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Soft porous coordination polymers are a new class of materials that have the potential to combine
favorable features of metal-organic polyhedra (MOP) and frameworks (MOFs) with those of soft materials:
permanent porosity and chemical specificity with processability and optical, electronic, and mechanical
responses. Fundamental studies are needed to guide the future technological applications of these
materials. We employ topologically-based algorithms to generate crystalline structures in the fcu topology
and use classical molecular modeling to calculate their mechanical properties. The generated crystals used
dimetal paddlewheel based MOP with cuboctahedral topology [M,(bdc)zli» (M = Co, Cu, Rh, and Zn; bdc =
1,3-benzenedicarboxylate) as the nodes and 1,4-diazabicyclo[2.2.2]octane (DABCO), bipyridine, 1,4-
bis(imidazol-1-ylmethyl)benzene (bix), 4,4'-bis(imidazol-1-ylmethyl)biphenyl (bibPh), and 1,1'-(1,12-
dodecanediyl)bis[1H-imidazole] (bidod) as the linkers. Structures containing DABCO or bipyridine are found
to have bulk moduli approximately an order of magnitude higher than those containing bix, bibPh, or
bidod. The differences in mechanical properties are associated with the linker flexibility, as evidenced by
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free energy calculations on the radius of gyration of the linkers. We also calculate free energies as a

rsc.li/molecular-engineering function of radius of gyration of chosen nanoparticles.

Design, System, Application

Herein we combine crystal enumeration algorithms with classical molecular mechanics and enhanced sampling techniques to calculate the mechanical
properties of hypothetical crystals and the free energy of conformation of linkers and nanoparticles. Part of the systems of interests are known to form
crystals or amorphous, soft porous coordination polymers. Drastic differences in the bulk modulus values are observed for the systems. We identify the
flexibility of the linkers used as the key design factor that will give rise to crystalline or amorphous soft porous coordination polymers. A distinct design
feature of the chemistry of linkers that give rise to the soft porous coordination polymers is the presence of sp® carbons connecting rigid aromatic rings.
These findings will lead to the realization of new soft porous coordination polymers. Lastly, our results suggest that the crystalline state of the studied
systems that are amorphous can be metastable. This can be potentially exploited to engineer and design molecular systems that can reversibly go from
amorphous to crystalline and vice versa. Such a materials response can find use in many applications including energy storage, separations, catalysis,
sensing, etc.

Introduction the coordination-driven self-assembly process of these
materials. This type of approach has been successfully
exploited in both experimental and computational settings

for a multitude of applications including methane storage,”

Metal-organic frameworks, or MOFs, are an exciting class of
crystalline, porous materials lauded for their structural and

functional tailorability. In many ways, what affords these
materials their designability is the molecular building block
(MBB) approach to their realization. The geometry and
connectivity of the building blocks can be controlled through
judicious choice or design and the resulting crystal structure
can then be reliably predetermined by taking advantage of
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carbon capture,>® hydrogen storage,”® catalysis,'* " drug
delivery,"*™” sensing,'®2° etc.*'2®

Usually, the molecular building blocks that comprise
MOFs are inorganic nodes and organic linkers. Recent
synthetic  efforts have focused on incorporating
supermolecular building blocks (SBBs) as the nodes.>* !
SBBs are usually metal-organic polyhedra (MOP) or metal-
organic cages (MOCs), which are discrete molecules
combined from inorganic and organic moieties. Similar to
MOFs, they provide design opportunities through judicious
choice of building blocks. For instance, the size and
connectivity of the cage can be controlled by the length and

This journal is © The Royal Society of Chemistry 2020
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the angle of the organic linker. Due to the combination of
inorganic and organic parts available to MOP, the palette of
geometry and connectivity as nodes in crystalline structures
is expanded when compared to simple inorganic nodes. This
new complexity can then be exploited to achieve crystals with
new and complex topological nets.**°

In a great example of the MBB approach for MOF
synthesis, Guillerm and co-workers demonstrated the use of
an 18-connected MOP to form a MOF with the gea topology.®”
Interestingly, the first gea MOF the authors reported utilized
a nonanuclear carboxylate-based cluster as the node in the
crystalline structure. From that they hypothesized and
demonstrated that another node with the same geometry and
connectivity, the MOP as SBB, would yield a MOF with the
same topology. This strategy of top-down generation of
MOFs, where building blocks of interest are mapped onto a
topology, has also been  demonstrated
computationally to generate and subsequently screen a
number of crystalline structures, including those containing
SBBs.>*™*°

