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ABSTRACT: A CdII-based metal-organic framework (MOF) demonstrates that incorporation of a ligand with high-connectivity yields a material with remarkable hydrolytic stability that is able to capture CO2 under simulated industrial flue gas conditions. A novel  triaminepentacarboxylic acid ligand, isolated as its trihydrochloride salt N,Nʺ-di(4-carboxybenzyl)-N,N′,Nʺ-tri(acetic acid)-2,2′-diaminodiethylamine trihydrochloride (H8L1)Cl3, has been  prepared, characterised and subsequently used in the formation of poly-[Cd2.5(L1)(OH2)]·DMF·4H2O, a highly  connected three-dimensional network, with 12 out of 13 donor  atoms coordinating per ligand. After solvent exchange it was found that 1 absorbed 170 cm3(STP)/g of N2 at 77 K and 66 cm3(STP)/g of CO2 at 273 K. Hydrolytic experiments performed on 1  demonstrated that the material completely retained crystallinity after being immersed in boiling water for 72 hours, as well as after being exposed to a simulated flue gas stream at 150 °C. 
There have been significant advances in the design and development of porous coordination polymers (PCPs), or metal-organic frameworks (MOFs), over the past two decades, since the initial design philosophy was outlined by Hoskins and Robson.1 MOFs are of interest due to their high porosity with potential to be used in a wide range of applications including gas capture and storage, separations and catalysis.2-4 MOFs are often compared with zeolites as both classes of materials contain accessible internal void space, however the ability to chemically tune the ligands of MOFs allows for the inclusion of different functionalities. One of the advantages that zeolites hold over MOFs is their stability to a wider range of conditions, with MOFs being thermally stable but hydrothermally less stable. This restricts MOFs from being applied to processes such as post combustion CO2 capture technologies as the flue gas contains 6-7 % water vapour.5-6 Thus, it is crucial that if MOFs are to be used for industrial applications, the problem with stability needs to be addressed and overcome, in this case for example via synthetic design. True hydrolytic stability is still relatively rare, typically arising from inert metal clusters.7
Work by Gelfand and Shimizu described a systematic method for parameterising the hydrolytic stability of MOFs by grading the kinetic and thermodynamic water stability, types of water exposure, methods of probing water stability and degrees of water stability.8 This analysis resulted in a grading system that compares the various levels of hydrolytic stability, using a number from 1-6 (1 = near ambient conditions, 6 = boiling water) to denote harshness of exposure and a letter from A-D (A = retention of crystallinity and porosity, D = loss of crystallinity and porosity) to denote proof of stability. The authors note that these definitions should be used as guidelines for discussion and not quantitative metrics. 
There have been a few examples of MOFs such as HKUST-1,9 UiO-66,10 MIL-100,11 and MIL-10112-13 which have been shown to not only be relatively stable in humid conditions, but to even have enhanced CO2 sorption in humid environments.14-17 HKUST-1 was one of the frameworks listed as a case study by Shimizu, which when placed in water at 50 °C for 24 hours showed a change in the PXRD pattern and decrease in internal surface area from 1340 to 647 m2/g.18 This behaviour resulted in a classification of 4B stability, however when HKUST-1 was exposed to humidity it was found to degrade into a non-porous phase,19 which changes its classification to a 3D rating. Another material studied was the ZIF-8 network, which showed 6C stability when placed in boiling water for one week.20 A comprehensive review by Li et al. covered applications other than adsorption of water stable MOFs, including membrane separation, sensing and proton conduction,21 and built on an earlier review by Garcia et al. on catalysis performed in water by MOFs.22
For materials such as MOFs to be used towards separating CO2 from gas mixtures (e.g. flue gas streams, natural gas etc.) hydrolytic stability is not the only desired property, with selectivity for CO2 over the other components another key property. The incorporation of amines into MOFs has been shown to be a highly efficient strategy towards enhancing the CO2 selectivity and capacity of these materials, as it is well known that amines interact favourably with CO2 due to the polar nature of the C···N interaction.23-24A common approach to incorporating amine functionality is to add pendant groups to conventional ligands such as benzene 
dicarboxylic acid (BDC) and other similar ligands.25 There have been a few reports of MOFs containing amine functionality for the capture of CO2 under humid conditions, one of which was reported by Yaghi et al., where the framework had identical uptakes in a humid environment (65 % relative humidity) as in a dry 
environment.26 Hydrolytically stabile MOFs are also vital in order to be used in other applications such as water extraction and purification.27-29
Previously we have reported the use of ligands derived from 
polyamines that are traditionally good chelators, such as 
ethylenediamine,30-31 1,3-diaminopropane32 and 1,4,7,10-tetraazacyclododecane33 as a synthetic approach to incorporating amine functionality into MOFs. These ligands contain the amine functionality within the backbone of the ligand, instead of the pendant amine functionality often reported in the literature.25 As an extension to this work the triamine 2,2′-diaminodiethylamine was chosen to investigate the effects of not only increasing the chelation effect of the amine core, but also how increasing the total number of coordinating groups on the ligand could affect the stability of the network formed.
Herein, we propose a new approach towards a hydrolytically stable MOF, namely the use of a ligand that is designed to offer a large number of donor atoms and therefore form a MOF with a very high degree of connectivity and hence stability. We report the synthesis of a new triaminepentacarboxylic acid ligand, isolated as its trihydrochloride salt N,Nʺ-di(4-carboxybenzyl)-N,N′,Nʺ-tri(acetic acid)-2,2′-diaminodiethylamine trihydrochloride (H8L1)Cl3 (Scheme 1), and its use in the formation of a hydrolytically stable, porous cadmium(II) coordination polymer.
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Scheme 1. The pentacarboxylic acid H5L1, which is isolated and used as its trihydrochloride salt.

