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A thermally/chemically robust and easily regenerable anilato-
based ultramicroporous 3D MOF for CO2 uptake and separation  
Noemi Monni,a,b  Eduardo Andres-Garcia,b Katia Caamaño,b Víctor García-López,b Juan Modesto 
Clemente-Juan,b Mónica Giménez-Marqués,b Mariangela Oggianu,a Enzo Cadoni,a Guillermo 
Mínguez Espallargas,*b Miguel Clemente-León,*b Maria Laura Mercuri*a and Eugenio Coronadob   

The combination of the properly designed organic linker, 3,6-N-ditriazoyil-2,5-dihydroxy-1,4-benzoquinone (trz2An), with 
CoII ions results in a novel 3D ultramicroporous MOF with high CO2 uptake capacity and separation efficiency, with particular 
attention to CO2/N2 and CO2/CH4 gas mixtures. This material consists of 1D chains of octahedrally coordinated CoII ions linked 
through the anilato ligands in the equatorial positions and to the triazole substituents from two neighbouring chains in the 
two axial positions. This leads to a 3D microporous structure with voids with an affinity for CO2 molecules and channels that 
enable the selective entrance of CO2 but not of molecules with larger kinetic diameter such as N2 or CH4. The adsorption 
studies revealed that i) the MOF presents a remarkable carbon dioxide uptake, above 20% in weight; ii) CO2 adsorptive 
separation is successfully performed in CO2:N2 and CO2:CH4 gas mixtures, exhibiting high selectivity in a large operation 
range; iii) regeneration is easily achieved at mild conditions.

Introduction 
Methane (CH4) has a widespread use as clean energy source, but 
current natural gas reserves are too contaminated to be considered 
economically profit-making1 and the most important contaminants, 
as CO2, need to be removed before further transport for processing.2 
Thus, among the hundreds of billions of cubic meters of natural gas 
produced, approximately 20% requires significant treatments in 
order to remove CO2.3 In addition, capturing CO2 from the 
atmosphere represents the key challenge of this century, since CO2 
has been recognized as the primary anthropogenic greenhouse 
contributor to the increase of earth’s average temperature.4,5 This 
Kyoto protocol gas6 has been increasing its concentration since 
industrial revolution, reaching the current alarming level of 415 
ppm7. Furthermore, separation processes consume upon 70% of the 
energy cost in typical chemical plant,8 thus, the importance of 
separation techniques development research is worldwide 
acknowledged.9 
Among the different types of porous materials that can be used for 
the aforementioned issues, Metal-Organic Frameworks (MOFs) are 
very versatile networks formed by organic molecules (linkers) and 
metal ions (nodes) which self-assemble in a large variety of porous 
architectures.10,11 Because of their intrinsic porosity they have 
attracted ever-growing interest in several applications ranging from 
gas storage and separation, catalysis, chemical sensing, to 
biomedicine.12–15 Noteworthy Long. et al. recently reported on the 
unprecedented adsorption behaviour shown by diamine-appended 

MOFs, which maintain affinity for CO2 under moisture exposure and 
show excellent long-term stability, both crucial requirements for CO2 
capture.4 Additionally decreasing pore size in ultramicroporous 
materials (pore size < 0.7 nm), is a remarkable strategy for highly 
selective sorption properties with benchmark results for CO2:N2 
separation.16–18 An alternative strategy consists in the construction 
of coordination polymers formed by discrete compartments, i.e. 
compartmentalized, featuring internal cavities where small gas 
molecules can diffuse onto, establishing weak interactions with the 
network.19,20 Furthermore, MOFs have the potential to exhibit lower 
regeneration energies than traditional adsorbents or amine-based 
solvents. Therefore, they are considered excellent candidates for gas 
adsorptive separation industrial processes, with particular attention 
to CO2 removal from CO2:CH4 mixtures, and carbon dioxide capture 
from air (CO2:N2).  
Among the linkers, interest has recently been renovated21–26 on 3,6-
disubstituted (X)-2,5-dihydroxybenzoquinone derivatives (X=H, F, Cl, 
Br, I, CN), i.e. anilates, for their ability to act as suitable building 
blocks of coordination polymers and MOFs, showing peculiar 
physical properties ranging from layered magnets to magnetic 
conductors and lanthanide-based 2D NIR-emitters.27–30 Interestingly, 
Robson et al. have reported on the capability of 1D frameworks of 
Mg(II) or Zn(II) metal ions to uptake, upon dehydration, significant 
amounts of H2, CO2 and CH4 at low pressures.31 Significant amounts 
of CO2 are also captured on (NEt4)2[Zn2(CA)3] and (NEt4)2[Zn2(FA)3] 
(CA = chloranilate, FA = fluoranilate) 2D porous compounds.32 Very 
recently, uptake of proper sized guest molecules on the porous 2D 
square-grid framework, (NEt4)[Y(CA)2], has been reported, showing 
high sorption enthalpies for H2, N2, CO2 and, particularly, CH4 that 
have been related to the ability of these molecules to interact 
simultaneously with more than one internal surface of the square 
channels.33 However, selective adsorption properties have not been 
reported for this family of compounds until now.  
We herein report on the use of  3,6-N-ditriazoyil-2,5-dihydroxy-1,4-
benzoquinone (trz2An),34 shown in scheme 1, bearing two triazole 
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pendant arms at the 3,6 position of the anilato moiety instead of the 
much simpler substituents found in this position with a few 
exceptions.35 This anilato linker has the potential to construct 3D 
MOFs, due to the coordinative properties of the N4 atoms of the 
triazole group.36 In addition to this, the presence of not coordinated 
N2 atom and the fact that anilato ring is the most electron-rich 
among anilates, due to the strong electron-donor power of the 
triazole group, could enhance the sorption of CO2 molecules.  
 

