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This work reports the mesoscale artificial synthesis of a
conjugated microporous polymer, CMP-1, using a hybrid coarse-
grained methodology. Whilst using a coarse grain approach does
give a lower density and surface area when compared to the all-
atom equivalent, this allowed a simulation cell volume scale-up
of up to 64 times, and an overall speed-up factor of 44% when
compared to the all-atom equivalent.

Microporous materials, such as zeolites,' metal-organic
frameworks (MOFs),>® covalent organic frameworks
(COFs),*® and microporous organic polymers (MOPs)>’ *°
have been explored for a variety of applications, such as
energy storage,'"'? gas uptake," heterogeneous catalysis'*
and molecular separations.>>'> However, despite the ultra-
high surface areas of the crystalline MOFs and COFs due to
their defined pore structures,® some suffer from a lack of
stability on exposure to ‘real-world’ conditions that would be
used, for example, in a rechargeable battery. The amorphous
MOPs, however, do not show these same limitations in
stability, with examples of MOP materials that can be boiled
in acid with no loss to porosity reported in the literature.™®
This paves the way for the rational design of new MOP
materials for applications such as those given above.

The design of amorphous materials is challenging due to
the lack of information offered by traditional characterisation
techniques such as powder X-ray diffraction (XRD) due to the
inherent random nature of these polymer frameworks."”
Additionally, due to the large degree of crosslinking observed
within these polymer networks, many are insoluble,
rendering solution-state nuclear magnetic resonance (NMR)
spectroscopy very difficult to obtain."”

This makes modelling approaches vital to understanding
the atomic structure of these amorphous structures.
However, as has been previously reported by Mollart et al.,"®
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Design, System, Application

Conjugated microporous polymers (CMPs) are used within a range of
applications, including as anodes for ion storage batteries,
supercapacitors, photocatalysts, and as solid-state electrolyte materials.
They demonstrate high stability, flexibility of synthesis, and therefore
offer great potential. However, CMPs are amorphous, making it
difficult  to through  traditional
characterisation techniques alone. Simulation is therefore an extremely
important tool. Previously, we have shown an ‘Artificial Synthesis’

rationalise ~ the  structure

method using an in-house developed code called Ambuild. Ambuild
simulates the full catalytic synthetic mechanism to generate fully
atomistic models, a unique capacity and currently the only way to
probe properties. However, this approach is limited to length scales
that are too small to fully incorporate larger scale effects, including
phase separation of the reaction mix, that strongly influence the
resulting properties. Here, we show that we can use the same ‘Artificial
Synthesis’ approach but incorporate a hybrid coarse grained
methodology that enables simulation of the mesoscale structure, a
scale that has not been achieved before for these complex polymer
systems. The resulting mesoscale structures show new insights and
point towards new directions for understanding, which will ultimately
result in the design and discovery of new materials with exceptional
properties.

it is not simply possible to model the idealised end structure
of a particular polymer, rather, each step in the synthetic
protocol, including the roles of solvent and catalyst, must be
considered during the artificial synthesis procedure (Fig. 1).'®

Pd(PPhg),, Cul
+ —_—
Solvent, EtzN
X F AN 4 X
DBB TEB CMP-1 O
X =Br

Fig. 1 The reaction scheme used to synthesise CMP-1 from the
reaction of 1,4-dibromobenzene (DBB) with 1,3,5-triethynylbenzene
(TEB) in the presence of a Pd(PPhz), catalyst (cat), Cul co-catalyst,
solvent, and triethylamine (TEA).
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When modelling amorphous structures, it is necessary to
generate as many repeats of the structure as possible. This
ensures an increased sampling of the polymer, which reduces
the likelihood of oversimplifying the structure by considering
it to be homogenous, when, in fact, it is known that MOPs
do phase separate into fused spherical particles."®'?° In
addition, generating multiple repeat structures ensures the
reliability of porosity properties obtained, such as the surface
area and micropore volume.'® It is also important to model
as large a structure as possible, both to observe larger-scale
effects such as gelation, and to prevent inducing artificial
crystallinity in the material.