In a similar fashion, researchers have exploited the use of
a 24-connected MOP to form MOFs with the rht
topology.*"*'™*> MOFs with the rht topology have the
property that they cannot catenate; two or more frameworks
that occupy each other's pore space by interpenetration. As
such, they have been looked at for various gas storage
applications with great success.’®° We stress that these are
only a few examples of the use of MOP in MOFs. For further
reading on SBBs, their chemistry, and topological approaches
we refer the readers to excellent reviews by Guillerm et al.**
and Kim et al.**

Of particular interest to our research endeavour is the use
of 12-connected, cuboctahedral MOP to generate MOFs with
the feu topology.”* Various examples in the literature
include the use of MOP-1 analogues, a cage formed with 12
metal paddlewheels and 24 bent ditopic ligands, connected
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by DABCO or bipyridine in order to form MOFs. The metals
in the paddlewheels, which are considered the connections
points of the SBB, can be Cu, Co, or Zn.”*>*

Ligands can also be considered the connections points, as
is in the case of DUT-49.”" The SBB contains 6 Cu
paddlewheels and 12 carbazole-based linkers as octahedral
cages. Krause et al reported DUT-49 exhibits negative
adsorption behaviour: gas is desorbed despite increasing
pressure.”®”” Through a combined experimental and
computational approach, they demonstrated the negative
adsorption behaviour is due to reversible pore volume
reduction within the crystal, enabled by the deformation of
the organic linker that connects the SBBs. Notably, the SBB
did not show any reduction in pore volume.

Carné-Sanchez et al. have leveraged the permanent
porosity displayed by the SBBs to design amorphous, soft
materials with the SBBs: soft porous coordination
polymers.”®*° By exploiting the processing conditions, the
authors were able to form colloids, colloidal gels, and
aerogels that contain permanent porosity, imbued by the
SBB. The SBB used was a MOP-1 analogue that used the
metals as the connection points and Rh as the metal in the
paddlewheels. The SBBs are connected through ditopic
imidazole linkers.

The DUT-49 and amorphous Rh-MOP system examples
highlight the role that the connecting linker between the
SBBs can play in crystal structural deformations or in the
formation of soft and flexible amorphous systems. These
examples suggest the mechanical properties of these systems
can be tuned via the flexibility of the organic linker. Recent
experimental efforts by Lv et al. strengthen this notion, as
they find that linker rigidity can significantly improve the
stability of Zr-based MOFs.*°

The prospect of combining advantageous properties from
MOFs and other porous materials with soft matter, makes
soft porous coordination polymers attractive for a large
number of applications. As an example, Liu and co-workers
reported a novel membrane system comprised of hyper-cross-
linked MOP.®" They demonstrated the membranes have high
water permeabilities, as well as self-healing and antimicrobial
capabilities. As these materials are poised to usher
technological advances, fundamental studies are needed to
understand their properties.

Herein, we employ a computational approach to explore
the role of linker flexibility for soft porous materials. To do
so, we use top-down generation algorithms to make
crystalline structures with fcu nets using the linkers of
interest and cuboctahedral MOP with varying metals on the
paddlewheels (Co, Cu, Rh, and Zn) as SBBs and calculate the
mechanical properties of the crystalline structures using
classical molecular mechanics. Then, we use molecular
dynamics simulations along with enhanced sampling
techniques to calculate the free energy as a function of the
radius of gyration of the various organic linkers used in the
systems of interest: 1,4-diazabicyclo[2.2.2]octane (DABCO),
bipyridine, 1,4-bis(imidazol-1-ylmethyl)benzene (bix), 4,4
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bis(imidazol-1-ylmethyl)biphenyl  (bibPh), and 1,1-(1,12-
dodecanediyl)bis[1H-imidazole] (bidod). Lastly, to illustrate
the linker effect on the systems, we calculate the free energy
of the radius of gyration of nanoparticles of combinations of
MOPs and linkers.

