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Abstract 

Herein, we report a new family of covalent organic frameworks (COFs), namely 

pyrophosphonate-COFs, constructed via pyrophosphonate linkages. Pyrophosphonate-COFs 

can be synthesized via a single-step condensation reaction of the charge-assisted hydrogen-

bonded organic framework (HOF) GTUB5, which is constructed from phenylphosphonic acid 

and 5,10,15,20-tetrakis[p-phenylphosphonic acid] porphyrin. The reported pyrophosphonate-

COF, which we call GTUB5-COF was synthesized by simply heating its two-linker HOF precursor 

GTUB5 without using chemical reagents. GTUB5-COF exhibits good water and water vapor 

stability during the gas sorption measurements. Furthermore, GTUB5-COF exhibits 

exceptional electrochemical stability in 0.5 M Na2SO4 electrolyte in water. The formation of 

pyrophosphonate bonds upon heating was confirmed by magic angle spinning nuclear 

magnetic resonance spectroscopy, Fourier-transform infrared spectroscopy, and mass 

spectrometry coupled with thermal analysis. The condensed product pyrophosphonate-COF 

can efficiently adsorb CO2. It has a more favorable heat of adsorption value for CO2 capture at 

lower pressures than water vapor, making it a suitable candidate for selective CO2 capture in 

the presence of water vapor. The absorption and emission of GTUB5-COF are governed by 

localized transitions (Soret and Q bands) within the porphyrin unit, which results in broad-

banded fluorescence in the near-infrared range at around 800 nm. 
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Introduction: Covalent organic frameworks (COFs) are sister compounds of metal-organic 

frameworks (MOFs) and hydrogen-bonded organic frameworks (HOFs).1-3 COFs are 

synthesized via the covalent linkage of organic building blocks to form two or three-

dimensional microporous frameworks.4 Since the first report of on boroxine-linked COFs in 

2005,2 COF research has been a very active research area due to their tunable porosity and 

potential for pore functionalization via organic linker design or post-synthesis modifications.5 

To date, many different COF families have been reported in the literature based on their 

covalent linkage. COFs can be synthesized through a wide range of reactions, including 

condensation reactions (i.e., boroxine linkage), Schiff base reactions (i.e., imine, hydrazone, 

enamine, phenazine linkages), click reactions (i.e., triazole linkage), metal-catalyzed coupling 

reactions (i.e., C-C linkages), etc.6-10 The thermal and chemical stability and permanent 

porosity observed in some COF families opened many potential applications such as gas 

storage, water adsorption, catalysis, water harvesting, CO2 capture, catalysis, photocatalysis, 

semiconductors, energy storage, luminescence.6, 11-16  

Recently, we have reported on the synthesis of hydrogen-bonded organic frameworks 

constructed using arylphosphonic acids.17, 18 Due to their short hydrogen bond distances 

around 2.5 Å (bonds shorter than 2.4 Å of donor oxygen-acceptor oxygen pair (O-O) distances 

involved in hydrogen bonds are considered to have near covalent bond strength up to 50 

kJ/mol bond dissociation energy19) and formation of multiple hydrogen bonds between the 

arylphosphonic acid linkers, these HOFs exhibited exceptional stability at 90 °C and 90% 

relative humidity (RH) and after proton conductivity experiments at 75 °C and 75% RH. Other 

groups also reported the exceptional stability of phosphonic acid HOFs after proton 

conduction.20 Our recent unit cell checks on the first batch of GTUB-5 (derived from 

phenylphosphonic acid and 5,10,15,20-tetrakis[p-phenylphosphonic acid] porphyrin) crystals 

are still providing the same unit cell after 4 years of storage at room temperature and ambient 

humidity. In the literature, arylphosphonic acids resist thermal decomposition, hydrolysis, and 

decomposition under UV light.21 Expectations on pyrophosphonate-COFs that are synthesized 

after condensation of phosphonic acid HOFs are high stability and high structural versatility. 