Previous work reported by Thomas et al. described the
artificial synthesis of the first reported conjugated
microporous polymer (CMP), CMP-1."® CMP-1 in particular
was chosen as an ideal first test case to model as this has an
abundance of experimental data to compare simulation
results to.'”>" As the name suggests, CMPs comprise a fully
n-conjugated polymer backbone and a three-dimensional
arrangement of micropores throughout the framework. CMP-
1 is made via the Pd(PPhj;),-catalysed Sonogashira-Hagihara
reaction of 1,4-dibromobenzene (DBB) and 1,3,5-
triethynylbenzene (TEB), in the presence of a Cul co-catalyst,
triethylamine (TEA) and a solvent such as toluene (the
original solvent used to prepare CMPs) or N,N-
dimethylformamide (DMF, which has since become the
‘standard’ solvent used in many CMP syntheses due to the
enhanced porosity properties observed when this is the
reaction solvent employed).”*" The reaction scheme and
catalytic cycle used to prepare CMP-1 are given in Fig. S1 and
S2F To summarise the Sonogashira-Hagihara reaction
mechanism, the first step is oxidative addition of
1,4-dibromobenzene monomer to the palladium catalyst.
Following this, a transmetallation step occurs, whereby the
product of the transmetallation side cycle (copper-terminated
1,3,5-triethynylbenzene), adds to the catalyst in exchange for
the bromine ligand added as part of the oxidative addition.
Then, an isomerisation step occurs to place the vinyl halide
and copper(1) acetylide ligands cis to each other, before the
new oligomer leaves via reductive elimination.®

The artificial synthesis approach used by Thomas et al.,
which included a comprehensive study of the reaction ratios,
was able to accurately describe the porosity properties seen
for CMP-1 by modelling the full synthetic conditions,
including the catalytic mechanism and desolvation processes,
but was limited by the simulation size that could be
reasonably generated, meaning that it was only possible to
model the micropore region of 0-20 A.*°

Coarse graining is a technique designed to reduce the
number of atoms within the system, where a group of atoms
may be replaced by a single grain of similar shape and
chemistry.”®* It is often employed in the simulation of large
protein and peptide structures to enable a larger simulation
size to be modelled within the same timescale in comparison
to the equivalent all-atom system.>” Increasing the system
size modelled allows the possibility to study larger-scale
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effects, such as gelation and phase separation, and reduces
the likelihood of artificial crystallinity being induced within
the system.

In this work, we therefore discuss the results obtained
from modelling CMP-1 using the same methodology
described by Thomas et al.,'® but also incorporating a hybrid
coarse-grain (CG) approach to the modelling process to
increase the system size by a factor of up to 64 times the all-
atom (AA) system.

Methodology

The structural models discussed in this work were generated
using the Ambuild code, a Python-based structure generation
tool that exploits GPU architecture to increase simulation
speed.'® Ambuild integrates with the GPU-based HOOMD-
blue,?>?® which was used as our geometry optimisation and
molecular dynamics engine throughout, and Poreblazer, used
for the porosity analysis and described in detail
elsewhere.?”?® Unless otherwise stated in the ESLi all
building blocks were generated using the polymer-consistent
forcefield (PCFF),® which is an appropriate forcefield to
model organic polymers such as CMP-1.

Detailed information about the Ambuild modelling
process is available in ESIf section S2, but to summarise, we
firstly generate a cubic simulation cell (50 A x 50 A x 50 A to
compare to the original paper'® unless otherwise stated), to
which we randomly seed stoichiometric quantities of
monomers and catalyst, along with TEA and solvent.
Following the seed step, we run a loop containing geometry
optimisation, NVT (constant number of molecules, cell
volume, and temperature) molecular dynamics, and Ambuild
zip steps, whereby the initial bond length and bond angle
criteria within which two building blocks must be to form a
bond are changed, and any new bonds formed, followed by a
geometry optimisation of the resulting structure. Throughout
the molecular dynamics steps, the integration timestep was
set to 0.0001 ps, the number of molecular dynamics cycles
was set to one million, and the HOOMD-blue temperature
factor set to 55.0.>°2° The average simulated MD time was
16.4 ns. We then desolvate our structures using the ‘Strategy
6’ approach described by Thomas et al.*®

