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Soft porous coordination polymers (SPCPs) are flexible porous materials comprised of metal-organic
polyhedrons (MOPs) connected by organic linkers, with potential in adsorption applications. We performed
molecular simulations of various SPCPs that vary in the length and flexibility of the organic linkers to
address how the flexibility can result in various configurations and affects adsorption performance. We
examined free energy profiles as a function of volume of different SPCPs while varying methane loading,
resulting in different stable configurations. We found significant differences in the volume of the stable
configurations and their number for the various structures, with more flexible linkers having more stable
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configurations in free energy. We also characterized the textural properties and methane adsorption
isotherms of the stable configurations for the SPCPs and analyzed density profiles of the adsorption in the
various configurations. Altogether, our examination can be used to predict the relevant configurations of

DOI: 10.1039/d4me00154k
the SPCPs at a given loading and provides molecular-level understanding of how the flexibility of the
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organic linkers affects the structure of the system and adsorption performance.

Soft porous coordination polymers (SPCPs) are an important class of flexible porous materials with applications for separations, sensing, catalysis, storage,

etc. We examine herein the effect of methane adsorbate loading on free energy profiles to determine different stable configurations. It becomes clear in our

examination that the choice of flexible linker has a strong impact on both the number of stable states and the range of volumes possible for an SPCP. For

each of these stable configurations we also examined textural properties such as surface area, volume, and pore size distribution, as well as adsorption

isotherms and specifics of pore filling behavior. From the examination of different SPCP configurations we are able to determine the stable state at any

given adsorbate loading and gain an understanding of how the adsorbate affects the organic linker and thus the SPCP structure and adsorption. From this

understanding we can better design SPCPs for specific applications.

Introduction

Soft porous coordination polymers (SPCPs) are materials that
are composed of metal-organic polyhedron (MOP)'™* nodes
interconnected by flexible organic linkers, either in a
crystalline topology or an amorphous structure (Fig. 1).>°
This composition allows flexibility and thus response to
external stimulus.”® It also contributes to the sheer scale of
design space that is available, similar to the space available
to metal-organic frameworks (MOFs).” SPCPs are inherently
flexible, allowing high mechanical stability as gels and films
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comparable to polymers of intrinsic microporosity (PIMs),"
and being solution processable,"" but maintain permanent
porosity through the MOPs. As a class of materials, SPCPs
show potential for adsorption applications such as gas
storage,'®® separations,’” 2 catalysis,>" ** sensing,**** and
drug delivery.**° In addition, SPCPs have recently been
shown by Wang et al. to be capable of simultaneous detection
and removal of pharmaceuticals at trace-levels due in part to
their processability and mechanical stability, as well as their
tunable pore structure and composition.>® Given their
potential in these applications and more, there arises a need
to understand the molecular-level details that determine their
properties, including adsorption characteristics, while
accounting for the flexible nature of SPCPs.

Methods for simulating adsorption in flexible porous
materials include flexible snapshot methods, the ellipsoid
model, and hybrid Monte Carlo/molecular dynamics. Flexible
snapshot methods successfully incorporate flexibility into

This journal is © The Royal Society of Chemistry and IChemE 2025
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Fig. 1 Left: SPCP building blocks - a) ZnMOP node and c) Dabco, bix, bipyridine, and bibPh linkers. Right: b) crystalline structure of ZnMOP-bix in
the fcu topology, and d) an amorphous colloid construction of ZnMOP-bix. Reproduced from ref. 6, with the permission of AIP Publishing.

