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ABSTRACT 

Demand continues for environmentally sound, high-yielding processes for the large-scale 

production of metal-organic frameworks (MOFs). Here we describe the use of metal 

acetylacetonate complexes as an alternative source of metals for the aqueous synthesis of MOFs. 

We have synthesized several carboxylate-based Zr(IV)- (UiO-66-NH2, Zr-fumarate, UiO-66-

(OH)2, UiO-66-COOH and UiO-66-(COOH)2), Fe(III)- (MIL-88A) and Al(III)- (CAU-10) porous 

MOFs from their corresponding metal acetylacetonates in good yields (typically > 85%) and, in 

some cases, at room temperature. 
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INTRODUCTION 

Metal acetylacetonate (acac) complexes that are formed of highly labile acetylacetonate linkers 

have found widespread use in industry,1 including in vulcanisation of plastics for rubber;2, 3 curing 

processes for coatings (e.g. epoxy resins);4-7 as oxidative reagents for degradation of organic 

pollutants8 and also shelf-stable non-woven fabrics and films used in dippers, wipes, towels and 

bathmats;9 as polyvinyl chloride (PVC) stabilisers;10 and as catalysts in many polymerizations.11-

13 For example, Zr(acac)4 is used to initiate lactide polymerization and co-polymerization for the 

production of bioresorbable materials; in drug-releasing processes; and to form scaffolds for tissue 

cultures and in biodegradable implants for surgical use.14 In most of these processes, metal 

acetylacetonate complexes are considered green reagents due to their low toxicity and ease of 

handling in air.15 

Metal-organic frameworks (MOFs) are among the most attractive porous materials known 

today, owing to their myriad potential industrial applications. However, their practical use has 

been limited by the paucity of environmentally friendly methods suitable for large-scale 

production.16-19 The production process of MOFs generally needs high temperatures and the use 

of expensive, toxic, flammable and/or teratogenic organic solvents (such as DMF). Therefore, it is 

crucial to be able to fabricate MOFs in aqueous conditions, as water is safer and cheaper than using 

organic solvents. To date, some advances have been made in producing MOFs in water by mixing 

the organic linker, the metal salt (mainly nitrates, chlorides and oxochlorides) and acetic acid at 

high temperatures (Table 1). However, such salts can be problematic, as they present serious 

oxidative reactivity and toxicity hazards, and some of them are corrosive to metal-based reactors.18, 

20 To overcome these drawbacks, De Vos et al. and Stock et al. replaced the above-mentioned 

metal salts with metal sulphates in the aqueous synthesis of diverse MOFs (UiO-type and CAU-

https://dx.doi.org/10.1021/acssuschemeng.8b03180
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10) at high temperatures.21, 22 Indeed, the sulphate ion is less corrosive, safer and greener than the 

corresponding anions of the aforementioned salts, and its use obviates the use of acetic acid. 

However, large concentrations of metal sulphates can compromise the framework rigidity and 

porosity of the resulting MOFs, due to interactions between the sulphate anions and the metal 

cations.23, 24  

As part of our ongoing research to devise new methods for production of MOFs in water, we 

have sought alternatives to the metal sources cited above. Here we show that metal acetylacetonate 

complexes can serve as metal sources for aqueous synthesis of MOFs in good yields. As proof of 

concept, we used Zr(acac)4 to prepare five members of the UiO-type family of MOFs, including 

UiO-66-NH2, Zr-fumarate (also known as MOF-801), UiO-66-(OH)2, UiO-66-COOH and UiO-

66-(COOH)2 (Table 1). We also extended our study to other metal acetylacetonates such as 

Al(acac)3 (to produce CAU-10) and Fe(acac)3 (to produce MIL-88A). Encouragingly, we found 

that many of these reactions proceed in high yields at room temperature (RT) - a remarkable 

finding, given that aqueous synthesis of MOFs without heating has scarcely been reported.25,26 

https://dx.doi.org/10.1021/acssuschemeng.8b03180
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Table 1. Summary of the aqueous syntheses of the selected MOFs reported in the literature. 

