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ARTICLE INFO ABSTRACT

Keywords: The polymerization property of aromatic polynitroso compounds could be used to create azodioxy
Aromatic polynitroso compounds porous networks with possible application for the adsorption of CO2, the main greenhouse gas.
Azodioxides

Herein, we report the synthesis and characterization of new aromatic polynitroso compounds,
with para-nitroso groups attached to the triphenylbenzene, triphenylpyridine, triphenyltriazine
and triphenylamine moiety. The synthesis of the pyridine-based trinitroso compound was per-
formed by reduction of the corresponding trinitro derivative to N-arylhydroxylamine followed by
oxidation to the trinitroso product. For the synthesis of the benzene- and triazine-based trinitroso
compounds, a novel synthetic strategy was implemented, which included cyclotrimerization of
the 4-nitrosoacetophenone and 4-nitrosobenzonitrile, respectively. Reduction of the trinitro
compound with triphenylamine unit produced the dinitroso product. In a solid state, all syn-
thesized compounds form E-azodioxy oligomers or polymers. While azodioxy polymer with tri-
phenylbenzene moiety is an amorphous solid, other azodioxy oligomers and polymers displayed
sharp diffraction peaks pointing to their crystalline nature. A computational study indicated that
eclipsed AA configurations are preferred over staggered AB and inclined AA’ configurations. The
serrated layers may be the most likely outcome when/if 2D layers form an organized polymer
network of azodioxy linked triphenyltriazine-based building blocks.

Cyclotrimerization
Polymer networks

1. Introduction

Aromatic C-nitroso compounds are well-known for their ability to dimerize or polymerize reversibly to Z- or E-azodioxides [1-9]. In
a solid state, these compounds mostly appear as E-azodioxides while in solution nitroso monomer-azodioxide equilibrium is estab-
lished which is usually shifted towards the Z-stereoisomers at low temperatures [1,3]. Under cryogenic conditions in solid state,
azodioxy bond can be cleaved by UV light, and again regenerated by increase in temperature, rendering these systems as potential
molecular OFF-ON switches [10-17]. Particularly interesting are compounds with multiple aromatic C-nitroso groups whose inter-
molecular interactions can lead to one-dimensional (1D), two-dimensional (2D) or three-dimensional (3D) polymeric azodioxides with
various potential applications, e.g., in organic electronics, gas storage and separation, and catalysis. Noteworthy, the polymerization of
aromatic polynitroso compounds and the formation of azodioxy bonds occurs spontaneously at room temperature without the need for
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an initiator. The main representative of such compounds is 1,4-dinitrosobenzene (para-dinitrosobenzene) which forms 1D E-azodioxy
polymer, poly(1,4-phenyleneazine-N,N-dioxide), of high thermal stability. Using the recently reported crystal structure of the 1,4-dini-
trosobenzene polymer, its electronic properties were calculated, revealing that this 1D azodioxy polymer can be classified as a
wide-bandgap organic semiconductor (OSC) with potential applications in photodetectors or light-emitting diodes (LEDs) [4,5]. This
was further confirmed experimentally by diffuse reflectance spectroscopy measurements [5]. A series of aromatic dinitroso compounds
were also recently evaluated as potential OSCs and several systems with interesting electronic properties were identified [5]. Mutual
interactions of aromatic polynitroso compounds could be used to create 2D and 3D azodioxy-linked porous organic polymers (POPs).
POPs are a class of porous materials constructed via strong covalent linkages between organic molecular building units [18,19]. Given
the ongoing global concern related to elevated emissions of carbon dioxide (CO3) into the atmosphere leading to global warming,
climate change and rising sea levels [20,21], one of the most important potential applications of POPs is the capture of CO, [22-34].
POPs containing nitrogen-rich moieties, such as amine, imine, triazine, benzimidazole, carbazole, azo, etc., have recently emerged as
promising materials for efficient and highly selective CO5 capture and separation [22,35-41]. Among the mentioned functionalities,
azo groups appear to be particularly effective in improving interactions between POPs and CO; and increasing CO,/Ny selectivity, even
at elevated temperatures, making azo-linked POPs promising CO, adsorbents [42-48]. One of the drawbacks of azo-linked POPs is that
they are usually obtained as amorphous materials due to the irreversible formation of azo bonds. Opposite of that, reversible formation
of azodioxy bonds allows error corrections during polymerization and could lead to crystalline porous organic networks. Indeed,
reversible self-addition polymerization of monomers with tetrahedrally oriented nitroso groups resulted with formation of large single
crystals of diamondoid azodioxy networks [2]. Azodioxy linkages were also employed for preparation of crystalline porous materials
by self-polymerization of tetrakis(arylnitroso)porphyrin [49]. These studies showed that aromatic derivatives with multiple nitroso
groups can be used as building blocks for the design of new functional materials. However, due to the high reactivity of aromatic
C-nitroso compounds, e.g., the ease of their oxidation to nitro derivatives and the possibility of reaction with the starting material
resulting in the formation of by-products, synthesis of these compounds is not straightforward and remains a challenge.

