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2D/3D Covalent Organic Frameworks based on cobalt

corroles for CO binding
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Institut de Chimie Moléculaire de I’Université de Bourgogne, ICMUB, UMR CNRS 6302, Université Bourgogne
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ABSTRACT

In the present work, the synthesis, characterization and gas adsorption properties of new 2D
COF (2D-COF-Cor) and 3D COF (3D-COF-Cor) based on corrole macrocycles are reported.
The two COFs have been synthesized by Schiff base condensation from readily available Cs-
symmetric aldehyde or Ty-symmetric aldehyde as platforms, and diamine-functionalized free-
base corrole as building block linker, to access 2D and 3D polymers respectively. Cobalt
metalated COFs were also synthesized using a post-metalation procedure, to give 2D-COF-
CorCo and 3D-COF-CorCo as porous materials. The designs of the 2D and 3D structures of
the materials are reported, as well as the relationship between their structure and their
performances for carbon monoxide (CO) adsorption. Spectroscopy analyses such as *H NMR,
FTIR, powder X-ray diffraction, microscopic analyses, and sorption measurements were used
to fully characterize the structure and the porosity of the COF materials. Their properties for
capture and sensing of CO were also studied with the analysis of their isotherms using a
multisite Langmuir isotherm model and the IAST theory. The affinity, capacity and selectivity
of these materials for CO sorption were calculated. Compared to 3D-COF-CorCo, 2D-COF-
CorCo reveals the highest adsorption capacity of 32.2 cm®g? for CO (298 K, 1 atm) with a
high selectivity over N2, O2, CO2, up to 50130, 5090, 3170, respectively. In addition, FTIR
analysis gave clear evidence of the involved solid-gas interactions, and the reversibility, of CO
binding on the cobalt metal center of the corrole within the materials. These results point out
an appealing way of using cobalt corrole-based COF as efficient chemosensors to detect trace
amounts of CO.
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1. Introduction

Carbon monoxide (CO) poisoning is the most common form of fatal poisoning in many
countries [1]. This colorless, odorless and harmful gas [2, 3], is one of the most common and
widely distributed air pollutant [4]. Most commercial CO detectors are based on
electrochemical cells or metal-oxide semiconductors [5]. Metal-oxide semiconductors such as
Sn0Oz [6], ZnO [7], In203[8], TiO2 [9], CeO: [10], Fe203 [11], WO3 [12], CdO [13], CuO [14],
composite oxides [15], and yttria-stabilized zirconia (YSZ) [16] have been described for CO
sensing. However, metal-oxide semiconductors and electrochemical sensors present the main
issue of requiring high operating temperature. In addition, due to gaseous interferences like
nitric oxide (NO), ammonia (NHs), hydrogen sulfide (H.S), and humidity (H20), these
electrochemical and metal-oxide semiconductor sensors also suffer from relatively poor
selectivity [17-19]. Therefore, it is worthwhile to develop new materials with high
performances for CO sensing.

Cobalt corroles could play a key role for the synthesis of new CO sensing materials [20-23].
Corrole is an important class of tetrapyrrolic macrocycles that possesses an 18 m-electron
conjugated system. Compared to porphyrin, corroles present a direct pyrrole—pyrrole link
instead of one meso-carbon [24, 25]. The contracted porphyrin structure leads to a smaller
macrocyclic core size of the corrole and unique coordination abilities of metal ions due to the
trianionic character of the macrocycle, which helps to stabilize metal ions in higher oxidation
states compared to porphyrin analogs [26-28]. We have previously reported that cobalt
metallocorroles are able to bind CO on the cobalt(l11) center, and without any interference from
dioxygen (O2), nitrogen (N2), and carbon dioxide (CO.) due to, advantageously, no
coordination of these interferent gases on the cobalt center [20, 22, 29].

However, despite their high selectivity for CO, the number of active sites of cobalt corrole for
gas binding is far from optimal in the solid state. A stable and highly porous material that
combines cobalt corroles and structurally rigid building blocks could efficiently improve the
CO adsorption capacity. Thanks to a better accessibility of the cobalt center for gas binding,
the adsorption kinetic could be improved and fast saturation of the sensor could be avoided.
Recently, Porous Organic Polymers (POP) based on cobalt corrole were reported by our group
and their good affinities of CO adsorption were shown to be promising for the further design
of new CO sensors [22].

