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Porous organic polymers (POPs) show enormous potential for applications in separation, organic
electronics, and biomedicine due to the combination of high porosity, high stability, and ease of
functionalisation. However, POPs are usually insoluble and amorphous materials making it very
challenging to obtain structural information. Additionally, important parameters such as the exact
molecular structure or the crosslinking degree are largely unknown, despite their importance for the final
properties of the system. In this work, we introduced the reversible multi-fold nitroxide exchange
reaction to the synthesis of POPs to tune and at the same time follow the crosslinking degree in porous
polymer materials. We synthesised three different POPs based on the combination of linear, trigonal, and
tetrahedral alkoxyamines with a tetrahedral nitroxide. We could show that modulating the equilibrium in
the nitroxide exchange reaction, by adding or removing one nitroxide species, leads to changes in the
crosslinking degree. Being able to modulate the crosslinking degree in POPs allowed us to investigate
both the influence of the crosslinking degree and the structure of the molecular components on the
porosity. The crosslinking degree of the frameworks was characterised using EPR spectroscopy and the
porosity was determined using argon gas adsorption measurements. To guide the design of POPs for
desired applications, our study reveals that multiple factors need to be considered such as the structure
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Various approaches to synthesise porous organic polymers
(POPs)'* and conjugated microporous polymers (CMPs)** have
been developed to form extremely stable but at the same time
highly porous solids based on simple organic building blocks.*”
The organic nature allows for functionalisation of the materials
using organic chemistry, while the high porosity makes the
active components accessible throughout the entire material.®
The combination of high porosity, high stability, and ease of
functionalisation results in the enormous potential of POPs for
applications in separation, organic electronics, and biomedi-
cine.»*** However, unlike the related covalent organic frame-
works (COFs),'*?° metal-organic frameworks (MOFs)*** or
porous coordination polymers (PCPs),> the synthesis of POPs
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of the molecular building blocks, the synthetic conditions, and the crosslinking degree.

and CMPs is based on irreversible reactions, which leads to
insoluble and amorphous materials and makes it very chal-
lenging to obtain structural information. Additionally, impor-
tant parameters such as the exact molecular structure or the
crosslinking degree are largely unknown, despite their unar-
guably large influence on the final properties of the system.>***

To investigate the molecular structure of the organic linkers
between the centres of two similar CMP materials, the group of
Bunz and co-workers introduced molecular building blocks that
were modified with digestible groups or cores, by substituting
carbon with tin as the central atom.** This tin centre can be
digested, resulting in molecular fragments of the frameworks,
which were analysed using nuclear magnetic resonance (NMR)
spectroscopy. The obtained fragments show a surprisingly
varied chemical composition of these networks.** In a previous
study, we could show that the introduction of digestible
germanium nodes in one of the building blocks of POPs can
also be used for partial disruption of the framework and
therefore causing a decrease or allow tuning of the porosity.* In
another approach, we introduced a poly(disulfide) hyper-
crosslinked polymer, which can be surface modified using
unreacted thiol functions on the surface of the material.>®
Digestion of the samples helped to quantify the functionalisa-
tion. Employing digestible crosslinker or nodes is an attractive
approach to gain insight into the structure or functionalisation
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of the frameworks. However, it requires the destruction of the
sample and does not allow to modulate or tune the crosslinking
degree reversibly in one particular system.

In order to tune and at the same time follow the crosslinking
degree in porous polymer materials, we introduce the reversible
multi-fold nitroxide exchange reaction to the synthesis of POPs.
The nitroxide exchange reaction has been used in material
science for self-assembly of polymer materials*” or micron-sized
crystals,®® for surface functionalisation,® or introducing self-
healing properties to materials.** In addition, the combina-
tion of light-sensitive alkoxyamines was employed in surface
coating® or the creation of systems out of their equilibrium.**
The radical nature of the involved nitroxide species allows to
follow the progress of the reaction and to directly determine the
crosslinking degree of the final material using fluorescence
spectroscopy*>** and electron paramagnetic resonance (EPR)
spectroscopy.**® The dynamic nature of the nitroxide exchange
reaction allowed us to tune the crosslinking degree of the
materials by varying the ratio of the two nitroxide species
involved in the reaction and thereby modulating the equilib-
rium conditions (see Fig. 1).