In our recent studies, we focused on the design and characterization of new POPs with various nitrogen-nitrogen linkages (azo,
azoxy and azodioxy) and different trigonal connectors (triphenylbenzene, triphenylpyridine, triphenyltriazine and triphenylamine).
We successfully synthesized new benzene-, pyridine- and triazine-based azo-bridged POPs and identified potential candidates for
selective COy adsorption [50,51]. In addition, we investigated computationally by using periodic DFT calculations and
grand-canonical Monte Carlo (GCMC) simulations the effect of the abovementioned four trigonal connectors and three
nitrogen-nitrogen linkages on the geometrical and adsorption properties of POPs [51,52]. The results obtained for computationally
modeled porous organic systems suggested that the introduction of the azodioxy and azoxy linkages could lead to improved CO,
adsorption capacity and higher CO, vs. Ny selectivity when compared to azo linkages. These insights, along with the known revers-
ibility in azodioxy bond formation which could result in crystalline porous organic networks, encouraged us to try to synthesize novel
aromatic polynitroso compounds which could be used as starting building blocks for the creation of azodioxy networks. The targeted
polynitroso compounds contain three para-nitrosophenyl rings, attached to the central benzene (1), pyridine (2), triazine (3) and
amine (4) moiety (Fig. 1). Bearing in mind that the preparation of aromatic C-nitroso compounds is not simple, different synthetic
methods were tested. The prepared compounds were characterized by FTIR spectroscopy, NMR spectroscopy, powder X-ray diffrac-
tion, elemental analysis, thermogravimetric analysis, N, adsorption-desorption experiments and computational methods.

2. Materials and methods
2.1. General information

All commercially obtained chemicals were used as received from suppliers. Thin-layer chromatography (TLC) was conducted with
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Fig. 1. Molecular structures of target aromatic polynitroso compounds and their possible polymerization to azodioxy networks.



N. Cindro et al. Heliyon 9 (2023) e21781

silica gel 60-F254-coated plates (Merck). Column chromatography was performed using silica gel 60 (0.063—0.200 mm, Fluka). FTIR
spectra were recorded on a PerkinElmer UATR Two spectrometer in the spectral range between 4000 cm™! and 400 cm™! at a res-
olution of 4 cm™?, averaging 10 scans per spectrum. Solution-state NMR spectra were recorded on a Bruker Avance ITII HD 400 MHz at
25.0 °C. DMSO-ds or CDCl; were used as solvents and TMS as an internal standard for chemical shifts. Solid-state '*C CP/MAS NMR
spectra were recorded on a Bruker Avance Neo 400 MHz NMR spectrometer and Bruker Avance III HD 400 MHz NMR spectrometer at
spinning rates of 12 and 15 kHz, respectively. Elemental analysis was provided by the Analytical Services Laboratory of the Ruder
Boskovi¢ Institute, Zagreb, Croatia. Thermogravimetric analysis was carried out using a simultaneous TGA-DTA analyzer Mettler-
Toledo TGA/DSC 3+. Samples were placed in alumina pans (70 pL) and heated in flowing nitrogen (50 mL min~*) from 30 °C up
to 180 °C at a rate of 10 °C min~' and held in isothermal conditions for 30 min at 180 °C to remove traces of solvents. Afterwards,
samples were cooled to room temperature and heated in flowing nitrogen (50 mL min~!) from 25 °C up to 800 °C at a rate of 10 °C
min~! and held in isothermal conditions for 15 min at 800 °C. To evaluate the thermal stability of the prepared compounds samples (of
up to ~ 5 mg) were heated in flowing nitrogen (50 mL min~!) from 30 °C to 180 °C and held at isothermal conditions for 10 min. IR
spectra were recorded immediately upon cooling of the samples and compared with IR spectra of starting compounds. CO, sorption
experiments were carried out by following a previously reported procedure with minor modifications in experimental conditions [53].
Before performing CO5 adsorption experiments, a fresh sample (~17—20 mg) was placed in a 70 pL alumina pan, heated to 100 °C at a
heating rate of 20 °C min ! in nitrogen atmosphere (flow rate 150 mL min ') and held at 100 °C for 30 min to dry the sample. After
drying, CO, adsorption was measured by switching between Ny atmosphere and CO, atmosphere in 20 min intervals (flow rates for
both gases were 150 mL min 1) at ~30 °C. The measured sample temperature varied around 33 °C during the whole experiment. To
correct for different buoyancy effects on the TG scale and alumina pan, a baseline curve was recorded under the same experimental
conditions using an empty alumina pan and subtracted from the measured curve. Data collection and analysis were performed using
the program package STARe Software 16.40 MettlerToledo GmbH. PXRD diffractograms were recorded on a Malvern Panalytical Aeris
powder diffractometer in the Bragg-Brentano geometry with PIXcellD detector. The specific surface area was determined from ni-
trogen (N3) gas adsorption-desorption data obtained with Micromeritics ASAP-2000 at 77 K. Prior to analysis, samples were degassed
at 150 °C under a dynamic vacuum of 7 mPa. The adsorption data were used to calculate the surface area with the Bru-
nauer-Emmett-Teller (BET) model, while the pore size distribution was determined with the Barrett-Joyner-Halenda (BJH) method.