Unlike POP, COF is a unique class of porous organic materials which possesses many

advantages such as low mass density [30, 31], high surface area [2, 32], permanent porosity



[33, 34], high thermal stability [35, 36], and can also present good crystallinity thanks to the
reversible assembly reactions of the building blocks [37, 38]. COFs have gained significant
attention in the past decade due to their widespread application in gas adsorption and separation
[39, 40], catalysis [41, 42], sensors [43, 44], optoelectronic devices [45, 46] and clean energy
[47, 48]. However, no COF has been used to capture or detect carbon monoxide so far. On the
molecular level, COFs allow the integration of building blocks and adjustment of the resulting
materials with well-defined structure and symmetry, to reach out the pre-designed composition,
topology and porosity [33, 49]. Depending on the geometry and connectivity of the precursors,
COFs can develop into two-dimensional layered structures (2D COFs) or three-dimensional
extended networks (3D COFs) [50]. The layered structures of 2D COFs result in the formation
of periodically ordered columnar w-arrays and aligned one-dimensional nanochannels in an AA
or ABA packing fashion, and can be used for separation of small molecules [51, 52]. In contrast,
the organization of the building blocks in 3D COFs allows the structure to extend in the three-
dimensional space suggesting a highly open porosity and a good accessibility of the active sites
[53].

In addition, the interactions between the functional monomers inside of the 2D and 3D COFs
present key differences influencing the properties of the resulting materials, including pore
sizes, shapes and distribution [54, 55]. Thus, for comparison purposes, we built 2D and 3D
COFs with a corrole bearing the same moiety, and we have investigated the effect of
dimensionality on their properties including porosity, surface area, and propensity for the
selective adsorption of different gas molecules [56-59]. Until now, only two COFs based on the
corrole macrocycle were reported by Zhang’s group [27], and Ma’s group [60]. The reported
two COFs were formed thanks to the Schiff base condensation between a tri-amino corrole and
a bis-aldehyde derivative. Both of them feature good porosities, stabilities and crystallinities.
These two COFs based on corrole were used for potential application in photodynamic therapy
and in metal chemosensing, respectively.

Since we already reported that cobalt corroles are sensitive and selective to carbon monoxide
(CO) [21, 22], their insertion into the porous structures of COFs can be a way to achieve highly
sensitive and selective CO sensing. Therefore, the main goal that we pursue is to develop new
COFs based on cobalt corrole for a highly sensitive and selective CO adsorption while retaining
the framework permanent porosity.

Several reversible reactions such as Schiff base reaction, spiro-borane condensation,
Knoevenagel condensation, and imide condensation were successfully employed for the

construction of crystalline COFs [61]. In particular, imine-based COFs have gained great



attention and have become, during the last few years, one of the most popular backbones in this
field [62]. Such interest is well deserved because of the suitable thermal, water, and chemical
stability of COFs prepared by Schiff base reaction [63] when they are used in non-drastic
conditions. In addition, these synthetic procedures often gave high yield, versatility of their
functional amine- and aldehyde-bearing precursors [64], mild reaction conditions, and easily
available catalysts [52].

The two 2D and 3D COF of our interest are based on hexagonal honeycomb-like and diamond-
like topologies respectively. Thanks to the design of reticular chemistry, monomers possessing
the appropriate size and symmetry can be chosen to construct porous 2D or 3D COFs with such
topologies and high reticulation. With these approaches, for the first time, corrole plays a role
as C> symmetric linker with two reacting functional groups. We report herein the targeted
synthesis of a 2D COF and its 3D COF analog, assigned as 2D-COF-Cor and 3D-COF-Cor,
respectively, starting from near C, symmetric 5,15-bis(4-aminophenyl)-10-(4-
trifluoromethylphenyl)corrole and Cz symmetric 1,3,5-triformylbenzene or Tq¢ Symmetric

tetrakis(4-formylphenyl)methane through the [3+2] and [4+2] imine condensation reaction.

2. Results and discussion

2.1.Synthesis of the materials
The preparation of 2D and 3D corrole based COFs described in Scheme 1 requires to synthesize
a bis-aminocorrole  monomer (corrole-NHz, see SI for experimental details and
characterizations). The corrole macrocycle was obtained by cyclisation of an aryl aldehyde with
5-(4-nitrophenyl)dipyrromethane the latter being prepared pure with high yield using MgBr2 as
catalyst according to a reported procedure [65]. The meso-substituted trans-A>B-corrole is
accessible via a classical [2+1] approach from the above dipyrromethane and 4-
(trifluoromethyl)benzaldehyde in a MeOH/H2O mixture. Finally, the dinitrocorrole was
converted into its diamino analog with 85 % yield by reduction under 1 atm of H using Pd/C
as catalyst. The tetrakis(4-formylphenyl)methane platform was prepared according to the
described procedures (see Section 2 in the SI) and the 1,3,5-triformylbenzene platform was
purchased. Among the possible synthetic strategies to obtain COFs (solvothermal, microwave,
ionothermal, mechanochemical...), we have focused our work on the solvothermal method due
the convenience and ease of application. In order to obtain a 2D COF, the control of the
topology of the resulting material was addressed by using planar C3 symmetric building block

