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Introduction

Metal-organic frameworks (MOFs) are a class of crystalline porous materials built up of inorganic nodes interconnected by organic linkers. 1 They feature high chemical and structural tuneability and usually a large specific surface area, which has rendered them highly desirable for various applications, including but not restricted to gas storage and separation, 2 sensing, 3 catalysis, 4 drug delivery, 5 and electrochemical energy conversion and storage. 6 Despite their numerous advantages over other types of hybrid and porous materials, their industrial relevance has been hindered due to a number of drawbacks, such as chemical and thermal instability, price, and the environmental cost of their synthesis. Recently, significant development has been achieved in increasing their stability 7 but the environmental and economic costs of their synthesis is still prohibitively high for widespread applications. A green chemical synthetic approach on the other hand could significantly reduce environmental costs, cf. energy and need for hazardous and toxic solvents, and consequently also reduce their price. 8 The most desirable green chemical routes either eliminate solvents entirely from the synthetic route or replace harsh organic solvents ideally by water or by less harmful ones to reduce environmental costs. In addition, the reduction of synthesis temperatures to ambient temperature also results in a decreased environmental and economic impact by decreasing the process's energy demand. UiO-66(Zr) a member of the isotopological UiO family, has been subject of a tremendous amount of scientific study since its first synthesis, 9 as one of the most chemically and thermally stable MOFs. 10 This stability also extends to some extent to its functionalised analogues, such as NH2-UiO-66(Zr). However, these MOFs are still being prepared in environmentally harmful approaches involving either elevated temperatures, the use of organic solvents, or both. 11 In order to minimise the use of organic solvent, mechanochemical pathways have been proposed, these include known as liquidassisted grinding (LAG), as summarised in a recent review, 12 and including water as solvent, 13 grinding with a volatile template salt, 14 and room-temperature grinding followed by a heating step. 15 However, such mechanochemical approaches are still often complex, requiring a series of reaction steps, the handling of unstable reagents, and resulting in a more amorphous product in a relatively low yield. 16 An effort to replace the harsh solvothermal methods by hydrothermal synthesis has been reported 17 but these conditions still require relatively high temperature. Therefore, the development of a green synthetic route at ambient temperature in aqueous environment is critical.

To entirely eliminate the use of organic solvents and to minimise the energy requirements of the synthesis of zirconium-based MOFs, we undertook the development of an aqueous and ambient-temperature synthetic route for NH2-UiO-66(Zr).

Results and discussion

Because of the stability, chemical tuneability and catalytic activity zirconium-based MOFs with a UiO-type structure are highly desirable for a range of applications 18 but are currently limited by their environmental and economic costs, necessitating the development of greener and cheaper synthetic strategies. The UiO topology is characterised by an inner Zr6O4(OH)4 core (Figure 1) in which the triangular faces of the Zr6-octahedron are alternatively capped by µ 3 -O and µ 3 -OH groups. 26 In the synthesis of MOFs the formation of the inorganic building block is critical as they control how the organic linkers will coordinate and thus the crystal structure. Therefore, the challenge in the development of a new synthetic methods lies in the construction of the building blocks, i.e. the Zr6O4(OH)4 clusters for UiO MOFs. In the case of zirconium MOFs however this is very challenging in an aqueous medium because of the easy hydrolysis of Zr 4+ salts yielding ZrO2, which is both thermodynamically stable and relatively quickly obtained. 19 One way to address this challenge and thereby enable the quick assembly of the inorganic building block in aqueous media is to use linker salts instead of protonated acids. This approach also typically increases the linker concentration on account of the improved solubility. This strategy has been previously successfully employed for the green synthesis of MIL-53(Al) in aqueous media. 20 It should be noted that Na + has been previously shown to act as a structuredirecting agent in MOF syntheses. 21 However, when an aqueous solution of the zirconium oxychloride was mixed with the aqueous solution of the disodium salt of 2-aminoterephthalic acid (Na2ATA) the reaction yielded an amorphous solid instead of the well-known NH2-UiO-66 crystal structure. Similarly, it is widely recognised that the application of a modulator acid, typically a monocarboxylate or hydrochloric acid, may further increase the kinetics of the formation of inorganic nodes. 22 Acetic acid was selected as modulator because of its lower corrosion and low cost. It should be noted that the dominant species of the hydrolysis of ZrOCl2 in aqueous media is the tetranuclear [Zr4(OH)8(H2O)16] 8+ complex which, in presence of acetic acid, tends to form the hexanuclear [Zr6O4(OH)4 (CH3COO)12] complex in the 1.5-3 pH range, which is a much closer structure to that of the inorganic node of the UiO topology. 23 With this in mind, we have also made use of an acetic acid modulator in a one-pot approach, i.e. by mixing the modulator, the precursor zirconium oxychloride and the linker salt in the same aqueous mixture at ambient temperature. However, this strategy has also proved unsuccessful as the formation of an amorphous solid was observed. This observation suggests that the hexanuclear [Zr6O4(OH)4(CH3COO)12] complex may not have formed under these conditions. The challenge of the fast assembly of the Zr6O4(OH)4 clusters has however been recently overcome in a DMF solution, through the pre-treatment of the zirconium precursor with modulators and subsequent reaction with the linker, which approach yielded highly crystalline MOFs at low temperatures already. 24 We therefore altered our synthetic route to include a pre-treatment of the aqueous solution of the ZrOCl2 precursor with acetic acid prior to the addition of the aqueous solution of Na2ATA. The above strategy proved successful and the resultant solid product was shown to crystallise in the desired UiO-66 structure.