Reaction of (H8L1)Cl3 with cadmium(II) chloride 
hemipentahydrate in a 1:1 DMF : water mixture at 90 °C produced colourless, block-shaped crystals. The crystals were analysed by single crystal X-ray diffraction, with the data solved in the tetragonal space group P42/n, and were found to be of the form poly-[Cd2.5(L1)(OH2)]·DMF·4H2O. The asymmetric unit contains one whole L1 ligand which is coordinated to three crystallographically unique Cd(II) metal centres, one of which is at half occupancy in the ASU as it resides on the 42 screw axis (Fig. 1). The network contains one-dimensional channels with a square cross-section of 9 x 9 Å which results in a calculated solvent-accessible void volume of 23 %. The diffuse electron density in the pores could not be modelled sensibly, and as such its contribution to the diffraction data was accounted for using the SQUEEZE routine within PLATON.34 Overall each ligand coordinates to 8 metal ions, including one in a hexadentate binding mode, with all but one of the thirteen potential donor atoms coordinating (a detailed structural analysis is provided in Supporting Information). The material therefore has an exceptionally high degree of connectivity which was postulated to lead to high stability.
Thermogravimetric analysis (TGA) of compound 1 (see ESI) showed a steady mass loss of approximately 16 % in the temperature range 30-200 °C. This was followed by a plateau between 200-300 °C before the onset of decomposition. The mass loss is ascribed to the loss of four lattice water molecules, one aqua ligand and one lattice DMF molecule. The as-synthesised material was subjected to solvent exchange with acetonitrile over a period of 72 hours. TGA measurement of the solvent-exchanged sample showed a mass loss of approximately 13 % in the temperature range 30-150 °C (10 % < 80 °C), indicating that the lattice water and DMF molecules were successfully exchanged by MeCN. The stable plateau before the onset of decomposition at 300 °C remained.
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Figure 1. The coordination environment of the L1 ligand (top) and the extended structure of 1, as viewed down the crystallographic c-axis (bottom). The three crystallographically unique CdII ions are shown in separate colours (purple, orange and green and hydrogen atoms are omitted. Symmetry operators: A) 3/2-x, 1/2-y, z; B) 1-x, 1/2+y, 1/2+z; C) 1-x, -y, 1-z; D) x, 1+y, z; E) x, 1/2-y, 1/2 -z.


The solvent-exchanged material was activated for N2 and CO2 adsorption experiments by heating at 100 °C under high vacuum for 24 hours. The evacuated sample showed rapid uptake of N2 at 77 K in the pressure range 0-3 kPa (< 0.03 P/P0), which is likely due to the filling of the micropores (Fig. 2). There is a steady increase of N2 adsorption in the pressure range 3-90 kPa, attributed to the filling of larger mesopore space, followed by another sharp increase between 90-101 kPa reaching a total uptake of 170 cm3/g STP, which is likely due to condensation within the mesopores. There is a slight hysteresis observed in the N2 desorption curve in the range 50-101 kPa. The calculated BET surface area is 350 m2/g. CO2 adsorption at both 273 K and 301 K on the activated sample showed similar adsorption profiles, with total uptakes of 66 cm3/g STP and 36 cm3/g STP, respectively. Using the data obtained from these CO2 adsorption isotherms the heat of adsorption was calculated using a Virial method,35 and found to be – 28 kJ/mol. 
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Figure 2. Gas adsorption isotherms for 1, showing N2 uptake at 77 K in blue, and CO2 uptake at 273 K and 301 K in orange and grey respectively. Graph of N2 uptake vs. P/P0 in ESI.