acting as node of the framework. We have then chosen 1,3,5-triformylbenzene to react with C,



symmetric corrole-NH2 according to an [2+3] imine condensation. The COF was prepared by
reaction of stoichiometric amount of both reagents in a mixed solution of n-butanol, mesitylene
and 6 M aqueous acetic acid (Scheme 1) and a dark green powder identified as 2D-COF-Cor
was obtained after 3 days at 120 °C. The synthesis of a corrole-based 3D COF was also
attempted. Up to now, the largest number of 3D COFs have been developed by assembling C>
and Tq symmetric building blocks, which yields diamond-like topology networks [55, 66]. To
obtain a 3D COF based on corrole-NH2 thanks to a [2+4] imine condensation, we were inspired
by porphyrin-based COFs that were prepared from a Tq node like tetrakis(4-
formylphenyl)methane [50, 67, 68]. Hence, the 3D-COF-Cor was synthesized starting from
corrole-NH:2 and tetrakis(4-formylphenyl)methane in a mixed solution of n-butanol, 0o-DCB
and 6 M aqueous acetic acid (Scheme 1).
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Scheme 1. Synthetic route of 2D-COF-Cor, 3D-COF-Cor and their cobalt complexes.

The desired COFs containing cobalt complexes were obtained via the metalation of the free
base corroles in the synthesized 2D-COF-Cor and 3D-COF-Cor. Each COF was suspended in
a solution of cobalt acetylacetonate dissolved in a mixture of DMSO and THF. For 2D-COF-
Cor, the solutions were then heated without magnetic stirring for 5 h at 100 °C. Meanwhile,
the reaction mixture with 3D-COF-Cor was treated similarly, but it was heated at only 80 °C
as lower temperature proved sufficient to complete the metalation with a high yield. This
difference was assumed to be due to the m-electron rich structure of the corrole and the AA-nt-
stacking of the 2D-COF-Cor making the insertion of the cobalt in the corrole of the 2D-COF



more difficult than it is in the 3D-COF analog. According to this protocol, we obtained the two
COFs containing the cobalt corrole complexes, 2D-COF-CorCo-DMSO and 3D-COF-
CorCo-DMSO with one single DMSO axial ligand on the cobalt (see elementary analyses in
the Supporting Information). Indeed, our group had previously reported that cobalt corroles
with a single DMSO or two NHs ligands on the cobalt center are stable in air [69]. However,
the NHz ligands on the cobalt corrole complex can be easily removed under vacuum at 80 °C,
while it is much more difficult to remove the DMSO ligand. For this reason, the DMSO was
exchanged for NHs by washing the materials with a solution of THF saturated with ammonia
to afford 2D-COF-CorCo-NHs and 3D-COF-CorCo-NHzs coordinated by two NHz ligand on
the cobalt center. Before CO binding tests, the NHs ligands were removed and the quantity of
cobalt in the 2D and 3D COF was determined by ICP. For 2D-COF-CorCo, the ICP analysis
gives a 5.88 %wt of Co (0.099 mmol g?) against 7.45 %wt for the theoretical value. For 3D-
COF-CorCo, we obtain 4.59 %wt for Co (0.078 mmol g1), against a theoretical value of 6.25
Yowt.

2.2.Material characteristics

The 2D-COF-Cor and 3D-COF-Cor clearly exhibit the formation of networks linked by C=N
bonds that give a typical C=N stretching vibration at about 1610 cm™ [27, 60]. Indeed, the
comparison of the IR spectra for the starting compounds 1,3,5-triformylbenzene and corrole-
NH: clearly shows the formation of the imine bond by the vibration at 1614 cm™ for 2D-COF-
Cor (Fig. 1a). However, a peak at 1699 cm™ attests to the presence of the terminal aldehyde
groups in the resulting material, while the consumption of the amino groups, evidenced by the
absence of the NH vibration around 3460 cm™ is nearly complete. The sharp peak at 1323 cm-
1 was tentatively assigned to the C—N stretching of the aromatic amine (Ph-N) groups which
become bigger by the formation of conjugated imine linkages. The peaks at 1167 and 1128 cm’
! can be assigned to the C—N stretching of the azomethine (C-C=N-C) groups [52]. All of these
results further support the formation of the imine networks and the IR spectrum of 3D-COF-
Cor is very similar to that of 2D-COF-Cor (Fig. S18).

