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Abstract: 7-Azaindole has been integrated as building block with 
complementary N-H···N hydrogen bonding sites for the synthesis of a 
tetrahedral molecular tecton, namely tetra(α-carbolin-6-yl)methane, 
TACM. The self-assembly of this molecule results in a 3D hydrogen-
bonded organic framework (HOF). This supramolecular structure 
constitutes a crystalline microporous material with an extraordinary 
thermal and chemical robustness. Single crystal X-ray diffraction 
reveals how the five-fold catenation of diamonoid systems, stabilized 
by hydrogen bonds and π-π interactions, form an interpenetrated 
network with monodimensional channels. The structural features of 
the crystalline material are also observed by transmission electron 
microscopy (TEM). Additionally, the microporosity of the activated 
TACM-HOF is characterized by gas sorption (N2, CO2, CH4 and H2) 
experiments performed at different pressures. A selective adsorption 

is observed for CO2 uptake and TACM-HOF also presents a good 
adsorption capacity for H2 among supramolecular organic frameworks. 

Introduction 

The advent of reticular chemistry[1] triggered the research about a 
novel class of crystalline porous materials, namely Metal Organic 
Frameworks (MOFs)[2] and Covalent Organic Frameworks 
(COFs),[3] revitalizing the study of porous materials traditionally 
represented by zeolites or active carbon materials. One of the 
most significant features of MOFs and COFs is their structural 
composition based on organic building blocks, linked together by 
coordinate and covalent bonds, respectively. Therefore, the 
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versatility of organic synthesis and coordination chemistry open 
up an infinite variety of structures that could be adapted to the 
requirements of the reticular material for any specific application.  

Recently, a supramolecular approach for the development 
of crystalline porous materials has also gained relevance. In 
contrast to MOFs and COFs, the assembly of organic building 
blocks can also be achieved by non-covalent interactions. In this 
regard, hydrogen bonding has mainly constituted the driving force 
for the emergence of hydrogen-bonded organic frameworks 
(HOFs).[4] As expected, the weakness of hydrogen bonds, when 
compared to coordinate and covalent bonds, has represented an 
important challenge for the progress of HOFs. One of the main 
difficulties behind the slower development of these materials is 
related to the collapse of the hydrogen-bonded network during the 
activation process, i.e., in the course of removing the guest 
species occluded during the synthesis, mostly solvent molecules, 
to obtain the porous framework. Nevertheless, a thoughtful design 
of building blocks has successfully contributed to the target of 
achieving hydrogen-bonded organic frameworks with permanent 
porosity.[5] A compromise between the molecular rigidity and the 
directionality of hydrogen bonding sites is very important to obtain 
robust enough supramolecular frameworks. Additionally, the 
involvement of π-π stacking, ionic interactions or network 
interpenetration have become useful tools for the stabilization of 
HOFs.[6] With the development of non-covalent organic 
frameworks, the advantages of supramolecular chemistry, such 
as dynamic equilibrium, cooperativity or self-healing ability, can 
be incorporated into the reticular materials to optimize their 
properties. The adaptation of the porosity, surface area and 
functionalization of the framework has led to an outstanding 
expansion of their application in areas as diverse as catalysis, gas 
adsorption and separation, sensing, electronics, proton 
conductivity or biomedicine.[4d, 7]    

As it has just been mentioned, the design of the molecular 
unit whose self-assembly will produce the growth of the HOF has 
to consider several aspects. Regarding the structure of the rigid 
core that will define critical features of the HOF such as geometry, 
pore size, rotational freedom or orientation of hydrogen bonding 
sites, a plethora of skeletons have been investigated (Figure 1). 
To mention a few, it is worth highlighting the use of triaryl or 
tetraaryl-substituted conjugated cores (benzene,[8] pyrene,[9] 
triphenylene,[10] hexazatrinaphthylene,[11] porphyrin,[12] 
tetraphenylethene,[13] tetrathiafulvalene,[14] etc.) or multibranched 
systems such as trypticene[15] or tetraphenylmethane,[16] among 
others. 