Next to the crosslinking degree, also the structure, rigidity,
and the intrinsic free volume of the molecular components of
POPs or CMPs play an important role to obtain porosity in the
final material.® Cooper and co-workers showed the importance
of monomer design for the pore size and surface area of CMPs
by systematically varying the strut length in a series of molec-
ular building blocks.?”

In order to study the influence of both the molecular struc-
ture and the crosslinking degree on the porosity of the final
material, we produced three different POPs based on the
combination of linear, trigonal, and tetrahedral alkoxyamines
with tetrahedral nitroxides. We characterised the frameworks
using EPR spectroscopy and argon gas adsorption measure-
ments to determine the crosslinking degree and porosity.
Furthermore, we could show that modulating the equilibrium
in the nitroxide exchange reaction, by adding or removing one
nitroxide species, leads to changes in the crosslinking degree
and investigated this influence on the porosity of the
frameworks.

EPR silent EPR active EPR active EPR silent

Fig. 1 Dynamic equilibrium in the nitroxide exchange reaction using
two different nitroxide species, TEMPO (red) and isoindoline (green).
The free nitroxide radical species are electron paramagnetic reso-
nance (EPR) active, while the bound species are EPR silent.
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Results and discussion

The formation of POPs, with free internal volume, using the
nitroxide exchange reaction requires rigid, molecular building
blocks,*** therefore we designed molecular building blocks in
linear, trigonal, and tetrahedral geometry.*® Fig. 2 shows the
molecular structures of the di-fold, tri-fold, and tetra-fold
alkoxyamines 1-3, and the tetra-fold nitroxide 4. Combina-
tions of the alkoxyamines 1, 2, and 3 respectively with the
nitroxide 4 lead to the frameworks by combining linear and
tetrahedral [2+4], trigonal and tetrahedral [3+4], and tetrahedral
and tetrahedral [4+4] geometries.

The nitroxide exchange reaction is based on the heat-
induced reversible cleavage of the C-O bond of an alkoxy-
amine which, in this case starting from alkoxyamines 1, 2, and 3
leads to the persistent nitroxide radical TEMPO (5) and multi-
fold transient C-centred radicals. These transient C-centred
radicals can spontaneously form new bonds with the tetra-
fold nitroxide 4, which enable the formation of polymeric
framework structures [2+4], [3+4], and [4+4]. All synthesised
frameworks were obtained as insoluble powders in a yield of
20% to 47%, which were characterised using IR spectroscopy, X-
ray diffraction (XRD), and scanning electron microscopy (SEM)
(for synthetic details and characterisation see ESI{). SEM anal-
ysis revealed a complex topology of packed particles in the
polymeric frameworks (see Fig. S1 in the ESI{). The particle size
varied between 20 nm and 150 nm with free spaces in the
nanometre and micrometre range. X-ray diffraction for all
frameworks shows no evidence for characteristic reflections
from a crystalline phase.

We determined the crosslinking degree and porosity of all
synthesised polymeric frameworks by solid-state EPR spectros-
copy and by sorption analyses using argon at 87 K from which
the Brunauer-Emmett-Teller (BET) surface area was calculated.
In Fig. 3, the EPR spectra and argon adsorption isotherms of all
synthesised frameworks are shown.

The crosslinking degree of the synthesised frameworks can
be straightforwardly determined from EPR data since all
alkoxyamine moieties are EPR silent and the cleaved TEMPO
nitroxides (5) are removed through washing. Therefore, the only
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Fig. 2 Molecular structures and schematic representation of the
[2+4], [3+4] and [4+4] organic framework synthesized via nitroxide
exchange reaction.
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Fig. 3 Solid state EPR spectra and argon gas adsorption isotherms for
the frameworks: [2+4] (black), [3+4] (red), [4+4] (blue).

