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Here we show an ‘artificial synthesis’ method for covalent triazine
framework (CTF) materials, enabling localised structural features to
be incorporated that result directly from the acid-catalysed syn-
thetic protocol that would otherwise not be captured. This
advancement will enable prediction and design of new CTF materi-
als with targeted properties.

Microporous materials, including metal-organic frameworks
(MOFs)," covalent organic frameworks (COFs),”> and micro-
porous organic polymers (MOPs), have potential applications
for gas adsorption, heterogeneous catalysis, and chemical
separations.®> MOPs have been shown to be very robust with
good physicochemical stabilities. A number of different MOPs
have been developed showing the wide synthetic diversity that
is available, including hyper-crosslinked polymers (HCPs),*
porous aromatic frameworks (PAFs),” conjugated microporous
polymers (CMPs),° polymers of intrinsic microporosity (PIMs),”
and covalent triazine-based frameworks (CTFs).® High surface
area CTFs, approaching 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 tempera-
tures of 400-700 °C.®° However, these harsh conditions and
long reaction times limit monomer choice and hence practical
applications. CTFs have particular potential applications in
carbon dioxide capture due to its high affinity to the triazine
rings of the CTF.*°

A series of CTFs, P1-P5, were synthesised by Cooper et al. using
trifluoromethanesulfonic acid (TFMS) as the catalyst under both
room temperature and microwave-assisted conditions.'! The struc-
ture of P1 is shown in Fig. 1 and in more detail in Fig. S1 (ESIt).
These mild synthetic conditions allow for a wide range of func-
tional group diversity to be incorporated that were previously
intolerant to the harsh ionothermal conditions.
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High surface area materials can be targeted through the use
of monomers that have short rigid three-dimensional linkers
that inhibit network interpenetration.’® A previous structural
study of P1-P5 CTFs showed that the surface area could be
directly related to a combination of linker length (shorter
lengths gave higher surface areas) and nodal dimensionality
(high dimensionality gave higher surface areas)."* However, the
models generated in this study were based upon ‘pre-formed’
triazine building block units rather than real-world cyano-
based monomers. This oversimplification assumes that all
monomers react to fully form triazine rings, with no intermedi-
ate structures forming, and discards templating effects of
unreacted monomers that can influence the resulting structure.
Furthermore, characterisation of the synthesised materials
shows evidence of ring formation in intermediate chemical
structures that could influence system properties. It is therefore
essential the potential for these intermediate structures be
included in any system modelling so that their properties can
be fully understood and accounted for, particularly when pre-
dicting new materials with targeted properties.

Fig. 1 (a) The monomer used for the synthesis of CTF-1/P1. (b) The repeat
structure of the CTF-1/P1 polymer. (c) The test system used to model the
triazine ring formation in the CTF-1/P1 polymer.
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Here, we present an artificial synthetic method by which the
proton-catalysed triazine ring formation mechanism is fully
mimicked. This is a complex multi-step process that will allow
us to explore localised structural features that otherwise would
not be included in our models, and thereby gain greater
understanding of the triazine materials. It will also allow us
to predict the local structural and chemical features present in
target CTF systems.

Computational method

Structure generation processes are challenging to model. Pre-
vious studies include utilising a kinetic Monte Carlo (KMC)
approach to generate the crystalline structure of a covalent
organic framework, COF-5."* However, the generation of the
COF-5 framework structure proceeds via a relatively simple 1-
step condensation reaction. While the resulting idealised topol-
ogies are similar, CTF-1 is generated via a complex multistep
acid catalysed process and so a KMC approach is not
appropriate.

Previously, we have successfully used an in-house developed
code, Ambuild, to fully mimic synthetic procedures, including
bond formation through a Sonogashira-Hagihara carbon-car-
bon coupling catalytic mechanism."® The acid catalysed tria-
zine ring formation mechanism, shown in Fig. S2 (ESIY),
proceeds via several protonated intermediates, 1, 2, and 3.
The first step is the protonation of the nitrogen of a cyano
group on the monomer, and formation of the resultant carbo-
cation to give intermediate 1. To mimic this step, we assume
that all cyano groups are protonated in this way, and therefore
add a hydrogen to the nitrogen of the cyano groups. We also
add a hydrogen to the carbon of the cyano group to enable
bond formation to occur at this location and the carbon-
nitrogen bond is changed from a triple to a double bond, with
the respective double bond structure. These hydrogen centres
act as cap atoms and the respective attached carbon and
nitrogen atoms act as the end groups that allow the Ambuild
code to determine bond vectors and bonding strategy. This
results in the network building block used to grow the extended
polymer.