This demonstrates the possibility to synthesis zirconium-based metal-organic frameworks from aqueous solutions at ambient temperature.

To determine the most advantageous synthetic conditions the synthetic approach has been optimised for the precursor pretreatment, i.e. temperature and amount of the acetic acid modulator, as well as for the length of the ambienttemperature reaction between the pre-treated modulatorcontaining zirconium precursor and the linker salt.

In order to optimise the zirconium precursor pre-treatment the same amount of ZrOCl2 and acetic acid were dissolved in deionised water and heated to temperatures of 130 C, 80 C, 70C, 60 C, 50 C, 40 C and 30 C, under autogenous pressure in a sealed vial. The temperature was maintained constant for 2 h whilst stirring, then an identical amount of the Na2ATA solution was added to the mixtures and the reaction mixture was stirred at ambient temperature for 24 h, after which the resultant powders were separated from the liquid phase, washed and dried before X-ray powder diffraction data was collected on them to compare their crystallinity (Figure 2). It should be emphasised that this reaction step was completely identical in all cases in terms of the amounts of the zirconium precursor and acetic acid as well as reaction time, therefore the only difference was in the pre-treatment and any variation of the diffraction pattern must be a consequence of that.

When the precursor pre-treatment took place below 50 °C, the resultant end product was amorphous, on the other hand above 70 °C the diffraction peaks showed some broadening. It can be therefore concluded that the optimum pre-treatment temperature lies between 50 C and 70 °C. Since the resultant diffraction patterns in this temperature range were virtually identical, all further precursor pre-treatment was carried out at 50 C, favouring the mildest possible reaction conditions. The existence of an optimum temperature range of the zirconium oxychloride pre-treatment with acetic acid suggests that the modulator acetic acid binds to the coordination sphere of the zirconium ions, a reaction which probably occurs above 40 °C under the conditions applied. The formation of such a coordination complex was confirmed by UV-vis spectroscopy (Supplementary Information, Figure S1). The peak broadening observed in case when the pre-treatment took place at temperatures above 70 °C may be explained by the formation of a different zirconium-acetate intermediate species above 70 °C, leading to an alternative reaction pathway between the said species and the linker salt, resulting in the broader diffraction peaks. This also explains why the one-pot room-temperature synthetic approach did not work as the inorganic node likely could not form under such conditions.