They are also expected to generate flexible pores due to flexible sp3 P-O-P bonds. Such flexible 

and stable microporous platforms have the potential to spawn realistic industrial applications 

to capture gases selectively. 
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Jessen’s group has recently shown that branched inorganic pyrophosphates exhibit good 

stability in water.22 Hypothetically, organic pyrophosphonates are expected to create better 

stability compared to inorganic pyrophosphates. Furthermore, phosphonate esters are 

cleaved in the presence of 37% HCl under reflux conditions to form the corresponding 

phosphonic acids, indicating their stability in acidic environment.23 There is limited 

information in the literature about the condensation of phosphonic acids. For example, there 

are a few reports about the ab initio calculations studying the condensation of phosphinic 

acids and methylphosphonic acid to provide geometry and reaction energies to form dimers, 

trimers, tetramers and cyclization.24, 25 There are also limited experimental reports in the 

literature reporting the condensation of phosphonic acid to form dimers. For example, a 

proton-conducting polymer poly(vinyl phosphonic acid) is known to condense forming dimers 

at higher temperatures, which limits its proton-conducting ability. There is another study by 

Yücesan et al. that reports the crystal structure of solvothermally condensed phenyl 

phosphonic acid in acetonitrile at 150 °C, at which the respective product generates a 

metallomacrocycle with Cu(II) ions and 2,2’-bipyridine.26 A similar work was also reported later 

by Zheng using Ag(I) ions.27, 28 The other reports in the literature about forming 

pyrophosphonate dimers, trimers or macrocycles were synthesized chemically, such as ring-

opening polymerization of cyclic phosphonates.29 In this work, we used our previously 

reported charge-assisted HOF GTUB5 as the model system to form the first pyrophosphonate-

COF after condensation of phosphonic acids, phenylphosphonic acid and 5,10,15,20-

tetrakis[p-phenylphosphonic acid] porphyrin using a simple heating in the literature 

(Scheme 1). Herein, we report the structural characterization of the first pyrophosphonate-

COF, and we explore its thermal, chemical, and electrochemical stability, CO2 capture, and 

optical properties.  

Synthesis and characterization of pyrophosphonate bonds: As seen in Scheme 1, the donor-

acceptor O-O distances between hydrogen-bonded phosphonic acid moieties of GTUB5 is ca. 

2.5 Å (hydrogen bonds with shorter donor-acceptor O-O distances than 2.4 Å can have high 

bond dissociation energies up to 50 kJ/mol; for more detailed information about the hydrogen 

bond lengths in phosphonic acids, see references 30 and 18).19 Therefore, the phosphonic acid 

groups in GTUB5 crystals are already aligned in a favorable position to initiate the 

condensation reaction.18, 30 Furthermore, the charge-assisted hydrogen-bonded network of 

GTUB5 with the presence of fully deprotonated phenylphosphonic acid moieties and DMA+ 
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(dimethylammonium cations) could hypothetically help promote the condensation reaction 

following the nucleophilic substitution on 5,10,15,20-tetrakis[p-phenylphosphonic acid] 

porphyrin and fully deprotonated phenylphosphonic acid phosphorus atoms. 

Thermogravimetric analysis (TGA) coupled with mass spectrometry (MS) of GTUB5 and FT-IR 

suggests condensation of HOF begins after ca. 130 °C due to evaporation of water and 

continues until ca. 230 °C. The solid crystals of GTUB5 were heated gradually in oven to 230 

°C to promote the condensation of phosphonic acids to form pyrophosphonate bonds. The 

crystals retained their initial color and shape after heating to 230 °C. Despite the crystalline 

look of the final product GTUB5-COF (Supporting Information), single crystal diffraction didn’t 

provide reflections suitable for data collection. 