We start by seeding one building block into the cell and use
a growBlocks step to mimic the next step in the mechanism
whereby a second block is bonded to the first block. The
Ambuild code randomly identifies a free end group and
attaches a second building block, following prescribed bonding
rules: that a carbon end group can only bond to a nitrogen end
group and vice versa. The orientation of the attached building
block is determined by the cap atom vectors and we test for any
close contacts with other atoms within the cell. When a
successful bond is formed, the hydrogen cap atoms are
removed. This forms the equivalent of intermediate 2; the
process is repeated to give intermediate 3. To form a triazine
ring from intermediate 3, a zipBlocks test is undertaken; each
end group is tested to see if it is possible to form a bond
between it and neighbouring end groups, by determining the
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distance and angle between them and measuring against pre-
determined criteria. Upon a successful zipBlocks test, a bond is
formed between the two end groups and the cap atoms
removed.

The parameters used within Ambuild to describe the bonds,
angles, and dihedrals are developed using a simplified test
mechanism, calibrating against structures obtained from the
PCFF-forcefield (see ESI,T Section S4 for full details). We are
therefore confident that Ambuild can successfully replicate the
triazine ring formation mechanism and the formation of
intermediates.

The P1 extended structure is generated using the following
protocol within the Ambuild code: (i) a single building block is
seeded into a 50 A x 50 A x 50 A cell, and the surrounding
volume filled with equal parts chloroform and triflate counter
ions; (ii) a loop is then entered, whereby the chloroform solvent
and triflate is removed, a building block is added through a
growBlocks step, the chloroform solvent and triflate are added
back into the cell, and a structural optimisation is undertaken.
A zipBlocks test is then undertaken, and if successful, the cell is
optimised, (iii) this loop continues until no further building
blocks can be grown within the cell. At this point we consider
the network fully grown and remove any solvent or triflate
anions to generate the representative final structure.

Network growth analysis

Fig. 2 and Fig. S11-S16 (ESIT) show snapshots of the P1 network
growth. We can see approximations of the idealised CTF-1 hca
2-D topology start to form very early within the network growth.
The P1 cluster grows as a relatively flat sheet but is distorted by
the presence of solvent, triflate ions and by interaction with
other parts of the network. These network interactions result in
network interpenetration and distortions leading to the
observed amorphous structure developing.

As the network grows, we can see the triazine rings (6-ring)
form as expected but we also observe other ring features
including four membered rings (4-ring, Fig. S17, ESIT) and
eight membered rings (8-ring, Fig. S18, ESIf). We also
observe structures that will lead to ring formation (pre-ring).

Fig. 2 (a) A snapshot of a CTF-1 fragment at step 15 of the polymer
growth process. (b) An overlay of the CTF-1 polymer at different stages of
the polymer growth process. Yellow — step 15, orange — step 27, green —
step 36, blue — step-83, and purple — step 109.
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The pre-4-ring can either go on to form a 4-ring feature or, with
addition of a building block, form a pre-6-ring feature. Equally,
the pre-6-ring can either form a 6-ring or via addition of a
building block, form a pre-8-ring (Fig. S19, ESIT). The pre-8-ring
can either form an 8-ring feature or via addition of a building
block form a pre-10-ring, which we do not observe. These
competing ring formation reactions also add to the amorphous
nature of the resultant structure. Fig. S20 (ESIt) shows the
number of ring features found within the structure as a func-
tion of the artificial synthesis step.

We can see that at all stages the triazine rings dominate in
number, followed by pre-4-ring and pre-6-ring. This is as we
would expect, as the reaction pathway is set up to follow this
route and once a triazine ring is formed, it is unable to react
further. Only a small number of 4-rings, pre-8-ring and 8-ring
features are observed. Presumably, in a system where any C-N
bond formation is reversible, such as using ZnCl, for CTF-1,
then these network errors will be reversed and therefore not
permanently form. Fig. S21 (ESI{) shows a macrocycle consist-
ing of six phenyl rings and six triazine rings, a feature that
would be observed in the idealised %ca topological form, and
Fig. S22 (ESIf) shows a spiral shaped feature in which the
macrocycle did not ‘complete’ but continued to grow.

Network structure analysis and
comparison to experiment

Fig. S23 (ESIT) shows the resulting P1 structure. Analysis of the
solvent accessible surface area shows only very small pockets of
non-connected porosity, resulting in a zero surface area in
agreement with the experimentally determined BET surface
area."* A fully amorphous system is generated (Fig. S24, ESIY),
as reflected in the simulated PXRD pattern that shows no
features evidencing crystallinity in agreement with the experi-
mental results for P1.