Grain mapping

When designing coarse grains to replicate an AA system, an
inherent error is present simply due to the approximation
made that individual atoms may be replaced by grains. It is
therefore essential that the grains chosen can replicate the
geometry and chemistry of the atoms as closely as possible to
minimise this error.>>?* With that in mind, we decided to
use the phenyl-based coarse grains reported by DeVane et al.
as a starting point for our modelling,”” as this allowed us to
replace the phenyl rings in the DBB and TEB monomers and
Pd(PPh;), catalyst with the four of the so-called BER grains
designed by DeVane et al.”*> To ensure the correct connectivity
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of the Ambuild product, we retained the end group and cap
atoms of each building block (C-Br for DBB, C-Cu for TEB
and Pd-H for the catalyst, respectively), giving us hybrid-CG
building blocks (Fig. 2 and S3-S57).

DeVane and co-workers also designed a coarse-grained
model of toluene where each toluene molecule is replaced by
four grains (Fig. 2 and S61).>> As the solvent does not take
part in bonding, this can be represented by the fully coarse-
grained model. When considering that the solvent makes up
the largest percentage of the building blocks within our
system, followed by the monomer building blocks, this
drastically reduces the number of atoms within our system.

As the phenyl rings in the catalyst do not participate in
bonding, it was possible to describe these using four BER
grains per phenyl ring, which maintain the geometry and
chemistry of the catalyst molecule. However, the BER grains
do not match the all-atom potentials well for the DBB and
TEB blocks. To optimise the CG fitting so that the Lennard-
Jones (LJ) potentials of the hybrid CG monomer building
blocks better matched the AA, we designed two new grain
types for DBB and TEB, called dBER and tBER, respectively
(Fig. S7 and S8t). This allowed us to differentiate between
the two building block types, giving us a much better match
to the AA equivalents. The optimised hybrid CG fitting plots
for DBB and TEB are given in Fig. S9 and S10,f and full
details of the building block fitting process are given in ESIf
section S4.

Once the potential fitting optimisation was complete, we
compared the reaction profiles of six AA CMP-1 network
generation processes to six equivalent hybrid CG networks
over a small number of steps, where each simulation type
was identical in all apart from the nature of the building
blocks (hybrid CG or AA). When comparing the bond
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Fig. 2 The all-atom (faded) and coarse-grained (bold) blocks used in
the artificial synthesis and based on the building block of DeVane
et al.?> Key: BER grain - red, dBER grain (DBB) - pale blue, Br -
burgundy, tBER grain (TEB) - blue, Cu - gold, C - grey, XYR grain
(toluene) - pale blue, H - white, Pd (catalyst) - blue, P - orange.
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formation observed in the two simulation types, we can see
that the hybrid CG models show very similar behaviour to
the AA models, especially when the consideration is made
that CMP-1 is an amorphous material, and as such will show
varying behaviour from one simulation repeat to the next,
even when employing identical reaction conditions.®

Comparison of networks

We simulated the full CMP-1 network formation and
desolvation processes by generating four repeat models of
our hybrid CG system, and four repeat models of the AA
system, both using 130 molecules of toluene as the solvent.
We chose to use 130 solvent molecules as this gave a level of
solvation corresponding to relatively high surface areas in the
work reported by Thomas et al,'® and we chose to use
toluene, rather than DMF, which has become one of the
‘default’ solvents in CMP synthesis, as our models do not
currently allow us to coarse-grain DMF. A relatively small
sized cell of 50 A x 50 A x 50 A was used so that we can easily
compare the different approaches.