Concerning the hydrogen bonding sites, the use of 
structures with self-complementarity between hydrogen bond 
donor and hydrogen bond acceptor sites represents one of the 
basic design rules for HOFs (Figure 1). In agreement with this 
principle, the natural dimerization of carboxylic acids (C=O···H-O) 
has made these groups the most studied function in planar and 
non-planar frameworks since the first reported examples of 
hydrogen bonded porous materials until present.[17] Nitrogen-
based functional groups have also been used as hydrogen 
bonding motifs exploring diverse structures. The directionality of 
the N-H···O=C interaction has been elegantly explored through 
the constriction of the hydrogen bonding sites in heterocyclic 

structures such as pyridone and imidazolone.[15, 18] 
Diaminotriazine is another useful building block that has been 
attached to different rigid cores to exploit its multiple N-H···N 
interactions.[19] This kind of interaction has also been 
implemented through the incorporation of pyrazole and imidazole 
rings into the molecular unit to assemble.[20] Additionally, inspired 
by biological systems, supramolecular organic frameworks 
stabilized by the formation guanine-based hydrogen bonded G-
cuadruplexes have been reported.[21] 

Within this context, we have recently reported the utility of 
7-azaindole as reciprocal hydrogen bond-directing building block. 
The integration of this unit into expanded polyheteroaromatic 
systems has enabled the control of unidirectional self-assembly 
and subsequent π-stacking of organic semiconductors.[22] 
Additionally, the synthesis of conjugated tripodal systems 
incorporating the 7-azaindole substructure has been used in the 
investigation of hydrogen-bonded 2D-materials.[23] It is worth 
highlighting that one of the important features of these 
supramolecular materials is their thermal robustness. 
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Figure 1. Building blocks (top) and hydrogen bonding groups (bottom) 

commonly employed for the design of HOFs. 

Based on these precedents, we have designed a molecule that 
combines the abovementioned design rules, namely, the self-
complementary hydrogen bonding ability of 7-azaindole, the 
rigidity resulting from the expansion of the conjugated system into 
an α-carboline, and the formation of a tetrahedral skeleton with 
the suitable orientation to self-assemble into a robust 3D-HOF. 
The tetra(α-carbolin-6-yl)methane, TACM-HOF, constitutes a 
microporous crystalline material that presents an interpenetrated 
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diamonoid network with monodimensional channels and an 
extraordinary robustness. This material shows interesting gas 
adsorption properties with selective uptake of CO2 over CH4 and 
significant H2 capacity that highlight its performance within the 
context of emerging HOFs.  

Results and Discussion 

Synthesis and Structural Characterization  

The synthesis of the tetra(α-carbolin-6-yl)methane is depicted in 
Scheme 1. It involved the nitration of tetraphenylmethane to 
isolate tetrakis(p-nitrophenyl)methane.[24] Then, nitro groups were 
reduced to subsequently perform a quadruple N-arylation with 
2,3-dichloropyridine under Buchwald-Hartwig conditions. Finally, 
the cyclization through an intramolecular cross-coupling reaction, 
in each of the four branches, led to the α-carboline substructures 
of TACM. All the intermediate and final products were 
characterized by NMR and mass spectrometry. The experimental 
and spectroscopic details are provided in the Supporting 
Information (Figure S1–S9).  
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Scheme 1. Synthesis of TACM. (i) HNO3 (fuming), Ac2O, AcOH; (ii) H2, Pd-C, 

MeOH; (iii) 2,3-dichloropyridine, Pd(OAc)2, rac-BINAP, K2CO3, 1,4-dioxane, Δ; 

(iv) Pd(dba)2, PCy3·HBF4, DBU, 1,4-dioxane, Δ (sealed tube). 