 
Scheme 1. Chemical structure of the 3,6-N-ditriazoyil-2,5-
dihydroxy-1,4-benzoquinone (trz2An) ligand, indicating the 
numbered positions of nitrogen in triazole pendant ring.   

Results and discussion  
By combining CoCl2·6H2O with trz2An, in 1:1 stoichiometric ratio, via 
hydrothermal method (Scheme S1†), dark brown rectangular 
crystals of [Co(trz2An)]n·3H2O (1) suitable for a single crystal X-ray 
study, were obtained. Remarkably the synthesis of this MOF can be 
scaled up to 8 times in a proper autoclave (see experimental section). 

Crystal Structure 

1 crystallizes in the orthorhombic Pnnm space group and its 
asymmetric unit is formed by one CoII ion with an occupancy of 0.25 
and one quarter of trz2An2- ligand plus disordered water molecules. 
CoII ions are equatorially coordinated to four oxygen atoms of two 
bis(bidentate) trz2An2- ligands leading to [Co(trz2An)]n chains running 
along the c axis (see Fig. 1a). The distorted octahedral coordination 
sphere of CoII ions is completed with two nitrogen atoms from N4 
atoms of the 1,2,4-triazole substituted pendant rings of trz2An2- 

ligands from two neighbouring chains. In addition, the bis(bidentate) 
trz2An2- ligands of each chain are linked to other two neighbouring 
chains through N4 atoms of the 1,2,4-triazole substituted pendant 
rings (Fig. 1b), leading to a 3D neutral polymeric framework. The 
space between four interconnected chains contains pockets, which 
could be suitable for the sorption of small molecules as CO2 (Fig. 1c). 
Thus, two voids of 90.4 Å3 were found in the unit cell of the crystals, 
giving a void volume of 23.5%, which are each occupied in the as-
synthetized material by approximately one water molecule. 
Thermogravimetric analysis (TGA) confirms the presence of water 
molecules in the channels, which can be removed at 70 ºC with 
retention of the crystallinity (Fig. S5†). TGA also evidences that the 
dehydrated compound starts to decompose above 400 ºC (Figs. S8†). 
Therefore, variable temperature powder X-ray diffraction (PXRD) 
measurements, were performed, showing that the observed 
crystallinity is retained up to 300°C (Fig. S6†). 
Additionally, 1 presents extraordinary chemical stability in aqueous 
solution retaining its crystallinity under pH values ranging from 1 to 
12 (Figure S7†). Magnetic measurements are consistent to that 
expected for CoII ions with weak antiferromagnetic interactions (Fig. 
S9†) as observed in a 1D compound with two axial water solvent 
molecules and CA linkers [Co(CA)(H2O)2]·G .37 

 
(a) 

 
b) 

 
c) 
Fig. 1 Crystal structure of 1 showing (a) the anilato-based chains, (b) 
the microporous channels parallel to the c-axis and (c) orthogonal to 
the c-axis with a yellow ball of 4 Å diameter representing the 23.5 % 
void volume. The black, pink, blue, red, and dark blue spheres 
represent the C, H, N, O, and Co atoms, respectively.  