We also compared the FTIR spectra of COFs-Cor and their corresponding cobalt complex
counterparts (Fig. 1b). After the cobalt metalation of the corroles within 2D-COF-Cor, the
characteristic peaks of 2D-COF-CorCo-DMSO and 2D-COF-CorCo-NHs still match with
that of the 2D-COF-Cor. The metalated 2D-COFs still clearly show the imine bond around
1614 cm® and the peaks in the range of 3500-2800 cm™ remain similar. Interestingly, for COF-



CorCo-DMSO (Fig. 1b and S19), a weak peak around 1014 cm™* was more prominent and can
be assigned to the S=0 stretching from the DMSO ligands [70].
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Fig. 1. a) FTIR spectra of 1,3,5-triformylbenzene, corrole-NH2 and 2D-COF-Cor. b) FTIR spectra of 2D-COF-
Cor, 2D-COF-CorCo-DMSO and 2D-COF-CorCo-NHs.



When NHs is coordinated to the cobalt center in the ligand, the peak at 3349 cm™ (Fig. S20-
S21) clearly showed the N-H vibration for 2D-COF-CorCo-NHs. For 3D-COF-CorCo-NHs,
the similar N-H vibration appeared at 3352 cm™. During the FTIR analysis of 2D-COF-CorCo-
NHs and 3D-COF-CorCo-NHs, a release of NHs ligand was observed due to the high vacuum
inside the IR apparatus.

The integrity and the ratio of the building blocks in COFs were further confirmed by 'H NMR
analysis. Few milligrams of a suspension of polymers in deuterated dimethyl sulfoxide (DMSO-
de) was decomposed after adding deuterium chloride (DCI) which hydrolyzes the imine
functions and releases the starting amino and aldehyde derivatives. Finally, one drop of
hydrazine (N2Hs-H.O) was added in order to reduce the traces of any corrole radical cations
that usually impeded the good resolution of the *H NMR spectrum. For 2D-COF-Cor shown
in Fig. 2, all peaks are assigned to the amino-corrole and 1,3,5-triformylbenzene by comparing
to the spectra of the starting compounds (Fig. S10). The signals at 8.77, 8.58, 8.39 and 8.12
ppm correspond to the B-pyrrolic protons of the corrole, and the aryl protons of the CsHs-CF3
fragment are located at 8.23 and 8.01 ppm. The two more shielded doublets at 7.87 and 6.99
ppm correspond to the protons on the 5-meso- and 15-meso-phenyl rings. The signals of the
aryl platform appear at 7.42 and 7.68 ppm and no aldehyde function was observed. It turns out
that the hydrazide form of 1,3,5-trisformylbenzene was obtained after the reaction with
hydrazine, and only the CH=NNH: function can be seen at 7.68 ppm. An average ratio of 1.1
corrole for 1 platform was determined by integration of the signals for 2D-COF-Cor, which is
quite close to the theoretical stochiometric ratio of 1.5 corrole for 1 platform. Since the imine
formation is a reversible reaction, it is acceptable that a part of the corroles is lacking, which

means that the material presents some corrole defects.
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Fig. 2. 'H NMR spectrum of 2D-COF-Cor decomposed by DMSO-dg/DCI (+50 uL hydrazine).

Concerning the 3D COF, the same *H NMR analysis was carried out (Fig. S17) and a similar
ratio (1.1 corrole : 1 platform) was found, compared to a2 : 1 ratio that is theoretically expected
for a stochiometric defect-free material. Furthermore, the *H NMR spectra clearly showed there
are no side products formed during the COF synthesis, which means that there is no degradation
of corrole-NH2. The results proved that the COFs structure helps to stabilize the corrole. The
corrole to platform ratio calculated for both materials clearly show that the 2D COF likely

present less-defect structure compared to its 3D counterpart.

PXRD analysis was also employed to determine the crystallinity of the synthesized COFs. As
expected for a 2D COF, 2D-COF-Cor showed a good crystallinity [71, 72]. The experimental
PXRD pattern displayed in Fig. 3a shows three intense peaks at 26 = 2.37°, 4.75° and 6.47° and
a broad and weak peak at 24.5°, which are assigned to the (100), (200), (210) and (001) lattice
planes respectively, indicating long-range order in this framework. By comparison with already
described 2D COFs, the morphology of the experimental patterns suggests that the 2D-COF-
Cor is formed thanks to the eclipsed AA stacking mode [71, 72]. The unit cell parameters were
determined as a = b = 43.0 A, considering the crystal structure as a hexagonal packing. In
addition, the broad signal at 24.5° indicates a layer spacing between two adjacent corroles



