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A green, solvent-free route to functionalised metal-organic 
frameworks with UiO-66 topology 

Roberto D’Amato,a Fabio Marmottini,a Matthew J. McPherson,b Marco Taddei*,b and Ferdinando 
Costantino*,a

We report a solvent-free procedure for the high-yield synthesis of 

metal-organic frameworks of UiO-66 topology starting from a range 

of commercial Zr(IV) precursors and various substituted 

dicarboxylic linkers. The syntheses are carried out by simply 

grinding the reagents in the presence of a small volume of acetic 

acid as modulator, followed by incubation at either room 

temperature or 120 °C. Use of a ball mill for the grinding step is 

demonstrated to enable facile scale up of the synthesis. High acidity 

of the linker is found to be a crucial factor in affording materials of 

quality comparable to that of products obtained in solvo- or 

hydrothermal conditions. 

The development of green and scalable procedures for the 

synthesis of metal-organic frameworks (MOFs) is currently 

considered the main factor to enable widespread industrial 

application and commercialization of these materials.1,2 

Scientific attention is mainly focussed on the production of 

highly stable MOF sat low cost, in high yield and fulfilling the 

requirements of sustainability and green chemistry principles.3,4 

Zirconium-based MOFs (Zr-MOFs) are currently considered 

benchmark materials for their high chemical and thermal 

stability, structural versatility and employment in a vast range 

of applications, ranging from gas separation,5-7 catalysis,8,9 

water sorption,10,11 proton conductivity12 and drug delivery.13 

Their structure is based on the different connectivity of 

hexanuclear clusters of formula Zr6O6(OH)4
12+ with polytopic 

carboxylic linkers, designing MOFs with variable degrees of 

connectivity and topologies, such as fcu (UiO-66 and MOF-801), 

csq (NU-1000) and spn (MOF-808).14-17Zr-MOFs are often 

prepared employing high boiling hazardous solvents such as 

N,N-dimethylformamide (DMF), strong acids and soluble 

chloride or nitrate metal salts.18 A remarkable effort has been 

recently made for ensuring safer and cleaner procedures for the 

synthesis of MOFs by using different approaches able to 

minimize the use of hazardous reagents and high-boiling 

solvents and the generation of large amounts of waste 

byproducts.19 Mechanochemistry is a well-established approach 

for performing clean and fast syntheses of a wide range of 

compounds, including metal-organic materials, avoiding 

common solvothermal routes and maximizing the atom 

economy.20 In particular, liquid assisted grinding (LAG) or ionic-

liquid assisted grinding (ILAG) are efficient procedures that 

make use of a small amount of solvents and/or metal-oxide 

precursors to enhance the crystallization kinetics.21-23 

Mechanochemical routes have recently been developed for the 

synthesis of many Zr-MOFs.24 In particular, the use of 

templating agents, water-based LAG and extrusion resulted in 

the synthesis of Zr-MOFs of different topologies with high yield 

and high purity.25 However, in order to attain the desired phase, 

preformed Zr6O6(OH)4
12+clusters already assembled with 

monocarboxylic ligands, such as acetate or methacrylate, are 

normally used.25,26 These clusters are often prepared using wet 

chemistry routes, adding a preliminary synthetic step to the 

procedure. Huang et al.24 recently reported the ultrarapid (3 

min) water-based LAG synthesis of nanocrystalline 

perfluorinated UiO-66 starting from a preformed methacrylate 

cluster and tetrafluoroterephthalic acid (F4-BDC). The authors 

found that other linkers, such as terephthalic acid (BDC), 2-

aminoterephthalic acid (NH2-BDC) and 2-bromoterephthalic 

acid (Br-BDC) failed to afford a crystalline product, attributing 

the higher reactivity of F4-BDC to its higher acidity, which 

enhances its solubility in water. Indeed, F4-BDC has recently 

been employed for the synthesis of UiO-66 type MOFs in water, 