Static Isothermal Adsorption Measurements 
The sorption capacity of activated 1 has been examined with a high 
pressure gravimetric analyzer. Fig. 2a exhibits the remarkably 
different (high-pressure) adsorption profiles for CO2, N2, and CH4. 
These gravimetric isotherms reveal the dominant role of kinetics, as 
the slightly shorter CO2 kinetic diameter enables its diffusion along 
the channels of the MOF, reaching a competitive adsorption capacity 
of 88 ml CO2 per gram of sample and with BET surface area and 
Langmuir surface area values of 431 m2 g-1  and 446 m2 g-1, 
respectively  (Fig. S9†). An outstanding CO2 adsorption capacity38 is 
found for 1, with more than 20% in weight (5.4 mmol g-1, at 10 bar 
and 298 K), while nitrogen and methane values are negligible (even 
at high pressure). Variable temperature measurements show the 
expected increase in adsorbed CO2 with decreasing temperature 
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(Fig. 2b), allowing the calculation of the adsorption enthalpy to be 
21.07 kJ mol-1 (Fig. S12†), in agreement with typical interaction of 
CO2 with triazole groups.39 Kinetics analysis reveals a second effect 
with temperature, as adsorption is noticeably faster in low pressure 
region at low temperature (Fig. S11†). That facility of reaching 
equilibrium is of outmost importance for industrial implementation, 
as it favours the use of the MOF in dynamic conditions. 

 

 

Fig. 2. High pressure gravimetric single-gas isotherms for 1: a) 
CO2 (blue), N2 (green) and CH4 (orange) gas adsorption isotherms on 
1, at 298 K; b) CO2 gas adsorption isotherms on 1, at different 
temperatures (283 K – 318 K), including Virial fittings. Solid circles for 
adsorption and open ones for desorption. 

Dynamic Adsorptive Separation Measurements 
Dynamic condition measurements in a Breakthrough setup mimic 
the behaviour of the MOF in a real gas adsorptive separation process. 
In Fig. 3, breakthrough profiles for separation of 1:4 (CO2:N2 and 
CO2:CH4) mixtures are reported (further measurements with 
different mixture compositions can be found in the Supporting 
Information, section S6b†). The outlet flow is analysed after breaking 
through the column, exhibiting both an outstanding adsorption 
region for CO2, and an overlapping between the tracer curve and the 
second gas in the mixture. 
 

 

Fig. 3. Breakthrough exit flowrates (solid line, left axis) and 
CO2 accumulative adsorption (dash-dot line, right axis) vs. time at 
283 K and 1 bar, on 1. Inlet composition corresponds to a 20 % 
dilution of CO2: a) in nitrogen, and b) in methane. Time zero is set 
with the first detection of helium (tracer). The total flow rate is 15 ml 
min–1. 

In Fig. 4 the experimental results from the breakthrough 
measurements are summarized, performed for two gas mixtures 
(CO2:N2 and CO2:CH4), three temperatures (283 K, 298 K and 323 K) 
and three CO2 inlet concentrations (5 %, 20 % and 50 %). As 
adsorption is an exothermic process, it is promoted at low 
temperature, in concordance with the obtained results. Initial 
analysis of these results indicates that the adsorption capacity 
decrease with lowering CO2 concentration and increasing 
temperature. 
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Fig. 4. Gas adsorbed amounts on 1, calculated from breakthrough 
profiles, at 1 bar (absolute pressure) for: a) CO2:N2, and b) 
CO2:CH4 mixtures; at different concentrations (5 %, 20 % and 50 %) 
and different temperatures (283 K, 298 K and 323 K). Time zero is set 
with the first detection of helium (tracer). 

