecules
within a single project (especially after recanonicalizing the identifiers
for self-consistency), but an InChI-based solution is more suitable for
establishing database keys and search terms that remain constant
long-term.
The MOFid and MOFkey schemes could facilitate the

communication and automated linking of data in the literature and
within databases. MOFid would likely be most useful as Supporting
Information to provide detailed structural data about the node and

linker building blocks. Unlike the InChIKey, which uses a one-way
hash function, canonical SMILES is generally a reversible one-to-one
notation (ignoring special cases). Thus, if a paper has multiple
structures, the MOFid’s could be tabulated and labeled to
unambiguously tag individual structures of interest. The MOFkey,
on the other hand, would be most useful as an abbreviated barcode to
place in the abstract, keywords, and/or main text of a paper to
enhance MOF searchability and linking data together. Its base
InChIKey format is compatible with common web search engines64

like Google by minimizing the use of special characters or lengthy
queries, which can be difficult for search engines to parse.86 For
example, a hypothetical MOF structure87,88 containing three linker
molecules can be linked to online data for all three building blocks via
the MOFkey, as shown in Figure 3. While the InChIKey hash is not
inherently reversible, indexed databases and dedicated InChIKey
resolvers (e.g., CACTUS89) can resolve some of these hashes against
a list of known chemicals. It is also important to note that some
aspects of the MOFid/MOFkey are not directly compatible with
every cheminformatics software package, although we attempted to
maximize compatibility when possible. For example, some software
(e.g., ChemDraw) does not permit the SMILES comment field, but
this incompatibility can be readily resolved by removing nonstructural
information (i.e., the metadata and comment fields) from a given
MOFid. Some InChIKey resolvers will not operate unless the full
InChIKey is specified, so the user would need to adapt the linker data

Figure 4. Overview of the MOFid platform’s online user interface, enabling (a) web-based generation of MOFid/MOFkey identifiers and (b)
searches through CoRE MOF 2019-ASR by topology and/or chemical substructure.
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from the MOFkey before searching these databases. For example, to
search for the linker in Cu-BTC (Cu.QMKYBPDZANOJGF.MOF-
key-v1.tbo), the InChIKey would be QMKYBPDZANOJGF-
UHFFFAOYSA-N.
If MOF identification format(s) are adopted in the literature, we

anticipate that the MOFkey would be more generally useful for
quickly finding MOF structures, whereas the MOFid would provide
detailed structural information and metadata about the MOF. Said
another way, these schemes have similar objectives as the underlying
SMILES and InChI formats: “InChI is not a replacement for any
existing internal structure representations [e.g., SMILES]. InChI is in
addition to what one uses internally. Its value to chemists is f inding
and linking information.”90 Likewise, the MOFid and MOFkey are not
intended to replace the existing MOF nomenclature (e.g., Cu-BTC)
but rather to provide another method for finding and processing
MOF data. If MOFid and/or MOFkey are adopted by the
community, we suggest that a standards authority formally assigns a
specification. Left unchecked, standards have a tendency to
proliferate.91 The primary goal of MOFkey is to provide a consistent
identifier for linking together databases, and multiple implementations
or adaptations could lead to incompatibilities with one another and
existing software toolkits. However, if managed properly, MOFkey is a
powerful tool for analyzing MOF data and linking it to the broader
chemical literature.
Software Environment. As part of this project, we are releasing

an open-source code on GitHub (https://github.com/snurr-group/
mofid), which includes an implementation of the MOFid and
MOFkey schemes as well as tools for analysis. The code is comprised
of three overall parts: a main C++ code for deconstructing MOF
structures into their building blocks, Python code to assemble the
MOFid/MOFkey identifiers, and various analysis utilities. The C++
code is responsible for reading a MOF structure in CIF format,
deconstructing the MOF into its building blocks, simplifying the
underlying topology, and exporting the simplified components. The
code extensively uses the Open Babel library, a popular open-source
framework for analyzing chemical structures as molecular graphs and
handling chemical file formats.49,92 We have modified the library93 to
include new features such as periodic boundary conditions, which are
necessary to properly calculate bond lengths, angles, and torsion in
repeating crystal structures. The final version of these modifications
includes contributions from Giovanni Garberoglio, who previously
implemented a similar feature independently as part of the OBGMX
project.94 The Python part of our code assembles the MOFid/
MOFkey identifiers by wrapping other utilities: it parses the SMILES/
InChI output from the C++ code and calls Systre to perform topology
assignment. We also provide a Python API to allow users to quickly
integrate MOFid/MOFkey analysis into their workflows and Bash
scripts for common analyses on supercomputing clusters.
Our code generates the MOF identifiers and produces several