Methods

All-atom simulations were performed for the following
building blocks and structures:

¢ Linkers: DABCO, bipyridine, bix, bibPh, and bidod.

e Nodes: MOP-1 analogues as [M,(bdc),];, (bde = 1,3-
benzenedicarboxylate) were used while varying the metal on
the paddlewheel. Metals of interest are: Co, Cu, Rh, and Zn.
Metal atoms facing the inside of the cage were coordinated
by a water molecule. Structure of the MOP was obtained
using the crystallographic structure of Rh-MOP®* with
coordinated water molecules in the inside of the cage. Rh
atoms were substituted for Co, Cu, or Zn to generate the new
cages.

e Crystal structures: all possible combinations of nodes
and linkers were considered in crystalline structures with the
fcu topology.

e Nanoparticles: discrete nanoparticles for the Rh-MOP
with DABCO as the linker and Rh-MOP with bibPh as the
linker.

MOP-1 analogues (cuboctahedron cages) with various
metals (Co, Cu, Rh, and Zn used for the paddlewheels) and

Fig. 1 Panel a. shows the 12-connected MOP structure with
coordinated water molecules on the inside of the cage. Connection
points of the MOP are the metal atoms on the outside of the cage
which can be either Co, Cu, Rh, or Zn. Panel b. shows the linkers of
interest in this work. The connection points are the nitrogen atoms at
the ends of the linkers. From left to right they are DABCO, bipyridine,
bix, bibPh, and bidod. Panel c. shows the fcu topology where the 12-
connected MOPs and linkers of interest were mapped. Panel d. shows
an example of a resulting crystalline structure after the top-down
generation using a MOP structure as the node and bipyridine as the
linker. C = gray, H = white, O = red, N = blue, and Co, Cu, Zn, Rh =
turquoise.
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linkers were mapped onto an fcu net using the top-down
crystal generator, ToBaCCo 3.0 (https://github.com/tobacco-
mofs/tobacco_3.0).** %% Linkers were energy minimized
prior to the crystal generation. Nitrogen atoms at the ends of
the linkers and the metals on the outside of the MOPs were
considered as connection points. The resulting crystal
structures, as output .cif files from the code, were used as
input for Boyd and co-workers' software to generate
LAMMPS®* input files with the corresponding universal force
field (UFF) parameters.®> Structures were then energy
minimized at least twice using LAMMPS, the first
minimization held the unit cell dimensions constant while
the second minimization allowed for the unit cell dimensions
to change. Fig. 1 shows the various building blocks used in
this work as well as a resulting structure from the top-down
crystal generation process using the fcu topology.

Once the structures were minimized, mechanical
properties of the crystalline structures were calculated at 0 K
by isotropically expanding and contracting the unit cell of
interest.®>®® Expansion and contractions were performed
with increments of 0.05% with a maximum strain of 1% for

the unit cell length. After each unit cell expansion or
contraction, the energy was minimized. The resulting energy
versus unit cell volume values were then fit using the
Murnaghan equation of state®” to extract the bulk modulus
of the structures:

Fig. 2 Nanoparticle generation. Panel a. shows 8 unit cells of the
crystalline Rh-MOP with DABCO linkers. Bonds that cross the
periodic boundaries were eliminated as well as incomplete structures
that are close to the boundaries. Panel b. shows the resulting
nanoparticle once the appropriate atoms have been deleted. There
are 13 cages in the nanoparticle. All cages have the appropriate
number of linkers. The outside of the nanoparticle contains dangling
DABCO linkers.

This journal is © The Royal Society of Chemistry 2020
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where E is energy of the system at unit cell volume V, E, and
Vo are the energy and volume of the energy-minimized
structure without any expansion of compression, B’ is the
derivative of the bulk modulus with respect to pressure, and
B, is our parameter of interest, the bulk modulus of the
material. Such an approach has been demonstrated to
reproduce DFT and experimental values of bulk moduli of
MOFs with good agreement.®’

Nanoparticles of Rh-MOP with DABCO and Rh-MOP with
bibPh were also considered. Fig. 2 shows how the
nanoparticles were generated starting from the crystalline
arrangement. The nanoparticles were formed by taking 8 unit
cells of the generated crystalline structures and eliminating
atoms pertaining to bonds that crossed periodic boundaries.
More atoms were subsequently deleted to ensure proper
chemical connectivity. As a result, discrete nanoparticles were
formed consisting of 13 MOP cages and the associated
linkers at each connection point of the MOP. The outermost
MOP contain dangling linkers.