Characterization of pyrophosphonate bonds via MAS NMR: Due to the low crystallinity of the 

material, we used solid-state 1H, 13C, and 31P NMR spectroscopy to observe the structural 

changes between the arylphosphonic acid linkers in GTUB5 after annealing. Magic angle 

spinning (MAS) NMR experiments were performed with 7.04 T magnet spectrometer with 

Topspin V4.0.5, operating at the frequencies of 121 MHz for 31P, respectively (See SI for more 

experimental details. The peaks observed in the 1H and 13C MAS NMR spectra of both 

untreated HOF GTUB5 and the annealed GTUB5-COF (Figure S1-S2, Supporting Information) 

were successfully assigned to their corresponding environments (Figure S3, Table S1-S2, 

Supporting Information). These results confirm that no decomposition reactions are 

happening within the organic moieties of GTUB5 after annealing to 220 °C. The 31P MAS 

spectra show that the peaks of the untreated crystalline GTUB-5 (starting material) broaden 

gradually at higher temperatures, and a second peak at 5 ppm steadily emerges as the sample 

is heated to 220 °C (Figure 1-2). In the case of inorganic phosphate salts, condensation to form 

pyrophosphate bonds is recognized to induce a shift in resonances, typically shifting them by 

approximately 10 ppm and lower values.31, 32 The characterization of protonated phosphates 

is more complicated due to the more substantial influence of the hydrogen-bonded protons.33, 

34 To the best of our knowledge, there is no similar correlation tool for phosphonate 31P shifts. 

Therefore, we gathered the isotropic chemical shift values for monophosphonates and 

pyrophosphonates compiled from the literature (Table 2, Figure 3).31, 32 A similar trend as for 

phosphate groups can also be seen for phosphonate groups. Still, there is a significant amount 

of overlap between the chemical shift ranges for mono- and pyrophosphonate groups. The 

anisotropic chemical tensor was investigated for differences in the chemical shift anisotropy 
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(Table 1). However, similar to hydrogen-phosphates, the hydrogen-bonded protons strongly 

influence the chemical shift tensor, and only insignificant differences were observed. 

A more reliable tool to distinguish pyrophosphonates from phosphonic acids is magnetic 

dipole-dipole coupling between neighboring P atoms. The condensation of the R-PO3H2 

moieties in GUTB-5 to form R-P(O)(OH)-O-P(O)(OH)-R (Scheme 1) moieties upon annealing 

can be tested by measuring the distances between neighboring P atoms using this method. In 

a P-O-P bridge, as in a pyrophosphonate group, the shortest P-P distances can be estimated 

to be of the order of 300 pm,27, 28 while in monophosphonates, the minimum distance would 

amount to about 460 pm.35, 36 The dipole-dipole coupling relates to the inverse cubic 

internuclear distance. Therefore, the P-P distances in two-spin-systems can be estimated from 

the magnetic dipole-dipole coupling, for example, by 31P-31P double-quantum NMR 

experiments with an error of about 10%, including effects by the anisotropic J-coupling. 37 To 

this end, a homonuclear 31P-31P double-quantum constant-time (DQCT) experiment was 

conducted, in which the peak at 5 ppm under the chosen conditions shows no zero-crossing 

while the peak at 15 ppm does (Figure 4).38 Based on these observations, the two peaks were 

unambiguously assigned to pyrophosphonate and monophosphonate groups, respectively, 

which means the annealing to 220 °C only led to a partial condensation. 

Double-quantum constant-time (DQCT) conversion curves with well-expressed zero-crossings 

(Figure S4, Supporting Information), as in this case, can be analyzed for the magnetic dipole-

dipole coupling by fitting the experimental data in a two-spin approximation (Figure 5), which 

for the pyrophosphonate is a good approximation because further spins are significantly 

farther away.38 The analysis revealed a dipole-dipole coupling of νP-P = –828 Hz for the signal 

at δ = 5 ppm, corresponding to a P-P distance of rP-P = 2.9 Å within the pyrophosphonate 

group. The bond length includes a small uncertainty of around 10% for the effective coupling 

constant caused by the anisotropic 2J(31P,31P)-coupling, translating into an error of about 0.1 Å. 