Single crystals of TACM were grown by slowly cooling down a 
1,4-dioxane solution. Single-crystal X-ray diffraction experiments 
revealed that the molecule crystallizes in the I41/a space group 
(Figure 2 and 3). Disordered solvent molecules were occluded in 
the crystal network with an approximate occupancy of one 
molecule of dioxane per molecule in the unit cell (Figure S10). In 
any case, the disordered solvent has not been considered for the 
structure discussion. All the 7-azaindole units self-assemble 
through reciprocal N-H···N hydrogen bonds between the 
adequately oriented pyrrole and pyridine rings (2.86 Å N···N 
distance). Each tetrahedral molecule presents hydrogen bonding 
with four neighbor molecules setting edge-to-edge interactions 
between the α-carboline system. Additionally, each molecule has 

short contacts C-H···π (2.83 Å) and π-π (3.53 Å) with neighbor α-
carboline units pointing in opposite directions (Figure 2 and 3a). 
Overall, these interactions contribute to the stabilization of the 
molecular packing.  

 

 

Figure 2. (Top) Hydrogen bond interactions (red dotted lines) in crystal packing; 
(Bottom) CH···π interactions (pink dotted lines) and π-stacked structures (green 
colored rings) in crystal packing. 

The expansion of the hydrogen-bonded crystal network reveals 
the formation of distorted diamond-like cages whose dimensions 
are depicted in Figure 3b. When linking the sp3 carbon atoms, the 
vertices of the four hexamers forming the diamonoid structure can 
be visualized. These supramolecular cages pack trough π-π 
interactions and form catenane motifs leading to five-fold 
interpenetrated networks (Figure 3d). On the whole, the hydrogen 
bonded organic framework defines helical channels along the c 
axis (Figure 4). Interestingly, right-handed helicity and left-handed 
helicity alternate between neighbor channels. The void volume of 
the unit cell is 27% (1103 Å3) considering a probe radius of 1.2 Å 
and an approximate grid spacing of 0.2 Å,[25] calculated as the 
contact surface using Mercury software,[26]   which corresponds to 
a solvent accessible surface of 6% (249 Å3) (Figure S8). The 
cross-sectional view of the channel (Figure 4a) shows that the 
shortest and longest diagonals of the accessible pore have 
approximate dimensions of 0.49 and 0.66 nm, respectively. 
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Figure 3. (a) Crystal packing of TACM. The red molecule is used as a reference to define intermolecular short contacts. This molecule is hydrogen-bonded to four 

neighbor molecules represented in yellow. Blue molecules set π-π interactions with each of the α-carboline units constituting the four branches of the tetrahedral 

red molecule. (b) Diamond-like structure constituted by hydrogen-bonded cyclic hexamers. (c) Simplified view of catenated hydrogen-bonded cyclic hexamers. (d) 

Five-fold interpenetrated diamond-like structures. 

 

Figure 4. (a) Expanded crystal network with a perspective view of the channels across the c axis; (b) Helical channels observed by projecting the expanded crystal 
network across the a axis. (c) Cross section of the channels observed by projecting the expanded crystal network across the b axis. 

 
The thermal robustness of the TACM framework was 
corroborated by thermogravimetric analysis. The crystalline solid 
was heated to remove the occluded solvent molecules and the 
weight percentage vs. temperature plot revealed a first step, at 
temperatures below 200ºC, corresponding to the mass loss 
(13.9%) assigned to the solvent evaporation. Subsequently, the 

abrupt change ascribed to the material decomposition started at 
a temperature as high as 515ºC. Differential scanning calorimetry 
measurements did not show any evidence of phase transitions 
after scanning several cycles (Figure S6). 

Thermal stability was further investigated by X-ray 
diffraction (XRD) recorded after thermal treatments in air at 
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increasing temperatures (Figure 5a). The powder diffraction 
patterns show the characteristic TACM-HOF diffraction peaks 
until 350ºC, indicating that the framework did not collapse and 
maintained its crystallinity degree when heated. There are no new 
peaks arising from impurity phases and only subtle changes in the 
relative peak intensities are observed after heating, due to the 
structural change after removal of the occluded solvent molecules. 
The collapse of the structure occurs between 350 and 400 ºC, 
since the crystalline fingerprint totally disappeared after 400 ºC 
thermal treatment. Note that the mass changes in 
thermogravimetric analysis were monitored under heating ramp, 
while XRD in Figure 5a were recorded after 1 hour in isothermal 
conditions, which would explain the differences in the thermal 
stability threshold deduced from both techniques.  