To further optimise the pre-treatment of the zirconium precursor, we have evaluated how the amount of the modulator affects the crystalline quality of the end product. To identical amounts of the zirconium oxychloride 0.25 ml, 0.5 ml, 0.75 ml, 1 ml, 1.25 ml, 1.5 ml, 1.75 ml, 2 ml, 2.25 ml, 2.5 ml, 2.75 ml, 3 ml and 4 ml cc acetic acid was added. This corresponds to modulator-to-linker ratios of 4. 38, 8.75, 13.12, 17.50, 21.88, 26.25, 30.62, 35.00, 39.38, 43.75, 48.12, 52.50, and 78.75. The pre-treatment was carried out at 50 °C for 24 h, followed by the addition of the linker salt. The resultant powder was washed and dried, and X-ray diffraction data was collected on every sample (Figure 3). Whilst up to 52.50 modulator-to-linker ratio all samples were crystalline, for samples in the 4.38 -17.50 and 48.12 -52.50 modulator-to-linker ratio ranges, the diffraction peaks are broader and less well resolved than in the case of samples with modulator-to linker ratio of 21.88 -43.75. This modulator concentration range therefore can be concluded to be the optimum. It should be mentioned that when the modulator-tolinker ratio was raised above 52.50, the formation of the UiO-66 structure was minor and instead the crystallisation of zirconium acetate was observed (Figure 3). In further experiments a modulator-to-linker ratio of 21.88 was used. Finally, to determine the necessary length of the reaction between the pre-treated zirconium precursor and the linker salt at ambient temperature, the reaction mixture was stirred at ambient temperature for 1 h, 2 h, 4 h, 8 h, 16 h, 32 h, 48 h and one week (Figure 4). The diffractograms collected are virtually identical thus it can be concluded that already after 1 hour of reaction length sufficiently crystalline NH2-UiO-66(Zr) particles are formed. We therefore determined the optimum aqueous ambienttemperature synthetic conditions of NH2-UiO-66(Zr) for its crystallinity as one that requires the zirconium oxychloride cationic precursor to be pre-treated with 21.5 mmol cc acetic acid at 50 °C, followed by the addition of an aqueous solution of disodium aminoterephthalate and stirring for at least 1 hour.

The quality of the so-obtained MOF powder was then verified by determining its specific surface area, decomposition temperature, purity and crystallite size. Our vibrational spectrum demonstrates that there is no substantial organic impurity in the green-chemically synthesised NH2-UiO-66 as it shows a very good agreement with the literature data. 25 However, a more in-depth analysis of the FT-IR spectra of NH2-UiO-66(Zr) obtained on 1 h and 24 h reaction times at ambient temperature revealed that the two samples display significant differences (Figure 5). On comparison with the pure 2aminoterephthalic acid linker and a Zr-acetate complex, this discrepancy may be attributed to different sample compositions. C=O stretching modes of deprotonated and therefore coordinated carboxylate groups can be observed in the 1600-1500 cm -1 region. It should be noted that in the spectrum of the sample obtained on 1 h reaction time, this is much less defined than in the case of the 24 h sample's spectrum, or indeed that of the Zr-acetate complex. This is indicative of the presence of both types of carboxylate-cationic unit coordinations, between the acetic acid modulator and the ATA linker, in the case of the 1 h sample. The spectrum of the pure linker displays a rather broad peak centred at ca. 1670 cm - 1 , which can be assigned to the C=O stretching mode of the protonated carboxylate group, 26 this mode is completely absent in the spectrum of the sample that was reacted for 24 h, however it is present in the spectrum of the sample reacted for 1 h only, which is indicative of the presence of non-coordinated ATA linkers. Such protonated linkers may only be present in the IR spectrum if the linker is not coordinated to the cationic units.

Considering the synthetic approach used, i.e. the application of an acetic acid modulator that first coordinates to the zirconium ions facilitating the formation of the cationic building blocks, which is then later replaced by the 2-aminoterephthalic acid linkers, there are three possibilities for the existence of protonated 2-aminoterephthalic acid in the crystalline MOF structure; i.

