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Automated Design of Flexible Linkers

Charles Manion,”" Ryan Arlitt,”" Matthew |. Campbell,” Irem Tumer,? Rob Stone,” P. Alex
Greaney®?

This paper presents a method for the systematic and automated design of flexible organic linkers
for construction of metal organic—frameworks (MOFs) in which flexibility, compliance, or other me-
chanically exotic properties originate at the linker level rather than from the framework kinematics.
Our method couples a graph grammar method for systematically generating linker like molecules
with molecular dynamics modeling of linkers’ mechanical response. Using this approach we have
generated a candidate pool of >59,000 hypothetical linkers. We screen linker candidates ac-
cording to their mechanical behaviors under large deformation, and extract fragments common to
the most performant candidate materials. To demonstrate the general approach to MOF design
we apply our system to designing linkers for pressure switching MOFs — MOFs that undergo
reversible structural collapse after a stress threshold is exceeded.

1 Introduction

The open framework structure of MOFs and other coordination
polymers offers fantastic promise for applications that take ad-
vantage of the frameworks’ surface area or enclosed pore space
— with gas storage and catalysis being the most aggressively de-
veloped applications. However, there are many novel applications
that could exploit the open framework and the extra mechanical
freedom afforded the materials as a result. Vibrations of linker
molecules into the free space surrounding them can lead to nega-
tive thermal expansion !
port properties>*. There are other exciting ways of exploiting

, auxeticity 2, and unusual thermal trans-

linker deformation into the space surrounding it that could lead
to other hitherto unexplored applications. One such class of mate-
rials that motivates our research is the development of photoac-
tive MOFs that use photoisomerization to actuate linker folding
into the cage space. We refer to these shape changing materials
as metal-organic-responsive-frameworks or MORFs, and we envi-
sion them enabling many new applications such as self-squeezing
gas storage sponges; active filtration and catalysis; and solar en-
ergy conversion and storage.

Central to designing shape-changing MORFs is designing ar-
ticulated linkers that can maintain the connectivity of the frame-
work as linkers are actuated stochastically and sequentially. Thus,
our approach at this stage focuses on deformation properties
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originating within the linker rather than geometric freedom of
a framework that enables it to skew — as is exemplified by the
‘wine-rack’ deformation MIL-53.> Geometric flexibility of frame-
works arises from axial aligned hinges between linkers and the
secondary building units (SBUs or nodes). Férey and others®7
have outlined an elegant set of requirements for geometric flexi-
bility based on the assumptions that linkers act as relatively rigid
linkages in a kinematic model of the framework. However, there
are MOFs where flexibility arises from flexibility in the linkers,
such as DynaMOF-1008. Our work expands on this approach with
the objective of designing flexible or articulated linkers with tai-
lored mechanical properties. This is applicable beyond designing
linkers to be compatible with complex geometric shape-changes
of photoisomerizing moieties in MORFs. There are many other
processes that could arise from non-linear linker deformation.
Some examples include highly non-linear stiffness yielding an
intensity dependent speed for sound propagation; frequency of
linker vibrations that are sensitive to stress yielding strong pres-
sure temperature coupling and externally tunable thermal trans-
port properties; or structural transitions driven by changes in vi-
brational entropy.

The novelty of the work that we present here is a completely
general system for designing linkers suitable for any these exotic
applications. To demonstrate this system we tackle the more pro-
saic problem of designing linkers to buckle under pressure for the
creation of pressure switching MOFs. This task is not purely aca-
demic; such MOFs could provide an important safety or stress
limiting function in microsystems, or linker based collapse could
be coupled to other functional compounds resident in the cages of
the MOF. Importantly we set our task as designing kinematically
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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
gearboxes?, linkages!®, and even conceptual models for com-
plete mechanical systems!!. 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
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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

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 An example of a molecule with its corresponding convex hull.

lowest energy conformer carried forward to the next itera-
tion.

4. Steps 1-3 are repeated to grow the candidate linker until
some stopping criterion is reached. The stopping criterion
could be based on properties of the linker, for example stop-
ping after a desired molecule length or weight were reached,
or when one particular grammar rule was selected for the
second time (to ensure only one of a particular functional
group). In this work much simple stopping criterion were
used: stopping after a set number of rule applications (typ-
ically 10), or stopping after a random number of rule appli-
cations (in range 2-10).