EPR active moiety within the synthesised frameworks are defect
sites where free isoindoline nitroxides of compound 4 are
present (see again Fig. 1 for EPR active and EPR silent species).
The defect density is directly represented by the measured spin
density of the framework and can be used for the calculation of
the crosslinking degree (CLD) of the framework.*®

The argon adsorption isotherms of all synthesised frame-
works show a sharp uptake between 10> to 2 x 10> P/P,,
which indicates the presence of micropores. The amount of
adsorbed argon gas increased in the P/P, > 0.8 regions rapidly,
which indicates the capillary condensation of macropores and
mesopores within the frameworks (see Fig. 3). The BET surface
areas of [2+4], [3+4], and [4+4] frameworks amount to 378 m>
g%, 1200 m* g%, and 923 m* g~ ', respectively. All polymeric
frameworks gave rise to type IV argon sorption isotherms
according to IUPAC classifications.** Fig. 4 shows the quenched
solid-state functional theory (QSDFT) pore size distribution
curves for all synthesised frameworks.

The size of the pores, which make up the largest part of the
porosity in the different frameworks, are in the order: [2+4] >
[3+4] > [4+4]. To determine the reason for this behaviour, we
compared the node-to-node strut lengths in the simulated 3D
structure of each framework.”” For the [2+4] framework, the
strut length was determined to be 33.6 A. The [3+4] framework
has a strut length of 19.8 A and the [4+4] framework a strut
length of 17.5 A. In all cases, we observed smaller micropores
than the simulated strut length, which indicates a closer
packing, entanglements, or catenations within the materials.
Table 1 summarises the CLD, BET surface area, node-to-node
strut length, and pore width of the different frameworks.
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Fig. 4 Pore size distribution of [2+4] (black), [3+4] (red), and [4+4]
(blue) frameworks using the QSDFT as model.
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Table 1 Crosslinking degree (CLD), BET surface area, and simulated
node-to-node strut length from each framework

Pore width
CLD [%)] SAper [m* g '] Lgtrut [A] [A]
[2+4] 93.4 378 33.6 21
[3+4] 94.1 1200 19.8 11
[4+4] 92.8 923 17.5 10

The reversible and dynamic nature of the nitroxide exchange
reaction allows to reorganise the connectivity in the polymeric
framework. Besides, the addition or removal of the TEMPO
nitroxide allows us to modulate the reaction equilibrium and
therefore the crosslinking degree of the frameworks (see Fig. 5).

In order to increase the CLD, by shifting the equilibrium to
the product side, the synthesised frameworks were washed with
toluene, until no TEMPO nitroxide was detectable in the EPR
spectra of the washing solutions. Afterwards, the framework
was annealed at 100 °C in dry toluene for 24 h. We could
confirm the further crosslinking of the frameworks via EPR
spectroscopy of the solid materials and the washing solutions
after annealing. The washing solution of all annealed frame-
works showed the presence of TEMPO nitroxides, which indi-
cates that a fraction of previously unreacted alkoxyamine
moieties in the pristine states have now reacted. Furthermore,
the EPR spectra of the annealed frameworks show a decreased
signal intensity in all cases, indicating a higher crosslinking
degree. After characterisation of the annealed frameworks, they
were de-crosslinked back to the starting material side by adding
free TEMPO nitroxide and heating again to 100 °C in toluene for
24 h. Table 2 summarises the crosslinking degree and surface
areas of frameworks [2+4], [3+4], and [4+4] at pristine, annealed,
and de-crosslinked states.