It can be concluded that the presence of a pyrophosphonate group can be unambiguously 

evidenced by solid-state NMR.37 
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Characterization of pyrophosphonate bonds via FTIR: The condensation of HOF GTUB5 to 

GTUB5-COF at higher temperatures was monitored with temperature variable FTIR 

spectroscopy. First, the sample was heated to 50 °C, and a spectrum was recorded. Then, the 

sample was evacuated at 50 °C overnight. This resulted in increased transmittance at 3400 

and 1635 cm-1, indicating a loss of water, either structural water incorporated in the HOF or 

contamination in the KBr used to prepare the pellet (Figure S5, Supporting Information). 

Then, the sample was maintained in a vacuum as the temperature was increased (Figure 6a). 

As the sample was heated, increased transmittance was observed at 2700 cm-1, 2450 cm-1, 

1710 cm-1, and 1050 cm-1, and assigned to the loss of phosphonic acid groups.39-43 Decreased 

transmittance at 970 cm-1 was assigned to forming P-O-P linkages.44 The P-O-H deformation 

mode in a phosphonic acid is also expected to absorb at around 960 cm-1.40, 42 Difference 

spectra (Figure 6b) show a bipolar band at this frequency range, supporting the conclusion 

that phosphonic acid groups are condensing to form pyrophosphonate linkages. Similarly, 

difference spectra show a bipolar band around 1230 cm-1 where the P=O bond in both 

phosphonic acid and pyrophosphonate absorbs, and the condensation or the phosphonic acid 

groups results in a subtle change in the vibrational frequency of the P=O bond.39-44 

Thermal and chemical stability: The thermal stability of GTUB5-COF was investigated by initial 

heating of a sample starting at room temperature to 130 °C and comparing the X-ray 

diffractograms measured at ambient temperature (Figure 7). While the crystallinity decreases 

in the process, the very similar amorphous diffraction pattern above 210 °C until 270 °C 

suggests its thermal stability. We obtained the original unit cell via single crystal X-ray 

diffraction up to 130 °C, suggesting that the basic structure of GTUB5 HOF is thermally stable 

at 130 °C. Although the XRD data of the original HOF structure is mostly retained up to 190 °C, 

the single crystal diffraction experiments didn’t provide a unit cell for the samples heated 

above 130°C; due to the significantly decreased crystallinity, no further single crystal 

diffraction measurements could be followed up. As the heated sample retained its crystalline 

shape and color under stereo microscope, we tried 3D electron diffraction to identify the 

structure of the resulting HOF. Still, getting a data set suitable for structural characterization 

was impossible. The heated crystals of GTUB5-COF break up in muscle pattern, which is 

generally seen in glass materials. Figure 7 displays the X-ray diffractograms measured at 

ambient temperature (20 °C), at 130 °C, at 150 °C, at 170 °C, at 190 °C, at 210 °C, and 270 °C 
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from 5° to 50° 2θ in comparison to each other. Each time, the same sample was heated for 2h 

at the respective temperature. 

The heated sample of GTUB5-COF was then added to cold water and boiling water for one 

hour to test its chemical stability. Due to its amorphous structure, it was impossible to confirm 

whether GTUB5-COF retained its structure. The crystal shape and color stayed stable in the 

cold and boiled water after 1 h and did not dissolve or dissipate (The overall structure might 

have experienced phase transfers due to the presence of flexible P-O-P bonds; we were not 

able to confirm it due to the amorphous nature of the GTUB5-COF). Figure S6, Supporting 

Information displays the X-ray diffractograms of the sample measured after 210°C heating, 

after 1 h in cold water, and the activated sample at 270 °C. Although amorphous at this point, 

a characteristic diffraction pattern still can be identified, thus suggesting the presence of an 

intact sample. Furthermore, the constant reproducibility of the water adsorption isotherms 

for one month also suggests the stability of the reported GTUB5-COF in the presence of water 

vapor. The water-treated GTUB5-COF at 210 °C and activated GTUB5-COF at 270 °C have 

similar two broad peaks in their X-ray diffractogram suggesting the thermal stability of the 

compound. The disappearance of relatively sharper peaks at the water-treated sample at 

210 °C also suggests the dissolving of DMA solvents in the pores, which are miscible with 

water, increasing the amorphous nature of GTUB5-COF after water treatment. Furthermore, 

MAS-NMR experiments also proved the presence of linkers at 220 °C. 

