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Varying degrees of order have been found experimentally for a series of covalent triazine-based
frameworks (CTFs) when synthesised under different reaction conditions. Here, we use molecular

modelling to discuss the potential origins of this structural order by analysis of the node and strut
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building blocks. We use a combination of small model structures based on DFT optimised monomer
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units and more extended simulations using automated structure growth and molecular dynamics to

discuss the influence of the strut structure on the local crystallinity of these materials.

Introduction

Materials that exhibit microporosity such as metal-organic
frameworks (MOFs)!, covalent organic frameworks (COFs)?,
and microporous organic polymers (MOPs) have important
gas
catalysis, and chemical separations.® Crystalline COFs and

potential applications for adsorption, heterogeneous
MOFs can exhibit ultra high surface areas (Brunauer Emmett
Teller (BET) surface areas over 6000 m?/ g)° with good thermal
stabilities reported, although some studies suggest chemical
decomposition, for example, of COF-1 in air. MOPs, by
contrast, have been shown to be very robust with good
physicochemical stabilities, for example towards water. A
number of different MOPs have been developed showing the
wide synthetic diversity that is available. These include hyper-
crosslinked polymers (HCPs),® porous aromatic frameworks
(PAFs),” conjugated microporous polymers (CMPs)® and
polymers of intrinsic microporosity (PIMs).” Covalent triazine-
based frameworks (CTFs)!” are known to be extremely stable
but, as yet, do not exhibit the ultra high surface areas observed
for 3-dimensional COFs, MOFs, and PAFs. High surface area
CTFs, up to 3000 m*/g apparent BET surface area in some
cases, have been reported using ionothermal synthesis with
molten ZnCl, as the solvent and catalyst at high temperatures of
400-700 °C.""" However, these harsh conditions and the long
reaction times required limit the monomer choice and hence the
practical applications. Such harsh conditions can also lead to
significant nitrogen loss from the materials.

Recently, a series of CTFs with different monomer
topologies
trifluoromethanesulfonic acid (TFMS) as the catalyst under

were reported synthesised using
both room temperature and microwave-assisted conditions P1
to P6, and PIM to P6M, respectively.* These mild synthetic
conditions will allow for a wide range of functional group

diversity to be incorporated that were previously intolerant to
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harsh ionothermal conditions. In some cases, the structural and
gas uptake properties of the CTFs differed significantly
between the two different synthesis conditions. For example,
the CTFs synthesised using microwave heating had lower
surface areas than those synthesised at room temperature, in
some cases the surface area was reduced by 56 %. Furthermore,
a number of the CTFs synthesised using microwave heating
also exhibited some limited evidence of crystallinity. This was
attributed speculatively to the combination of increased
pressure in the microwave environment and the acid catalyst
facilitating the making and breaking of bonds, and hence
promoting the thermodynamic product.

A common strategy for designing microporous materials
with high surface areas is to use monomers and chemistry that
aim towards materials with high degrees of order,'? such as
MOFs or COFs, or those that have short rigid linkers that
inhibit network interpenetration, such as certain CMPs and
PAFs." For the series of CMP materials that are topologically
similar to CTFs, we have previously observed the trend that
longer struts are able to pack more efficiently, resulting in
higher density materials with a lower surface area.®® '** '* The
inherent flexibility of CMP structures with longer struts is
demonstrated by the bending of struts out of plane of the nodes,
the bending of the struts themselves, the broad range of values
observed in the dihedral angle between struts on adjacent
nodes, and the in-plane deviation of the angle between struts
from the hypothetical ideal. NCMP-0, with the shortest strut
length of 0.69 nm, exhibits the highest surface area of the
reported CMP series (1108 m?%g). Similarly, P5, with the
shortest node-to-node distance, has the highest BET surface
area (960 m?/g) in contrast to P1 (2 m*/g), which has a similarly
short node-to-node distance. This apparent contradiction raises
some interesting questions about the design strategy for these
types of microporous material. It is important to understand the
role of structural flexibility on the degree of long-range order of
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the resulting topology and its influence on surface area
properties.

Herein, atomistic models of the CTF materials P1 to P5, are
presented for structural analysis, focussing on the structural
degrees of freedom available and their influence on the
structural topologies obtained, and hence rationalising the
porous properties.