simulations and predict loadings and deliverable capacities
more accurately than rigid methods, but do not account for
deformations induced by the adsorbate itself.***' This
method has been applied to a subset of the CoRE MOF
database®® where, for MOFs that do not show a significant
volume change, the impact of flexibility on uptake was only
notable for non-dilute conditions, whereas selectivity was
significantly affected in both dilute and non-dilute
conditions.®® It has also been shown that the flexible
snapshot method can be applied to systems such as Cg
aromatic adsorption in MIL-47 and MOF-48 where flexibility
plays a significant role as long as adsorbed molecules do not
strongly affect the ensemble of structures available to the
porous material.** The ellipsoid method allows prediction of
the importance of framework flexibility for materials based
on atomic positions and thermal parameters without
implementing a force field, allowing insights on adsorption
as long as an experimental crystal structure is available, but
again does not account for adsorption induced
deformation.***>® This method has been applied to 15
randomly selected MOFs from the CoRE database where it
some in making qualitatively accurate
predictions for loadings under non-dilute conditions and
Henry's constants under dilute conditions.”® Hybrid Monte
Carlo/molecular dynamics methods are carried out by

saw success
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iterating grand canonical Monte Carlo (GCMC) and
molecular dynamics simulations, incorporating the flexibility
of the porous material and effects of the adsorbate on
structure deformation, allowing determination of the
structure of the porous material and accurate prediction of
adsorption behavior.*”*° Hybrid methods have been applied
to the set of MOFs IRMOF-1, UiO-66, ZIF-8, and MIL-53 and
compared to experimental results, and the qualitative
behavior of the isotherms was captured, including the phase
transition in MIL-53 from narrow-pore to large-pore.’
Systematic differences in the isotherms are attributed to
inaccuracies arising from the force field UFF4AMOF."® Hybrid
methods have also been applied to soft polymers such as
PIMs*' and polyimides.*>** In this application they have
shown the ability to capture the swelling and plasticization
behavior that significantly affect the structure and adsorption
behavior of soft polymers, and allow an examination of how
swelling affects specific materials and may improve
performance in PIM-1."' However, the high computational
cost associated with these methods limits their application
for high-throughput studies.*

One existing method for the analysis of the mechanics of
and adsorption in flexible porous materials is in work by
Evans and coworkers* based on previous works examining
both rigid and flexible MOFs.”>*® In their paper, they
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examine the structure and behavior of the flexible crystalline
material DUT-49 through both a thermodynamic lens and the
mechanics of the linker present in the system. Through their
examination, they determined how the phenomenon of
negative gas adsorption arises as a result of the shift in the
stable configuration of DUT-49. Essentially, the interaction of
adsorbing methane with the flexible framework causes a
transition to the closed-pore phase due to a buckling of the
linker that expels methane from the framework, resulting in
the drop in loading with increasing pressure that defines
negative gas adsorption. In this paper we implement this
method to examine adsorption in SPCPs and build an
understanding of the impact flexibility has on the structure
of SPCPs and adsorption.

Herein we examine stable configurations of crystalline
SPCPs at various adsorbate loadings through their free energy
profiles, allowing us to account for flexibility, including
adsorption induced deformation, and use these insights to
select relevant SPCP configurations. For each relevant
configuration we then apply grand canonical Monte Carlo
(GCMC) methods to obtain methane adsorption isotherms at
298 K. In the process, we additionally explore the effect of
linker flexibility on stable configurations of SPCPs and pore-
filling behavior through GCMC density profiles.

Methods

All-atom molecular dynamics (MD) simulations are run in
LAMMPS."” SPCP .cif files are produced in ToBaCCo 3.0
(ref. 48) using the 1,4-bis(imidazole-1-ylmethyl)benzene (bix),
bipyridine  (bipy), 4,4"-bis(imidazole-1-ylmethyl)biphenyl
(bibPh), and 1,4-diazabicyclo[2.2.2]octane (Dabco) linkers,
MOP-1 (metal-organic polyhedron) analogs with Zn in the
paddlewheel as nodes, and the fcu topology.*® These .cifs
are converted to LAMMPS data files with UFFAMOF
parameters®®>! in lammps-interface.>”

Free energy profiles as a function of unit cell volume are
obtained using thermodynamic integration on pressure and
volume data obtained from MD simulations.** Eqn (1) is
used, where the change in free energy, denoted F, is found by
numerically integrating average system pressures at a given
volume V' ({(P{V'))) from a reference volume (V,.f) to a volume
of interest V.