outputs for analysis. For each of the topology simplification
algorithms, we write the atomic coordinates for the individual MOF
building blocks, the overall simplified net, solvent molecules (if
detected), and related structures. Once the MOF has been
deconstructed into its basic building blocks, it is considerably easier
to perform complex analyses and searches based on the MOF
chemistry. For example, composition data for a collection of MOF
crystal structures can be organized into a spreadsheet or relational
database, allowing for the use of complex queries.95 Substructure
searching methods from the cheminformatics literature, such as the
SMARTS language, can also rapidly filter through databases to find
chemical moieties of interest. These querying techniques are powerful,
although they require awareness of certain subtleties, such as
implicitly handling hydrogen atoms and syntax that differentiates
between any carbon atom ([#6]), aromatic (c), or aliphatic (C).96

We also developed a client-side Web site available at https://snurr-
group.github.io/web-mofid/. The web interface allows users to
interactively run the MOFid/MOFkey code while avoiding the
compilation and installation requirements. Users can import their own
CIFs to the tool, which runs locally in the user’s web browser without
uploading files to a web server. The screenshots in Figure 4 highlight

the Web site’s capabilities for assigning MOF identifiers and running
database searches. In the literature, web apps have been shown to
increase molecular understanding and allow users to quickly explore
content and calculations interactively.97 By reducing the barrier to
setup and use of our code, we hope to facilitate user adoption of the
MOFid/MOFkey analysis and identifier tools.

The use of open-source software for the MOFid and MOFkey
schemes is advantageous. Users can inspect the source code of the
underlying algorithms, and repositories such as GitHub facilitate
distribution of the code to the research community. Researchers can
also revisit old data and assign MOFid/MOFkey identifiers to
previously reported structures. A nice feature of the MOFid/MOFkey
schemes is that they do not inherently require a crystal structure. If
clean crystallographic results are infeasible, or if a user wishes to
propose a new hypothetical structure, it is possible to manually
assemble the MOFid or MOFkey formats using the simplified
topological net and corresponding SMILES or InChIKeys.

Limitations and Challenges. One challenge with applying
cheminformatics methods to metal-containing compounds, such as
MOFs, is that bond assignment is still an active area of research and
debate. There are several ways to assign bonds to construct a
molecular graph, but all have limitations.98 Geometric methods are
common, where two atoms are considered bonded if their distance is
less than the sum of their covalent radii,50 plus an extra skin distance
(0.3−0.45 Å is common4,99). Some bonding algorithms, such as those
in Open Babel and Materials Studio, additionally include a minimum
distance cutoff by default.49,100 Bond orders are particularly
ambiguous.101 Some algorithms assign a formal valence of 1/2 to
metal−oxygen bonds,45,102 while others treat everything as single
bonds.101 A zero-order bond has also been proposed for denoting
coordination bonds in cheminformatics software.103 The CSD
performs bond perception using Bayesian methods that combine
information about the geometry and known structures in the
database.104 Many subtleties in MOF structures could cause issues
for bond perception routines, in particular, bonding within metal
nodes, atoms near the cutoff distances, and disordered structures.
Regardless, even approximate representations would be generally
useful to narrow down the number of possible matches in a search.