Results

Models were generated using the Material Studio Modelling 5.0
package (Accelrys Inc. San Diego, CA, 2009) and the geometry
optimised using the Forcite module and PCFF forcefield. The
geometry of node-strut models consisting of two nodes and the
respective linking strut were further optimised using NWChem
6.1 with the 6-311G basis set and B3LYP functional and
incorporating the Grimme dispersion correction.'

Figure 1 shows the monomer building units and the
resulting node and strut with optimised geometry, details
described in ESI section 2. Table 1 shows the node-to-node
distances obtained from the node-strut models and the nodal
dimensionality, a description of these topological analysis
measurements can be found in ESI section 3.

The flexibility or rigidity of a network can be directly
related to the combination of nodal dimensionality, nodal
flexibility, length. Nodes that are highly 3-
dimensional and flexible

and strut
instigate a greater degree of
randomness within the network’s 3-D structure. Combining
these flexible 3-dimensional nodes with short linkers that are
unable to interpenetrate, and hence pack inefficiently, will
result in a more porous network structure. Conversely,
combining flexible 3-dimensional nodes with longer flexible
linkers will facilitate efficient network packing, thereby
reducing the porosity.

Nodes that are 2-dimensional and rigid would be expected
to approximate towards the idealised crystalline repeating unit.
The degree to which this occurs is dependent upon the
flexibility of the combined linker. For P1 to P5, with the
combination of 1-D linkers and 2-D nodes, a hexagonal sheet-
like network would be expected, which can stack to give layers
that are directly on top of each other or are offset. Reversible
chemistry is widely believed to be key to the formation of
ordered networks so that faults and misalignments within the
network can be corrected or ‘self healed’, and hence something
close to the global thermodynamic product is achieved. For
chemistry that is not easily reversible, such as in this triazine
case, it may be that the amorphous network nonetheless shares
features in common with the idealised planar sheet-like
crystalline structure such as hexagonal rings or layer stacking
motifs resulting in a lamellar sheet-like structure. The porosity
of these materials would also be expected to be a function of
the linker size; but in this case shorter linkers would give
smaller ideal hexagonal rings that would be more easily
blocked by nodes and struts above and below leading to less
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connected volume and hence lower porosity. Whereas longer
more flexible linkers introduce 3-dimensionality to the network,
instigating randomness within the structure and therefore
reduce the efficiency of the network packing.
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Figure 1. The building blocks for the series of CTF type
polymers P1 to P6 that are synthesised at room temperature and
using TFMS as a catalyst. Left: The monomer building units.
Right: Representative structure of the node and strut of the
respective CTF polymer.

Table 1: Showing the experimentally obtained physical and porosity
properties of the five CTF systems, P1 to P5 with the geometrical
measurements obtained from atomistic models of their respective node-strut
models.

Polymer SAgeT Node-to- In- Out of- Nodal
(m%g)* Node plane plane dimension-
(nm) ° angle angle ality (°)°
(@ e
P1 2 0.84 120 180 0.6
P2 776 1.27 120 178 39.0
P3 571 1.24 120 153 85.0
P4 867 0.85 120 179 41.0
P5 960 0.70 120 179 29.0

*From ref 11, synthesised using TFMS catalyst and room temperature
conditions. * ¢ *¢ Description found in ESI section 3.

To test the hypotheses outlined above for polymers constructed
from 2-D nodes and 1-D linkers, small cluster models of P1 to
P5 were constructed, three for each respective system. The
clusters were built sequentially by adding the DFT-optimised
node-strut model units to a DFT-optimised node-strut core pair,
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saturating all attachment points at each layer addition. A total
of three layers were added to form the cluster. Each node-strut
model pair is added as part of a motion group, fixing its internal
structure but allowing bonds between motion groups to be
optimised. After each layer addition the geometry of the cluster
is optimised using the Forcite module and PCFF force field.'¢
Finally, the motion groups are removed and the structure is
fully optimised. The are intended as
simplified samples of the local kinetic network product from
which we can infer structural trends. Of course, there are many

ways in which a particular cluster could be formed, and these

resulting clusters

models are not intended to be definitive, but rather to explore
structural trends as a precursor to future studies. Three clusters
for each polymer were independently generated, an example of
each is shown in Figure 2, computational details and cluster
analysis are described in ESI section 3 and 4 respectively, and
clusters are shown in ESI section 5. Cluster dimension analyses
for the three clusters of each polymer are reported in full in
Table. ESI.1. It should be noted that these cluster models are
not intended to be representative of the polymer in its true
packed form.