2.2. Synthesis

2.2.1. Synthesis of 1,3,5-tris(4-nitrosophenyl)benzene (1)

In a 50 mL round bottom flask 4-nitrosoacetophenone (500 mg, 3.4 mmol) was suspended in 20 mL of absolute ethanol. The
mixture was stirred and heated to reflux turning suspension into green solution. At this point, 1.0 mL of thionyl chloride was carefully
added and mixture was heated under reflux for 5 h. Clear green solution turned into brown suspension and product started to pre-
cipitate. After cooling to room temperature suspension was stirred for further 16 h and filtered, yielding 250 mg of brown precipitate.
The precipitate was washed with DCM, acetone, DMSO and finally DCM again yielding 140 mg (28 %) of compound 1.

Elemental Analysis: 66.93 %C (calc. 70.84), 4.13 %H (calc. 4.09), 9.60 %N (calc. 10.33).

2.2.2. Synthesis of 2,4,6-tris(4-nitrosophenyl)pyridine (2)

In a 100 mL round bottom flask 2,4,6-tris(4-nitrophenyl)pyridine (1.99 g, 4.5 mmol) was suspended in acetone (34 mL) and THF
(14 mL). Ammonium chloride (0.99 g, 18.5 mmol) and activated zinc powder (2.5 g, 38.2 mmol) were added next and the suspension
was stirred at room temperature for 3.5 h. Reaction mixture was filtered and the filtrate cooled to 0 °C in an ice bath. Cold aqueous
solution of iron(III) chloride hexahydrate (75 mL, 0.02 g/mL) was added next and the mixture was stirred at 0 °C for 5 min. It was
extracted with ethyl acetate and the organic layer was evaporated in vacuo until 5—10 mL of the organic solvent remained in the flask.
20 mL of methanol was added to the mixture next, and flask was sealed and left at room temperature for 7 days. The beige precipitate
was filtered, washed with acetone excessively and dried yielding 164 mg (9 %) of compound 2.

Elemental Analysis: 62.82 %C (calc. 70.05), 3.81 %H (calc. 3.58), 12.17 %N (calc. 14.21).

2.2.3. Synthesis of 2,4,6-tris(4-nitrosophenyl)-1,3,5-triazine (3)

4-Nitrosobenzonitrile (150 mg, 1.14 mmol) was taken in a round bottom flask. Then 0.35 mL (4 mmol) trifluoromethanesulfonic
acid was added dropwise for 10 min at 0 °C. The reaction mixture was stirred for 18 h at 110 °C in an argon atmosphere. After that, 3
mL of water was added to the reaction mixture and dark brown product started to precipitate. The precipitate was filtered and washed
several times with water, acetone and DCM yielding 129 mg (85 %) of compound 3.

Elemental Analysis: 43.87 %C (calc. 63.64), 3.09 %H (calc. 3.05), 14.10 %N (calc. 21.20).

2.3. Computational details

The final geometries for simulation of PXRD patterns were taken from our previous papers [51,52]. To complete the triphe-
nylbenzene and tryphenyltriazine series four new geometries (1incl, 1serrs 3incl @and 3serr) Were generated and optimized. Periodic
density functional theory (DFT) calculations were performed in CRYSTAL17 [54]. We used PBE functional with Grimme’s D3
correction for a better description of the weak dispersive interactions [55,56]. Triple-zeta basis set pob-TZVP-rev2 was used on all
atoms [57]. The input files for CRYSTAL17 were created from cif files with cif2cell package [58]. Full optimizations were performed
with default convergence criteria. Total energy convergence was set to 10~ and truncation criteria for the calculations of Coulombs
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and exchange integrals increased to (8 8 8 8 16) for SCF calculations. The reciprocal space was sampled with appropriate
Pack-Monkhorst k-point mesh (usually 2 x 2 x 8). The lattice parameters of the DFT-optimized structures are given in Table 52
(Supporting Information). The results were visualized in VESTA [59]. The optimized geometries were finally saved as cif files, and
PXRD simulated in Mercury [60]. The reported CO5 uptakes at 298 K and 1 bar were taken from our previous papers where we have
described GCMC procedures [51,52].