around 3.6 A, which should be enough to allow the post-metallation of the COF with cobalt.
This evidences that the macrocycles are still accessible despite their =—n stacking in the
network. The crystallinity of the metalated COF 2D-COF-CorCo was also investigated and it
shows two main peaks at 20 = 2.46° and 4.81° (Fig. S22). This result indicates that after
inserting cobalt into the corrole macrocycles, 2D-COF-CorCo retains the same topology but a
slight shrinking of the lattice parameters was observed. For 3D-COF-Cor, the PXRD indicates
the amorphous nature of the material since we can observe no distinct diffraction features (Fig.
S23). We assumed that the non-C, symmetric structure of corrole makes it very difficult to form
well-organized diamond-like 3D structure for 3D-COF-Cor. According to the literature, the
3D COF based on bifunctional C> symmetric porphyrin also shows no crystallinity [73]. In
addition, the higher crystallinity observed for 2D-COF-Cor indicates it is easier to form a well-
organized structure for 2D materials, due to its topology itself and by the fact that 3D-COF-

Cor has more defects than its 2D analogue.
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Fig. 3. a) PXRD patterns of 2D-COF-Cor. b) SEM images of 2D-COF-Cor. c) N2 adsorption (closed symbols)
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The macroscopic morphology of the free base COFs (2D-COF-Cor and 3D-COF-Cor) and
their corresponding metalated COFs (2D-COF-CorCo-DMSO and 3D-COF-CorCo-DMSO)
have been examined by Scanning Electron Microscopy (SEM) coupled with Energy Dispersive
X-ray Spectrometry (EDS). Regular plate-shaped particles with a narrow thickness in the range
400-800 nm, but also of 1.0-1.5 um length, were revealed (Fig. 3b and Fig. S24) for both 2D-
COF-Cor. Aside from those plate-shaped particles, granular crystallites bearing a sphere-like
morphology are also present. Interestingly, the morphology and particle size remain similar
after the insertion of cobalt into the corrole core (Fig. S24b). For 3D-COF-Cor and 3D-COF-
CorCo-DMSO, a mixture of sphere-like and small plate-like particles were observed (Fig.
S24a,c). We can assume that the smallest particles tend to form spherical aggregates around the
size of 1.5-2.0 um, which are favored under the solvothermal conditions. This may be the reason
why there are two different shapes of particles co-existing in 3D-COF-Cor and 3D-COF-
CorCo-DMSO.

The metalation ratios of 2D and 3D COF were calculated as 78 % and 72 % respectively,
according to the percentage of corroles which is determined by *H NMR and ICP. For all COFs
before and after metalation the presence of the fluorine present from the corrole macrocycle
were confirmed by EDS analysis (Fig. S25-S28 and Tables S1-S4). For 2D-COF-CorCo-
DMSO and 3D-COF-CorCo-DMSO, the presence of the Co and S elements attest of the cobalt
metalated corroles and the coordinated DMSO on the cobalt complex. For 2D-COF-CorCo, the
calculated average atomic ratio for Co/F from the EDS analysis is 0.22, while the expected ratio
according to ICP is 0.26, giving evidence that corroles are more than half-metalated (Fig. S27,
Table S1-S2). The same calculation was carried out for 3D-COF-CorCo, and the average
atomic ratio for Co/F is 0.19 against 0.24 for the expected ratio (Fig. S28, Table S3-S4). Due
to the experimental errors related to each of the analysis techniques, we considered that the
metalation ratio calculated from EDS and ICP are concordant.

Thermal stability of the COFs materials was investigated by thermogravimetric analyses (TGA)
conducted in the range of 20 °C to 900 °C with a heating rate of 10 °C min™* under a synthetic
air gas flow (Fig. S29). The TGA curves for these COFs materials exhibited almost no weight
loss between 200 °C and 300 °C and only 3D-COF-CorCo and 2D-COF-Cor showed a ~3 %
weight loss due to water adsorption by the porosity of the materials. A second step was clearly
observed due to the calcination of the organic part of the materials that occurs in a higher

temperature range. The calcination temperature was similar for both COFS, as it was observed
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in the range of 300 — 650 °C for 2D-COF-Cor and 3D-COF-Cor, and a shorter range of 300 —
460 °C was recorded for their metalated analogues. This result is clearly assigned to the
destabilization of the corrole complexes compared to their respective free base. A plateau for
2D-COF-CorCo and 3D-COF-CorCo was reached at 9.0 % and 7.3 % respectively, and these
values are in good agreement with the expected amount of cobalt(l11) oxide (calcd for Co20s3:
8.3 % and 6.5 % according to ICP results). It is worthy of note that, when considering the
corroles as fully metalated, the expected theoretical amount of cobalt(l11) oxide were calculated
as 10.5 % and 8.8 %. From the TGA analyses, we then calculate the metalation ratios to be
about 86 % and 83 % for 2D and 3D COF respectively, which is close to the EDS and ICP
results. Interestingly, the similarity of the thermograms between the free base COF in one hand
and the metalated materials in the other hand clearly attests that despite their different topology,
the 2D-COF and 3D-COF present the same stability. This result demonstrates that the thermal
stability is dominated by both the nature of the linkages that connect corroles and platforms, by
the nature of the corrole itself, and that neither the crystallinity nor the topology of the
framework are preponderant for the control of the thermal stability.