The MOFid and MOFkey represent MOFs as their idealized
structures, because the formats must strike a balance between a simple
versus comprehensive identifier. The complexity of the MOF field
quickly leads to many corner cases that the MOFid and MOFkey
schemes do not consider. Some examples of these special cases
include hetero-interpenetrated topological nets,105 framework de-
fects,106,107 and composites, including metal nanoparticles encapsu-
lated in MOFs108,109 and hybrid MOF−polymer materials.110 The
MOFid code will retrieve all unique linkers in multivariate (MTV)
MOFs, though it does not (currently) list a ratio of compositions.
Likewise, postsynthetic modification111 and/or building block
replacement112 techniques could lead to ambiguity if the eligible
sites are partially substituted. Covalent organic frameworks
(COFs)113,114 are currently out of the project scope: the code
requires a boundary between inorganic and organic building blocks to
deconstruct framework structures. Neglecting these special cases,
there is generally a one-to-one correspondence between a MOF
identifier and a MOF’s composition, provided that an RCSR
framework topology can be assigned. By representing MOFs as
their idealized structures, the proposed MOF identifiers substantially
narrow down the search space and improve data organization.

Framework topologies are another challenge. Some MOFs have
multiple possible topological representations and ways to assign the
“topologically significant” connection points.115 In fact, even abstract
topology definitions can themselves sometimes be reduced to other
underlying nets by clustering vertices together in the network.37 The
merged nets approach can expand the topological space by combining
two compatible edge-transitive nets.116 To date, newly discovered
merged nets have been reported to the RCSR, and thus these
topologies are likely compatible with the MOFid/MOFkey scheme
automatically. Another approach for introducing topological complex-
ity is by building metal−organic polyhedra into a hierarchy of
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secondary or tertiary building units.117 Since the MOFid/MOFkey
schemes represent MOFs as their simplest isolated inorganic and
organic clusters, they cannot explicitly capture topological hierarchies.
Overall, the diversity of MOF structures is excellent for providing a
large design space, although challenging for rigorous nomenclature
protocols. However, after accepting some level of arbitrariness,
analyzing MOF structures as molecular graphs can be rather effective
as long as the criteria are well-documented and applied systematically.
Even given the same chemical building blocks, many classes of

“framework isomers” have been defined for MOFs.118−120 Topo-
logical isomers arise when the same MOF SBUs are connected into
different topologies. Catenation isomers result when multiple copies
of the topology are interpenetrated, typically resulting in a low void
fraction within the material. These interpenetrated nets can take many
forms,115 including partially interpenetrated nets,121 distinct symme-
try classes,122 and woven periodic knots.123 Isoreticular isomers can
be formed when SBUs have lower symmetry than vertices in the
underlying net, typically showing up as different relative orientations
of nodes119,124 or rotations of pseudosymmetric tetratopic link-
ers125,126 (e.g., rotating the rectangular linkers in NU-1100).127

Finally, conformational isomers have the same molecular graph but
different conformations within the SBUs due to bond bending or
related transformations. Examples include “breathing MOFs” such as
MIL-53,128 pressure-induced phase transitions such as PCN-250 and
PCN-250′,129 and stimuli-responsive materials.130,131 One approach
for distinguishing these isomers could be including an additional field
into the MOFid about the MOF volume per metal atom. Overall, the
proposed naming scheme can be viewed as a family of answers,
depending on the level of detail required for comparison. Of these
isomer classes, the MOFkey only considers the overall framework
topology, and MOFid considers topology and number of inter-
penetrated nets.

■ APPLICATIONS
Validation against MOF Databases. Given the complex-

ity of deconstructing MOFs, we developed a set of test cases to
validate the MOFid code. We started with databases of
hypothetical materials constructed in silico from presumably
well-defined SBUs and topologies, which would be a cleaner
source of labeled data than experimentally reported crystal
structures. The goal was to benchmark the calculated MOFid
against a ground truth, which we defined from the recipe used
to construct the crystal structure. We extracted a test set from
two databases of hypothetical MOFs, which were constructed
by crystal generation algorithms. First, we considered a
database of hypothetical MOFs studied using a genetic
algorithm,87 which we denote the “GA hMOFs” in this work.
This database was adapted from the “bottom-up” hypothetical
MOF database of Wilmer et al.88 to have well-defined, unique
chromosomes describing the composition. We also considered
the topologically diverse ToBaCCo database constructed by
Coloń, Goḿez-Gualdroń, and Snurr using a “top-down”
assembly method.132,133 Together, these databases contain
more than 10 000 MOFs for testing.
Figure 5a shows an example validation by comparing the