The chemical stability was also analyzed by XRD after 
immersion of TACM-HOF in different organic solvents 
(dichloromethane, acetone and toluene) and neutral, acidic or 
basic aqueous environment for 24 hours at room temperature 
(Figure 5b).  XRD confirmed the chemical stability under all the 
chemical environments studied. 

 

Figure 5. Powder X-ray diffraction of TACM-HOF (a) after thermal treatments 

in air at different temperatures for 1 hour and (b) after 24 hours immersed in 

different chemical environments. 

An additional proof of the TACM-HOF stability was provided by 
the high-resolution transmission electron microscopy (HRTEM) 
measurements performed on the crystalline powder. Despite the 
known sensitivity of organic frameworks to the electron beam,[27] 
measurements performed at 200 kV offered good contrast for 

imaging. The HRTEM images confirmed the crystallinity of the 
porous structure of the particles where parallel planes could be 
resolved (Figure 6). 

 

 

Figure 6. HRTEM image of TACM-HOF.  

Textural Characterization and Gas Adsorption  

Porous texture characterization of TACM-HOF was assessed by 
physical gas adsorption of N2 and CO2 at 77 K and 273 K, 
respectively. Concerning N2 adsorption (Figure 7a), the plot 
corresponds to a type I isotherm with a narrow knee indicative of 
a homogeneous microporous (<2 nm) network system.[28] The 
isotherm reaches a plateau at low relative pressure, denoting an 
insignificant presence of mesopores (2-50 nm in diameter), with a 
very slight H4 hysteresis loop. A rise of the adsorption is also 
observed at pressures close to the saturation pressure. This 
increase could be due to the presence of interparticle voids or 
condensation on open surface, not related to the porous system 
of the TACM-HOF material.[29] The apparent Brunauer-Emmett-
Teller (BET) surface area was estimated by fitting the 
experimental data to the BET equation following the Rouquerol 
rules,[28] and showed a value of 580 m2g−1. Complementary 
characterization of narrow microporosity (i.e. pore width < 0.7 nm) 
can be obtained from subatmospheric pressure CO2 adsorption 
at 273 K.[30] In agreement with this, the subatmospheric region in 
the CO2 isotherm (Figure 7b)  reveals the presence of very narrow 
microporosity in TACM-HOF.  
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Figure 7. (a) N2 isotherm of TACM-HOF at 77 K until 1 bar. (b) Subatmospheric 

CO2 isotherm at 273 K. 

The textural features were also analyzed through the contribution 
of different pore sizes to the pore volume of TACM-HOM (Table 
S3),[31] concluding that the microporosity of the material 
expressed as volume of liquid (0.22 cm3g−1) is almost exclusively 
attributable to pores in the range below 0.7 nm. This fact also 
supports the idea that N2 at 77 K may experience some diffusional 
problems[28] when accessing the porosity of TACM-HOF, which 
behaves as a molecular sieve.  

Additionally, density functional theory (DFT) has been used 
to gain a deeper understanding of the pore size distribution. 
Figure 8 shows both CO2 at 273K and N2 at 77K DFT pore size 
distributions for material TACM-HOF.  The N2 adsorption at 77 K 
by TACM-HOF best fitted to a carbon-based model, namely the 
quenched solid density functional theory (QSDFT) with 
slit/cylindrical pores, achieving a fitting error of only 0.19% on the 
adsorption branch.[32] The N2 at 77K DFT analysis shows that the 
most frequent pore size is about 0.57 nm in diameter, with another 
node close to 0.97 nm. Analogously, the fitting of a non-local 
density functional theory (NLDFT) method to the CO2 adsorption 
data at 273 K for carbon sorbent yields a pore size distribution 
showing that narrow micropores in TACM-HOF are between 0.4 
to 0.7 nm with a most frequent diameter of 0.50 nm and a node at 
0.82 nm. It is worth highlighting how the most frequent pore size 

obtained by DFT analysis of the gas adsorption isotherms is in 
good agreement with the accessible pore dimensions (0.49–0.66 
nm) previously discussed for the X-ray diffraction structure 
(Figure 3a).  Moreover, the total pore volume expressed as a 
liquid (0.25 cm3g−1) assessed from DFT analysis of N2 adsorption 
at 77 K matches the value of 0.25 cm3g−1 calculated from the N2 
isotherm at P/P0 of 0.96. 