3. Results and discussion
3.1. Synthesis and characterization

Aromatic C-nitroso compounds appear as intermediates on the redox scale between nitroarenes and anilines. The classic methods
for their preparation involve (i) partial reduction of the aromatic nitro derivative to N-arylhydroxylamine followed by oxidation to
nitrosobenzene, and (ii) direct oxidation of anilines to the corresponding aromatic C-nitroso compounds [3,61]. The main problems
associated with these approaches include finding the proper conditions to prevent over-reduction and over-oxidation of the desired
nitroso product, and to avoid or diminish formation of side products, such as azo and azoxy compounds. An attempt to prepare the
trinitroso compound 1 by reduction of the 1,3,5-tris(4-nitrophenyl)benzene (TNPB) to the corresponding N-arylhydroxylamine and its
subsequent in situ oxidation was unsuccessful due to the very low solubility of the starting TNPB in the solvents used for the reaction.
We also tried an oxidation reaction of 1,3,5-tris(4-aminophenyl)benzene (TAPB) with Oxone® but this led to a complex mixture of
products which could not be separated and characterized. Therefore, we tested a new synthetic strategy towards trinitroso compound 1
which included cyclotrimerization reaction of 4-nitrosoacetophenone mediated by thionyl chloride in absolute ethanol (Fig. 2a).
Starting 4-nitrosoacetophenone was prepared by oxidation of 4-aminoacetophenone by Oxone® (Supporting Information). The FTIR
spectrum of the cyclotrimerization product 1 revealed the presence of a band at 1262 cm™?, assigned to the asymmetric stretching
vibration of the E-azodioxy group (Fig. 2b). The position of this and other bands differs from those present in the IR spectrum of the
starting 4-nitrosoacetophenone (Fig. S4), indicating formation of new product.

Furthermore, the bands characteristic for nitroso monomers do not appear in the FTIR spectrum of the product, suggesting there are
no observable amount of the nitroso end-groups. Additionally, we could observe a band at 1686 cm ™! which could be attributed to the
stretching vibration of the carbonyl group. However, the intensity of this band is relatively low when compared to e.g., carbonyl
stretching vibration band at 1683 cm™ in the spectrum of the starting 4-nitrosoacetophenone (Fig. 54), indicating that it probably
corresponds to residual carbonyl groups present in the final material. Noteworthy, this band could be detected in the spectrum of the
product even after extensive washing of the sample with various organic solvents such as DCM, acetone and even hot DMSO. Since the
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Fig. 2. a) Synthesis route to 1,3,5-tris(4-nitrosophenyl)benzene (1). Reaction a: Oxone®, H,0, DCM, rt, 20 min, 43 %. Reaction b: SOCI,, abs. EtOH,
5 h, reflux, 28 %. b) FTIR spectrum of azodioxy polymer of 1. c¢) '3C CP/MAS NMR spectrum of azodioxy polymer of 1. d) Proposed molecular
structure of azodioxy polymer of 1.



N. Cindro et al. Heliyon 9 (2023) e21781

isolated product is insoluble in common organic solvents, we acquired its **C CP/MAS solid-state NMR spectrum (Fig. 2¢). Inspection
of the '3C CP/MAS NMR spectrum showed the aromatic carbon signals located in the range 5 = 123—147 ppm. The signal at 143 ppm
probably belongs to the carbon attached to the E-azodioxy group (marked with a in Fig. 2c), while there is no signal of the carbon
bonded to the monomeric nitroso group (—C-N=—0) usually situated around 165 ppm [62], which agrees with the FTIR results. In
addition, the 13C CP/MAS spectrum also indicated the presence of the carbonyl group at 196 ppm (marked with k in Fig. 2¢) and in the
aliphatic region of the spectrum we could observe the signal of methyl group at 26.6 ppm (marked with 1in Fig. 2¢). The collected data
suggested that in the final material the triphenylbenzene building units are connected through E-azodioxy bonds with acetophenone
moieties situated at the end of the polymer (Fig. 2d). These acetophenone terminal moieties could be attached to the polymer backbone
by intermolecular formation of E-azodioxy bonds between nitroso groups of 1 and those of 4-nitrosoacetophenone, which is present in
the reaction mixture (Fig. S1). Previously, we found that formation of such cross-linked azodioxides is possible both in solution and in
solid state [63,64].