(Pi(v'))av' 1)

F(Y) = F(Vet) = |
Vet
The starting point for each structure is the output LAMMPS
data file from LAMMPS-interface. The energy of this starting
structure is minimized using the conjugate gradient method
to an energy tolerance of 1 x 10> and force tolerance of 1 x
107° keal mol™* A", The box length is then adjusted using fix
deform, with 250 ps NVT runs every 0.2 A to allow
equilibration. From there, LAMMPS data files are taken at
the different volumes, adsorbate molecules are inserted using
create_atoms, the energy is minimized as before, and an NVT
simulation is run for 4 ns to equilibrate and an additional 4

196 | Mol Syst. Des. Eng., 2025, 10, 194-204

View Article Online

MSDE

ns to obtain an average equilibrium pressure. All simulations
examined here are set at 298 K using the Nosé-Hoover
thermostat. From there the free energy profile can be
obtained for set numbers of adsorbate molecules.

SPCP textural properties are calculated using Zeot+.
LAMMPS data files are converted into cssr files and passed
into Zeot++ to obtain surface area, occupiable volume, and
pore size distributions. All properties are obtained using a
probe size of 1.4 A, equivalent to a helium atom. Surface area
is obtained using 20000 samples, while volumes and pore
size distributions use 50 000 samples.

Adsorption simulations are run using RASPA.*” Isotherms
and density profiles are obtained from GCMC simulations,
using 100000 initialization cycles and 100000 production
cycles with translation and swap (insertion/deletion) moves
with relative probabilities of 0.5 and 1.0 respectively. The
same forcefields are used as in MD simulations, UFF4AMOF
for the crystal structure and TraPPE for methane.

Visualizations of crystalline SPCP structures are done
using VESTA,’® and visualization of gas density profiles is
done with Paraview.®”

53,54

Results and discussion
Free energies as a function of loading

From the free energy profiles obtained as described above,
we can determine the stable state of a crystalline SPCP at a
given loading as the point with minimum free energy. We
focus first on the Dabco system (Fig. 2). The free energy plot
examines the relationship between side length of a cubic unit
cell and the free energy of the system, with one curve per
methane loading. In the free energy profile we see only one
distinct minimum for each loading, indicating a single stable
phase for all loadings. Additionally, we see that this
minimum is consistent across loadings, except for a slight
increase in stable volume at high loading, which we attribute
to a slight stretching of the Dabco linker due to the high
methane loading. This is in line with the fact that Dabco is
the stiffest linker we examine, and when we visualize the
crystal structure we see a consistent configuration. Based on
the single stable phase for Dabco, we can calculate the
adsorption for this system using the crystal structure
corresponding to the minimum free energy.

Moving now to the bipy system (Fig. 3), we see a constant
global free energy minimum for all loadings. However, we
also see another minimum at lower volume at low loadings
(0 and 200 molecules per unit cell), corresponding to a
metastable state. This indicates that it is possible for the bipy
system to enter a closed pore state, though not favorable at
298 K with methane loading. This suggests that two different
states may be observed at different temperatures, as
temperature can dramatically change the free energy minima
for these systems, as is the case with DUT-49,*>°® and as a
result adsorption behavior.

Examining next the bix system (Fig. 4), we observe a shift
in the global minimum as methane loading increases. At low

This journal is © The Royal Society of Chemistry and IChemE 2025
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Fig. 2 Visualization of crystalline ZnMOP-Dabco system and free energy landscape

methane loading in molecules/unit cell.