input recipe of MOF-5 fed into a “top-down” crystal generator
against the MOFid identifier calculated from the output crystal
structure. In theory, any mismatches would be attributable to
errors in the MOFid code, thus directly indicating the code’s
robustness. However, in practice, some of the building blocks
and topologies were ill-suited for this purpose, leading to an
inexact mapping between the crystal generator input and
expected output. For example, Figure 5b highlights a case
where we had expected an rna topology based on the V3O3
node. Because of a geometry misalignment, instead of
completing the 4,4′-(ethyne-1,2-diyl)dibenzoic acid linker

between two nodes, the crystal generator capped the sites
with benzoic acid groups, which prevented our MOFid code
from finding the expected topology. Additionally, some bond
geometries in the ToBaCCo and GA hMOF databases are
incompatible with a simple distance-based bond perception
algorithm; some of the atom positions, while suitable for high-
throughput screening of the design space, are technically
unphysical due to limitations in the settings for the
construction algorithms and/or the force field optimization.
In both of these examples, the validator should not flag an
error with the MOFid code: although there is a mismatch
between the MOFid and our expectations, the underlying
cause was misunderstanding the crystal structures, not
necessarily an issue with the underlying simplification
algorithms. To account for these discrepancies, we selected a
subset of the full GA hMOF and ToBaCCo MOFs, excluding
cases known to be challenging for the validator. See Section
S2.4 for details.
In order to estimate the success rate for the MOFid code, we

excluded mismatches where we could identify an underlying
systematic disagreement between an expected and actual
crystal structure, labeled as “Excluded” in Figure 5. We
excluded 839 of the 3952 unfunctionalized GA hMOFs (and
47 211 GA hMOFs containing functional groups) and 7679 of
the 13 511 ToBaCCo MOFs. Out of the MOF subset
remaining, we estimate a 95.4% success rate for the GA
hMOFs and 86.9% success rate for the ToBaCCo MOFs,
shown in Figure 5c. Given the challenges in interpreting
reported MOF crystal structures, we surmise that the code was
sufficiently robust for analysis, subject to a few known issues
documented in Section S2.4.5.

Analysis of MOF Structure Databases. In this section,
we demonstrate a few examples of using the MOFid/MOFkey
code for analysis of large MOF databases. Beyond hypothetical
structures or a small set of common MOFs, we extend the
analysis to thousands of experimentally reported crystal
structures that have been collected in the CoRE MOF 2019-
ASR (all solvent removed) database.7,80 In this work, we only

Figure 5. Validating the MOFid code against MOF structures
generated in silico. (a) Overview of the validation procedure using the
example of MOF-5, (b) example mismatch between an expected
crystal structure and the calculated MOFid, (c) validation results,
detailed in Section S2.
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include crystal structures that contain carbon, yielding 14 026
MOFids/MOFkeys under consideration.
MOF identification algorithms enable exploration of many

MOF properties based on their SBUs. Certain questions, such
as “what linkers are the most common?” or “how many unique
MOFs exist?” can be answered directly using MOFid. The
MOFid/MOFkey scheme reports MOFs deconstructed into
their building blocks, which enables rapid aggregation or
comparison between structures. Looking at unique nodes
within the MOFids (Table S1), we find that the most common
inorganic structures identified by the “metal-oxo” algorithm are
isolated metal atoms. The most common node is a zinc cation,
characteristic of many ZIFs. Some other common nodes
contain pairs of metal atoms (characteristic of metal
paddlewheels), the Zn4O cluster of MOF-5, and the Zr cluster
of UiO-66.
Using the InChIKey information embedded in the