MS-TGA: We coupled thermogravimetric analysis with mass spectrometry to better 

understand the underlying reaction mechanism. As seen in Figure 8, the TGA measurement 

was performed between 30 °C to 600 °C. The green curve displays the number of H2O ions 

detected by mass spectrometry, the dark blue line shows the amount of detected 

dimethylamine, and the light blue line represents the detected DMF. The first step of the TGA 

curve can be observed at 50 °C, likely due to the loss of the solvent or guest molecules. A 

second step is noticeable after 230 °C, which is connected to the detection of dimethylamine 

by mass spectrometry. This affirms the hypothesis that a condensation reaction involving the 

deprotonation of the dimethylamine cations and the phosphonic acid groups of GTUB5 took 

place. The third step, starting at 390 °C, is connected to detecting dimethylamine and DMF by 

mass spectrometry. At 390 °C, the complete decomposition of the porphyrin core begins. The 

formation of DMA and DMF at 390 °C may be explained as pyrolysis products observed after 

the decomposition of the porphyrin residue. 
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Electrochemical Stability: The reactivity and stability of the GTUB5-COF sample were 

investigated in a three electrode cell setup with a platinum wire and a Ag/AgCl (3 M) as 

counter and reference electrodes, respectively. Open circuit potential (OCP) was measured in 

an aqueous 0.5 M Na2SO4 electrolyte for 1 h to evaluate the thermodynamic behavior of the 

material, followed by linear sweep voltammetry (LSV) in a potential window from -1 V to 

2 V vs. Ag/AgCl (3 M) with a scan rates of 1 mV s-1 to assess the electrochemical stability 

window. To perform the experiments, 50 µL of a 0.5 mg mL-1 aqueous GTUB5-COF dispersion 

was drop-casted over a glassy carbon electrode (GCE) with a surface area of 7 mm2 and dried 

at room temperature. The OCP measurement illustrated in Figure 9A suggests stability of the 

GTUB5-COF material in aqueous neutral environment, exhibiting a noble and stable EOCP = 

+0.425 vs. Ag/AgCl, highlighting long-term stability of the material in aqueous electrolytes.45 

The GTUB5-COF was further investigated through LSV, as shown in Figure 9B. The material 

exhibited a electrochemical stability window ranging from -0.6 V to +1.3 V vs. Ag/AgCl 

followed by an oxidation of the aqueous media.46 Such behavior suggests potential application 

in electrochemical systems such as catalysis, combining a layered compact material, as shown 

in Supporting information Figure S10A-F, with a desirable electrochemical stability. 

Gas sorption: While COFs have shown potential to capture CO2, there are only a small number 

of COFs and MOFs that can capture CO2 in the presence of water vapor, according to a recent 

comprehensive review article published by Zhao et al.47-50 To gain more insight into the 

material and estimate the activation temperature, we performed TGA-MS experiments. 

According to TGA-MS data, DMA molecules in the pores started to leave the pores at ca. 

230 °C. Therefore, unpowdered large needles of GTUB5-COF with sizes between 1 mm and 

3 mm were activated by heating to 270°C under vacuum for 2 h to ensure that all of the DMA 

molecules were evaporated to empty the pores of GTUB5-COF. As seen in Figure 2S, the 

activated GTUB5-COF at 270 °C, and water-treated GTUB5-COF have a similar amorphous 

PXRD pattern. Gas sorption measurements were done on the BELSorp-max II by MicrotracBEL 

Corporation. Each CO2 and N2 sorption measurement was repeated three times, and in 

between each measurement, GTUB5-COF was heated to 60 °C to clear pores from the 

remaining residual CO2 and N2 gases. Water sorption measurements were performed using a 

Quantachrome V-STAR4. Between each water sorption measurement, GTUB5-COF was 

heated to 200 °C for 2 h to remove the residual water from GTUB5-COF’s pores. Each of the 
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repeated gas sorption and water sorption measurements provided similar reproducible 

adsorption isotherms. 