 

 

EXPERIMENTAL SECTION 

General Procedures, Materials and Instrumentation 

Zirconium acetylacetonate, iron (III) acetylacetonate, aluminium acetylacetonate, 2-

aminoterephthalic acid, fumaric acid, 2-carboxyterephthalic acid, 2,5-dicarboxyterephthalic acid, 

isophthalic acid and acetic acid were purchased from Sigma-Aldrich. All reagents were used 

without further purification. All reactions were performed using deionised water, obtained from a 

Milli-Q system (18.2 MΩ.cm). 

X-ray Powder Diffraction (XRPD) patterns were collected on an X'Pert PRO MPDP analytical 

diffractometer (Panalytical) at 45 kV and 40 mA using CuKα radiation (λ = 1.5419 Å). Nitrogen 

https://dx.doi.org/10.1021/acssuschemeng.8b03180
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and carbon dioxide adsorption and desorption measurements were performed at 77 K and room 

temperature respectively using an Autosorb-IQ-AG analyser (Quantachrome Instruments). 

Specific surface area (SBET) was determined by applying the BET equation to the adequate region 

of the nitrogen isotherms: the range was taken between 0.025 and 0.06 P/P0 for UiO-66-NH2 and 

COOH, and between 0.05 and 0.1 P/P0 for the others.31 Prior to the measurements, samples were 

degassed inside the cell under primary vacuum at 200 °C for 6 h (UiO-66-NH2) or at 150 °C for 

10 h (Zr-fumarate) or at 100 °C for 3 h (UiO-66-(OH)2) or at 70 °C for 12 h (UiO-66-COOH and 

UiO-66-(COOH)2) or at 150 °C for 16 h (CAU-10). Gravimetric water vapour-sorption isotherms 

were measured using a DVS vacuum instrument (Surface Measurement Systems Ltd). The weight 

of the dried powder (≈ 20 mg) was constantly monitored with a high-resolution microbalance (± 

0.1 µg) and recorded at 25 °C (± 0.2 °C) under pure water vapour pressures. 1H-NMR spectra were 

collected on a Bruker AVANCE III 400 MHz spectrometer. 10 mg of each sample were digested 

in 0.5 ml of 1.2% (wt) of HF solution prepared in DMSO-d6. From each spectrum, the amount of 

acetic acid per cluster was calculated. Field-emission scanning electron microscopy (FESEM) 

images were collected on a FEI Magellan 400 L scanning electron microscope at an acceleration 

voltage of 2.0 kV. 

Synthesis of MOFs 

Synthesis of UiO-66-NH2 at room temperature:  

Zr(acac)4 (1169 mg, 2.4 mmol) and 2-aminoterephthalic acid (435 mg, 2.4 mmol) were mixed 

under stirring in 6 mL of a 50% (v/v) solution of acetic acid in water for 72 h at room temperature. 

The resulting yellow dispersion was washed once with water and three times with ethanol at room 

https://dx.doi.org/10.1021/acssuschemeng.8b03180
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temperature. The solid was dried for 12 h at 65 °C in a conventional oven to afford the final product 

(yield: 90%). 

Synthesis of Zr-fumarate at room temperature:  

Zr(acac)4 (1169 mg, 2.4 mmol) and fumaric acid (278 mg, 2.4 mmol) were mixed under stirring 

in 6 mL of a 33% (v/v) or 50% (v/v) solution of acetic acid in water for 72 h at room temperature. 

The resulting white dispersion was washed once with water and three times with ethanol at room 

temperature. The solid was dried for 12 h at 65 °C in a conventional oven to afford the final product 

(yield: 83% to 88%). 

Synthesis of UiO-66-(OH)2 at room temperature:  

Zr(acac)4 (1169 mg, 2.4 mmol) and 2,5-dihydroxyterephthalic acid (476 mg, 2.4 mmol) were 

mixed under stirring in 6 mL of a 66% (v/v) solution of acetic acid in water for 72 h at room 

temperature. The resulting yellow dispersion was washed once with water and three times with 

ethanol at room temperature. The solid was dried for 12 h at 65 °C in a conventional oven to afford 

the final product (yield: 90%). 

Synthesis of UiO-66-(COOH)2 at 90°C:  

Zr(acac)4 (2194 mg, 4.5 mmol) and 2,5-dicarboxyterephthalic acid (1144 mg, 4.5 mmol) were 

mixed under stirring in 6 mL of a 33%, 50% or 66% (v/v) solution of acetic acid in water for 24 h 

at 90 °C. The resulting white dispersion was washed three times with water at room temperature. 