MOFkeys, we extracted the most common linkers in the
CoRE MOF database, shown in Figure 6. We identify many of
the same linkers, albeit with some differences, compared with
the CoRE MOF 2019 analysis,7 which was run by searching a
subset of the database for common linkers using the
Conquest35 program. Repeating our analysis using the SMILES
structures from MOFid instead of the InChIKey from
MOFkey yields different numbers. As shown in Figure S10,
there are sometimes multiple SMILES structures correspond-
ing to the same InChIKey. Deriving the chemical graph of
bonds from a crystal structure is a challenging problem,
especially in cases of disorder or missing hydrogen atoms,
which leads to (incorrectly) assigning carbon atoms in the

linker as radicals with missing valence. The InChI normal-
ization procedures remove some but not all of this sensitivity
to the structure definition. Within Figure 6, there are two pairs
of linkers with multiple InChIKeys: formate (BDAGIH-
XWWSANSR and SSODQXRGMVULMF) and isophthalic
acid (GZJYHAYPVZNUJX and QQVIHTHCMHWDBS).
These cases reinforce that high-throughput analysis can be
useful for identifying promising targets or overall trends, but
conclusions about individual MOFs merit another detailed
look at the crystal structure.

Duplicate MOF structures. MOFid also enables the rapid
identification of multiple copies of the same MOF in a
database, provided that a MOF is sufficiently defined by its
building blocks and topology. Identifying duplicate MOF
structures has been used in the literature to avoid redundant
density functional theory (DFT) calculations,5,134 recalculate
database statistics,47 and compare MOF databases,7 among
other applications. More generally, deduplicating crystal
structures or identifiers presents a data curation challenge for
many groups, such as the Crystallography Open Database135

and NIST/ARPA-E Adsorption Database.8 Duplicates analysis
can be carried out by several methods, including a direct
comparison of the atomic positions,5 information about the
molecular formula and unit cell,135 textural property finger-
prints,7 and bond network descriptors.47 As hinted at in the
earlier Challenges section, there is no single definition for what
constitutes a unique structure because it can be context
dependent. For example, when eliminating redundant DFT
calculations, atomic coordinates are well-suited for reporting
geometry-dependent results, but for the application of

Figure 6. Most common linkers in CoRE MOF 2019-ASR according to the assigned MOFkeys. Each structure is labeled with the truncated
InChIKey and number of MOFs identified.
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aggregating database statistics, the parent bond structure is
likely more relevant and excludes extraneous complications
such as conformational isomers.
In this section, we consider a similar definition for duplicates

as Barthel et al.:47 “two structures [that] can in principle be
deformed into each other without breaking and forming
bonds” (in our case, with minor caveats excluding stereo-
chemistry and the exact node composition). We implement
this approach by comparing MOFs by their MOFkeys, which
encode information about the metal, linker bond network, and
how the building blocks are assembled topologically. We
assume that the MOFkey is a one-to-one representation of a
MOF: each unique MOF chemistry/structure corresponds
with exactly one MOFkey, and vice versa. Our workflow is
unable to assign topologies to all of the MOFs in the databases
for various reasons (importing the structure fails, non-RCSR
topology, etc.), so we exclude any MOFkeys containing an ill-
defined topology (see Section S2.2). After filtering the CoRE
MOF 2019-ASR database, we are left with 6259 out of the
14 026 structures for analysis. Within this subset, we identify
4104 unique MOFkeys. Twelve of these MOFkeys are
aggregated earlier in Table 1 as common MOFs in the
literature, and we report the number of duplicate structures in
the last column of the table. On the basis of the MOFkey, we
also find 42 MOFs that have been reported at least 10 times in
CoRE MOF 2019-ASR, which are collected in Table S2.
In the literature, bond network descriptors have been

applied47 to deduplicate a slightly modified version of 502
DFT-optimized CoRE MOF structures with DDEC partial
atomic charges.6 We have benchmarked this method against
our MOFkey deduplication approach on this same set of
structures. As before, we only excluded MOFkeys without a
well-defined RCSR topology, leaving 242 MOF structures
under consideration. On the basis of this subset, 209 of the
structures were classified into 186 groups (167 singletons) that
identically matched the network bond classifications. The
remainder of the MOFs came from five families with distinct
structures, but the same MOFkey and the network bond
method correctly distinguished these families. Section S4.2
details the underlying causes, which include catenation and
detailed node information found in the Barthel/MOFid
methods but not the MOFkey. The overall agreement between
the bond network descriptor and MOFkey approaches provide
confidence in the method for duplicate detection while also
showing its limitations, such as the inability to report non-
RCSR topologies.
Overlap between MOF databases. Running duplicate