Nitrogen sorption measurements at 77 K revealed negligible N2 adsorption capacity and low 

surface area for GTUB5-COF, which is below 1 m2/g according to BET calculations. This might 

be a result of a phase transfer to a denser structure at low temperatures due to the presence 

of flexible sp3 P-O-P linkages in GTUB5-COF. In contrast, GTUB5-COF (unpowdered needles 

between ca. 1 mm and 3 mm) exhibits notable CO2 and water vapor uptake at room 

temperature compared to the N2 sorption studies. As we used 1-3 mm long needle-shaped 

GTUB5-COF sample in the measurements, the error that might originate from the presence of 

fine powder surface area should be minimal. As seen in Figure 10a, three different isotherms 

at 273 K, 283 K, and 293 K were measured for CO2 adsorption. Much higher CO2 adsorption 

compared to nitrogen was observed. The distinct adsorption behavior at different 

temperatures suggests the dynamic nature of GTUB5-COF's porous structure and potential 

phase transfers due to the presence of sp3 linkages in GTUB5-COF. It is kinetically difficult for 

N2 to access the pores GTUB5-COF at 77 K. Nevertheless, GTUB5-COF demonstrates that its 

pores are suitable for CO2 compared to N2. 

The CO2 adsorption isotherms showed a distinct hysteresis over the whole pressure range, 

indicating favorable interaction between adsorbent and adsorbate. The observed hysteresis 

in Figure 10b, closely resembles the characteristic features of type H4, as shown by Sing in 

1985.51 This observation suggests the presence of small and narrow pores with a polar surface. 

Following the observed hysteresis, the BET calculation derived from the adsorption isotherm 

at 273 K gave a CO2-accessible surface area of 47 m2/g and a total pore volume of 0.014 cm3/g. 

We calculated the heat of adsorption for CO2 adsorption by measuring the CO2 adsorption at 

three different temperatures at 273 K, 283 K, and 293 K via fitting the adsorption isotherms 

by Langmuir-Freundlich model (Figure S7-S8, Supporting Information) and using the Clausius-

Clapeyron equation.52 The heat of adsorption of CO2 was calculated to be -27 kJ/mol at a CO2 

loading of 0.01 mmol/g. This value is relatively constant over the observed pressure range. 

Δ𝐻𝑎𝑑𝑠(𝑛) = ‒ 𝑅 · 𝑙𝑛(𝑝2/𝑝1)(𝑇1 · 𝑇2/(𝑇2 ‒ 𝑇1))  Eq. 1 

As seen in Figure 10 (right), water vapor sorption measurements at 283 K, 293 K, and 303 

K  showed an adsorption pattern with a slight convex curvature, exhibiting a type V 

hysteresis.51 This observation also confirms the presence of limited porosity and polar pore 

surfaces. Heat of water adsorption was also calculated using the same method, giving a value 
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of -21 kJ/mol for a loading of 0.2 mmol/g at a pressure of 10-4 bar. The load of 0.2 mmol/g was 

used due to lower accuracy within the low-pressure region for water sorption and according 

to the available measure points (Figure S9, Supporting Information). Unlike CO2, the heat of 

adsorption for water vapor becomes more negative with increased pressure. The formation 

of the hydrogen bonds between adsorbed water molecules probably caused the more 

favorable change in the heat of adsorption for water. Both CO2 gas and water vapor show 

favorable interaction with the pore surface of GTUB5-COF. Comparability to the heat of 

carbon dioxide adsorption is complicated due to the distinct characteristics inherent to CO2 

gas and water vapor. Nevertheless, more negative -27 kJ/mol heat of adsorption value for CO2 

sorption at lower pressure suggests the potential of GTUB-COF for selective CO2 capture. 