All bonded and non-bonded potentials and parameters
used to describe the various structures and building blocks
in this study were taken from the UFF.® Energy
minimizations were carried out using the conjugated
gradient algorithm with a convergence criterion of 107 keal
mol ™" for the energy and 10 '° kcal mol™* A™ for the force.
Molecular dynamics simulations were performed in the NVT
ensemble at 300 K, using the Nose-Hoover thermostat.
Equations of motion were integrated using the velocity Verlet
algorithm and a timestep of 1 fs. Free energy calculations
were performed using the artificial neural networks (ANN)
sampling method using LAMMPS and SSAGES (https://
github.com/MICCoM/SSAGES-public).®*”® Free energies for
the various linkers and nanoparticles were calculated using
the square of their radius of gyration (Rg) as a collective
variable. SSAGES employs the ANN sampling method to bias
along the radius of gyration of the structures of interest and
calculate the free energies. The neural network used for the
enhanced sampling contained one hidden layer with 15
neurons.

Results and discussion

The soft porous coordination polymers®® of interest in this
work contain 12-coordinated Rh MOP cages connected by
imidazole based linkers. Since the node is 12-connected, we
chose the fcu net as a proxy for these materials in this study.
Crystalline structures were generated utilizing Co, Cu, Rh, or
Zn MOP as nodes and DABCO, bipyridine, bix, bibPh, or
bidod as linkers. The building blocks were mapped onto an
fcu net using the top-down crystal generation code.***° The
crystalline structures were then energy minimized and
subjected to isotropic expansion and compression. At each

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Energy versus volume response for crystalline structures
containing Co cages connected by DABCO (red cross), bipyridine (blue
circle), bix (green triangle), bibPh (cyan star), and bidod (magenta x).
Symbols are the simulation data and lines represent the fit to the
Murnaghan equation. DABCO shows the steepest change in energy
followed by bipyridine. Bix, bibPh, and bidod show much weaker
responses, with bidod having the weakest.
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interval of expansion or compression, the crystal structure
was minimized holding the unit cell dimensions constant.
The resulting energies were then recorded as a function of
the unit cell volume and fit to the Murnaghan equation to
obtain the bulk modulus of the crystal.

Co, Cu, and Zn MOP cages with DABCO and bipyridine
linkers have been shown experimentally to form crystalline
structures®* > while Rh MOP cages with bix, bibPh, and
bidod have been shown to form amorphous systems.’®*° As
such, we expect to observe significant differences in the
energetic response of the volume changes in the
computationally-generated crystals based on the chemical
identity of the linker. We also expect the density of the
resulting structure to play a role in the resulting mechanical
properties.”"”?

Fig. 3 reports the energy versus volume response of the Co
MOP crystalline structures. DABCO shows the steepest
response as volume changes, followed by bipyridine. The rest
of the linkers (bix, bibPh, and bidod) show a much weaker
response to the changes in the volume. The linkers bix and
bibPh show a similar response while bidod shows the
weakest response out of all the linkers considered.

The observed responses are directly related to the bulk
modulus of the crystals. The bulk modulus values obtained
are reported for all the combinations of MOP cages and
organic linkers considered in this study in Fig. 4. Little
difference is observed in the bulk modulus values for the
various cages. Significant differences are observed however,
when comparing the values for the various linkers. The cages
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Fig. 4 Bulk modulus for crystalline structures comprised of MOP cage
and linker combinations. Panel a. shows DABCO and bipyridine while
panel b. shows bix, bibPh, and bidod. Co (green), Cu (orange), Rh
(blue), and Zn (purple) cages are considered. Changes in mechanical
properties are attributed to the linkers, with DABCO and bipyridine
showing significantly higher bulk modulus values than bix, bibPh, or
bidod.

bidod

that contain DABCO show the highest bulk modulus values
(~15-20 GPa) followed by the cages that contain bypiridine
(~10 GPa). The cages with the rest of the linkers show bulk
modulus values close to 1 GPa or less.

Fig. 4 demonstrates significant differences in the
mechanical stability between structures that contain linkers
that give rise to crystalline structures (DABCO and bipyridine)
and those that give rise to amorphous structures (bix, bibPh,
bidod). Despite no current crystalline structures reported in
the literature for Rh MOP with DABCO or bypiridine, the
results suggest such a structure would share similar
mechanical properties to the ones containing Co, Cu, or Zn
cages. The calculations suggest that Rh MOP with DABCO or
bipyridine would be crystalline. Similarly, the results suggest
that Co, Cu, or Zn cages using bix, bibPh, or bidod as linkers
would share similar mechanical properties to that of Rh MOP
with those various linkers. One hypothesis is that the low
mechanical stability of the crystalline system leads to pore
collapse of the structure, excluding the MOP, resulting in the
soft amorphous porous coordination polymer. Consequently,
structures that have those cages with those linkers would
form soft porous coordination polymers. Lastly, the
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Fig. 5 Free energy versus radius of gyration squared (Rg?) for DABCO
(panel a.) and bipyridine (panel b.) linkers, with insets showing the
configurations corresponding to the various values of Rg2. Both linkers
show one deep free energy minimum with strong free energy
penalties for changes in the Rg values. C = gray, H = white, N = blue.