The solid was dried under vacuum to afford the final product (yield: 89% to 91%). 

Synthesis of UiO-66-COOH at 90°C:  

https://dx.doi.org/10.1021/acssuschemeng.8b03180


 

“This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS 

Sustainable Chemistry and Engineering, copyright © American Chemical Society after peer review and technical 

editing by the publisher. To access the final edited and published work see: 

https://dx.doi.org/10.1021/acssuschemeng.8b03180” 
 

 7 

Zr(acac)4 (2194 mg, 4.5 mmol) and 2-carboxyterephthalic acid (947 mg, 4.5 mmol) were mixed 

under stirring in 6 mL of a 66% (v/v) solution of acetic acid in water for 24 h at 90 °C. The resulting 

white dispersion was washed three times with water at room temperature. The solid was dried 

under vacuum to afford the final product (yield: 90%). 

Synthesis of MIL-88A at room temperature:  

Fe(acac)3 (706 mg, 2.0 mmol) and fumaric acid (232 mg, 2.0 mmol) were mixed under stirring in 

5 mL water for 72 h at room temperature. The resulting orange dispersion was washed once with 

water and three times with ethanol at room temperature. The solid was dried under vacuum to 

afford the final product (yield: 25%). In a subsequent synthesis, the yield was increased to 60% by 

running the reaction at 90 °C for 24 h. 

Synthesis of CAU-10 at 90°C:  

Al(acac)3 (700 mg, 5.4 mmol) and isophthalic acid (947 mg, 4.5 mmol) were mixed in 6 mL water 

for 72 h at 90 °C under stirring. The resulting white dispersion was washed twice with water and 

several times with ethanol at room temperature. The solid was dried under vacuum to afford the 

final product (yield: 85%). 

 

RESULTS & DISCUSSION 

UiO-type MOFs are known for their large surface areas, chemical versatility and high 

hydrothermal, chemical and thermal stability, all of which make them good candidates for 

industrial applications such as catalysis, gas and pollutant capture, adsorption heat transformation 

https://dx.doi.org/10.1021/acssuschemeng.8b03180
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(AHT) and separation processes.32-34 Among the different UiO-type MOFs, we started with a 

room-temperature aqueous batch synthesis of UiO-66-NH2 from Zr(acac)4. To this end, 0.4 M of 

Zr(acac)4 and 0.4 M of 2-aminoterephthalic acid were added in 6 mL of a 50% (v/v) aqueous 

solution of acetic acid, and the resulting mixture (pH = 2.3) was stirred for 72 h at room 

temperature. Note that 0.4 M is the maximum useable concentration for Zr(acac)4, which, at higher 

concentrations, becomes highly viscous and paste-like. For the synthesis of UiO-66-NH2, the 

optimal concentration of acetic acid was 50% (v/v) (Table S1). Note that the concentration of 

acetic acid was crucial in this synthesis: the reaction only worked in the concentration range of 

17% to 66% acetic acid (pH = 3.2 to 2.1). At lower concentrations, there was no reaction, whereas 

at higher concentrations, an amorphous solid was formed. After 72 h, the resulting yellow 

dispersion was washed once with water and three times with ethanol. Finally, the collected solid 

was dried for 12 h at 65 °C in a conventional oven to afford octahedral UiO-66-NH2 submicron 

crystals (size:  0.3-1m) as a pure phase (yield: 90%) (Figure 1a), as confirmed by X-ray powder 

diffraction (XRPD) and N2 sorption measurements (SBET = 1106 m2 g-1; (Figure 1b and 1d; Figure 

S1-S3). This SBET value is consistent with the literature values for UiO-66-NH2 synthesized from 

other metal sources in water (Table 1).24, 28 Moreover, the quality of the synthesized UiO-66-NH2 

was also assessed by analysing its water sorption capacity. The water sorption isotherm showed 

the expected S-type trend centred at 0.2 P/P0, with a total water uptake of 0.44 gwater g
-1 (Figure 

1e).35 In this sample, the number of missing linkers per [Zr6(OH)4L6] was found to be 0.9 (Figure 

S4), which is in agreement with reported values.36 

The scalability of the room temperature aqueous synthesis of UiO-66-NH2 submicron crystals 

using Zr(acac)4 was demonstrated on the multigram-scale (Figure S5). For this, we stirred the 

precursors (0.4 M) in 500 ml of a mixture of water and acetic acid (50% (v/v)) for 72 h at room 

https://dx.doi.org/10.1021/acssuschemeng.8b03180
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temperature. After washing and drying, the resulting UiO-66-NH2 powder (53 g; yield: 95%) 

showed a SBET value of 1000 m2 g−1. 