even at room temperature.27-30 Notably, Ye et al.31 recently 

reported on a simple method to produce UiO-66 in high yield by 

grinding ZrOCl2·8H2O and BDC and subsequently heating the 

resulting mixture at 130 °C for 12 hours. Attempts using ZrCl4 

and Zr(NO3)4·5H2O as precursors failed to afford a crystalline 

product. Inspired by these works, we set out to combine these 

two approaches to investigate the synthesis of a range of 

functionalised UiO-66 analogues starting from several 

commercially available Zr precursors, namely, Zr(NO3)4·5H2O, 

ZrOCl2·8H2O, ZrO(NO3)2·4H2O and ZrCl4, and a range of linkers 
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with variable acidity, namely, F4-BDC, Br-BDC, NH2-BDC, 2-

nitroterephthalic acid (NO2-BDC) and 2,5-pyridine dicarboxylic 

acid (PyDC) (Figure 1). 

 
Figure 1. Molecular structure of the linkers used in this work. pKa values are also included 

next to the corresponding carboxylic groups. The values were calculated using the online 

tool Chemicalize (chemicalize.com). 

We started our investigation by screening the different Zr 

precursors in combination with F4-BDC, which was 

demonstrated by Huang et al.27 to be very prone to quick form 

a UiO-66 phase when milled with preformed hexanuclear Zr 

clusters. Initial attempts consisted in simply grinding equimolar 

amounts of the Zr precursor and F4-BDC (1mmol each) in a 

mortar in the presence of 1 mL of acetic acid (AcOH, 99.7%, 17.5 

mmol) for five minutes. The resulting slurry was then 

transferred to a closed container and incubated at RT for 24 

hours. The mixture was then washed with water to remove the 

unreacted Zr salts and linker and centrifuged in order to recover 

the solid. Using these amounts of reagents, a concentration of 

1 M of both salt and linker was obtained, which is 10 to 40 times 

higher than that normally used for DMF- or water-based 

syntheses of UiO-66 type MOFs.25,29,32-34 We avoided the direct 

addition of water as solvent since the amount needed to form 

the clusters (1.33 equivalents) was already present in the 

hydrated Zr salts used as metal source. Quite surprisingly, we 

obtained phase-pure and crystalline UiO-66 from 

Zr(NO3)4·5H2O, ZrOCl2·8H2O and ZrCl4 (Figure 2a). In the case of 

ZrO(NO3)2·4H2O, the mixture had to be heated to 120 °C in order 

to obtain a crystalline product (Figure 1S). The products 

obtained from Zr(NO3)4·5H2O and ZrOCl2·8H2O displayed broad 

reflections around 4-5° 2θ, which could be associated with the 

presence of defects. No residual reflections of the linker were 

present in the products (Figure 2S). SEM micrographs show that 

MOF crystallites with no defined morphology and size in the 

nanometric range (below 100 nm) were formed (Figure 3S). 

Although ZrCl4 is an anhydrous salt, its use was likely successful 

because it is highly sensitive to moisture and, during grinding, it 

could have absorbed water from atmosphere. The N2 

adsorption-desorption isotherms at 77K obtained with these 

samples are reported in Figure 2b and they can be classified as 

type I isotherms, which are typical of microporous materials. 

The specific surface area and micropore volumes were 

calculated from the Brunauer-Emmett-Teller (BET) and t-plot 

analyses of the adsorption data, respectively, and are reported 

in Table 1. The highest BET surface area of 882 m2 g-1 was 

recorded for the sample obtained from Zr(NO3)4·5H2O. This 

value is higher than that previously reported for perfluorinated 

UiO-66 synthesized in water.25,28  ZrCl4 produces by far the least 

porous product, which could be explained by the formation of 

amorphous, non-porous impurities due to the lower amount of 

water present in this precursor, compared to the other ones. 

 
Figure 2. PXRD patterns (a) and N2 adsorption isotherms at 77 K (b) of the products 

obtained from the reaction of F4-BDC with Zr(NO3)4·5H2O (black), ZrOCl2·8H2O (red) and 

ZrCl4 (olive) at RT and with ZrO(NO3)2·4H2O at 120 °C (blue). 