A more in-depth analysis of the capacity of the material to 
discriminate between the gases can be obtained by analysing the 
selectivity, a (Table 1). As it can be observed in Table 1, 1 exhibits the 
same trends and capacities/selectivity ranges for both CO2:N2 and 
CO2:CH4 mixtures, with very large selectivity values (a > 1000) 
obtained in all the ranges of temperature and composition. In fact, 
even at the most critical conditions (low CO2 concentration and high 
temperature), the selectivity values still are significantly large (a = 
10), being among the best MOFs reported so far. At similar 
conditions, ZIF-95 and ZIF-100 have a values in the range 4 to 25,40 
amino-functionalized MIL-53, (NH2)-MIL-53(Al), presents a values in 
the range 20 to 200,41 the compartmentalized coordination polymer 
CCP-6 have a values in the range 3 to >1000 (only at most favoured 
conditions),19 and a novel L-histidine-based 3D chiral MOF, CuII 
2(S,S)- hismox·5H2O, has also been shown to be very effective, with 
a values above 1000, in kinetics-controlled separation processes.42 
In addition, a further advantage of 1 is its high capacity, which is 
competitive with effective CO2 capture materials, as MOF-74(Me),43 
HHU-244 or some rht-type MOFs.45 But more importantly, fully 
regeneration of 1 is achieved at room temperature and ambient 
pressure , by simply flowing argon for 20 minutes (see Figs. S21-S22† 
and Tables S4-S5† in Supplementary Material, where the double 
replicas of the breakthrough measurements are plotted for 
comparison). 

 

Table 1. Experimental dynamic selectivities (α)a for 1; calculated from the integration of 
the breakthrough curves, considering gas mixture inlet composition. 

 5% CO2 (in N2 

mixture) 
20% CO2 (in N2 

mixture) 
50% CO2 (in N2 

mixture) 
283 K >1000 >1000 >1000 
298 K >500 >1000 >1000 
323 K 10 >1000 >1000 

 5% CO2 (in CH4 

mixture) 
20% CO2 (in CH4 

mixture) 

50% CO2  (in CH4 

mixture) 
283 K >1000 >1000 >1000 
298 K 26 >1000 >1000 
323 K 8 >1000 >1000 

a a = [(qads,1/F0,1)/(qads,2/F0,2)] , where qads,i represents the gas adsorbed amount, 
and F0,i the inlet single-gas flow, for carbon dioxide (1) and the secondary gas (2). 

Conclusions 
The trz2An anilate derivative, bearing a triazole pendant arm at the 
3,6 position of the anilato moiety, has been used for the first time in 
combination with CoII nodes to afford 1, a 3D MOF formed by 1D 
chains of octahedrally coordinated CoII ions linked through the 
anilato ligands. Interestingly, the two axial positions of CoII in these 
chains are bridged by the triazole substituents from two 
neighbouring chains, which act as ancillary groups, instead of the 
solvent molecules, commonly found in similar compounds reported 
in the literature. This leads to a very stable and robust 3D 
ultramicroporous structure with channels to enable the selective 
entrance of CO2, hindering the diffusion of molecules with larger 
kinetic diameter, such as N2 or CH4. The presence of triazole rings in 
the structural voids increases the affinity for CO2 molecules. In order 
to evaluate the potential of this MOF in adsorptive separations, static 
and dynamic adsorption measurements were performed. Although 
competitors in CO2 adsorption are reported in the literature,44,45 
MOF 1 presents not only high adsorption static capacity (above 20% 
in weight), but also approaching values at dynamic conditions and an 
outstanding selectivity in both nitrogen and methane mixtures. It 
should be noted that a good CO2 sorption capacity is not enough for 
a material to serve for separation applications, if the CO2 is not 
adsorbed selectively. MOF 1, which shows peculiar thermal and 
chemical robustness, is presented as a promising alternative in CO2 
gas separation processes, since it combines the advantages from 
both kinetic and thermodynamic control mechanisms. Remarkably, 
its framework is able to sieve larger molecules, as nitrogen or 
methane, to reach outstanding CO2 selectivity values (>1000), at 
different temperature and concentration conditions. Remarkably, 
the material can be regenerated at mild conditions. The favourable 
balance of these three characteristics i.e. high selectivity, high 
adsorption capacity and high regenerability, positions 1 as an 
exceptional candidate in separation technology industry. 