The synthesis of the pyridine-based trinitroso compound 2 was carried out by the reduction of the 2,4,6-tris(4-nitrophenyl)pyridine
(TNPP) to the corresponding N-hydroxylamine, followed by its in situ oxidation (Fig. 3a). The starting TNPP was prepared by the
microwave-assisted synthesis via a modified Chichibabin reaction, optimized herein (Supporting Information), in 30 min with a yield
of 59 %. This is faster than the usual synthesis, which takes 3 h with a comparable yield of 58 % according to literature procedure [65],
or 3.5 h and a yield of 50 % by following the procedure described in this work (Supporting Information). The reaction was optimized
with respect to reaction time, temperature and the amount of ammonium acetate and acetic acid added (Table S1). Optimal yields were
achieved with the amount of ammonium acetate (13 equiv.) comparable to the classic synthesis [65] but it was found that the reaction
can be performed with less acetic acid (16 equiv., entry 6, Table S1 in comparison to 44 equiv. in classic conditions). The main product
in entries 1—3 (Table S1) was one of the precursors in modified Chichibabin reaction, compound A (Fig. S3) which indicates how
important the addition of ammonium acetate and acetic acid is for the reaction completion. The solubility of the main product (TNPP)
is rather low in standard organic solvents, therefore its "H NMR spectrum was recorded in hot DMSO-dg (Fig. S2). The 'H NMR
spectrum of TNPP obtained under microwave conditions was comparable to the spectrum of the compound prepared in classic route.
Reduction of TNPP with zinc and ammonium chloride followed by oxidation step with iron(III) chloride hexahydrate resulted in a solid
product of poor solubility in common organic solvents. Comparison of the FTIR spectra of the obtained product (Fig. 3b) and starting
TNPP (Fig. S5) indicated complete disappearance of signals assigned to asymmetric and symmetric N-O stretching vibrations of nitro
group confirming the formation of new product. The FTIR spectrum of the product revealed the presence of a new intense band at 1506
cm™, attributed to nitroso monomer N=O stretching vibration, along with a band at 1250 cm™! characteristic for the E-azodioxy
group (Fig. 3b). FTIR data were corroborated with the 13C CP/MAS NMR spectrum of the product (Fig. 3¢) which showed signals at
118.5,128.6, 143.6, 152.9 and 165.2 ppm, assigned to the aromatic carbons in phenyl and pyridine rings. Noteworthy, chemical shift
at 165.2 ppm (marked with 1in Fig. 3c) is assigned to the carbon directly bonded to the nitroso group (—C-N=O0). The signal at 143.6
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Fig. 3. a) Synthetic route to 2,4,6-tris(4-nitrosophenyl)pyridine (2). Reaction a: NH40Ac, AcOH, reflux, 3.5 h, 50 %. Reaction b: (i) Zn, NH4Cl, THF,
acetone, rt, 3.5 h; (ii) FeClz x 6H20, 0 °C, 5 min, 9 %. b) FTIR spectrum of azodioxy oligomer of 2. c) 13¢ cP/MAS NMR spectrum of azodioxy
oligomer of 2. d) Proposed molecular structure of azodioxy oligomer of 2.
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ppm (marked with a in Fig. 3c) probably belongs to the carbon attached to the E-azodioxy group, however, it overlaps with the
chemical shifts of other quaternary carbons. The above-mentioned data suggested formation of E-azodioxy oligomers of 2 with
unreacted nitroso end-groups (Fig. 3d).

As in the case of trinitroso derivatives 1 and 2, the first attempt to synthesize triazine-based trinitroso derivative 3 included the
reduction of the 2,4,6-tris(4-nitrophenyl)-1,3,5-triazine (TNPT) with zinc and ammonium chloride to the N-hydroxylamine followed
by oxidation step with iron(IIl) chloride. Unfortunately, this reaction proceeded with very poor yield and low reproducibility, pre-
venting a detailed structural characterization of the obtained product. Therefore, we tested other possible synthetic approaches to-
wards the trinitroso derivative 3. Among them, we first tried the oxidation reaction of 1,3,5-tris-(4-aminophenyl)triazine (TAPT) with
Oxone®. However, this approach was unsuccessful, similarly to the case of derivative 1, resulting in the formation of a complex
mixture of products, none of which could be identified as the desired trinitroso compound 3. Next, we tried a novel synthetic strategy,
which included cyclotrimerization of 4-nitrosobenzonitrile (Fig. 4a), prepared by oxidation of 4-aminobenzonitrile with Oxone®
(Supporting Information). By adapting a slightly modified strategy for the synthesis of TNPT and TAPT by superacid-catalyzed
cyclotrimerization of 4-nitrobenzonitrile and 4-aminobenzonitrile, respectively [66,67], we obtained a solid product, insoluble in
common organic solvents, in a very good yield (85 %). Comparison of the FTIR spectra of the isolated product (Fig. 4b) and starting
4-nitrosobenzonitrile (Fig. S6) revealed disappearance of the C =N stretching band at 2238 cm ™! in the spectrum of the product
suggesting the completion of the trimerization reaction. The observation of bands at 1616 and 1388 cm™! further indicated the for-
mation of triazine rings [68,69]. FTIR spectrum of the product also revealed the presence of a strong band at 1244 cm™! assigned to
asymmetrical stretching vibration of the E-azodioxy bond. The successful formation of E-azodioxy polymer of 3 was corroborated by
inspection of 13C CP/MAS NMR spectrum which showed signals at 167.4, 143.6, 132.6 and 119.3 ppm (Fig. 4c). The signal at 167.4
ppm is attributed to triazine carbon atom (marked with e in Fig. 4c) [70], whereas the signal at 143.6 ppm is assigned to the carbon
bonded to the E-azodioxy group (marked with a in Fig. 4c). The signals at 132.6 and 119.3 ppm originate from phenyl carbons in
different chemical environments. The absence of signal at 165 ppm, characteristic for the -C-N—O moiety, confirmed formation of
polymer network of 3 with E-azodioxy linkages (Fig. 4d).