Furthermore, the repeated consistency of water adsorption isotherms also proves the stability 

of GTUB5-COF in water vapor. 

Figure 11 depicts the converted Kubelka-Munk spectra of GTUB5-COF derived from its diffuse 

reflectance. The localized transitions of the porphyrin entities within the COF characterize it. 

It reveals the characteristic Soret band at around 350 nm and the Q bands between 430 nm 

and roughly 700 nm. This suggests the presence of an intact porphyrin core in heated GTUB5-

COF, which was activated at 270 °C. The compound shows weak broad-banded fluorescence 

of the porphyrin units in the near infrared range, peaking at around 800 nm. 

Conclusions: Herein, we introduce a new family of covalent organic frameworks, 

pyrophosphonate-COFs. In this report, we present a straightforward and environmentally 

friendly method to condense phosphonic acid HOF crystals to synthesize pyrophosphonate-

COFs in a single step, accomplished by heating the precursor HOF crystals without additional 

chemical reagents. We used the MAS-NMR, FT-IR, and TGA-MS experiments to monitor the 

formation of pyrophosphonate bonds in GTUB5-COF. Based on the MS-TGA data, the DMA+ 

cations in GTUB5 donate their protons to the parent HOF structure to promote the 

condensation of phosphonic acid groups. After the condensation of GTUB5 to form GTUB5-

COF, the neutral DMA molecules are leaving the GTUB5-COF structure after ca. 230 °C 

generating void spaces suitable for small molecule capture. The heat of adsorption 

experiments indicate that GTUB5-COF exhibits higher selectivity for CO2 molecules compared 

to the water vapor at lower pressures. In contrast, at higher pressures, it becomes more 

selective for water vapor. The reported GTUB5-COF exhibits remarkable stability in water and 

water vapor during the BET measurements, and it is not visually dissolved in cold and boiling 
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water (dissolved 5,10,15,20-tetrakis[p-phenylphosphonic acid] porphyrin linker produces a 

very dark red solution). 

Furthermore, we have shown that GTUB5-COF is electrochemically stable in 0.5 M Na2SO4 

electrolyte in water, and MAS-NMR experiments has shown that the linker cores of GTUB5-

COF did not chemically decompose at 220 °C. While COF research has yielded diverse families 

and applications across various fields, a significant and desirable advancement in COF 

chemistry is the creation of water-stable and CO2-selective COFs. The presented 

pyrophosphonate-COF GTUB5-COF in this work may provide the required stability and 

selectivity in COF field, and it can address the diverse problems and find industrial use. These 

findings show GTUB5-COF's potential in controlled gas adsorption and selective CO2 capture, 

promising new directions in sustainable gas storage and separation. We are currently 

exploring the full potential of pyrophosphonate-COFs, determining their long-term stability in 

different media, and using longer tethered arylphosphonic acids to improve the surface areas 

of pyrophosphonate-COFs.  
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Schemes and Figures 

 

Scheme 1. Synthesis route for forming the proposed pyrophosphonate-COF GTUB5-COF 

(idealized structure) from GTUB5 via partial condensation of phosphonic acid groups. 
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Figure 1. The 31P MAS NMR spectra of the (upper) GTUB5 after anealing at 220 °C spinning at 

νr = 20 kHz, measured with a 7.04 T magnet and (lower) GTUB5 spinning at νr = 50 kHz, 

measured with a 14.1 T magnet. 
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Figure 2. A stack plot of 31P MAS NMR spectra of the sample (a) GTUB5, GTUB5 annealed at 