differences observed for the various linkers suggest that this
type of calculation can be used to determine a priori if a
combination of MOP cage and linker will result in a
crystalline structure or soft porous coordination polymer.
Given the ease of the crystal generation and the calculation
of the mechanical property, this type of approach can also
lend itself well for high-throughput computational
screening”® to quickly generate potential candidates for soft
porous coordination polymers.

It is clear that the mechanical properties are also related
to the density of the materials as shown in Fig. S1 in the ESI{
and in studies in the literature.”*””® The densest materials,
those that contain DABCO and bipyridine, show higher bulk
modulus values than those with bix, bibPh, or bidod. The
changes in density however, are not enough to explain the
order of magnitude difference in the bulk moduli.

To study further the role the linkers are playing in the
mechanical properties, we calculate the free energy as a
function of the radius of gyration of the various linkers;
Fig. 5 shows the results for DABCO and bipyridine and Fig. 6
shows the results for bix, bibPh, and bidod. Given the
differences in mechanical properties observed with respect to
the linkers, we expect to see free energy profiles that penalize
deviations from the energy minimum for DABCO and
bipyridine and free energy profiles that can potentially have
multiple free energy minima for a range of values of Rg for
bix, bibPh, and bidod.

DABCO, the linker used in the structures in the materials
with the highest bulk modulus values, shows one deep

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9me00117d

Published on 15 October 2019. Downloaded by Fail Open on 7/23/2025 8:41:01 AM.

MSDE
Ay g
ig ﬁ § 2N\20 4
i ‘R v
§ _a0 d
B o
_60 <
// 4
& | 4
10 15 20
Rg*(A?)
b. of
_-201
3
£ —40
o
<
T 60

Fig. 6 Free energy versus radius of gyration squared (Rg? for bix
(panel a.), bibPh (panel b.), and bidod (panel c.) and the corresponding
configurations for the differing values of Rg?. All linkers show multiple
free energy minima within 10-20 kcal mol™ of each other. C = gray, H
= white, N = blue.

minimum in the free energy. Bipyridine, the other linker
found in the crystalline MOF structures, also has one
minimum. The free energy minimum shows the pyridine
rings are rotated with respect to each other. As the Rg value
increases so does the free energy as the rings lie in the same
plane and rings are slightly stretched. The free energy also
increases as the Rg value decreases but the energy increase is
not as steep as with the extension. Bipyridine structures with
low values of Rg show the rings facing each other bending at
the carbon atoms that connect them.

Fig. 6 shows the free energy of the Rg for bix, bibPh, and
bidod. All of the linkers show much shallower free energy
profiles when compared to DABCO and bipyridine. The free
energy profile for bix shows a minimum for the Rg” around
15 A% The structure shows the imidazole rings above and
below the center phenyl ring. As the linker Rg value
increases, the free energy also increases and the structure
reveals the imidazole rings closer to the plane of the center
phenyl ring. As the Rg values decrease, the free energy rises
but also shows free energy minima. The structure shows the

This journal is © The Royal Society of Chemistry 2020
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imidazole rings bending towards the phenyl rings, above and
below it. Another metastable state shows the imidazole rings
bending towards the phenyl rings in the same plane.

The linker bibPh shows a range of 20 A” that contains
structures within 20 kcal mol™. The free energy minimum
shows twisted phenyl rings, similar to the bipyridine free
energy minimum, with the imidazole rings above the phenyl
rings. Higher Rg values stretches the linker, aligning the
phenyl rings to be in the same plane along with the
imidazole rings. Smaller values of Rg compared to the free
energy minimum show the imidazole rings bending towards
each other as well as bending occurring at the carbon atoms
that connect the phenyl rings. Lastly, the bidod linker shows
a range of 40 A? with structures within 10 kcal mol ™. As
shown in the structures highlighted in the figure, the alkane
chain that connects the imidazole rings offers flexibility in
the structures, from fully stretched to bends introduced along
the chain that bring the imidazole rings close together. We
note that for the mechanical property calculation of the
crystalline system with the bidod linker, only the most
stretched configuration was used in the crystalline structure.
As shown, the mechanical properties also depend on the
density of the structure. Therefore, using other
configurations that effectively decrease the length between
the connection points would also decrease the unit cell
volume and increase the bulk modulus. We expect, though,
the values to remain in the same order of magnitude as the
ones shown in this study.