searches across multiple databases can indicate structures that
are common between them: in other words, the overlap
between the databases. Using this approach, we calculated the
overlap among the CoRE MOF 2019-ASR,7,80 GA hMOF,87

and ToBaCCo databases,132,133 and identified dozens of MOFs
in common between the databases, as shown in Figure 7. Using
the MOFkeys, we identify 10 MOFs in common among all
three databases: Cu-BTC, IRMOF-1, IRMOF-8, IRMOF-9,
IRMOF-14, IRMOF-61, DUT-34, TCM-8, UiO-66, and
refcode LIHFAK.
We benchmarked our MOFkey-based deduplication ap-

proach against the textural property fingerprinting method
from the CoRE MOF 2019 analysis.7 In searching for
structures in common between the unfunctionalized GA
hMOFs and CoRE MOF 2019-ASR, we identify the same
list of MOFs with a few exceptions. The MOFkey-based

overlap approach does not identify IRMOF-3 (equivalent to
amine-functionalized IRMOF-1), because we had only
searched through unfunctionalized hMOF structures. The
two IRMOF-3 structures identified in the CoRE MOF 2019
paper, VURMOL and hMOF-69, generate identical MOFkeys
(Zn.GPNNOCMCNFXRAO.MOFkey-v1.pcu). Therefore,
the discrepancy between the fingerprint and MOFkey methods
was caused by the list of MOFs under consideration, not
something inherent to the MOFkey approach. There may be
other functionalized GA hMOFs that we have missed, but in
general these structures tend to be less compatible with the
MOFid/MOFkey workflow (Section S2.4). We also note that
the MOFkey does not account for catenation, only considering
the building block chemistry and topological connectivity.
There are also some overlapping structures that the MOFkey-
based approach flagged as overlapping MOFs, but the
fingerprinting method did not: UiO-66, TCM-8, DUT-34,
C O M O C - 3 , Z n ( b p e ) ( m u c o ) , a n d
Cu2(dicarboxylate)2(amine). UiO-66 was not identified by
the fingerprint algorithm due to differences in the hydrogen
topology of the Zr6 node: the GA hMOF structure has a
carbon-to-hydrogen element ratio of 2:1, whereas the CoRE
MOF structures have ratios of 3:2 or 12:7. The other MOFs
are not identified by the fingerprinting method due to
differences in the structure densities (Table S4). The reported
crystal structure of COMOC-3 has narrower pores136 than the
square-like open pores of the analogous GA hMOF structure
1002260. Zn(bpe)(muco) is a false positive flagged by the
MOFkey method: the GA hMOF structure 5049620 is built
with a Zn paddlewheel, whereas the CoRE MOF structure
SUJQOE has a different inorganic node built from
Z n 2 ( m u c o ) . 1 3 7 D U T - 3 4 , T C M - 8 , a n d
Cu2(dicarboxylate)2(amine) are found as their catenated
versions in the CoRE MOF database but not the GA
hMOFs, causing their densities to differ by a factor of 2.
The fingerprint algorithm considers catenated structures as
distinct MOFs, whereas the MOFkey does not, leading to the
difference in reporting. The MOFkey approach is a more direct
method of comparing structures than fingerprint-based
deduplication, resulting in far fewer false positives to parse.

Polymorphism. Storing MOF composition information in
an easily queried format (such as a relational database) enables
rapid search and exploration of new questions, such as the
identification of MOF polymorphs. Figure 8a shows an

Figure 7. Overlap among three databases: CoRE MOF 2019-ASR,
unfunctionalized GA hMOFs, and ToBaCCo MOFs. Databases were
deduplicated before calculation and compared using the MOFkeys.
These numbers include one false positive in the GA-CoRE overlap
(Zn(bpe)(muco)) and four in the CoRE-ToBaCCo overlap.
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example polymorphic MOF family, defined as MOFs with the
same building blocks but different topologies. There has been a
growing literature on MOF polymorphs, which explores the
effect of topology on gas adsorption,70,71,133,138 directly
compares the energetics of MOF polymorphs,139 and achieves
topologically controlled syntheses.140−142 In this section, we
use information from MOFid to rapidly extract and analyze
families of MOF polymorphs from the CoRE MOF 2019-ASR
database.
Querying the database for polymorphic MOF families has a