5. Finally, to ensure that a ditopic linker-like molecule is made,
a carboxylate is added using rule 4. To attempt to make
a geometically feasible linker, only the option with the fur-
thest distance along an axis defined by the first donor is cho-
sen. To prevent making repeated molecules, SMILES strings
were generated for every molecule and generated molecules
matching SMILES strings of previously generated molecules
were discarded. 12714

We used this sequence of steps to generate 59,000 unique linker-
like carboxylic acids. Molecules generated may not necessarily
meet the criteria to become a suitable linker > or might be dif-
ficult to synthesize. However, we can gain useful mechanical in-
sight from molecules that are not (yet) easily synthesizable or
geometrically infeasible. We view the role of our procedure be-
ing for identify strategies for linker flexibility. These strategies
would be a starting point, a scaffold, or functional armature, that
will be refined by synthetic chemists in a more interactive pro-
cess of molecule design. Although, for purposes of automated
linker design additional screening steps could be added to re-
move these molecules. Approximately 22178 of the molecules
generated were found to meet Bao et al’s'> criterion for linker-
likeness of an angle between carboxylate groups greater than 155
degrees.

This journal is © The Royal Society of Chemistry [year]
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3 Computational Prediction of Linkers’ Me-
chanical Response

For our example application of a pressure switching MOF we de-
sire a MOF that exhibits strong elastic softening under compres-
sion. Ideally the material will transition abruptly from a stiff com-
pressive response at low stress to being compliant in compression
above a target threshold stress, and eventually stiffening again
under very large compression. This process although inherently
nonlinear should be reversible, and may or may not be accompa-
nied by a jump in strain as described later. There are a number
of MOFs which exhibit unusual compressive behavior including
those such as MIL-53 which is extremely elastically anisotropic
and will elongate along one direction under the action of a com-
pressive hydrostatic pressure 16, Importantly this very compliant
response of MIL-53 originates from articulation of its framework
rather from the intrinsic behavior of its linkers. The result is that
the ’stiffness’ of the materials is sensitive to the constraint from
loading conditions. The directionally dependent stiffness of MIL-
53 subject to a uniaxial stress is very different to that when sub-
jected to a uniaxial strain (the former was first plotted by Coud-
ert et al. 17 and using their computed elastic constants we have
replotted it here in Fig.3 along with the response to an imposed
uniaxial strain in order to illustrate this point). In our application

Undeformed MOF

Imposed uniaxial
strain

Imposed uniaxial
stress

N P [
[ 0

X

Directionally dependent
stiffness under uniaxial stress

Directionally dependent
stiffness under uniaxial strain

Fig. 3 Directionally dependent stiffnesss indicatrix for MIL-53 under
uniaxial stress (left) and uniaxial strain (right). For a pressure switching
MOF we require deforming linkers rather than framework flexibility.

we seek a material that can undergo a large volume change under
hydrostatic pressure. This imposes the following requirements for
our linkers:

e Volume change must be brought about by linkers deforming
into the free pore space.

e In order to create an abrupt change in stiffness the com-
pressed linkers must either undergo a buckling instability or

Journal Name, [year], [vol.], 1-8 |3
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a transition into a different structural conformation. Buck-
ling will provide a reversible transition with a continuous
and smooth potential energy curve (see Fig.4). A transition
to a different conformation involves a jump between poten-
tial energy landscapes — a process that can be hysteretic
and accompanied by large stress drop and strain jump, and
is potentially desirable for a pressure trip applications.

e The large compressive deformation must be reached with-
out generating large bending moments at the connection to
SBUs which would drive shear or coupling to some other
deformation mode of the framework.

The mechanical response of 59,000 candidate linkers were
tested computationally through molecular dynamics simulations
of the linkers being subjected to a cycle of displacement con-
trolled compression and tension as shown in Fig.4.
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(c) Potential energy curve
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Fig. 4 Example of a candidate linker, (a) relaxed structure, (b}
maximally compressed structure, (c) the molecules’ potential energy
during deformation, and (d) the force displacement curves for
compressing and stretching the molecule at 300K with a deformation
rate of 1 m/s. The left column is for linker candidate 49694 which
exhibits an elastic buckling instability, the right column is for candidate
25923 which undergoes a stress driven conformation change.