 

 

Figure 8. DFT pore size distribution (PSD) of TACM-HOF obtained from 

subatmospheric N2 isotherm at 77 K (a) for a carbon model sorbent.and CO2 

isotherm at 273 K (b). 

To further investigate the gas storage ability of the TACM-HOF, 
high pressure isotherms (up to 20 bar) for CO2, CH4 and H2 at 273 
K, 283 K and 298 K were collected (Figure 9 and Table 1). CO2 
isotherms show high gas uptake at low pressures presumably due 
to a more favorable attractive interaction between the adsorbate 
and the adsorbent. A less pronounced slope manifests at 
pressures higher than 5 bar, reaching a CO2 capacity of 127 
cm3g−1 of gas STP (0.25 gg−1) at 273 K and 20 bar, which is 
comparable to some other good HOF-based adsorbents (Table 
S5).[33] For the sake of comparison, CO2 adsorption up to 1 bar at 
273 K corresponded to 57 cm3g−1 of gas STP (0.11 gg−1). It is 
worth noticing that these values are quite significant for a material 
with a moderate surface area, being comparable to some other 
HOFs measured under similar conditions but with larger BET 
surfaces (Table S5).[15, 33b, 34] Concerning CH4 adsorption, type I 
isotherms were also obtained with a gas uptake of 73 cm3g−1 of 
gas STP (0.05 gg−1) at 273 K and 20 bar. A CH4 capacity of 24 
cm3g−1 (0.02 gg−1) was determined at 1 bar and 273 K. In the case 
of hydrogen isotherms, linear plots were observed under the 
abovementioned conditions of temperature and pressure. 
 

 

Figure 9. Sorption isotherms for  CO2,  CH4 and ▲ H2 at 298K (black plots), 

283 K (red plots), and 273 K (blue plots) up to 20 bar. Adsoption (filled symbols) 

and desorption (empty symbols). 
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In agreement with these results, TACM-HOF evidences a clear 
selectivity towards CO2 adsorption. This was further confirmed by 
the isosteric heats of adsorption (Table 1) determined from the 
isotherms recorded at different temperatures up to 20 bar using 
the Van’t Hoff equation[35] and extrapolating the values at zero 
coverage by linear regression of the data (Figure S15). The 
adsorption enthalpy at low coverage calculated for CO2 is 27.4 
kJ/mol and can be interpreted as quite high compared to other 
reported HOFs (Table S5),[16, 33a] corroborating the strength of the 
interaction between the CO2 molecules and the microporous 
organic material. A better affinity of TACM-HOF for CO2 over CH4 
and H2, and CH4 over H2 can be inferred from the isosteric heats 
of adsorption at zero coverage. 

Table 1. TACM-HOF adsorption capacity at 20 bar and isosteric heat of 

adsorption. 

 Gas uptake at 

273 K (cm3g−1 

gas STP) 

Gas uptake at 

283 K (cm3g−1 

gas STP) 

Gas uptake at 

298 K (cm3g−1 

gas STP)  

Qst (kJ/mol) 

CO2 127 114 100 27.4 

CH4 73 68 60 21.4 

H2 10 9 8 8.3 

 
The observed favorable CO2 uptake can be related to different 
aspects: i) dispersion forces in carbon dioxide are stronger than 
in methane, due to the quadrupole moment present in CO2,[36] 
resulting also in stronger dispersion forces between CO2 and the 
surface of the adsorbent; ii) the adequacy of the size of the 
channels in the interpenetrated network to accommodate the CO2 
molecule, with a kinetic diameter of 0.33 nm and a linear geometry, 
compared to methane, with a kinetic diameter of 0.38 nm and iii) 
the presence of a suitable surface chemistry.[37]  