X-ray powder diffraction (PXRD) was performed on the sample immediately after the adsorption experiments, showing that the material had not lost any crystallinity during the adsorption/desorption processes (Fig 3). Since the network was stable under the adsorption conditions, it was tested to determine hydrolytic stability. For initial tests the sample was soaked in water at ambient temperature for 24 hours, with subsequent PXRD analysis showing that crystallinity was retained. This was an encouraging result as it is well known that MOFs traditionally have poor hydrolytic stability. The sample was then exposed to harsher conditions, first heated at 60 °C for 48 hours, then heating at 100 °C for 72 hours; in both cases complete crystallinity was maintained (Fig. 3). According to the criteria proposed by Shimizu,8 1 should be classified as a class 6A material, as it has been shown using PXRD that it retained porosity and crystallinity when exposed to both boiling water and harsh humid conditions (see below). 
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Figure 3. Powder X-ray diffraction (PXRD) results for 1 after gas adsorption experiments (blue), after soaking in water at 60 °C for 48 hours (red), after soaking in water at 100 °C for 72 hours (red), and the simulated pattern from single crystal data (inverted) in orange.

An experiment was then designed to simulate a flue gas atmosphere to determine the stability of material to water vapour using an Intelligent Gravimetric Analyzer (IGA). A CO2 isotherm at 298 K was measured up to 5 atm as an initial benchmark, before heating the sample under vacuum at 150 °C and exposing it sequentially to 40 mbar of H2O, 150 mbar of CO2 and 850 mbar of N2 (total pressure of ~ 1 atm, 3.9 % H2O:14.4 % CO2:81.7 % N2 composition at 100 °C) and holding for 48 hours at (Fig. 4). The sample was then cooled back to room temperature and the CO2 isotherm was measured twice to determine if there was any loss in uptake capacity. It was determined that after exposure to the flue gas-like mixture the material had only lost a small amount of its uptake capacity. Subsequent PXRD analysis on the sample showed that the material showed no detectable reduction in crystallinity during the flue gas simulation experiment, which is an encouraging result for potential industrial applications.

[image: ]
[image: ]
Figure 4. (Top) Intelligent gravimetric analysis (IGA) data from the flue gas simulation experiment. Initial addition of H2O vapour to a pressure of 40 mbar (blue), followed by addition of 150 mbar of CO2 (green), then addition of 850 mbar of N2 to reach 
approximately 1 atm of pressure. (Bottom) CO2 isotherms performed prior to the IGA experiment (blue) and repeat isotherms after the IGA (red and green), showing no significant decrease in total uptake.

The IGA experiment shows a rapid uptake of the water vapour by 1 up to the determined 40 mbar. It was assumed that once CO2 adsorption started, the mass of vapour in the atmosphere and the mass of water adsorbed on the sample did not change. As the CO2 is introduced, initially there does not appear to be an increase in mass adsorbed until a total pressure of 120 mbar is reached, after which there is an increase from 4.7 % to 5.2 %, which is assigned to adsorption of CO2. However, the limitations of the experiment do not allow for accurate determination in the composition of gases adsorbed into 1, and whether any H2O vapour was displaced to accommodate the inclusion of CO2. The small dip at the end of the CO2 adsorption was due to movement of the equipment when the CO2 stream was closed. In the third stage there is a gradual decrease in mass % adsorbed from 5.2 % when the CO2 stream was closed to 4.9 % when addition of the N2 to the system was completed. In order to perform the required buoyancy corrections, it was assumed that CO2 was desorbed first, then H2O, which allowed for adsorption of N2. However it is more likely that this process was dynamic and the total amount desorbed versus the amount adsorbed was unable to be determined experimentally. While the total composition of gases adsorbed into 1 is unknown, the experiment does demonstrate that the material adsorbed water vapour in addition to CO2 and N2, and was able to retain crystallinity under these conditions.
In summary, we have demonstrated a novel high-connectivity approach to a hydrolytically stable MOF for CO2 sorption. An unconventional triaminepentacarboxylate ligand forms a highly connected porous coordination polymer with CdII ions (1) in which twelve of the thirteen potential donor atoms from the -5 charged ligand are coordinated to eight separate metal centres; this exceptional connectivity yields a highly stable MOF. The network contains one-dimensional solvent channels of 9 x 9 Å. Gas adsorption experiments showed uptake of 170 cm3/g STP N2 at 77 K, 66 cm3/g STP CO2 at 273 K and 36 cm3/g STP CO2 at 301 K. 1 retained crystallinity after the gas adsorption experiments and maintains structural stability in both boiling water and a simulated flue-gas stream. This result demonstrates a new approach towards overcoming the hydrolytic stability problems of MOFs by increasing the connectivity of the ligand and therefore the number of coordination bonds present within the network to form a highly robust material. Exploitation of this approach will allow MOFs to be designed that are stable and useful for real-world applications.
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