 

Figure 1. (a) Representative FESEM image of UiO-66-NH2. (b) XRPD patterns for simulated 

UiO-66 (black) and synthesized UiO-66-NH2 (orange), UiO-66-(OH)2 (green), UiO-66-(COOH)2 

(pink) and UiO-66-COOH (blue). (c) XRPD patterns for simulated (black) and synthesized Zr-

fumarate (purple). (d) N2 adsorption (filled dots) and desorption (empty dots) isotherms at 77 K 

for UiO-66-NH2 (orange), Zr-fumarate (purple), UiO-66-(OH)2 (green), UiO-66-(COOH)2 (pink) 

and UiO-66-COOH (blue). (e) Water sorption (filled dots) and desorption (empty dots) isotherms 

at room temperature for UiO-66-NH2 (orange) and Zr-fumarate (purple) (f) CO2 sorption (filled 

https://dx.doi.org/10.1021/acssuschemeng.8b03180
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dots) and desorption (empty dots) isotherms at room temperature of UiO-66-(OH)2 (green), UiO-

66-(COOH)2 (pink) and UiO-66-COOH (blue). 

We then extended our aqueous synthetic approach to two other UiO-66-type MOFs: Zr-fumarate 

and UiO-66-(OH)2. For these syntheses, an aqueous mixture of acetic acid containing 0.4 M of 

Zr(acac)4 and 0.4 M of either fumaric acid (for Zr-fumarate) or 2,5-dihydroxyterephthalic acid (for 

UiO-66-(OH)2) was stirred for 72 h at room temperature. For Zr- fumarate, the optimal 

concentration of acetic acid was in the range of 33% to 50% (v/v); and for UiO-66-(OH)2, it was 

66% (v/v) (Table S2 and S3). Under these conditions, aggregates of nanocrystals (size:  50 nm) 

of Zr-fumarate were synthesized in high yields (83% to 88%) and with an SBET value of 1220-1249 

m2 g-1. Note that these values are higher than most literature values (Figure 1c and 1d; Figure S6-

S8).24, 37-39 In Zr-fumarate, the number of missing linkers per [Zr6(OH)4L6] was calculated as 1.4 

(Figure S9).39 Given the promise of Zr-fumarate for water-related applications (e.g. delivery of 

drinking water from ambient air, storage of heat and/or refrigeration),24, 37-41 we confirmed that 

synthesized Zr-fumarate retains the typical S-shaped isotherm, centred at 0.08 P/P0, and high water 

uptake (0.43 gwater g
-1) (Figure 1e). The UiO-66-(OH)2 was obtained (as aggregates of nanocrystals; 

size:  100 nm) in high yield (94%), with a number of missing linkers per [Zr6(OH)4L6] of 1.3, 

and with an SBET value of 733 m2 g-1. These results are consistent with the previously reported 

values for UiO-66-(OH)2 synthesized in water (Figure 1b and 1d; Figure S10-S13).27 Given the 

interest in UiO-66-(OH)2 for CO2-sorption application,42 the quality of the prepared material was 

studied by measuring its CO2 uptake capacity. Total CO2 uptake was 2.6 mmol g-1 at 700 torr, 

which is consistent with the previously reported values (Figure 1f).24, 37-40,  

Next, we performed aqueous syntheses of UiO-66-(COOH)2 and UiO-66-COOH from Zr(acac)4. 