In order to analyze the permanent porosity of COFs, nitrogen adsorption-desorption
measurements were carried out at 77 K for the four materials. Before gas adsorption
measurements, all the COFs were heated under vacuum at 80 °C for at least 3 h until the
pressure reached 5 x 10 atm, making sure no solvent remained in the porous structure. 2D and
3D-COF-Cor bhoth displayed nearly reversible type-1 sorption behaviors (Fig. 3c and Fig.
S30a). For the 2D COF, the sorption curves showed high nitrogen uptake at low relative
pressure (P/Po < 0.2), which is a significant feature of microporous materials presenting also
small mesopores of ~2 nm. The isotherm of 3D-COF-Cor exhibits a typical type-I morphology
with reversible desorption step. In addition, the high uptake in the higher-pressure range (P/Po
> 0.95) is characteristic of intergranular sorption due to the presence of voids between the
particles. After optimization of the COF synthesis with different reaction solvent systems and
ratios, the highest BET surface area of 2D-COF-Cor and 3D-COF-Cor were obtained using
the mixture n-BuOH/mesitylene/acetic acid (10:5:1, v/v/v) (Table S5) and mixture n-BuOH/o-
DCB/acetic acid (10:5:1, v/v/v) (Table S6) respectively. The BET model was applied to the
isotherm of 2D-COF-Cor and 3D-COF-Cor following the Rouquerol recommendations [74]
to afford a BET surface area of 1141 m?g* and 489 m? g%, respectively. Further studies were
conducted on 2D and 3D-COF-Cor produced from large scale synthesis, and each sample

exhibited a BET surface area of 1266 m? g™ and 484 m? g respectively, which corresponds to
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the best optimization results and show the good reproducibility of the material synthesis. In the
literature, the two reported COFs based on another free base corrole present a lower porosity
[27, 60] around 745 and 634 m? g compared to 1266 m? g for the 2D-COF-Cor, first
described in the present study. Our team [22] and others [75] also recently described a 3D POP
based on corrole which gave a values of 645 and 416 m? g™ compared to 484 m?g* for our 3D
COF. The study of the metalated 2D and 3D-COF-CorCo also revealed a typical type-I
isotherm with a sharp uptake at relative low pressure (P/Po < 0.1), confirming their permanent
porosity and the presence of microporosity with almost no mesoporosity, in contrary to the non-
metalated materials. The BET surface areas were calculated to 638 and 489 m? gL, respectively.
After metalation, the BET surface area of 2D-COF-CorCo displayed a sharp decrease due to
the stacking of 2D layers and some shrinking of the framework, as previously revealed by
PXRD analyses. These structural and porosity changes were triggered by the insertion of cobalt
into the corrole. NonLocal Density Functional Theory (NLDFT) fitting of the adsorption branch
for 2D-COF-Cor and 3D-COF-Cor displays pore size distributions with average pore widths
of 6.1 A, 10.4 A, 235 A and 5.7 A, 11.6 A, 25 A, respectively (see e.g. Fig. 3d and Fig. S30).
This reveals the presence of micropores and small mesopores, as well as irregularities, in their
structures but the mesoporous contribution is low for the 3D COFs, and it tends to vanish for
the 2D COFs after metalation. Furthermore, the BET surface area of 2D and 3D-COF-CorCo
after CO adsorption cycles showed a slight decrease compared to those before the CO

adsorption cycles.

The CO adsorption properties of 2D-COF-CorCo and 3D-COF-CorCo were also evaluated
along with the selectivity for CO vs. N2, Oz and CO2, which are the main components of the
air, and also the main potential interferents. As displayed in Fig. 4a,b, the adsorption isotherms
for the gases were recorded at 298 K showing different adsorption volumes at 1 atm. At first
glance, the results indicate a good capacity and selectivity for CO adsorption for both types of
COFs. At 1 atm, the two materials display a CO uptake of 32.2 cm®g?t and 20.5 cm® g at 298
K, respectively. Most importantly, for CO adsorption, both materials displayed a sharp uptake
at a very low pressure (< 0.01 atm) which is dominated by the binding of CO molecules on the
cobalt in the corrole through a chemisorption process. After saturation of all the accessible
cobalt sites by CO molecules, the rest of the adsorption process was then led by physisorption
due to the porosity of the materials. 2D and 3D-COF-CorCo also exhibit adsorption for N2, Oz
and CO2 but only through physisorption, and no chemisorption was observed since no

interaction occurred between these gases and cobalt corrole [20, 22]. Among these gases, a high
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uptake of COz at 1 atm occurred through a physisorption process due to the stronger interactions

between the surface of the materials and CO:x.