Free Energy [k])/mol]

Free Energy [k)/mol]

View Article Online

Paper

Dabco Free Energy Landscape

5000
v
’V
v A
4000
v A v
*k - #.
3000 L% 4 o
= & * y A
v A
2.+ ‘lvA
2000 Y
T A
ok
I Qv + OCH4
1000 tv | gy A © 200CH4
8.V A * 400 CH4
1 A By
i; ARy A v 600CH4
A H
o wn A 800 CH4
36 38 40 42 44

Unit Cell Length [Ang]

of the system as a function of unit cell side length and

Bipy Free Energy Landscape
3000 % v = ¥
»®
o * v 4 m =
2500 : vV 4= p
L oA vv A IR % ’
+ = v A ® %
*
2000 u v Am n
v A ’
& Y A "
A A -
1500 ® f
a* + O0CH4
® 200 CH4
o
1000 r % 400 CH4
i ;f v 600 CH4
[ A 800 CH4
>00 = m 1000 CH4
e 1200 CH4
0 % 1400 CH4
30 35 40 45 50 55 60

Unit Cell Length [Ang]

Fig. 3 Visualization of crystalline ZnMOP-bipy system and free energy landscape of the system as a function of unit cell side length and methane

loading in molecules per unit cell.

loadings the low volume configuration is the most stable, a
closed-pore configuration possible because of the flexibility
of the bix linker allowing bix to fold. As methane loading
increases, the stable volume increases slightly as seen at 400
molecules per unit cell. By 600 molecules per unit cell, the
free energy minimum corresponding to the closed pore state
has disappeared entirely, resulting in a single wide energy
well between the closed pore and open pore states. At a
loading of 1000 molecules per unit cell, the energy minimum
corresponding to the open pore state starts to appear and
becomes more pronounced as loading increases.

In the bibPh system (Fig. 5), we again see multiple global
minima based on the loading of methane but observe a
continuous change in volume instead of a switch between
distinct configurations, as for bix. We do still see a fully

This journal is © The Royal Society of Chemistry and IChemE 2025

closed pore state at low loading, but the energy minimum
has shifted to a higher volume by 200 molecules per unit cell
and only reaches the fully open pore state at the highest
examined loading of 1300 molecules per unit cell. As bibPh
is the most flexible linker examined, we attribute this to
multiple configurations of the linker causing it to vary in
length. It is also worth noting that the bibPh system has the
widest free energy wells of any of the systems we examine,
and thus has the least precisely set stable configuration.
From the differences in free energy profiles between each
system, we can see that a primary factor involved in
different states of the SPCP is the linker configuration,
whether it is in an extended or bent state. To corroborate
this, we examine the ZnMOP-bix system visually (Fig. 6).
We can see clearly that the low volume configurations (side

Mol. Syst. Des. Eng., 2025, 10, 194-204 | 197
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Fig. 4 Visualization of crystalline ZnMOP-bix system and free energy landscape of the system as a function of unit cell side length and methane
loading in molecules per unit cell.
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Fig. 5 Visualization of crystalline ZnMOP-bibPh system and free energy landscape of the system as a function of unit cell side length and

methane loading in molecules per unit cell.

lengths 36.4 A and 39.2 A) are contracted because of a
collapsed bix linker. In the high volume configurations (side
lengths 49.6 A and 52.8 A), the linkers are extended,
opening the pore structure. We similarly analyze the
ZnMOP-bipy system and find again that in the low volume
configuration the linkers are folded, and in the high volume
system they are extended (Fig. S1t).

Textural properties as a function of loading

We next examine the properties of each system at each
volume, including surface area, accessible pore volume,
accessible volume fraction, and pore size distribution.

For the accessible volume and volume fraction (Table 1)
we see the trends we expect: increasing loading pushes the
more flexible SPCPs towards an open configuration,

198 | Mol Syst. Des. Eng., 2025, 10, 194-204

increasing the accessible volume and volume fraction. For
surface area, we see a more nuanced trend, increasing
surface area per volume to start but reaching a maximum
and then decreasing as the SPCP approaches its fully
expanded state at high loadings.