For the hybrid CG systems, we firstly fit the CG pair
potentials to ensure that the pair L] energy per particle in the
hybrid CG systems are as close as possible to the AA systems.
This was done by plotting the Lennard-Jones energy per
particle during the MD within the desolvation procedure as a
function of timestep for the AA system and for the CG
systems with epsilon values of 1x the AA epsilon, 0.9% the AA,
0.8x the AA, and 0.7x the AA. The plots were then compared
independently for toluene (Fig. S161) and DMF (Fig. S177).
When this fitting was completed, we found that the CG pair
potentials that best matched the AA systems in both toluene
and DMF solvents had epsilon values that were 0.8x the AA
pair potentials, as these corresponded to the smallest
difference between the CG Lennard-Jones energy per particle
and the AA equivalent at each timestep (Fig. S16 and S17,
Table S57).

When comparing the maximum block size in the cell
against the reaction coordinate for the AA systems (Fig.
S18t), it is possible to distinguish the various steps in the
CMP-1 network formation mechanism, first proposed by
Laybourn et al.,>® where there is an initial increase in the
maximum block mass as the monomers react together to
form small oligomers. As the reaction continues, the block
mass increases as these small oligomers continue to react
and eventually precipitate out of solution to form a gel-like
phase. The large oligomers then fuse together to form a
number of insoluble CMP-1 clusters, at which point the
maximum block mass plateaus. As the reaction proceeds, it
is also possible to observe a steady decrease in the number of
building blocks within the cell, which is again, expected
behaviour during the polymerisation. When comparing the
block analysis for the AA systems to the hybrid CG systems
with fitted LJ pair potentials (Fig. S19t), we observe the same
general trend, but the steps appear less defined for the
hybrid CG systems. This may be due to the reduced number

This journal is © The Royal Society of Chemistry and IChemE 2023
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of atoms in the hybrid CG systems, however, due to the
amorphous nature of these materials, definitive conclusions
cannot be made as to why this difference arises.

Porosity analysis

To assess the influence of solvent on the porosity of the
systems, we also generated a set of models using 130
molecules of DMF as the solvent using both the AA and
hybrid CG techniques, with the DMF molecules modelled AA
in both cases. These can also be compared to the porosity of
the atomistic models reported previously by Thomas et al.,'®
which we consider here as a benchmark. The resulting data
is given in Table S6.f The hybrid CG models with fitted LJ
pair potentials match the atomistic very well, with an almost
identical averaged micropore volume, and a surface area that
within the large error associated with this
characterisation technique for microporous materials like
CMP-1.°°*"  This suggests that our methodology is
appropriate to model these materials, however, we need to
consider the relationship between the all-atom and hybrid
coarse-grain surface areas, in order to calculate an
approximate atomistic surface area for a model that is too
large to model using the AA approach, which is the ultimate
goal of this modelling approach.

To do this, we generated a range of small fragments
consisting of two-ten monomer building blocks using both
the AA and hybrid CG techniques (Table S8t), then back-
mapped the atom locations of the hybrid CG models to
match the AA atom locations (Fig. S22-S507). Following this,
we calculated the porosity properties of the AA and back-
mapped hybrid CG models for each polymer fragment (Table
S9f). We then plotted the average AA network accessible
surface area for each polymer fragment size (grouped by
number of building blocks in the fragment) against the
averaged back-mapped hybrid CG network accessible surface
area for the same fragment size (Fig. S517). This gives us a

is  well
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Time per 1 ps MD simulation / hours
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Fig. 3 Plot of the unit cell length against the average time to simulate
1 ps MD per step for steps 1-2 of the CMP-1 network formation
process. Key: all-atom - black, hybrid coarse-grain - red. Showing the
respective models used for each cell length true to scale with each
other.
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relationship between the two that could be applied to
calculate an approximate surface area for the AA equivalent
of a simulated hybrid CG model.

Fig. 4 shows the average time per Poreblazer calculation
for the all-atom and back-mapped hybrid CG small fragment
models.”” 1t is clear that there is an advantage to coarse
graining the system, even at the small system sizes, with a
reduction in the calculation time required per system.