The simulation sequence was as follows: (1) the molecule was
relaxed to minimize forces to better than 10~8 eV/A. (2) The hes-
sian matrix for the relaxed structure was computed using the
frozen phonon method. (3) The terminal carboxylate groups
were then clamped and the system heated to 300 K and simu-
lated in the canonical ensemble (NVT) for 50 ps to allow the sys-
tem to equilibrate. (4) Still in the NVT ensemble, the linker was

compressed by moving one terminal towards the other (along a
straight trajectory between the centers of mass of each terminal
group) at a fixed speed of 0.005 A/ps, until a 10% compressive
strain was reached. (5) The deformation direction was then re-

versed of and the molecule extended to 5% tension, before (6)
the deformation direction was reversed for a final time and the

linker was restored to its original length. The deformation speed,
while relatively fast (0.5 m/s) is much slower than the speed of
sound in the linkers. The process of simulating deformation in the
NVT ensemble gives the molecules time to explore configurational
space near critical points and buckling transitions, and thus en-
ables us to build a well sampled force displacement response for
each linker. For all simulations the atomic interactions are mod-
eled using the universal force field '8, and simulations performed
using the LAMMPS molecular dynamics package ' with a time
step of 0.2 fs.

In our MD simulations we test the flexibility of linkers to de-
formation in which the terminal carboxylate groups are anchored
rigidly to mimic the effect of the linker locked into position in
between the MOF’s SBUs. Deformation of a MOF could involve
collective geometric relaxation through rotation of the SBU’s. Our
testing procedure does not capture these, so the deformation that
we impose is overly conservative in terms of the constraint that
is imposed on the linker in a MOF. A second effect that could
make the deformation of linkers in a MOF different from the de-
formation of the linker in isolation is steric interactions between
adjacent buckling linkers. These effects could be screened for ge-
ometrically, but we have not included this screening in this work.

During deformation the candidate linker’s potential energy and
force on its clamped carboxylate terminals was averaged over 1 ps
intervals. Post simulation, spline fits were performed to the poten-
tial energy curve and used to determine the potential energy min-
imum. This was often slightly removed from the initial clamped
configuration of the linker; after being equilibrated at 300 K, the
molecule often thermally contracted, expanded, or found an al-
ternative lower energy conformation. For each linker the poten-
tial energy curve and force vs. strain curve were shifted to zero
them on the potential energy minimum. Linkers with potential
energy minima at 300 K that were more than 1% strain from the
molecule’s initial relaxed length were discarded from further con-
sideration so as to remove any bias introduced by comparison of
extension tests of differing strain ranges. Once this data had been
created for force and potential energy vs. strain for both the com-
pressive and tensile loading paths, two separate sets of analysis
were performed to create linker performance metrics.

Ad hoc characterization of candidates for pressure switch-
ing applications:
values for properties of direct relevance to pressure switch-
ing MOFs we performed a fits to the force vs.
of the model force/strain curve with the functional form:

In order to measure linker performance

strain curves

f(ekp Ky ec,Ae k) = ©(Ae —e+e.) (\/(*kn+k1)2(*8c*A€+8)2+A32(*k11+k1)2*M(*klﬁrkl)) + ke (1—ek), (1)
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where @ (x) is the Heaviside function. The shape of the model
curve and an example of it is fit to a linker’s force/strain curve
is shown in Fig.5. The fitting parameters k;, &}, &, Ag, and ky
are mechanically interpretable as, respectively: as the stiffness of
the molecule under zero stress; the non-linearity in the stiffness
around zero stress; the strain at which softening occurs; the width
of the softening transition; and the stiffness of the linker post
buckling.

Force (Kcal/mol/A)

10 -8 -6 -4 -2 0 2 4
Strain (%)

Fig. 5 Example of the fitting of the model curve indicating the
mechanical interpretation of the fitting parameters.

Our linker generation method produced a number of molecules
that present unusual solutions to the pressure switching task —
mechanisms that were not immediately or intuitively obvious be-
fore we began the design search. Of these a number exhibited
bistable behavior and mechano-isomerization. One example is
the linker candidate 25923 shown in Fig.4, which under compres-
sion switches conformation through rotation of the phenyl side
group inducing a kink in the linker’s backbone. As can be seen
from the potential energy curve for candidate 25923 (in Fig.4)
the conformation change takes the molecule onto a different po-
tential energy surface, there is an abrupt drop in force but the
transition is reversible and barrierless with negligible hysteresis.
Other linkers exhibited mechanical induced switching between
stable conformations. These have large hysteresis originating
from a mechanism like throwing a two pole toggle switch. Un-
der compression a side group is sterically pushed into a different
configuration from which it reverts only when the molecule is put
under tension. While these molecules’ force displacement behav-
ior are not highly suited for a pressure switch they provide stress
induced switching of MOF’s pore environment — a mechanism
that could be exploited in many applications involving secondary
guest species within the MOF framework.