If the acetic acid was not substituted by the ATA linker, it would be present as an unreacted impurity. In this case the MOF structure would not be formed thus amorphous pattern should be observed in the XRD pattern. In addition, this excess of linkers should be noticeable in thermal gravimetric analysis (TGA) data, as a large concentration of the more volatile organic building blocks would result in a higher weight loss on heating. ii.

If the substitution of the acetic acid modulator by ATA took place, the C=O mode in question could only occur in so-called dangling-linker defects (Figure 6). In such a case the terephthalic acid is not bridging between two cationic units but it is only attached to one, 'dangling' between the units, 27 leaving the transversal node uncoordinated. As some of the cationic units would have fewer than the ideal 12 linkers coordinated to them, the number of coordinatively unsaturated Zr 4+ sites should also increase. This can be verified by CO2 adsorption. 28 iii.

Finally, if the substitution of the acetic acid modulator by ATA was only partial, though not all modulator molecules would be replaced by linkers, all coordination sites on the cationic units would be occupied. In some cases, one inorganic node would be coordinated by modulator molecules while the transversal nodes would be coordinated by a dangling linker. At low modulator concentration, the organic content of this sample would not be very different from a defect-free sample, its crystal structure would be expected to be the same, therefore neither XRD nor TGA could distinguish between them. Furthermore, in this case all cationic units would have the same number of organic molecules coordinated to them and therefore their CO2 uptake would be also very close. The first hypothesis, i.e. the presence of unreacted ATA impurities was tested with the aid of TGA (Supplementary Information, Figure S3). The results also demonstrate that the crystallites obtained have a relatively small amount of missing linkers or organic impurities as the measured weight loss (calculated relative to the weight loss after the initial loss of air and moisture, i.e. above 100 °C) of ca. 43% is in good agreement with the theoretical weight loss of 42% for the formula of Zr6O4(OH)4(C6H3NH2(COO)2)6. Interestingly, the slope of the MOF decomposition (onset at ca. 400 °C) step differs significantly in the case of the 1 h and 24 h samples, as it is much more abrupt in the case of the 24 h sample. This step is formed on the breaking of the carboxylate-cationic unit bond and the a more abrupt slope is indicative of a simpler reaction step. This is in line with the third hypothesis, i.e. when both modulator and linker are bonded to the cationic units through their carboxylate groups in the case of the 1 h sample. In addition, the specific surface area of MOFs produced in reactions of lengths of 1 h and 24 h were found to be of similar value, 854 m 2 g -1 and 888 m 2 g -1 , respectively (Supplementary Information, Figure S4), these values are close to the 833.4 m 2 g -1 surface area previously measured for NH2-UiO-66 synthesised in a hydrothermal approach. 17 Though the crystallinity of these samples were shown to be similar, their different values of porosity show a clear dependence on the reaction length. One reason for this difference may be the crystallite size as, in the nano size regime, on average ca. 2x greater crystallites were observed in the sample that was allowed to react for 24 h compared with the one reacted for 1 h, as highlighted by our SEM micrographs (Supplementary Information, Figure S5). On the other hand, according to the third hypothesis it may be possible that on the edges of some pores not one but two organic molecules need to be accommodated, reducing the available surface for N2 adsorption. Finally, the concentration of coordinatively unsaturated Zr 4+ sites (CUS) was probed by CO2 adsorption. At low loading (i.e. high temperature and low CO2 pressure) the coordination of CO2 to the CUS can be verified. It is apparent that the low-loading region of the isotherms of the 1 h and 24 h samples do not differ significantly at 273 K or 294 K either (Figure 7). This confirms that the concentration of the CUS is practically identical in the two samples, which means that only the third hypothesis, i.e. the presence of some ATA as dangling linkers with acetic acid modulators in the transversal positions, may explain our experimental findings. It should be noted that at low temperature (273 K) and at the higher pressure region of the isotherm, the 1 h sample shows a higher CO2 uptake than the 24 sample, by ca. 15%. As this region of the isotherm is related to less strongly bonding adsorption sites and as this is contrary to what was observed in the N2 adsorption isotherm, we stipulate that this increased CO2 uptake may be due to the smaller kinetic diameter of CO2 (3.3 Å) with respect to N2 (3.6 Å), [START_REF] Yang | Adsorbents: Fundamentals and Applications[END_REF] which result in less hindrance between the dangling linker and the modulator for instance. It has been demonstrated that defects may affect the stability of the MOF structure. 30 Whilst the thermal stability of the samples synthesised on 1 and 24 h reaction times in the modulated ambient-temperature aqueous synthetic route, displayed no large discrepancies (Figure S3), we have also examined the chemical stability of the two samples. In order to do that, we have acquired FT-IR spectra on both 1 h and 24 h reaction length samples exposed to 6 months in air, 1 week in de-ionised water, and 1 h in solutions of pH=1, 3, 5, 7, 9, 11, and 13. We have found that both specimens were stable in air, water (Figure S6) and solutions of pH ranging from 1 to 11. However, when immersed in a strongly alkaline solution of pH=13, the sample synthesised in the course of the 1 h synthesis started to visibly degrade immediately, leaving a white powder whose vibrational spectrum no longer corresponds to that of the NH2-UiO-66 framework (Figure S7). The specimen produced during a 24 h reaction time, also showed some visible signs of degradation by the end of the test, such as reduced sample volume, however its infrared spectrum still demonstrates that there is intact NH2-UiO-66 present in the sample (Figure S8), in agreement with what was observed previously. 10 This observation may be explained by slower kinetics on account of the larger particle size of the 24 h reaction-length sample, however it is more likely that the increased stability is the consequence of the reduced number of defects in the sample that was allowed to react for a longer time.