In order to synthesize trinitroso derivative 4 containing amine central moiety, commercially available tris(4-nitrophenyl)amine
(TNPA) was reduced in the presence of zinc and ammonium chloride to the intermediate N-hydroxylamine derivative which was in
the next step oxidized by iron(III) chloride (Supporting Information). The obtained solid was poorly soluble in DMSO and practically
insoluble in other common organic solvents. The 'H NMR spectrum of the product recorded in DMSO-dg (Fig. S8) revealed four new
sets of signals, in addition to the impurity signals belonging to the starting TNPA. Analysis of the 'H NMR spectrum indicated that the
product is not the trinitroso derivative 4, for which we would expect only two pairs of signals, but a dinitroso derivative 4a, with the
third group on the phenyl ring probably being nitro. This was further supported by inspection of FTIR spectra of the product which
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Fig. 4. a) Synthesis route to 2,4,6-tris(4-nitrosophenyl)-1,3,5-triazine (3). Reaction a: Oxone®, H,O, DCM, rt, 20 min, 51 %. Reaction b: CF3SO3H,
10 min, rt, 18 h, 110 °C, Ar, 85 %. b) FTIR spectrum of azodioxy polymer of 3. ¢) 13C CP/MAS NMR spectrum of azodioxy polymer of 3. d) Proposed
molecular structure of azodioxy polymer of 3.
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revealed an intense band at 1268 cm ™, attributed to asymmetrical stretching vibration of the E-azodioxy bond, and bands corre-
sponding to stretching vibrations of nitro group at 1339 cm™! and monomeric nitroso end-groups at 1491 cm™! (Fig. 57). To further
characterize the solid-state structure of the obtained product, we acquired its 3¢ CP/MAS NMR spectrum (Fig. 5) which showed
characteristic signals of carbon atoms attached to the nitroso group (6§ = 163.6 ppm, marked with a in Fig. 5), E-azodioxy and nitro
groups (6 = 142.3 ppm, marked with h and , respectively, in Fig. 5) together with the chemical shifts of the other aromatic carbons at
123.1, 126.1, 145.2 and 150.3 ppm. These results indicated that in the solid state dinitroso derivative 4a forms E-azodioxy oligomers
with free nitroso end-groups (Fig. 5). Since the reduction method did not result with the desired trinitroso derivative 4, we examined
another frequently used synthetic approach towards the aromatic C-nitroso compounds which includes oxidation of corresponding
amino derivatives. Unfortunately, the oxidation of the triamino derivative tris(4-aminophenyl)amine (TAPA) with Oxone® produced a
complex reaction mixture without an observable amount of compound 4. Another approach that was tried relied on nitrosation using
NOBF;. Starting triphenylamine was brominated using NBS and the resulting tris(4-bromophenyl)amine was further treated with n-
BulLi followed by TMSCI to produce tris(4-trimethylsilylphenyl)amine. The TMS amine was then treated under various conditions
(including mechanochemical) with NOBF4 to produce compound 4. Unfortunately, none of the conditions tried led to the formation of
the trinitroso derivative 4.

Thermal stability of isolated azodioxy oligomers/polymers of 1, 2, 3 and 4a was investigated using TGA by heating the samples up
to 800 °C at a heating rate of 10 °C min~!in N, atmosphere. To remove traces of solvents or adsorbed water, all samples were heated to
180 °C at a heating rate of 10 °C min~! in Ny atmosphere and held at isothermal conditions for 30 min. Compounds 1, 2 and 4a showed
minimal weight loss (<0.1 mg) during the drying process and remained stable during the isothermal step at 180 °C (Figures S9, S10
and S12). In comparison, compound 3 immediately started to lose mass and up to 80 °C had lost around 20 % of its initial weight (~1.8
mg per 9.3 mg), while its remaining mass remained stable up to 180 °C and during the isothermal step (Fig. S11). All samples were
visually examined after drying and showed no noticeable discoloration or other visible changes, while after heating to 800 °C they
changed color to a grayish black and there was a noticeable change in volume. Additionally, subsequent experiments were carried out
to confirm the stability of the studied compounds and IR spectra were recorded after the sample was heated to 180 °C in flowing
nitrogen and held at isothermal conditions for 10 min. IR spectra of compounds heated to 180 °C showed no significant differences
compared to the spectra of unheated compounds which indicates that no notable changes occurred to the material at those conditions
(Fig. S23). TGA traces (Fig. S9—S12) showed that the obtained products exhibit good thermal stability. They are stable up to around
220 °C at which point they begin to lose mass. Compounds 1 and 2 displayed a gradual loss of mass over the entire temperature range
and eventually lost about 1/3 of the initial mass at temperatures around 700 °C or higher. Compound 3 also began to decompose at
around 220 °C but its decomposition process was much more rapid and it lost 1/3 of the initial mass up to temperatures around 400 °C
at which point the decomposition rate decreased and the sample gradually lost a further 20 % of its initial mass up to temperatures of
800 °C. Compound 4a displayed similar behavior as compounds 1 and 2 with a gradual decrease in mass up until 340 °C, after which
the decomposition rate increased up to temperatures around 450 °C when it decreased again and remained constant during the rest of
the experiment.