The selectivity towards CO2 adsorption was assessed by 
Grand Canonical Monte Carlo (GCMC) simulations of guest 
gases in TACM-HOF as implemented in the RASPA2 program 
(see the Supporting Information for computational details).[38] The 
most probable region to find an adsorbed CO2 molecule is 
predicted in the central part of the framework cavity, displaying a 
helical-like probability distribution throughout the pore channel 
(Figure 10a,b). A similar distribution is predicted for CH4; however, 
with a high-probability region that is thinner and bulgier (Figure 
S20). Based on the Monte Carlo results, we carried out geometry 
optimizations of different gas-adsorbed configurations using ab-
initio density functional theory by means of the FHI-aims software 
(PBEsol/light-tier 1 level including van der Waals corrections).[39] 
Periodic calculations confirm the preference of the guest 
molecules for the middle region of the helical pore channel, as 
predicted by the GCMC density profiles (Figure S21 and S22). 
Interaction energies as large as −0.326 eV were calculated for 
CO2, whereas a smaller value of −0.280 eV was obtained for CH4. 
Analysis of these energies and the dispersion-uncorrected results 
suggests that the larger stabilization for CO2 stems from a more 
electrostatic nature of the interaction with the framework. For the 

minimum-energy configuration, the CO2 molecule presents short 
distances of 3.76 Å to the closest aromatic ring and 3.23 Å to the 
closest aromatic hydrogen atom, evidencing the presence of π–π 
interactions and O···H contacts, respectively (Figure 10c). Short 
distances are also predicted for CH4, in this case based on CH···π 
and CH···HC interactions (Figure S23). The non-covalent 
interaction (NCI) index in the periodic systems was calculated as 
implemented in Critic2,[40] indicating in both gas molecules the 
presence of large NCI surfaces due to the weak van der Waals 
attractive forces with the HOF (see Figure 10c for CO2 and Figure 
S23 for CH4). 
 

 

Figure 10. (a) Top view and (b) side view of the center-of-mass probability 

density map for CO2 adsorbed in TACM-HOF obtained from the GCMC 

simulation. (c) Non-covalent interaction isosurface calculated at reduced density 

gradient s = 0.75 au of a CO2 molecule in the TACM-HOF framework. Relevant 

distances between the gas molecule and the framework are indicated. 

Concerning the adsorption selectivity of TACM-HOF for binary 
gas mixtures, this was calculated based on the ideal adsorbed 
solution theory (IAST)[41]  by using the individual high pressure 
isotherms collected for CO2, CH4 and H2 at 298 K. Different 
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models were tested to find the best fitting for each isotherm and 
spreading pressure (π*) curve (Figures S15-S17). The best fitting 
models were “Dual site Langmuir” for carbon dioxide, “Toth” for 
methane and “Langmuir” for hydrogen. Focusing on the case of 
the CO2/CH4 mixtures at different ratios (15/85, 50/50 and 85/15), 
a very consistent molar selectivity, 4.2–4.3, was calculated in the 
whole range of partial pressures for a system at atmospheric 
pressure (Figure S16). Additionally, TACM-HOF presents a 
higher affinity for CO2 and CH4 over H2 as demonstrated by the 
CO2/H2 selectivity, ranging from 164 to 136, and the CH4/H2 
selectivity, ranging between 48 and 41 (Figure S17 and S18). 

The adsorption selectivity plays a critical role in the 
technology of gas separation. Within this context, organic 
frameworks have proved their utility as fillers in mixed-matrix 
membranes.[38] In particular, the separation of CO2/CH4 gas 
mixtures is a key challenge for the energy sector and is essential 
for the efficient upgrading of natural gas and biogas. For that 
purpose, the separation of CO2 and CH4 was investigated at room 
temperature in a fixed-bed reactor by feeding a gas mixture of 
10% CO2 + 10% CH4 + 80 % He, and the preferential retention of 
CO2 was confirmed in both the adsorption and the desorption 
stages (Figure 11). It can be noticed that CH4 reaches its 
maximum concentration at about 20 minutes from the initial 
contact of the gas mixture with the material while CO2 reaches the 
same concentration at the outlet of the reactor at about 40 
minutes, showing that CO2 is more strongly retained in the 
material than CH4. Something similar is detected in the desorption 
stage even though the process is faster (11 minutes for CH4 and 
25 minutes for CO2). The same aliquot of sample was used in 
different gas separation experiments (Figure S30) showing no 
sign of decline in the separation capacity. 