Previously, modulated synthetic approaches for the production of UiO-MOFs has led to numerous missing linker defects in the MOF structures, accompanied by an increased specific surface area and gas uptake. 31 In this work we have not observed a significant amount of missing linkers, our results reveal the presence of dangling linkers instead. It should be noted that there are two important differences in the synthetic methods used in previous studies and in ours; namely the synthetic medium (water as opposed to DMF), and the chemical form of the reactant linkers (disodium salt as opposed to the acid), we therefore suggest that these factors must have a crucial impact on the nature of the defects forms, which will merit further investigation.

Conclusions

We have demonstrated that zirconium-based metal-organic frameworks, such as NH2-UiO-66(Zr) may be synthesised in an entirely green approach avoiding all organic solvents, in aqueous medium and at ambient temperature. We have adopted a modulated synthetic approach using and aqueous solution of acetic acid as modulator and disodium salt of the 2aminoterephthalic acid as linker. Upon the mixing of the reactants at ambient temperature in an aqueous solution the yellow MOF precipitate is formed immediately and becomes crystalline under 24 h. We have optimised the reaction conditions with respect to the pre-treatment of the cationic precursor, the modulator-to-linker ratio and reaction length. The resultant nanocrystalline powder has high surface area, comparable with that of the product obtained by the conventional solvothermal synthesis. The materials obtained displayed point defects, which could be assigned to dangling linkers. We believe that similar strategies may lead to the development of green chemical synthetic routes of other types of metal-organic frameworks.

Experimental Materials

ZrOCl2.8H2O (Alfa Aeasar), acetic acid (Sigma Aldrich), NaOH (Fisher Scientific), ethanol (Fisher Scientific), 2-aminoterephthalic acid (Acros Organics) were all purchased commercially and used without further purification.

General procedure for the preparation of disodium 2aminoterephthalate solution. 0.181 g (1 mmol) of 2- aminoterephthalic acid was mixed with 0.08 g (2 mmol) of NaOH in 5 ml of de-ionised water. The mixture was heated to 60 °C for 10 min during constant stirring until the aminoterephthalic acid was fully dissolved, the mixture was then cooled back down to room temperature and so-obtained solution was used as prepared for the MOF synthesis.

General procedure for the synthesis of NH2-UiO-66(Zr). 0.322 g (1 mmol) of ZrOCl2.8H2O was dissolved in 3 ml de-ionised water and an adequate amount of acetic acid was added to the solution.