Fig. S25 (ESIt) shows the experimental IR spectrum of CTF-1.
Absorption peaks from unreacted cyano groups are observed at
2228 cm™ ' and triazine rings at 1507 cm™ ' and 1352 cm .
Fig. S26 (ESIt) shows the IR spectrum for P1. Similarly, a peak
can be observed from unreacted cyano groups at ~2200 cm ™ and
triazine rings at ~1500 cm™ ' and ~1300 cm™'. However, addi-
tional peaks can also be observed at ~1000 cm™", ~1600 cm™ ",
~2350 cm ™', and a broad peak with features at ~3200 cm ™',
~3400 em ' and ~3600 cm ', Using literature data given in
Table S2 (ESIT), some of these additional absorption peaks can be
attributed to the presence of the protonated intermediates.

To test this theory, calculation of the IR spectra of fragments
of the generated P1 structure were undertaken (see ESLt
Section S8 for details). Features included within the fragments
include intermediates, ring structures, pre-ring structures, and
triazine ring structures, shown in Fig. S27 (ESI{) with their
respective calculated IR spectra. We can see that the wavenum-
ber at which absorption occurs within the fragment spectra
correlates well with the observed wavenumbers within the
experimentally obtained spectra. It is noted that when the
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species is charged, such as for the fragment shown in
Fig. $27(b) (ESIT), an intense peak at ~3600 cm ' is observed.
When the charge is removed within the calculation, this peak is
much reduced in intensity.

However, two identified features are present in the experi-
mental spectra that are not accounted for in the set of CTF
fragment simulated spectra. These are the set of peaks located
at ~2350 em " and ~3400 cm ' There are two rationalisa-
tions of this: (1) that there are structural features present that
are not included in our models, or (2) the highly porous
network has adsorbed guests from the atmosphere. We note
that these peaks are located in the regions expected for carbon
dioxide (peaks observed experimentally at ~2350 cm ' for
matrix isolated molecules)'® and water (a similarly broad peak
observed experimentally at 3400 cm ™' for single water mole-
cules absorbed within macromolecules)'” which, combined
with lack of any other experimental evidence for missing
structural features, leads us to explore the option of the
presence of these within the CTF micropore structure. CTF
materials are known to be extremely carbon dioxide-philic with
many CTF materials having exceptional carbon dioxide uptake
with strong binding to the nitrogen-containing triazine rings. *®
The corresponding IR spectra for these CTF materials also show
the same unexplained peaks."® Microporous materials in gen-
eral are known to be highly absorbent to atmospheric water and
carbon dioxide."”

The calculated spectrum for a single molecule of carbon
dioxide is shown in Fig. S28 (ESIf). A peak is observed at
2350 cm™ " and a smaller peak at ~500 cm ™", Fig. $29(a) (ESI¥)
shows the spectrum for a single water molecule. We see a peak
at ~3600 cm™ ' and a peak at ~1700 cm ™ *. Given the potential,
due to the synthetic protocol, for protonated intermediates and
the presence of water, it is also likely that hydronium ions will
also be present. Fig. S29(b) (ESIT) shows the spectrum for a
single hydronium ion. We see a peak at ~3500 cm ’,
~1700 cm™ !, and at 1000 cm ™ *. Using these calculated spectra,
we can identify the potential origin of some key peaks, as shown
in Fig. S30(a) and (b) (ESIt) shows the sum of the spectra for the
neutral P1 fragments, carbon dioxide, water, and hydronium. It
is known that the intensity of the peaks within the IR spectrum
of water is proportional to the amount of water present as the
absorption modes are intensified by the degree of the hydrogen
bonding network formed."” As water within the P1 framework
will be able to interact with neighbouring water and chemical
features within the P1 structure, it is reasonable to scale the
peaks of the single water molecule spectrum to generate its
contribution to the overall spectra. Fig. 3 shows the summed
simulated IR spectra with scaled water peaks in comparison to
the experimental spectrum. An exact match to the experimental
IR spectra is not possible as an exact composition of the P1
amorphous structure would be required, however we can now
see that a good match to experiment is achieved. We can
therefore conclude that P1 contains the chemical features
contained within the fragment set, including neutral intermedi-
ates, rings, pre-rings, and triazine rings, and carbon dioxide,
water, and hydronium ions within the pore structure.
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Fig. 3 Simulated and experimental (black line) spectra of P1. The simu-
lated spectra of P1 (pink) is generated by summing together the simulated
spectra generated for P1 fragments that we expect to be present within the
P1 structure. See ESI,i Section S8 for details. The regions shaded blue,
orange, and green can be rationalised as originating from absorbed water,
hydronium ions, and carbon dioxide respectively.

Conclusions

We have shown that we are able to mimic the triazine ring
formation mechanism and therefore generate realistic models
incorporating structural features that would otherwise not be
realised. Furthermore, it is only possible to replicate the experi-
mental IR spectra by including structural diversity, network
errors, and guests. This will aid in the design of triazine ring-
containing materials and rationalisation of their properties.
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