The results of the elemental analysis revealed some deviations from the calculated values, especially for polymer of 3. This can be
attributed to adsorption of moisture and incomplete polymerization and is frequently observed in porous organic polymers [44,45].
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Fig. 5. '3C CP/MAS NMR spectrum and the proposed molecular structure of azodioxy oligomer of 4a.
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3.2. Comparison of experimental and computational data

As indicated in the Introduction section, polymerization of aromatic polynitroso derivatives could lead to the formation of crys-
talline porous networks. To evaluate crystallinity of the obtained azodioxy oligomers/polymers of 1, 2, 3 and 4a, we performed PXRD
experiments. Unlike the PXRD pattern of azodioxy polymer of 1 which showed broad diffraction peak, indicating its amorphous nature
without long-range order, the PXRD patterns of azodioxy oligomers/polymers of 2, 3 and 4a revealed sharp peaks suggesting that they
are crystalline materials (Fig. 6, Fig. S14—S17). To correlate the experimentally obtained PXRD patterns with 3D periodic structures of
targeted compounds, first we optimized four different configurations, which mostly differ in a relative arrangement of the neighboring
2D layers, in which trigonal building units are connected by E-azodioxy bonds. Depending on the slipping direction, the eclipsed AA
configuration can be transformed either into inclined AA’ or serrated AA’ and further into AB configurations, as demonstrated on
triphenyltriazine derivative 3 (Fig. 7), for which we experimentally confirmed formation of polymer network through E-azodioxy
linkages. To complete the series of different stacking modes reported in our previous papers [51,52], we have conducted additional
periodic DFT calculations and simulated PXRD patterns based on their optimized geometries (Table S2, Fig. 6, S13-S17) for all four
target compounds. Based on the literature data for other covalent organic frameworks that show high crystallinity, e.g. imine linked
polymers constituted of the same trigonal connectors [71-73], eclipsed AA configuration was also expected to be the most stable in
herein investigated configurations. While eclipsed AA dominates in hypothetical triphenylbenzene (144), introduction of nitrogen-rich
moieties in trigonal connectors triggers a possibility of different stacking modes to appear, especially for triphenyltriazine system,
where the energy difference between the 3gerr and 3aa becomes very small (Table S2). The experimental PXRD of 3 shows two
dominant peaks around at 20 = 14.8° and 27.0°. While there is no significant difference between PXRD patterns of 3serr and 34 in the
low-angle region, the experimental PXRD pattern and the simulated one for 3¢ almost perfectly match for the peak at 20 = 27.0°,
suggesting that 2D layers are slightly displaced (Fig. 6, grey line).

This also corroborates other structural studies on similar systems, suggesting that slipped configurations are also energetically
favorable and that eclipsed structures can be an oversimplification of the true local environment [74-76]. Although the overlap be-
tween the experimental and simulated PXRD patterns of triphenlyamine-based derivative also suggests slipping of the neighboring
layers, a straightforward correlation is not possible because spectroscopic characterization confirmed the formation of dinitroso de-
rivative 4a which appears as E-azodioxy oligomer with free nitroso end-groups in solid state, and not the polymer network as in 3.

The porosity of azodioxy oligomers/polymers of 1, 2, 3 and 4a was investigated by using N, adsorption-desorption isotherms at 77
K (Fig. 8a and S18). All samples were degassed at 150 °C under vacuum prior to the analysis. The specific surface areas were calculated
by using the BET model and were 2.4, 48.1, 4.4 and 14.0 m? g~ for oligomers/polymers of 1, 2, 3 and 4a, respectively (Table 1).
According to the pore size distribution (Fig. S18), all four materials exhibit a mesoporous nature with a proportion of pores greater
than 50 nm, the latter being especially pronounced for polymer of 1. Oligomers/polymers of 2, 3 and 4a also possess a small amount of
micropores.

A high value of BET surface area is not necessarily a deciding factor for the CO, capture capacity, and materials with moderate
porosities and BET surface areas lower than 100 m? g! can display enhanced CO,, gas sorption properties [22,42,77]. Therefore, we
investigated CO3 adsorption of azodioxy oligomers/polymers of 1, 2, 3 and 4a by using thermogravimetric analysis and the obtained
data are summarized in Table 1. Compounds 1 and 2 show relatively sharp adsorption profiles where the sample mass readily increases
upon switching to CO5 atmosphere and readily decreases when returning to Ny atmosphere (Figs. S19 and 8b). Compounds 3 and 4a
exhibit a more complex response, where the CO, uptake is more gradual and reaches equilibrium levels after 10 min, but the mass
decrease upon switching back to Ny atmosphere is gradual as well (Figs. S21 and S22). While most of the mass loss for compound 4a
occurs within 5 min of switching back to Ny the mass still remains higher than it was at the beginning of the experiment and gradually
decreases during the whole 20-min interval. Even more interesting is the behavior of compound 3, where the mass decrease upon
switching back to Ny atmosphere is far less pronounced and the sample retains a significantly higher mass throughout the whole
20-min interval in N3 atmosphere. This would suggest that compounds 3 and 4a show a higher preference for CO, than for Ny, which is

— 3 3 T Beer 3 3w

Relative Intensity (a.u.)

