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active linkers — linkers that would be a scaffold for functional-
ization for further chemical activity, or a template for the design
of totally different linkers. The remainder of the paper describes
firstly our automated linker-like molecule invention scheme, then
our computational prediction of linker properties, and our infor-
matics method for relating structure to properties. We finish by
describing the inferences that can be drawn from this combined
approach.

2 Automated Molecule Design

Central to the design process is the formalization of the molecular
design space in a way that is systematically searchable. This is
achieved using a graph theoretic approach in which molecules are
abstracted as graph representations of their bonding topology.

We have developed a set of graph grammar rules for automat-
ically inventing candidate ditopic linker-like molecules. Graph
grammar rules are methods for transforming graphs by replacing
subgraphs with new subgraphs. Rules consist of a subgraph to
be found in a larger graph, (called the "left-hand-side" in the lan-
guage of graph transformations), and what that subgraph is to
be changed into (the "right-hand-side"). Finding the locations of
the left-hand-side in a larger graph is known as rule recognition.
Transforming one of the found locations is known as rule applica-
tion. Graph transformations applied recursively on a seed graph
can define a set of graphs (molecules in our case) that all heed
a set of design constraints. Similar graph grammar approaches
have been employed in engineering design automation to design
gearboxes9, linkages10, and even conceptual models for com-
plete mechanical systems11. The power of the approach is that
the set of feasible designs are all linked to one another through a
decision tree of grammar rule applications, which allows this fea-
sible design space to be searched using artificial intelligence tree
search algorithms (such as those used in computer chess).

Our graph grammar rules act on molecular graphs, or undi-
rected graphs where every node represents an atom and every
arc represents a bond between atoms. Node labels are used to
specify atom type and hybridization, while arc labels are used to
specify bond order. These grammar rules allow the generation of
a wide variety of chemical structures containing carbon, nitrogen,
and oxygen relevant for metal organic framework linkers while
ensuring that generated structures are likely to be chemically fea-
sible. The graph grammar rules are made such that they only
recognize locations where the hybridization is appropriate for the
corresponding transformation to occur. The rules can only add to
a molecule or modify carbon atoms that are already in place. By
only being able to add molecules or modify carbon atoms already
in place, additional rule application will always yield a different
molecule. This is important for providing feasible transitions for
tree search algorithms.

The rules are shown in Fig.1, grouped by the left-hand-side on
which they operate. Rules 1–4 replace a hydrogen bonded to one
atom with another set of atoms. Rules 5–7 replace two hydrogen
atoms connected to two carbon atoms that are bonded together
with each carbon connected to another atom with a ring. Rules 8–
11 change carbon atoms to have different hybridization or to be
different types of atoms. Some rules are also subject to additional

Fig. 1 Graph grammar rules used to generate linker-like molecules,

blue atoms represent nitrogen, gray atoms represent carbon, red atoms

represent oxygen, and black atoms represent an atom of any type.

conditions to prevent undesirable molecules. Rules 3 and 9 do not
recognize any atoms that connect to an oxygen atom or a carboxy-
late group. This prevents the rules from explicitly making struc-
tures with peroxides or carbonate groups. Likewise, rules 8 and
10 do not recognize any atoms that connect to nitrogen atoms —
preventing the explicit formation of unwanted nitrogen-nitrogen
bonds, which would be detrimental to MOF stability. Rule 4 does
not apply at any atoms that connect to an oxygen atom to prevent
the formation of carbonates. In order to encourage the rules to
make more linker-like structures, rules 1-4 and 5-6 have been re-
stricted to only recognize atoms on the surface of the convex hull
of the molecule (see Fig.2). This makes it so that molecules are
built outward and helps prevent molecule with overlapping parts
from being created.

To generate linker-like molecules we randomly applied these
graph grammar rules on a seed graph consisting of a formate
molecule. This represents one of the carboxylic donor sites in
our linker-like molecule. Starting with this seed, the generation
of a single linker-like molecule follows the following sequence of
steps.

1. The replaceable subgraphs on the convex hull of the
molecule are identified and a list of the permitted rule appli-
cations at each is compiled.

2. One of the permitted rule applications, excluding those that
use rule 4 (termination of the linker-like molecule with a
carboxylate), is selected randomly and applied.

3. The resulting molecule is annealed and relaxed in five sep-
arate molecular dynamics simulations and the the resulting
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to this ideal case at constant compressive threshold forces from 1-
30 kcal/(mol Å). We consider molecules to be close to the ideal
case if the root mean square error between the threshold force
and the force displacement curve is less than an arbitrary value
of 3 kcal/(mol Å). Figure 6 shows that the most molecules meet
this criterion at a force threshold of 6 kcal/(mol Å), suggesting a
small group of highly performant pressure switches.

6 Conclusions

This manuscript presents a method to automatically generate
and screen MOF linkers for specific mechanical behaviors. The
method also extracts the most probable topological fragments
that lead to each mechanical behavior, providing a set of linker
design shortcuts. Given the resulting linkers and linker fragments
discussed in the preceding sections, the method has produced
linkers with interesting flexible behaviors. The combination of
this method, the linker candidates, and the linker fragments con-
tribute to the larger motivation of creating MORFs by providing a
baseline library of flexible linkers.

There are several areas for future work. One of these areas will
be to improve the predictive power of the structure-behavior rela-
tionship by constructing a Quantitative Structure-Property Rela-
tionship (QSPR) model. This model will relate structural descrip-
tors — such as the presence of specific fragments — to behavioral
descriptors that are important to flexible MOF design. Such a
model would provide an effective preliminary screening tool for
the construction of new flexible molecules in that it would bypass
the need for large-scale simulation. It is also worth investigating
whether the sequence of a grammar rules used to make a given
linker could be used as structural descriptors for a QSPR model.
This might enable a QSPR model to be built up as the design
space is searched for molecules with desired behaviors. Other fu-
ture work will extend the library of flexible linker fragments using
additional behavior descriptors and Subdue search methods.

The primary thrust of future work will explore the computa-
tional and experimental synthesis of new flexible MOF and MORF
structures using the sets of linkers and linker fragments that are
likely to produce flexible behaviors. This undertaking will require
additional research to create targeted materials for specific appli-
cations, along with strong attention paid to synthetic accessibility
— a constraint that has been greatly relaxed in the work in this
manuscript. Exotic new smart materials arising from such work
have extraordinary potential in a boundless number of applica-
tions.
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