The so-obtained solution was mixed with the required amount of aqueous disodium aminoterephthalate solution immediately forming a yellow solid. The reaction mixture was then gently stirred at ambient temperature for various amounts of time after which the resultant metal-organic framework was separated from the liquid phase by centrifugation.

General procedure for the purification of NH2-UiO-66(Zr). The separated NH2-UiO-66(Zr) was washed with de-ionised water three times to remove any unreacted salts and linkers from its pores. For the surface area analysis, the water trapped in the pores of the MOFs were exchanged to ethanol using a Soxhlet apparatus (16 hours, 120 °C), then the ethanol was removed from the pores by activation under vacuum (16 h, 150 °C).

Stability testing of MOFs. 50 mg of both samples obtained by 1 h and 24 h optimised reaction lengths have been placed in 2 ml of deionised water for one week, as well as aqueous solutions of pH=1, 3, 5, 7, 9, 11, and 13 (prepared from HNO3 and NaOH), for one hour, and visually observed throughout and after the testing. The remaining powder samples were washed with 2 ml of deionised water four times, dried in an oven at 70 °C and further analysed using Fourier-transformed Infrared Spectroscopy.

Methods

X-ray diffraction. XRD data was recorded collected on a Bruker D8 Advance X-ray Diffractometer in the Bragg-Brentano geometry using the Cu Kα radiation, between 2-60° 2θ, step size of 0.02° and a counting time of 0.4 seconds per step. Scanning electron microscopy. SEM images were obtained using a Hitachi SU 8000 FE-SEM with acceleration voltage of 1 kV. Surface area determination. N2 adsorption/desorption isotherms were measured using a Micrometrics Instrument Corporation TriStar II 3020 apparatus after degassing the samples for 2 h at 100 °C (after activation overnight at 150°C). The specific area was determined using the Brunauer-Emmett-Teller (BET) equation in the p/p0 range 10 -3 . CO2 adsorption. Isotherms were measured on a Quantachrome® ASiQwin™ instrument at 0 and 21 °C. The temperature was held constant throughout the experiments. Infrared spectroscopy. Spectra were acquired on PerkinElmer Spectrum Two FT-IR in reflection mode, using and attenuated total reflectance unit.

Thermo-gravimetric analysis. TG measurements were performed using a Mettler Toledo TGA/DSC 3+ instrument equipped with a gas flow system. The solid was heated from 40 °C to 1000 °C (10 °C min -1 ) under air. Approximately, 30 mg of sample was heated in a closed alumina crucible.

UV-vis spectroscopy. Spectra was collected using Agilent Technology Cary Bio 100 UV-vis spectrometer.
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 2 Figure 2 X-ay diffraction patterns of Zr-ATA obtained in an auqueous medium at ambient temperature, as a function of the temperature of the precursor pre-treatment.
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 4 Figure4X-ray diffraction patterns of NH2-UiO-66(Zr) synthesised at ambient temperature in an aqueous medium, as a function of the reaction length.
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 56 Figure5Comparison of the FT-IR spectra of NH2-UiO-66 obtained with the room temperature aqueous synthesis on 1 h and 24 reaction lengths with that of the zirconium acetate complex and the 2-aminoterephthalic acid linker.
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 7 Figure7CO2 adsorption isotherms on NH2-UiO-66 synthesised at ambient temperature in aqueous media during 1 h (square) and 24 h (circle) reaction lengths at 0 °C (top) and ambient temperature(294 K, bottom) 

This journal is © The Royal Society of Chemistry 2018Green Chem., 2018, 00, 1-3 | 3

This journal is © The Royal Society of Chemistry 2018

Acknowledgements

The authors acknowledge the support of Andrew Hurt (University of Greenwich) and Phillip Schlee (Queen Mary University of London) in data acquisition. P.A.S. thanks the EPSRC for financial support, grant number EP/N00938X/1. The authors thank the ERASMUS+ programme for the mobility grant of I.P.

Conflicts of interest

There are no conflicts to declare.