For pore size distributions (Fig. 7), we see two distinct
trends with increasing volume. First, increasing unit cell
volume corresponds with increasing pore sizes, making clear
the transition between closed pore and open pore states for
the bipy, bix, and bibPh systems. We do see one consistent
pore size between all linkers and unit cell volumes at 8 A,
corresponding to the ZnMOP interior pore. The second trend
we see is a sharpening of the peaks, indicating more
consistent pore sizes at larger volumes. These can be
explained by the difference in the number of possible linker
configurations available; at high volumes the linkers are fully

This journal is © The Royal Society of Chemistry and IChemE 2025
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Fig. 6 Visualization of crystalline ZnMOP-bix system at the various free energy minima that appear in Fig. 4. Highlighted in blue are the nitrogen

atoms present in each bix linker. Upper panels: closed pore, low volume states. Lower panels: open pore, high volume states.

extended and fixed in one configuration, resulting in more
consistent pores. We also see a primary set of pores that
appear in each material. A set of small pores between 5 and
10 Angstroms corresponding to the MOP interior pore, a
medium grouping of pores, and a large set of pores. This is
best visualized in Fig. S4.}

Adsorption in different SPCP structures

For each stable SPCP state determined from free energy
profiles we run an adsorption isotherm calculation in RASPA
(Fig. 8). From there we can determine the loading and
pressure for an isotherm based on the fixed volume of the

Table 1 Side length of cubic unit cell, surface area, accessible volume, and accessible volume fraction for SPCP structures with different linkers

Unit cell Surface area Accessible Accessible
Linker length [A] [m? em™] volume [cm® g7'] volume fraction
Dabco 40.37 2266 0.620 0.398
Bipy 35.69 2129 0.141 0.142
46.49 1847 1.230 0.555
Bix 36.4 2105 0.141 0.138
39.2 2543 0.299 0.235
49.6 1739 1.537 0.596
52.8 1474 2.066 0.664
BibPh 37.58 2125 0.171 0.163
42.18 2463 0.505 0.340
46.18 2171 0.933 0.479
50.98 1731 1.581 0.603
56.98 1277 2.617 0.715

This journal is © The Royal Society of Chemistry and IChemE 2025
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Fig. 7 Pore size distributions for each system at various free energy minima, denoted in the legend by the side length of the unit cell. The x-axis
for each plot is the pore size, and the y-axis is change in accessible volume with respect to probe size.

stable state. For the Dabco and bipy systems we only have
one state of interest, as seen from the free energy profiles
which contain only one global minimum. In the bix system
we have two main states: the open pore, and the closed pore,
and a few intermediate states during the transition. Lastly, in
the bibPh system, we have a continuous transition, so it
becomes harder to determine where the isotherms for this
system fit together. However, since we know the most stable
configuration for each loading, and the corresponding
pressures for each loading, we select the relevant isotherm
and find the correct pressure for a given loading. As such,
the overall isotherm for the fully flexible system can be
obtained by stitching together the isotherms obtained from
the separate rigid structures.

Density profiles

We move now to determine the locations at which adsorbate
molecules accumulate within SPCP frameworks during
adsorption. To do so, we examine density profiles and find

200 | Mol Syst. Des. Eng., 2025, 10, 194-204

which pores fill over the course of a full adsorption isotherm.
In Fig. 9 we visualize methane density in ZnMOP-bipy, one
of the systems with a single free energy minimum. We see
that the regions of highest density are always the metal
paddlewheel sites. Outside of that, the MOP interior pore
sees localization of methane at low pressures, indicating that
these are the first pores to begin filling during methane
uptake. As pressure increases, methane density remains high
at the metal paddlewheels, and otherwise becomes more
diffuse around the system.