Neither reaction worked at room temperature; they both required a temperature of 90 °C. To this 

https://dx.doi.org/10.1021/acssuschemeng.8b03180
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end, an aqueous mixture of acetic acid containing 0.75 M of Zr(acac)4 and 0.75 M of either 2,5-

dicarboxyterephthalic acid (for UiO-66-(COOH)2) or 2-carboxyterephthalic acid (for UiO-66-

COOH) was stirred for 24 h at 90 °C. An acetic acid concentration of 33% to 66% (v/v) gave 

submicrometre crystals (size:  0.2-0.5 m)  of UiO-66-(COOH)2 in high yield (89 to 91%) and 

with a good value SBET of 538 m2 g-1 (Figure 1b and 1d; Table S4 and Figures S14-S16).29 

Similarly, an acid acetic concentration of 66% (v/v) afforded crystals of UiO-66-COOH (as 

aggregates of crystals; size:  200 nm) in high yield (90%) and with a SBET value of 452 m2 g-1 

(Figure 1b and 1d; Table S4 and Figures S18-S20). The total CO2 uptake at 700 torr was 1.6 mmol 

g-1 for UiO-66-(COOH)2 and 1.9 mmol g-1 for UiO-66-COOH (Figure 1f).29, 44 Here, the number 

of missing linkers per [Zr6(OH)4L6] was 1.3 for UiO-66-(COOH)2 and 1.8 for UiO-66-COOH 

(Figures S17, S21).39 Note here that the slightly lower surface area observed in UiO-66-COOH29 

can be attributed to the presence of high amounts of defects.    

Once we demonstrated that UiO-type MOFs could be synthesized in water using Zr(acac)4, we 

then sought to prove the generality of our strategy by preparing MOFs based on other metal ions 

such as iron and aluminium. To this end, the Fe(III)-based MOF MIL-88A44 was synthesized in 

water by stirring an aqueous mixture of 0.4 M of Fe(acac)3 and 0.4 M of fumaric acid at room 

temperature for 72 h. After this period, the resulting orange dispersion was washed once with water 

and three times with ethanol. The collected solid was dried under vacuum to afford MIL-88A in 

the form of hexagonal rod-like crystals (yield: 25%; size:  0.7-1.5 m; Figure S22).30 

Interestingly, the yield could be increased up to 60% by simply heating the aqueous mixture at 

90°C. Since this MOF is well-known for its structural breathing properties, this functionality was 

confirmed in the synthesized material by comparing the XRPD of the dry powder (closed form) to 

that of the material after it had been soaked in water for 20 minutes (open form) (Figure 2a). 

https://dx.doi.org/10.1021/acssuschemeng.8b03180
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Figure 2. (a) XRPD patterns for the open (pink) and closed (red) forms of the synthesized MIL-

88A, in comparison to the simulated patterns for the open (blue) and closed (blue) form. (b) XRPD 

patterns for simulated (black) and synthesized CAU-10 (blue). (c) N2 adsorption (filled dots) and 

desorption (empty dots) isotherms at 77 K for CAU-10. (d) Water sorption (filled dots) and 

desorption (empty dots) isotherms at room temperature for CAU-10. 

 

For an Al(III)-based MOF, we chose CAU-10, as it shows promise for many water sorption 

applications such as adsorption-driven heat pumps and chillers.45 This MOF was synthesized by 

heating an aqueous mixture of 0.36 M of Al(acac)3 and 0.30 M of isophthalic acid at 90 °C under 

continuous stirring for 72 h. The resulting white dispersion was then washed twice with water and 

four times with ethanol, and the collected solid dried under vacuum to afford submicrometre 

crystals of CAU-10 (size:  0.2-0.5 m) in good yield (85%; Figure 2b; Figure S23). N2 and water 

sorption experiments revealed an SBET value of 520 m2g-1 and total water uptake of 0.34 gwater g
-1, 

https://dx.doi.org/10.1021/acssuschemeng.8b03180
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with the expected S-type trend centred at 0.2 P/P0 (Figure 2c, 2d). These values are all in agreement 

with the reported values.22  

 

CONCLUSION  

We have shown that metal acetylacetonate complexes can be used as an alternative source of 

metals to synthesize MOFs in water. We used metal acetylacetonates to synthesize various MOFs 

at either RT (UiO-66-NH2, Zr-fumarate, UiO-66-OH2 and MIL-88A) or 90 °C (UiO-66-(COOH)2, 

UiO-66-COOH and CAU-10). The yields were all good, ranging from 60% for MIL-88A to > 85% 

for all the others. Since metal acetylacetonate complexes are considered green reagents for 

numerous industrial processes, our strategy should enable the development of a simple, 

environmentally sound process for production of MOFs in water and consequently, accelerate their 

commercialization. 
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