4 Fragment Mining

In both drug design and mechanical design, there is a well-
established connection between a system’s structure (i.e., drug
molecule or mechanical artifact) and its behavior (biological ac-
tivity or dynamicity). In drug design this relationship is used
to develop Quantitative Structure-Activity Relationship models
(QSAR models), which can reduce the time needed to evaluate
candidate molecules. This enables molecule designers to consider
larger chunks of the design space, thus improving the overall out-
comes of a drug design task. In this work, we investigate a similar

This journal is © The Royal Society of Chemistry [year]
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relationship between structural features of MOF linker candidates
and their mechanical behaviors. These mechanical behaviors are
simulated under loading conditions that approximate those felt
by a linker, as discussed in the prior sections. From these simu-
lation results, we extract a set of linker fragments that correlate
with a set of desired mechanical behaviors — in this case behav-
iors that indicate the functionality of a pressure-sensitive linker.
Given this set of linker building blocks as a starting point, a linker
designer could then generate linkers that are likely to behave like
pressure switches or pressure trips.

In order to identify appropriate fragments for a specific design
problem, one must first establish a set of behavior targets, as dis-
cussed in the preceding sections. These behavior descriptors are
selected specifically for their applicability to the pressure switch
design problem. Different descriptors to address different prob-
lems can be extracted from the same simulation data. Next, the
total candidate population is screened for linkers that most closely
match those target behaviors. This new population undergoes a
new search for their characteristic subgraphs using Subdue — a
graph-based knowledge discovery system?%. For each of 13 be-
havior descriptors given in Table 1, the top 100 and bottom 100
performing linker candidates are extracted from the simulation
results to create a training set of exemplar molecules. For the
pressure switch design problem, we perform supervised learning
using Subdue to extract linker fragments that best describe each
performance variable. This learning task results in the top five
molecular fragments that best differentiate high performing link-
ers from low performing linkers according to the minimum de-
scription length (MDL) scoring function. This scoring function
rewards fragments that best compress the good linkers and pe-
nalizes fragments that best compress the bad linkers.

Next, the performance of each fragment is evaluated in the
overall population of simulated linkers.
Whitney U Test?! compares the behavior values of each linker
that contains a fragment against the behavior values of each
linker that does not contain that fragment. A statistically sig-
nificant result for this test would indicate that linkers containing
the fragment have significantly higher performance values than
the other linkers. After a Bonferroni correction to account for

A one tailed Mann-

the family-wise error rate of performing 65 statistical tests, the
significance level for each test is reduced from 0.05 to 0.0009; a
Mann-Whitney U Test p value of less than 0.0009 would be re-
quired to claim statistical significance for any single comparison.
As aresult, none of these single fragments found by Subdue can be
claimed to have a statistically significant impact on linker behav-
ior. In other words, we cannot outright accept that any of these
fragments are certain to cause a specific linker behavior irrespec-
tive of the other substructures in the linker molecule. Alterna-
tively, the Benjamini-Hochberg procedure?? can be used to con-
trol the false discovery rate of significant fragments (the rate of
false positives). By accepting a high false discovery rate of 40%,
21 linker fragments (shown as simple graphs in supplementary
material) are identified as having a potentially significant effect
on linker behavior.

Journal Name, [year], [vol.], 1-8 |5
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Table 1 Candidate behavior descriptors for predicting pressure
switching linkers.

Simulation Type Behavior Descriptor Objective
Not Applicable Hysteresis (Area between force-displacement curves) maximize
Compression Step height of piecewise linear fit of force-displacement curve maximize
Tension Step height of piecewise linear fit of force-displacement curve maximize
Compression (Strain at buckling) * (Stiffness at zero strain) minimize
Compression Width of the buckling transition region minimize
Compression Stiffness after buckling minimize
Compression (Stiffness after buckling) / (Stiffness at zero strain) minimize
Compression Nonlinearity in the stiffness around zero strain minimize
Tension (Strain at buckling) * (Stiffness at zero strain) minimize
Tension Width of the buckling transition region minimize
Tension Stiffness after buckling minimize
Tension (Stiffness after buckling) / (Stiffness at zero strain) minimize
Tension Nonlinearity in the stiffness around zero strain minimize

Table 2 Sample of linker fragments that correlate with behavior
descriptors.