It is important to note that what imbues these linkers with
the flexibility is the presence of the sp® carbons that connect
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Fig. 7 Free energy versus radius of gyration squared (Rg?) of
nanoparticles comprised of Rh MOP cages with DABCO (panel a.) or
bibPh (panel b.) along with insets corresponding to various values of
Rg?. Rh MOP with DABCO shows only one free energy minimum,
where the crystalline arrangement lies. Rh MOP with bibPh instead
shows multiple free energy minima showing collapsed and open
structures. One of the free energy minima corresponds to the
crystalline arrangement.
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the rigid aromatic rings, phenyl rings to imidazole rings (bix
and bibPh) or imidazole to imidazole rings (bidod). The free
energy profiles in Fig. 6 show the configurations of the
various linkers differ by the bending of the angle centered at
the sp® carbon atoms. Therefore, this is an important
chemical moiety that can be exploited in linkers for future
soft porous coordination polymers.

To explore the consequence of the flexibility, or lack
thereof, of the linkers on nanoparticles of this class of
materials, we calculate the free energy as a function of the
radius of gyration of the nanoparticles. As representative
structures, we chose Rh MOP with DABCO as the linker and
Rh MOP with bibPh as the linker. Only the linkers were
considered for the biasing of the radius of gyration. We
expect the free energy profiles for the nanoparticles to mirror
those of their respective linkers. For Rh MOP with DABCO we
expect to see free energy penalties for deviations from the
crystalline structure while we expect to see multiple free
energy minima for Rh MOP with bibPh. Fig. 7 shows the
results for both structures.

Rh MOP with DABCO shows one free energy minimum
that lies in the crystalline arrangement of the cages. Rh MOP
with bibPh shows richer behavior. There are multiple free
energy minima at low and high values of Rg? the figure
illustrates the structures. Two of the free energy minima
show amorphous structures with different arrangement of
the Rh cages. Interestingly, one of the free energy minima
shows the crystalline arrangement of the cages. The
simulations suggest the crystalline arrangement of the MOP
cages with bibPh is a metastable state and could therefore be
attained given proper conditions. These results suggest
different configurations can be accessible to the soft porous
coordination  polymers, including  the  crystalline
arrangement, provided a stimulus to overcome energetic
barriers. One such stimulus could be heat of adsorption, as
is the case for DUT-49 and its structural changes that give
rise to the negative adsorption behavior. Changing the
chemistry of the linker and its flexibility, offers the
opportunity to tailor the mechanical properties as well as
possible amorphous to crystalline transformations of the
system. Their targeted manipulation could have technological
advantages in adsorption and separation systems, sensing,
catalysis, etc.

Conclusions

Crystalline structures were generated using topological
algorithms (Co, Cu, Rh, and Zn MOP as nodes and DABCO,
bipyridine, bix, bibPh, and bidod as linkers) and their
mechanical properties calculated using classical molecular
mechanics. Bulk modulus values were found to be dependent
on the linkers and not the MOP cages. From a mechanical
stability perspective, these results suggest that Rh MOP with
DABCO or bipyridine would result in a crystalline material,
despite not being currently reported in the literature.
Similarly, the results suggest that structures with Co, Cu, or
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Zn MOP cages and bix, bibPh, or bidod as linkers would
result in soft porous coordination polymers. The calculated
bulk modulus values are related to the flexibility of the
linker with DABCO and bipyridine showing significantly
higher values than bix, bibPh, and bidod. Free energy
calculations on the radius of gyration of the linkers reveal
DABCO and bipyridine have one free energy minimum,
while bix, bibPh, and bidod have multiple free energy
minima. Free energy calculations on the radius of gyration
of nanoparticles of Rh MOP with DABCO show one free
energy minimum at its crystalline arrangement. Meanwhile,
the same calculation for Rh MOP with bibPh shows free
energy minima with amorphous configurations. Notably, the
crystalline configuration of the MOP cages is shown to be
metastable.
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