Up to now and so far to our knowledge, our team is the only one that has reported porous
materials based on cobalt corrole with a high affinity for CO at very low partial pressure [22],
which is a prerequisite to provide a good selectivity in gas mixture containing a low
concentration of CO. In order to describe the CO adsorption process, the isotherm data were
fitted with a triple-site Langmuir model while a single-site Langmuir model enabled the fitting
of the CO2, N2 and O, adsorption isotherms. The half saturation pressure for the selective
sorption process is estimated to 0.65 10 atm and 0.46 10 atm for 2D-COF-CorCo and 3D-
COF-CorCao, respectively. The two first components of the triple-site Langmuir model were
assigned to the chemisorption of CO to the cobalt, which gives an estimation of chemisorbed
CO of 12.6 cm3g™ and 6.7 cm® g, respectively. These data gave further evidence of the high
affinity of the materials for CO sorption and selectivity against N2, Oz and CO,. Compared to
the reported cobalt complexed POPs [22], the 2D-COF-CorCo presented a 3.2 and 1.3 fold
greater selectivity for CO with respect to N2 and O and similar CO selectivity over CO». This
2D COF has shown a higher ratio of cobalt active site of 56.2 %, which could be assigned to
the higher crystallinity and stability of the porous structure, as well as to the regularity and
uniformity of the pore distribution. Furthermore, interpenetration of the framework often
happens in 3D COFs [50, 76] which should reduce the porosity in the case of 3D-COF-CorCo,

and inhibits the accessibility of the cobalt sites and therefore the binding with CO molecules.

The selectivity for CO over Oz, N2 and CO was determined by IAST calculations according to
the fitting parameters deduced from the multisite and single site Langmuir models, considering
a gas mixture containing 100 ppm of CO in the other gases (Fig. 4c,d). These conditions were
chosen to estimate the suitability of the materials for CO sensing in a real atmosphere, which is
mainly composed by N2, O2 and CO,. At zero pressure, the calculations gave very high
selectivity values for CO over N2 (50129 and 22691) and O (5088 and 6800) for 2D and 3D-
COF-CorCao, respectively. These values correspond to the ratio of their corresponding Henry
constants at zero pressure. In all cases, the selectivities decrease gradually with increasing
pressure, but still remain higher than 11000 over N2 and 1400 over O at 1 atm. Aside from the
selectivity, 2D-COF-CorCo showed the highest capacity for CO at low pressure (P < 0.1 atm)
compared to either 3D-COF-CorCo or the recently reported POPs based on cobalt corrole [22].
This result should be assigned to the better accessibility of the cobalt site in 2D-COF-CorCo

14



for CO binding owing to the better structuration and organization of the pore channels.
Accordingly, it is considered that the selectivity of 2D/3D-COF-CorCo for CO over N2, O
and CO: is far higher than those reported for other porous materials like MOFs and POPs [22,
77, 78]. Despite the lower selectivity for CO over CO> compared to other gases, the CO/CO;
selectivity is still high (> 20) at 1 atm even with a CO/CO: ratio of 0.01/99.99. However, in a
real atmosphere containing 400 ppm of COg, only the selectivities at low partial pressures of
CO2 must be considered for the targeted application as CO sensors. Furthermore, the
reversibility of the materials for CO was studied by recording successive CO adsorption cycles
after degassing at 80 °C between each sorption cycle (Fig. S32-S33). The results showed that
after 4 cycles, both COFs gave satisfactory reversibility results. The slight decrease of CO
adsorption between the first and forth cycle could be assigned to a partial collapse of the
structures and porosities, as shown by the decrease of their BET surfaces after 4 cycles (Fig. 4a
and S30).
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Fig. 4. Adsorption isotherms of CO (blue), CO; (pink), N2 (red) and O (green) recorded at 298 K for (a) 2D-COF-
CorCo and (b) 3D-COF-CorCo. Solid lines represent fitting curves using a single-site Langmuir model for N,
0O and CO, and a triple-site Langmuir model for CO. IAST selectivity calculations at 298 K for CO over COg,
N2 and O for (c) 2D-COF-CorCo and (d) 3D-COF-CorCo assuming a 0.01: 99.99 mixture (100 ppm CO in Ng,
0Oz or COy).
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The reversibility study of the CO adsorption for 2D and 3D-COF-CorCo were also carried out
by FTIR spectroscopy in transmission mode using KBr pellets of COFs under either a CO
atmosphere or under vacuum (Fig. 5a,b) and Fig. S34-S37). Before exposure to CO, the
activation of these materials was achieved under vacuum at 20 °C in order to remove the
coordinated ammine on the cobalt corrole. After 24 h, the ammine ligands were removed since
the characteristic stretching vibration of NHs totally vanished. Then, the KBr pellet was placed
in a CO atmosphere (1 bar) for 1 h and the chamber was purged for 5 min with nitrogen to
remove extra CO. For 2D-COF-CorCo, an intense vibration band at 2044 cm™ appeared and
this frequency value is characteristic to CO bounded to a metal ion via the carbon atom [22].
The lower value compared to free CO (2143 cm?) is assigned to the sigma donation of CO from
the carbon orbital into the empty d.2 orbital of cobalt. The electron density can also be n-back
donated from d orbitals of the cobalt to =w-antibonding orbitals of CO [79-81]. This n-
backdonation tends to weaken the CO bond vibration leading to a red-shift of the CO stretching
frequency with respect to free CO (2143 cm?), as already observed in a Co(lll) corrole series
[20, 22].