IS N

5 10 15 20 25 30 35 40
26(°)

Fig. 6. Experimental and the simulated PXRD patterns of azodioxy polymer of 3 (eclipsed AA, serrated AA’, staggered AB and inclined AA’). The
grey dotted line shows a peak at 20 = 27.0°.
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Fig. 7. Four different 2D layer-stacking modes of azodioxy polymer of 3 (inclined AA’, eclipsed AA, serrated AA’ and staggered AB).
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Fig. 8. a) N, adsorption-desorption isotherms of azodioxy oligomer of 2 measured at 77 K. The adsorption and desorption isotherms are depicted
with filled and open markers, respectively. b) Thermogravimetric CO, adsorption and desorption profile at approximately 303 K and 150 mL min
CO, and N, flow rates for azodioxy oligomer of 2.

Table 1
BET surface areas (Sger) and CO, uptakes (experimental and simulated) of azodioxy oligomers/polymers of 1, 2, 3 and 4a.
Compound Sper (m? g 1) CO, uptake (mg g~ ') experimental CO,, uptake (mg g~ ') simulated for AA configuration®
1 2.4 4.2 30.5
48.1 3.2 24.5
3 4.4 6.0 21.1
4a 14.0 6.2 48.3"

& Calculated CO, uptakes for eclipsed AA configurations from GCMC simulations at 1 bar and 298 K reported in our previous papers [51,52].
b Calculated CO, uptake for the azodioxy polymer of the target trinitroso derivative 4.

especially pronounced for compound 3.

Our previous computational studies suggested that azodioxy linkages show a higher potential for the adsorption of CO; in com-
parison with other nitrogen-nitrogen linkages [51,52]. Although it is quite difficult to directly compare the GCMC calculated CO5
adsorption data (at 298 K and 1 bar) with the experimental results (at approximately 303 K) without a full confirmation that highly
arranged polymer networks are formed during polymerization, CO5 uptakes calculated for the hypothetical eclipsed AA configurations
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suggest that azodioxy-linked triphenylamine 454 shows the highest affinity toward CO5 binding among the all investigated compounds
in eclipsed AA configuration (48.3 mg g~ 1). The experimental results also showed the highest adsorption of CO5 (6.2 mg g™ 1) for the
azodioxy oligomer derived from dinitroso derivative 4a. Any further slipping of layers will increase CO, uptake according to our
previous computational studies [51,52]. However, it should be mentioned that CO, adsorption capacity highly depends on various
factors, not only on the 2D layer stacking modes.

4. Conclusions

Using different synthetic approaches, we prepared four new aromatic polynitroso compounds, containing para-nitroso function-
alities attached to triphenylbenzene, triphenylpyridine, triphenyltriazine and triphenylamine unit and investigated their potential as
building blocks for azodioxy polymer networks. For the synthesis of benzene- and triazine-based trinitroso derivatives, novel synthetic
strategy was employed which included cyclotrimerization of the 4-nitrosoacetophenone and 4-nitrosobenzonitrile, respectively.
Pyridine-based trinitroso and amine-based dinitroso compounds were synthesized by classic method which involved partial reduction
of the corresponding nitro derivatives to N-arylhydroxylamines followed by oxidation to nitroso derivatives. The obtained trinitroso
derivatives with triphenylbenzene and triphenyltriazine moieties self-polymerized to E-azodioxy linked polymers, whereas pyridine-
based trinitroso and amine-based dinitroso compounds formed E-oligomers in solid state, with unreacted nitroso end-groups. The
resultant materials exhibited good thermal stability and mesoporous nature. The highest BET surface area of 48.1 m? g~* was observed
for the azodioxy oligomer of 2,4,6-tris(4-nitrosophenyl)pyridine. The CO, uptakes of E-azodioxy oligomers and polymers were roughly
comparable, with the highest value of 6.2 mg g~! observed for the amine-based azodioxy oligomer. A comparison of the experimental
and simulated PXRD patterns of the DFT calculated geometries strongly suggested that serrated AA’ layers may be preferred over
perfectly eclipsed AA layers when/if 2D layers are organized into periodic polymer networks, especially in case of the azodioxy-linked
triphenyltriazine-based building units.

Overall, the results of the current study, in particular novel synthetic insights, could be used for the design of new functional
azodioxy-linked porous materials derived from polynitroso building blocks of predefined geometry.
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