Scale-up

Finally, we test larger systems using our hybrid CG approach.
To ensure that as much of the system could be coarse-
grained as possible, the models were artificially synthesised
using toluene, which, unlike DMF, can be coarse-grained
using our current approach, therefore allowing us to
artificially synthesise a larger-scale model. We generated
short timescale runs at cell lengths beginning at the original
cell length of 50 A and increasing in increments of 25 A up to
a final cell length of 200 A (using an integration timestep of
0.000005 ps to match the scaled-up artificial synthesis
described in ESIt section S11, Table S10, Fig. S52). We also
generated these short timescale runs using the AA approach
so that we could compare how the time per output step
changed on coarse graining the system, and we found that
whilst the time to simulate 1 ps of molecular dynamics
followed an exponential curve as the cell size increased, the
largest model generated (cell length 200 A, volume scale-up
of 64x the original cell length) demonstrated a molecular
dynamics percentage speed-up of 35% to simulate 1 ps of
MD when simulated using the hybrid CG approach in
comparison to the AA (Fig. 3 and S537).

We then simulated the full artificial synthesis procedure
for our largest model (cell length 200 A). Full details about
the requirements needed to modify the artificial synthesis of
the scaled-up model compared to the original models
generated at a cell length of 50 A are given in ESI{ section

0.9 4
0.8
0.7
0.6
0.5 A
0.4 4
0.3

0.2

Time per Poreblazer calculation / hours

0.1

0.0

Number of monomers

Fig. 4 Plot of the number of monomers within the small fragment
systems against the average time per Poreblazer calculation.?” Key: all-
atom - black, hybrid coarse-grain - red. A selection of all-atom (faded)
and back-mapped coarse-grain structures (bold) are also included for
clarity.
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S11, but in summary, a larger quantity of geometry
optimisation and molecular dynamics were required, and
tighter restrictions of the bond formation process were
necessary. The porosity properties of this scaled-up,
mesoporous model compared to those of the original models
simulated show that the scaled-up model was almost twice
the density of the original models, leading to a far lower
network-accessible surface area and micropore volume (Table
S117).

Previously we have considered different desolvation
strategies designed to mimic the effect of diffusion-limiting
pore diameters to the removal of solvent, building blocks,
and oligomers. Here we used strategy 6 for desolvation,
which comprises of removing both the solvent and the
building blocks from the entire cell. This has the result of
leaving large regions of void which can potentially collapse
during the desolvation and work up process leading to a
denser structure. It may be that these large models require a
more sophisticated approach to desolvation and work up to
accurately model the diffusion limiting effect that the pores
have on the desolvation process.

It has been previously hypothesised by Thomas et al. that
CMP materials such as CMP-1 are comprised of spherical
polymer particles, containing a very dense, non-porous
central core, made up of building blocks that would rapidly
react in the absence of solvent, that is surrounded by regions
of gradually decreasing density and increasing porosity on
moving closer to the outside of the particle, towards the
solvent phase.’® Computationally, this was modelled by
considering different quantities of solvation within the
polymer, where models artificially synthesised using very
small quantities of solvent represented the central core
region, whilst the edge regions were modelled with larger
quantities of solvent present during the synthesis.'® The
decreased porosity and increased density of the scaled-up
models compared to the original may also be indicative of
the scaled-up model being a closer match to the regions of
denser, less porous polymer close to the central core region
of the spherical CMP-1 polymer clusters, whilst the smaller
original models more closely represent the less dense, more
porous edges of the polymer particles, however predicting the
relative size of each distinct region of this amorphous
polymer is beyond the scope of this work.

Conclusions

In summary, this work reports the mesoscale artificial
synthesis of CMP-1 using a hybrid coarse-grained
methodology based on the phenyl-based grains reported by
DeVane et al.>* and the methodology reported by Thomas
et al.*® This enabled a simulation cell scale-up of 64 times,
and an overall speed-up factor of 44% when compared to the
all-atom equivalent. This suggests that our methodology
could be used to generate mesoscale structural models that
can demonstrate larger-scale effects such as phase separation
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and gelation, therefore reducing the number of models
required to reliably compare to real-world materials.
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