Behavior Descriptor Fragment Graph Example U Test p-value
Step height of o 0.052
piecewise fit of Force-
Displacement Curve
(maximize, Linker in @ 0
Tension)
Force at buckling 0.029
(minimize, Linker in e e o e e
Compression) @
Nonlinearity in the stiffness 0.032
around zero strain @ @
(minimize, Linker in
Compression) O Q 0 @

0 O e @ Linker 20977

A key result of this analysis is that while some linker frag-
ments may increase the likelihood of a desired linker behavior,
strong and clear correlations were not found. Nonetheless, the
fragments with the highest relative p values (in this case with
Mann-Whitney U test p values of approximately 0.029, 0.032,
and 0.052) suggest new generative paths to create linkers that
are most likely to possess desirable behavior characteristics, and
thus warrant additional investigation. These fragments are shown
in Table 2.

More broadly, these fragments provide a simple starting point
to efficiently explore the space of linkers that behave like pres-
sure switches. Furthermore, these results suggest that many of
the behavior descriptors lack a significantly strong correlation to
specific fragment substructures. Given this result, it is likely that
more holistic structural characteristics are required to adequately
design linkers to match each of these target properties, similar to

Table 3 Linker Database Summary

Fingerprint Diversity (Average Pairwise Similarity) 2 0.549
Percentage with Linker-like Pairwise Angle '° 37
Average Branching Factor of Generative Algorithm at Depth 1 2
Average Branching Factor of Generative Algorithm at Depth 5 95
Average Branching Factor of Generative Algorithm at Depth 9 162
Average Length of Linkers 9.8461 A
Population Size 59841

6| Journal Name, [year], [vol.],1-8
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Fig. 6 Number of molecules that behave as good pressure switches at
a given pressure.

Lipinski’s Rule of Five for drug design®*.

5 Linker Population Summary

Some general statistics describing the generated linker population
are presented in Table 3.

The first of these statistics is the overall structural diversity in
the linker-like molecule set. This diversity is assessed using Open-
Babel’s fp2 fingerprint®>. Fp2 is based on the Daylight finger-
printing algorithm; it extracts all unique paths in the molecular
graph between lengths 1 and 7 and then hashes each path into
a bit array containing 2!0 elements. The database structural di-
versity algorithm presented by Turner et al.2> — which runs in
linear time rather than the quadratic time necessary to do a full
set of pairwise comparisons — is used to calculate the average
similarity between all linker-like molecules. In doing so, the algo-
rithm weights each fingerprint according to the reciprocal square
root weighting scheme, and then finds the average pairwise co-
sine similarity (i.e., structural diversity) of the database. This av-
erage pairwise similarity is interpreted as the structural diversity
of the database; a measure of how well the method generates a
variety of linker-like structures.

Molecules that exhibit an angle between carboxylate groups
greater than 155 degrees satisfy a criterion for geometric feasibil-
ity 1. The percentage of molecules with linker-like pairwise angle
reflects what percentage of molecules meet this criterion. In one
sense, this reflects the yield of molecules generated that are likely
to act as MOF linkers.

The average branching factor at various depths describes the
average number of rule choices found after a specified number
of rule applications. Table 3 presents the branching factor at the
application of the first, fifth, and ninth rules. These branching
factors illustrate how the complexity of the search space grows as
the linkers increase in size. As opposed to describing the linker
population, this metric presents a coarse picture of the design
space that each newly-generated linker populates.

Table 3 also provides the average length of generated linkers.
This value is measured as the average length between carbon
atoms in the carboxylate groups.

The ideal case for a pressure switch is a molecule that exhibits
a step force displacement response under compression. We found
the number of molecules that exhibited switching behavior closest

This journal is © The Royal Society of Chemistry [year]
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to this ideal case at constant compressive threshold forces from 1-
30 kcal/(mol A). 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 A). Figure 6 shows that the most molecules meet
this criterion at a force threshold of 6 kecal/(mol A), 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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