Successive spectra were then recorded after exposure the chamber to vacuum (2 mbar). As
displayed in Fig. 5b, a constant decrease of the bonded CO vibration intensity was observed
over time under vacuum. After 90 h, the CO vibration almost disappeared and the intensity did
not change any more, which means that there was no more CO coordinated on cobalt corroles.
However, the half-desorption time was rather short since it was estimated to 30 min (Fig. S36).
These data clearly reveal that CO adsorption in the COFs involved the coordination of the
gaseous molecules on the cobalt atom according to a reversible process. For 3D-COF-CorCo,
similar results for the reversible process were observed (Fig. S34 and S37). The only difference
is that it took only 36 h to remove all the bonded CO to the cobalt corroles. However, both of
them showed a fast CO desorption in the first hour which indicated a fast and reversible CO

desorption.

The reversibility for CO binding on 2D and 3D-COF-CorCo was studied by carrying out two
cycles of adsorption and desorption of CO, and monitored by FTIR. For 2D-COF-CorCo, after
80 h vacuum, the CO was desorbed until it reached an equilibrium but it did not desorb
completely (Fig. S36). This could be caused by the r-stacking structure of 2D COF, which
makes it more difficult to release CO. For 3D-COF-CorCo, the first cycle of sorption and

desorption of CO presented the same behavior as for 2D-COF-CorCo. However, for the second
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cycle the desorption of CO was total (Fig. S37). These results showed good reversibility of CO
binding and desorption for 2D and 3D-COF-CorCo.

90 h
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— treated with CO
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Fig. 5. FTIR monitoring of the adsorption/desorption process recorded for 2D-COF-CorCo: (a) activated 2D-
COF-CorCo and treated with CO for 1 h, (b) during desorption under vacuum (1 min to 90 h)

3. Conclusion

In summary, we report for the first time novel corrole-based 2D and 3D COFs via imine
condensation reaction using C> symmetric corrole linker. The resulted porous 2D-COF-Cor
showed good crystallinity with a hexagonal packing. Interestingly, the crystallinity and
permanent porosity were preserved after post-metalation with cobalt. In contrast, three
dimensional 3D-COF-Cor showed a microporous but amorphous structure. Both corrole-based
materials also show a high surface area that reached 1266 m? g* in the case of the 2D COF. In
contrast, 3D COF showed a lower BET surface area of 416 m? g™*. Post-metalation allowed us
to insert cobalt into the corrole macrocycle almost quantitatively in order to obtain the targeted
COFs-CorCo for further CO adsorption. Both of them exhibited outstanding affinities and
selectivities for CO binding over N2, Oz and COx. It is also worth noting that the adsorption of
CO for COFs-Co is reversible through at least 4 cycles, even if a slight decrease of CO uptake
was observed. However, the CO adsorption for both COFs tend to be stable after 4 cycles since
it did not decrease anymore after 4 cycles. We have also shown that the combination of
crystallinity and regular porosity of the framework allow a better accessibility of the cobalt
corrole for gas binding. Desorption of CO was studied by FTIR that show that both COFs

exhibit a fast desorption of CO with a half-desorption time estimated to 30 min. This result is a
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real prerequisite to build sensors with fast response. These results demonstrate that the
combination of cobalt corroles and COF materials provides an attractive strategy for the
selective CO capture, and our work are currently in progress for developing new gas sensor

technologies featuring great potential of applications.
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