Examining now the pore-filling behavior in a system
which exhibits a change in stable configuration during
adsorption, we look at methane adsorption density in
ZnMOP-bix (Fig. 10). Once again, we see high methane
density at the metal paddlewheel sites at all pressures.
However, at low pressures, in the closed pore configuration
we see a high methane density in a ring-like formation
around the MOP and lower density inside the MOP. This
remains the case with increasing pressure until the
structure transitions to the open pore configuration, at

This journal is © The Royal Society of Chemistry and IChemE 2025
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Fig. 8 Methane adsorption isotherms of the stable configurations for each crystalline system - ZnMOP-Dabco, ZnMOP-bipy, ZnMOP-bix,
ZnMOP-bibPh. Also included are circles around the stable region for a given loading for any system with distinct isotherms as a result of their

flexibility.

4
55 ) =

=

Fig. 9 Density profiles of methane adsorption in ZNMOP-bipy with unit cell side length 46.49 A. Increasing pressure from left to right (7 x 10%, 7 x
10°, 4 x 107 Pa). Scale is shown on the right, light blue is low density, red is high density.

which point we see similar behavior as in ZnMOP-bipy, with
methane becoming more diffuse throughout the system.
Importantly, this indicates that the MOP interior pore plays
a role in the transition between the closed pore and open
pore states.

This journal is © The Royal Society of Chemistry and IChemE 2025

Conclusion

We have examined here the use of free energy profiles to
determine stable states of four SPCPs with different linkers
at different adsorbate loadings. Relative free energies
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the minimum free energy state; left and center are the closed pore state (unit cell side length 36.4 A) far right is the open pore state (unit cell side
length 52.8 A). Scale is shown on the right, light blue is low density, red is high density.

obtained from molecular dynamics simulations offer a
computationally inexpensive way to determine the relevant
configuration of inherently flexible structures in cases where
adsorption has a direct effect on the state of the porous
material. We also examined the effect of linker choice on the
number and volume of distinct configurations an SPCP has,
and on how the methane is distributed through the system,
and thus the relation between adsorbate and adsorbent. In
our analysis we found that the stiffest linkers, Dabco and
bipy, result in an SPCP with one primary global free energy
minimum, and therefore one stable phase. The other linkers,
bix and bibPh, are more flexible, and result in an SPCP with
different stable phases depending on methane loading, with
increased methane loading corresponding to more open
pores. For textural properties, we see consistent increases in
accessible volume as the SPCP transitions to an open pore
configuration. For surface area, we see that the highest point
for the bix and bibPh linkers is slightly above the fully
closed-pore configuration, and for the bipy linker the closed
pore configuration has the highest surface area. Finally, we
used density profiles to observe the pore filling behavior of
each SPCP. This analysis shows interesting behavior in the
pore filling behavior that occurs in these SPCPs. For the stiff
linker bipy, we see that there is a strong localization of
methane around the Zn metal sites, and a weaker localization
in the MOP interior pore. As the pressure increases, there
remains a localization of methane at the metal sites and a
more diffuse distribution through the rest of the SPCP. For
the more flexible bix linker, initial localization of methane
again occurs at the metal site, but not in the MOP interior
pore, resulting in a ring structure around it. At high pressure,
behavior is like the bipy SPCP, with localization around the
metal sites and through the rest of the pore structure.

This work showcases the impact of linker flexibility on the
adsorption behavior of SPCPs, allowing us to see how the
configuration of the SPCP is directly related to the loading of
the adsorbing gas and its interaction with the SPCP structure.
The use of free energy profiles allows us to determine the
stable phase of the SPCP for any specific loading, and as a
result the structure that should be used for a GCMC

202 | Mol. Syst. Des. Eng., 2025, 10, 194-204

simulation to obtain a point on the isotherm of the fully
flexible SPCP.

Future works will expand on the thermodynamic region
explored for these materials. This includes exploring other
temperatures, as well as different SPCPs, using active learning
techniques®®®® to obtain as much information about the
adsorption space as possible in as few simulations as possible.

Data availability
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