Our results clearly show that changing the equilibrium
conditions can be used to tune the crosslinking degree in
porous organic frameworks (POFs) synthesised via nitroxide
exchange reaction. However, a direct correlation of the cross-
linking degree with the porosity of the system is not feasible in
a straightforward fashion. While the pore size distribution
shows a uniform trend, where the pore size increased for all
three frameworks after annealing and decreased after de-
crosslinking, the BET surface area does not show the same
correlation in all systems. While the BET surface area of the
framework [2+4] increases from 378 m® g~ to 666 m> g~ ' in the
annealing step and then decreases in the de-crosslinking step to

Fig. 5 Tuning of crosslinking degree via equilibrium control in the
nitroxide exchange reaction.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Crosslinking degrees and surface areas of [2+4], [3+4], [4+4]
frameworks at pristine, annealed, and de-crosslinked states

Pristine Annealed De-crosslinked
[2+4] 93.4% 378 m*g ' 96.9% 666 m* g '  85.6% 260 m*> g "
[3+4] 94.1% 1200 m* g~  95.4% 995 m> g '  86.7% 595 m> g "
[4+4] 92.8% 920 m* g '  94.8% 675m’g '  88.9% 207 m*>g '

260 m”> g™, the other two frameworks show a different trend.
The BET surface area of the [3+4] framework continuously
decreases from 1200 m* g~ * to 995 m? g~ ' in the annealing step
and 595 m? g~ ' in the de-crosslinking step. Similarly, the BET
surface area of the [4+4] framework decreases from 920 m> g™ "
in the pristine state to 675 m”> g~ in the annealed and then to
207 m* g " in the de-crosslinked state. Fig. S2 and $31 show the
argon sorption isotherms and pore size distributions of all
samples in a pristine, annealed, and de-crosslinked state. Our
findings demonstrate that, next to the building block design,
also the crosslinking degree plays an important role for the final
porosity of the system. Besides, other factors such as the
potential collapse of the pores, interpenetration, or surface
barriers need to be considered, which can explain the observed
correlations in CLD and surface areas. The findings herein can
be generalised to other POF or CMP systems highlighting the
importance of the reaction conditions in the final porosity of
the frameworks.

Conclusion

In this work, we introduced the nitroxide exchange reaction for
the synthesis of porous organic polymers. The frameworks
consist of a series of linear, trigonal, and tetrahedral alkoxy-
amines combined with a tetrahedral nitroxide leading to
frameworks [2+4], [3+4], and [4+4]. EPR spectroscopy allowed us
to determine the crosslinking degree in a straightforward
manner. By modulating the equilibrium conditions in the
nitroxide exchange reaction, we were able to tune the cross-
linking degree and thereby study the effect of the crosslinking
degree on the porosity.

In our study, we found that both the crosslinking degree as
well as the molecular building blocks strongly influence the
porosity of the final materials. The microporosity and the pore
size are strongly affected by the choice of the molecular building
blocks. The combinations of trigonal and tetrahedral alkoxy-
amines with the tetrahedral nitroxide result in a material with
a higher surface area compared to the combination of a linear
alkoxyamine with the tetrahedral nitroxide. However, the
crosslinking degree has a strong influence on the porosity,
roughly doubling the BET surface area in the [2+4] case when
going from a lower (93%) to a higher (97%) crosslinking degree.
By again changing the reaction equilibrium, we could reversibly
change the crosslinking degree from 97% to 86%, leading to
roughly one-third of the initial porosity. However, next to the
crosslinking degree also other factors need to be considered
such as surface barriers or potential collapse due to the
annealing procedures as evidenced in the [3+4] and [4+4]

© 2021 The Author(s). Published by the Royal Society of Chemistry
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systems where the porosity continuously decreases during
annealing and de-crosslinking. We can therefore conclude that
further investigations looking at structure-property relation-
ships in CMP or POP materials need to simultaneously consider
the molecular building blocks, the synthetic conditions, and the
crosslinking degree, which will fundamentally facilitate the
design of desired properties in these materials.
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