The small clusters of P1 show features in common with the
idealised hexagonal layer sheet, such as partial ring formation
and layer stacking. The idealised structure is broken by
imperfections in the layer formation, which introduces disorder
in the structure and leads to a structure that exhibits some
limited degree of local order, but is considered to be largely
amorphous. This is reflected in the shape and dimension of the
cluster, which is flat and oval. It has an average cluster
diameter of 86 A and a cluster height of 21 A. Full ring
formation is not allowed in the cluster generation methodology.
However, the 2-dimensionality of the node-strut model for P1
leads to a high number of partial ring formations within the
suggesting an increased likelihood of full ring
formation in the polymer structure. The clusters of P2, with its
greater node-node distance, has a greater average cluster

clusters

diameter of 111 A and has an average cluster height of 77 A
being closer to a spherical cluster and reflecting its greater
nodal dimensionality. Some partial ring formation and partial
layer stacking can be observed. P3 forms roughly spherical
clusters with an average diameter of 93 A and an average
cluster height of 91 A. No evidence of partial ring formation or
layer stacking is observed within the P3 clusters.
Interpenetration of the cluster network is observed for P2 and
P3. The P4 clusters have a similar average diameter (80 A) as
P1, as expected from the similar node-to-node distance, but has
a greater cluster height of 62 A due to its greater nodal
dimensionality (41°) compared to the P1 nodal dimensionality
(0.6°), which introduces 3-dimensionality to the cluster. Some
layer stacking can be observed within the P4 clusters. P5 has
the shortest node-to-node distance. This is reflected in the small
average cluster diameter and height of 62 A and 59 A
respectively. No evidence of partial ring formation or layer
stacking is evident with the cluster structure and no network
interpenetration is observed.

This journal is © The Royal Society of Chemistry 2012
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Figure 2. Small clusters of P1 to PS5, top view (left) and side
view (right). The clusters were generated by step-wise addition
of building units to a central building unit based on the
respective DFT optimised node-strut pairs. The central building
unit is shown in green, the second set of building units are
shown in pink, third in blue, and fourth in orange.

Structural analysis of the small CTF clusters reveals that the P1
clusters have a high degree of partial ring formation and a high
degree of layer stacking. The P2 clusters show some partial ring
formation and some layer stacking. The clusters of P4 exhibit
some layer stacking but no partial ring formation is observed
within the clusters. The clusters of P3 and P5 exhibit no partial
ring formation or layer stacking. From this analysis, one might

expect to observe some experimental evidence of order
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resulting from the layer stacking and partial ring formation
motif. Peaks suggesting some preferential ordering have been
observed in the PXRDs of P1, P2, and P4 synthesised under
microwave heating conditions.* Tonothermal synthesis with
molten ZnCl, as the solvent and catalyst at high temperatures of
400-700 °C of CTF-1, a CTF with the same node-strut as P1,
resulted in a material with high surface area (791 m%g) and
some evidence of long-range order.'® The observed peaks in the
PXRD compared well to the calculated PXRD for an idealised
sheet-like model although peak broadening suggested limited
long-range order."°

To further test the hypothesis, large cluster models of P1 to
P5 were built following an automated procedure using the
Zebedde program and then molecular dynamic (MD)
simulation was undertaken.!” For each system separate
calculations were carried out starting from 3,6,9,12 and 15
initial triazine seed molecules. Each seed molecule will give
rise to a distinct molecular network so that by varying the
number of seeds we can consider the effect of interpenetration
of networks. The triazine seed molecules were placed in a cubic
periodic repeat unit 5.0 nm on a side. The H atoms of the
triazine were denoted “HA” and H atoms at the polymer
forming positions on each of the PX (X=1,5) monomers were
labeled “HB”. For each building run one of the PX and the
triazine molecule were included in a fragment library and
additions made to the growing polymer by picking from this
library at random with equal probability. Additions to the
current structure followed the rule that new bonds could only
form by elimination of one HA and one HB each chosen at
random from either the current structure or the molecule from
the fragment library. During the growth process additional
Monte Carlo (MC) moves involving random bond twists and
whole molecule translations/rotations were included. After an
addition to the growing structure the probability of testing was
set to 0.5% so that a significant number of MC moves were
attempted after each new build action. The total build sequence
consisted of 5x10° build/MC move attempts at a simulation
temperature of 350 K. The system energy was calculated using
the PCFF forcefield.