 

Figure 11. CO2 and CH4 separation experiments followed by mass 

spectrometry (MS). Experimental conditions: 180 mg of TACM-HOF, total gas 

flow 3 mL·min-1, 298 K. 

Due to the current interest in hydrogen as a potential alternative 
energy source,[42] the development of hydrogen production, 
transport and storage represent crucial goals. MOFs and COFs 
have greatly contributed to the discovery of innovative porous 
materials for hydrogen storage purposes in the last few years.[43] 
Nevertheless, due to the more recent advent of HOFs and the 
possible issues related to their purely non-covalent organic nature, 

there is a scarcity of reports about hydrogen adsorption in this 
type of materials.[8, 15, 44] Consequently, based on the previously 
discussed narrow microporosity of TACM-HOF, the isotherm for 
hydrogen uptake at 77 K and 1 bar was measured, showing a type 
I profile with a pronounced adsorption at low pressures (Figure 
S19).  Under these conditions, a hydrogen capacity of 136 cm3g−1 
of gas STP (1.2 wt. %) was reached. Although this adsorption is 
far from the U. S. Department of Energy (DOE) targets for 
hydrogen storage[45] and from state-of-the art MOF-based 
materials,[46] it is worth highlighting that ii stands among the best 
reported for HOFs (Table S5). Therefore, the appropriate design 
of supramolecular frameworks could also contribute to the 
progress of materials for gas storage.[47]  

All the discussed applications of porous organic frameworks 
necessarily require highly stable materials. In this respect, one of 
the most remarkable aspects of the TACM-HOF structure is its 
robustness. Even though the framework is essentially held up by 
non-covalent interactions, this material remains unchanged after 
the repeated measurement of all the isotherms up to 20 bar with 
the same aliquote of TACM-HOF (Figure 12). No sign of structure 
collapse has been found, as revealed by X-ray diffraction analysis 
after high pressure gas adsorption experiments that demonstrate 
the structural integrity of the crystalline material. 

 

 

Figure 12. Comparison of powder X-ray diffraction before (black plot) and after 

(orange plot) gas sorption experiments. The diffraction peak at ~35° in the black 

plot corresponds to the alumina sample holder. 

Conclusion 

The synthesis of a suitable tecton for hydrogen-bonded organic 
frameworks, namely TACM-HOF, has been reported, 
incorporating 7-azaindole as an innovative rigid hydrogen-
bonding building block. The tetrahedral structure of TACM self-
assembles to spontaneously form a five-fold diamonoid 3D-
interpenetrated network that constitutes a microporous crystalline 
material with unidirectional channels. These structural features 
bestow the HOF an extraordinary thermal robustness (Td > 515 
ºC) within the context of supramolecular organic frameworks. The 
gas adsorption experiments have revealed a high capacity for the 
CO2 uptake, showing selectivity over CH4 adsorption. 
Interestingly, the microporous structure of TACM-HOF has 
achieved a reasonable adsorption capacity for H2 at 77 K with a 
fast gas uptake at reduced pressure. Therefore, our results show 
the important implication that molecular design has on the stability 
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and porous architecture of supramolecular organic frameworks, 
and the adequacy of 7-azaindole as synthon for robust hydrogen-
bonding. Additionally, the adsorption properties of TACM-HOF 
are indicative of the potential application in the capture of a 
greenhouse effect pollutant such as CO2 or in processes related 
to the exploitation of H2 as alternative energy source. 

Supporting Information 

Synthesis and structural characterization (NMR spectra), thermal 
characterization (TGA and DSC), single-crystal X-ray diffraction, 
powder X-ray diffraction, transmission electron microscopy, gas 
sorption experiments. 
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A preorganized tetrapodal building block, incorporating α-carboline units, self-assembles to form a 3D hydrogen-bonded organic 
framework (HOF). The expanded hydrogen bonding between the heteroaromatic substructures, along with intermolecular π-π 
interactions, spontaneously build up an interpenetrated architecture that bestows an extraordinary robustness to the microporous 
crystalline material, showing a good selectivity for CO2 adsorption. 

 