similar process as the duplicates analysis. The main difference
is that we only aggregate by the chemical composition instead

of both the chemistry and topology (and also require at least
two distinct topologies per polymorph family). Such an
analysis would be considerably more difficult to complete at
scale without automated methods that tabulate both the
building blocks and topology of the MOF structures. MOFid
and MOFkey are natural choices for this application.
Looking at Figure 8b, we see that sql, pcu, and dia are the

most frequent topologies found among polymorph families.
From Figure 8c, the vast majority of polymorph families
consist of two topologies represented. There are 17 polymorph
families containing at least 4 distinct topologies (Figure S12).
One of the largest families is a set of ZIFs with seven
topologies for the same building blocks. The actual number of
polymorphic ZIFs in the CoRE MOF database is even larger,
because this analysis does not account for aromaticity errors in
the linker (Section S2.4.5). Using MOFid and cheminformatics
tools like SMARTS could enable additional insight into the
role of functional groups in MOF polymorphs in future work.

■ CONCLUSIONS
In this work, we have proposed and taken first steps toward
assigning MOF identifiers using automated cheminformatics
algorithms. The MOFkey scheme provides a compact
description of a MOF’s composition and topology, building
on the open InChIKey format. The MOFid scheme provides
more detailed information, building on a SMILES description
of the MOF building blocks. We have provided an open-source
code and web interface that analyze MOFs and generate these
identifiers given a MOF crystal structure. We emphasize that
short, colloquial names are a convenient approach for
describing MOFs, but their usage in the literature should be
augmented with a systematic identifier, such as MOFkey, to
avoid miscommunication and facilitate easier linking between
data sources.
The proposed MOFid/MOFkey formats are not converged

specifications: the goal of this paper is to initiate the
development of a tool that addresses a current gap in MOF
data management. The proposed formats provide a foundation
for the community to work toward an open standard
describing MOFs, which could be potentially extended with
more complexity later. Using an open-source implementation
for these identifiers, we can efficiently assign a barcode
(systematic nomenclature) for MOFs, rapidly search through
MOF structures, and analyze broad categories of the MOF
space as a whole. Looking to the future, we hope that IUPAC
and/or CCDC takes a leadership role in formalizing these
standards to facilitate their mainstream adoption in the MOF
community.
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Yaghi, O. M. Secondary Building Units, Nets and Bonding in the
Chemistry of Metal−Organic Frameworks. Chem. Soc. Rev. 2009, 38,
1257.
(103) Clark, A. M. Accurate Specification of Molecular Structures:
The Case for Zero-Order Bonds and Explicit Hydrogen Counting. J.
Chem. Inf. Model. 2011, 51, 3149−3157.
(104) Bruno, I. J.; Shields, G. P.; Taylor, R. Deducing Chemical
Structure from Crystallographically Determined Atomic Coordinates.
Acta Crystallogr., Sect. B: Struct. Sci. 2011, 67, 333−349.
(105) Sezginel, K. B.; Feng, T.; Wilmer, C. E. Discovery of
Hypothetical Hetero-Interpenetrated MOFs with Arbitrarily Dissim-
ilar Topologies and Unit Cell Shapes. CrystEngComm 2017, 19,
4497−4504.
(106) Sholl, D. S.; Lively, R. P. Defects in Metal−Organic
Frameworks: Challenge or Opportunity? J. Phys. Chem. Lett. 2015,
6, 3437−3444.
(107) DeStefano, M. R.; Islamoglu, T.; Garibay, S. J.; Hupp, J. T.;
Farha, O. K. Room-Temperature Synthesis of UiO-66 and Thermal
Modulation of Densities of Defect Sites. Chem. Mater. 2017, 29,
1357−1361.
(108) Rösler, C.; Fischer, R. A. Metal−Organic Frameworks as
Hosts for Nanoparticles. CrystEngComm 2015, 17, 199−217.
(109) Whitford, C. L.; Stephenson, C. J.; Goḿez-Gualdroń, D. A.;
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