The growth procedure produced large cluster models of
each CTF material consisting of 100-200 triazine units
connected to form inter-penetrating networks. In general the
average density of the structures produced increased with the
number of seed molecules used. For example, with 3 seeds a
system density of 0.25 g cm™ was achieved for P1 and this
increased to 0.37 g em™ with 15 initial seeds. However, the
individual CTF network sizes decreased with seed number so
that the average number of triazine units per molecule with 3
seeds was 38.3 whereas using 15 seeds this average fell to 11,1.
Test calculations with 18 seeds gave a lower average and some
single triazine molecules remaining at the end of the run, so that
the growth process appears to become more difficult beyond a
seed number of 15. The structures produced were then used as
inputs to microcanonical (NVE) Molecular dynamics

4| J. Name., 2012, 00, 1-3
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Figure 3. Final frames from 1 ns NVE simulations of the
Zebedde constructed models with 15 seed molecules for a) P1, b)
P2, ¢) P3, d) P4 and e) P5. In each case two perpendicular views
are shown and a black dotted line is given for the periodic
boundaries of the simulation.

This journal is © The Royal Society of Chemistry 2012
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Figure 4. Radial distribution functions from 1 ns MD trajectories for the CTF networks for a) P1, b) P2, ¢) P3, d) P4 and ¢) P5. In
each case lines are coloured according to the number of seeds used with black: 3, brown: 6, blue: 9, red: 12 and yellow: 15. The
vertical solid line indicates the node to node distance given in table 1, the vertical dashed line indicates the periodicity identified

from PXRD for P1, P2 and P4 in reference 4.

(MD) simulations at a temperature of 300 K using the
DLPOLY code.!® After 50 ps equilibration the MD runs were
used to produce 1 ns simulations with the trajectory sampled
every 2.5 ps.

Figure 3 shows snapshots from the end of the MD simulations
for each of the CTF systems based on the structures produced
using 15 seed triazine molecules. For the P1 network a clear
layered structure with the aromatic ring systems of the 15
individual molecules forming roughly planar sheets can be seen
(Figure 3a). The layer structure itself shows a fairly uniform
density. Figure 3b shows two views of the P2 structure, which
also shows a tendency to form a layered material but not so
well defined as for P1. There are also a number of sections of
individual molecules that have grown in a perpendicular
direction forming a link between periodic images of the main
sheet and the sheet itself has notable voids present. For P3

This journal is © The Royal Society of Chemistry 2012

(Figure 3c) there is also dense layer region with a few
molecules constructed in the perpendicular direction, however
there is no view of this system from which layers can be
discerned in the structure. In the snapshot for P4 (Figure 3d) we
see a return to a layered structure with a similar appearance to
P2. Finally Figure 3e shows the structure of P5 which has a
much more globular appearance than the other networks with
no particular layering direction observable.
To further assess the structures produced from the MD run and
to check on the degree of order in each system the radial
distribution function (g(r)) based on the triazine ring centroids
was generated for each of the 1 ns MD trajectories. These are
shown in Figure 4 and in more detail in ESI section 7.

In each case there is a distinct peak for the corresponding
triazine node-node distance given in table 1 from the cluster
models discussed earlier and in ESI section 6. For P1 and P2

J. Name., 2012, 00, 1-3 | 5
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these are very sharp features and the corresponding peaks go as
high as g(r)=8. This is a consequence of the rigid linkers used
in these cases, which limits the range of node-node distances
which can be sampled during the MD run. Longer range
correlations lead to broader lower peaks and to make easier
comparison of these we have restricted the g(r) plot range to 2
for all the networks shown. We note that the node-node
distance quoted in table 1 for P4 and P5 refer to the phenyl and
N atom of the linker to triazine centroid distance respectively
since these form nodes within the respective framework.
However, the g(r) plots are for triazine centroids only,
measuring the inter-centroid distance in the smaller models
does give a value of 1.47 nm and 1.27 nm respectively, in good
agreement with the first peaks in the g(r) for Figure 4d and 4e.
We have noted from Figure 3 that all simulations contain
significant void space so that the distribution of atoms is not as
even as expected in the g(r) normalization. This leads to high
initial values (around 0.5 nm) in each plot since at this range
the effective centroid density is higher than expected for a
uniform distribution. We also note that the g(r) values tend to
less than 1 at long range since for this part of the data the
sampling sphere around each centroid will include a significant
amount of void space. The g(r) plots for 3,6,9,12 and 15 seed
runs are overlayed for each polymer. In general there are only
small variations between the different seed numbers used
indicating that the network structures produced by the five
distinct simulations are consistent with one another.