Experimental section 
Trz2An was prepared according to the literature.34 Reagents of 
analytical grade were purchased from Zentek (TCI) and Sigma Aldrich 
and used without further purification. Elemental analyses (C, H, and 
N) were performed with a CE Instruments EA 1110 CHNS. FT-IR 
spectra were performed in KBr pellets in a Bruker Equinox 55 
spectrophotometer. TGA was performed in alumina crucibles with 
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the instrument STA-6000 under nitrogen flux (40 mL/min), in the 25-
800°C temperature range at 10°C/min. PXRD patterns were 
performed using a 0.7 mm glass capillary filled with polycrystalline 
samples of the compounds and mounted and aligned on an 
Empyrean PANalytical powder diffractometer, using Cu Kα radiation 
(λ = 1.541 77 Å). A total of three scans were collected for each 
compound at room temperature in the 2θ range of 10−40°. Variable-
temperature PXRD patterns were measured in a θ–θ Bragg–Brentano 
focalizing geometry Bruker D8 Avance A25 diffraction system 
equipped with a Cu Kα source (λ = 1.54056 Å), in the 2θ range of 
2−40° and in the temperature range 25-400°C. Magnetic 
measurements were performed with a Quantum Design MPMS-XL-5 
SQUID magnetometer in the 2−300 K temperature range with an 
applied magnetic field of 0.1 T at a scan rate of 2 K min−1. 
Synthesis of [Co(trz2An)]n·3H2O (1). A 5 mL Teflon vial with a mixture 
of CoCl2·6H2O (11.9 mg, 0.05 mmol), trz2An (13.7 mg, 0.05 mmol), 
NaOH (4 mg, 0.1 mmol) and water (5 mL) was heated at 130°C for 48 
hours. After being cooled to room temperature, rectangular dark 
brown crystals, suitable for an X-ray diffraction study, were obtained. 
To obtain a large quantity of 1, the synthesis was performed in a 
stainless steel autoclave of 80 mL volume, with a scale up of the 
reaction mixture of 8 times, by using 0.4 mmol of trz2An, 0.8 mmol 
of NaOH and 0.4 mmol of CoCl2·6H2O in 40 mL of water. Elemental 
Analysis: Calcd % for C10H10N6O7Co (385.16): C, 31.18; H, 2.62; N, 
21.82. Found: C, 31.12; H, 2.45; N, 22.00.  

Structure of 1  

A single crystal of 1 was mounted on a glass fiber using a viscous 
hydrocarbon oil to coat the crystal and then transferred directly to 
the cold nitrogen stream for data collection. X-ray data of 1 were 
collected at 120 K on a Supernova diffractometer equipped with a 
graphite-monochromated Enhance (Mo) X-ray Source (λ = 0.710 73 
Å). The program CrysAlisPro, Oxford Diffraction Ltd., was used for 
unit cell determinations and data reduction. Empirical absorption 
correction was performed using spherical harmonics, implemented 
in the SCALE3 ABSPACK scaling algorithm. The structures were solved 
with the ShelXT structure solution program46 and refined with the 
SHELXL-2013 program,47 using Olex2.48 Non-hydrogen atoms were 
refined anisotropically, and hydrogen atoms were placed in 
calculated positions refined using idealized geometries (riding 
model) and assigned fixed isotropic displacement parameters. 
Crystallographic data are summarized in Table S2. CCDC-2091526 
contains the supplementary crystallographic data for this paper. 

Gas sorption 

Low pressure nitrogen and carbon dioxide volumetric isotherms 
were carried out in a Tristar II Plus Micromeritics sorptometer, at 77 
K and 273 K, respectively. Activation was set at 393 K, under vacuum, 
for 2 hours. High-pressure gravimetric adsorption isotherms of CO2, 
CH4 and N2 were measured at different temperatures, ranging from 
283 to 318 K, in an IGA-100 gas sorption analyser (from Hiden 
Isochema) using approximately 50 mg of sample. Before each 
adsorption experiment, the sample was outgassed at 393 K under 
vacuum (10–5 Pa) for two hours. Equilibrium conditions 
corresponded to 600 s interval, and 0.001 mg min–1 tolerance. 

Dynamic Adsorptive Separation Measurements 

An ABR (HIDEN Isochema) automated breakthrough analyser setup, 
based on a packed adsorption column, was used to determine the 
adsorption dynamics of gas mixtures. Pressure, temperature and 
inlet composition are controlled, and the outlet composition is 
analysed, by an integrated mass spectrometer (HPR-20 QIC). The 
fixed-bed column was filled with 286 mg of compound 1. Before each 

measurement, the sample was regenerated at atmospheric 
temperature and pressure, in 40 ml min–1 Ar flow for 20 minutes. 
Operation conditions ranged 283-323 K, at 1 bar. The inlet mixture 
was set to a 15 ml min–1 flow of a dilution of carbon dioxide in N2 or 
CH4 (5%, 20%, 50%). Time zero was set with the first detection of 
helium, which was used as a trace (an extra 1 ml min–1 of He in the 
total feed flow of 16 ml min–1). 
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