(b) 100 °C, (c) 120 °C, (d) 140 °C, (e) 160 °C, (f) 180 °C, (g) 200 °C, and (h) 220 °C. The 

measurements were performed with a 2.5 mm rotor spinning at 20 kHz under a 7.04 T 

magnet. 
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Figure 3. The bar chart which indicates the range of the chemical shift of a 

hydrogenphosphonate (top)28 and that of the corresponding pyrophosphonate (bottom). 
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Figure 4. a) The 31P double-quantum constant-time (DQCT) MAS NMR spectrum of the sample 

GTUB5 after annealing at 220 °C. The phase-adapted PostC7 pulse sequence was used at a 

spinning frequency of νr = 14286 Hz with a 7.04 T magnet. The total mixing time was 4.48 ms. 

b) . The 31P double-quantum MAS NMR spectrum of the sample GTUB5 after annealing at 

220 °C. The spectrum shows that the two peaks at 5 ppm and 14.8 ppm do not have cross 

correlation. c) The 31P double-quantum constant-time (DQCT) MAS NMR spectrum of the 

sample GTUB5 after annealing at 220 °C. The phase-adapted PostC7 pulse sequence was used 

at a spinning frequency of νr = 14286 Hz with a 7.04 T magnet. The total mixing time was 

4.48 ms.31, 32 
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Figure 5. The fitted plot of the 31P double-quantum constant-time build-up NMR curve of the 

pyrophosphonate peak (peak A, Table 2) of the sample GTUB-5 after annealing at 230 °C. The 

droplines are the experimental data while the dashed line indicates the fitted data. The phase-

adapted PostC7 pulse sequence was used at a spinning frequency of νr = 14286 Hz. 240 C-

elements accumulating 256 transients/FID make up the constant-conversion period.31, 32 
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Figure 6. (left) FTIR spectra of HOF GTUB5 during the heating up to 230 °C. (right) FTIR 

difference spectra of GTUB5 during the heating. 
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Figure 7: X-ray diffractograms measured from 5° to 50° 2θ for GTUB5 at room temperature 

(20 °C) and heated for 2 h each time at 130 °C, 150 °C, 170 °C, 190 °C, 210 °C, and 270 °C to 

show the transition as pyrophosphonate bonds form. 
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Figure 8. Thermogravimetric analysis and mass spectrometry (H2O, dimethylamine, and 

dimethylformamid) curves measured from 30 °C to 600 °C under nitrogen atmosphere at a 

10 K/min heating rate for GTUB5.  
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Figure 9. Electrochemical stability of the activated GTUB5-COF sample A) Open circuit 

potential (OCP) measurement for 1 h and B) Linear sweep voltammogram recorded at 1 mV s-

1in aqueous 0.5 M Na2SO4 electrolyte. 
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Figure 10. a) CO2 sorption at different temperatures (filled adsorption, empty desorption) b) 

water sorption isotherms at 283 K, 293 K, and 303 K (filled adsorption, empty desorption). 
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Figure 11. Kubelka-Munk spectrum (black) as derived from diffuse reflectance spectra at room 

temperature and emission spectrum (excited at 450 nm) of GTUB5 crystals heated at 270 °C. 
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Tables 

 

 

Table 1. The result of the SIMPSON simulation and deconvolution of the 31P MAS NMR 

spectrum on the sample GTUB5 heated at 230 °C. Peak A. 

 Peak A Peak B 

δiso/ppm 14.8 5.0 

δxx/ppm 67.8 89.4 

δyy/ppm 28.5 13.1 

δzz/ppm -52.0 -87.4 

δaniso/ppm -66.8 -92.4 

η 0.59 0.83 

 

 

Table 2. The 31P chemical shift values of a series of phosphonic acids and pyrophosphate. 

 R-PO3H2 
28 R-P(OOH)-O-P(OOH)-R 29 

R δiso/ppm δiso/ppm 

Ph 15.7 7.1 

PhCH2 24.1 17.1 

PhCH2CH2 27.7 20.7 

PhCH=CH 16.7 7.1 

PhC(CH2) 14.0 5.4 
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