From the g(r) plot for P1 we see a distinct peak at around
1.45 nm. The vertical dashed line in the plot shows that this
correlates well with the powder X-ray diffraction (PXRD)
result reported by Cooper and co-workers* who found a sharp
peak corresponding to a periodicity of 1.4574 nm for this
material. A second peak at 2.21 nm evident in Figure 4a is also
consistent with the third neighbor distance in neighbouring
hexagonal units in a network as explained in section 8 of the
ESI. The ESI also shows that the third order neighbor within
the same hexagon should occur at 1.68 nm and there does
appear to be a broad feature in the g(r) at this distance.
Inspection of the trajectory shows that, although local order is
well defined, torsional motion tends to lead to variations in
inter-centroid distances at this separation, and geometry dictates
that the intra-hexagonal third neighbor distance is more
strongly influenced than that for adjacent hexagonal sections of
the network. The larger, rigid linker used in P2 was also found
to lead to some periodicity in the PXRD experiments. The
repeat unit of 2.2016 nm found experimentally also matches
with the second peak in the corresponding g(r) plot (Figure 4b).
In contrast, after the initial peak due to the effect of non-
uniform density in these simulations, Figure 4¢ shows only a
single peak for the P3 system, which corresponds to the nearest
neighbor triazine node-node distance. No experimental PXRD
for this material has been reported and our simulations indicate
that this is because the linker leads to a truly amorpohous
network. The P4 system has a reported repeat distance identical
to P1 from PXRD. Again our MD simulations show a peak at
the corresponding separation for the triazine node-node

6 | J. Name., 2012, 00, 1-3

distance (see ESI section 7) in the network. The P5 simulations
only show the single peak for nearest neighbor triazine nodes
that we discussed for P3, so again we conclude that this system
is largely amorphous.

Considering the structural properties of the CTF clusters
with respect to their porosity properties, it is possible to
elucidate the relative influence of the node and linker structure
on the cluster structure and resulting porosity properties. P1 and
P2 share a common node, but P1 has a shorter, more rigid
linker than P2, which has a twist in the biphenyl linking group
and a nodal dimensionality of 39°. P1 is essentially non-porous
whereas P2 has a BET surface area of 776 m%/g. P1 and P4
share the same linker but differ in one node of the P4 dimer
being a phenyl group and has a nodal 3-dimensionality of 41°.
P1 is non-porous whereas P4 has a BET surface area of 867
m?/g. P2 also shares a common node with P3 and both have
1.24 nm
respectively). P3 has a high degree of 3-dimensionality and

similar node-to-node distance (1.27 nm and
flexibility to the linking group. This allows it to pack more
efficiently and a greater degree of network interpenetration is
observed and hence P3 has a comparatively lower BET surface
area than P2. P4 and P5 have the same linking group but
different asymmetric nodes. The nitrogen atom node of P5
combines both nodal 3-dimensionality and structural flexibility.
P5 has a higher BET surface area of 960 m%/g than P4 with 867
m?/g.

Conclusions

In summary, we have assessed the structure directing effects of
the polymer molecular building block on the resulting
simulated structure and porosity properties of a series of CTF
polymers. The structure of a single building node-to node unit,
a small cluster built in a stepwise manner, and a large randomly
built cluster has been assessed.

For the large randomly built cluster we are able to extract
structural factors and relate these to experimental data. This has
allowed us to identify the origin of evidence for structural order
in an otherwise amorphous series of materials. Polymers
constructed from very short and rigid linkers with two-
dimensional flat nodes result in very well defined repeating
distances within the network that are visible in PXRD patterns.

We are further able to formulate some basic rules for
relating the nodal dimensionality and node-to-node distance to
porosity properties. Increasing the nodal dimensionality and
flexibility increases the surface area whereas increasing the
node-to-node distance and linker flexibility reduces the surface
area. This suggests that the best strategy for maximising the
surface area for this class of materials is to have the highest
nodal dimensionality and flexibility combined with short rigid
linking groups.
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