NMR analysis of the solids digested in 1 M NaOH in D2O showed 

that a little AcOH was retained within all the MOFs except the 

one prepared with ZrOCl2·8H2O, suggesting the presence of 

some defects (Figures 4S-7S). Thermogravimetric analysis (TGA) 

shows that all products start decomposing at a similar 

temperature of 300 °C, consistent with that observed in 

previous literature reports (Figure 8S).1,28 The synthesis was also 

tried with smaller amount of AcOH (0.1 mL), using 



  

 3  

Please do not adjust margins 

Please do not adjust margins 

Zr(NO3)4·5H2O as metal precursor, obtaining products with 

lower crystallinity (Figure 9S), suggesting that a high AcOH/Zr 

ratio is crucial to aid formation of metal clusters and induce 

formation of a well crystallised MOF. These results suggest that 

Zr(NO3)4·5H2O is the most suitable precursor to obtain UiO-66 

with high crystallinity and porosity in mild conditions. 

Table 1. BET surface area and micropore volume values for perfluorinated UiO-66 

samples synthesised starting from different Zr precursors. 

Precursor 
Incubation 

temperature 

BET surface 

area 

(m2 g-1) 

Micropore 

Volume 

(cm3 g-1) 

Zr(NO3)4·5H2O RT 882 0.31 

ZrOCl2·8H2O RT 750 0.27 

ZrCl4 RT 540 0.19 

ZrO(NO3)2·4H2O 120 °C 783 0.30 

 

We then moved on to screen linkers bearing different functional 

groups. The same procedure described above was employed, 

using Zr(NO3)4·5H2O as the metal precursor and simply 

replacing F4-BDC with either Br-BDC, NO2-BDC, PyDC, NH2-BDC 

or BDC (Figure 1). Incubation of the mixture at RT only afforded 

a reasonably crystalline and porous UiO-66 phase for NO2-BDC 

(BET s.a. = 842 m2 g-1, micropore volume = 0.29 cm3 g-1, 

consistent with previous literature reports)33,34 (Figure 3, Table 

2). In an attempt to improve the quality of this product, we 

heated the mixture to 120 °C, but, quite surprisingly, this led to 

a less crystalline and less porous MOF (micropore volume = 0.23 

cm3 g-1) (Figures 10S-11S). NMR analysis shows that the 

products contain similar amounts of AcOH (Figures 12S-13S). 

Comparison of the TGA curves shows that they start 

decomposing at the same temperature (about 350 °C), but the 

one obtained at RT loses considerably less weight (Figure 14S). 

In the case of Br-BDC, the phase formed at RT did resemble UiO-

66, but its crystallinity was clearly unsatisfactorily (Figure 15S). 

Heating to 120 °C was necessary to obtain a crystalline product, 

whose surface area (BET s.a. = 526 m2 g-1) was still lower than 

that usually reported in the literature,32,35,36 comprised between 

718 and 851 m2 g-1 (Figure 3 b)). NMR analysis showed that the 

sample contained the highest amount of AcOH among all the 

MOFs here reported (Figure 16S). This suggests the potential 

presence of amorphous, non-porous impurities. In the case of 

PyDC, AcOH proved not to be an effective modulator in any 

condition, therefore addition of 1 mL of concentrated HNO3 

(65%) was attempted, drawing inspiration from a literature 

synthetic protocol, where concentrated HCl was employed to 

prevent the formation of an amorphous phase.37 We chose to 

use HNO3 in order to avoid the introduction of an additional 

species, i.e. chloride, in the reaction mixture. While incubation 

at RT did not succeed in affording a crystalline product (Figure 

17S), heating to 120 °C did produce a highly crystalline solid, 

with BET s.a. of 1108 m2 g-1and micropore volume of 0.41 cm3 

g-1 (Figure 3, Table 2). This product is significantly less porous 

than previously reported analogues37,38 with BET s.a. ranging 

between 1380 and 1797 m2 g-1. However, these literature 

samples contained large amounts of defects, which contributed 

to inflate their porosity. Given that PyDC and BDC have basically 

the same molecular weight and steric demand, a BET s.a. value 

of 1108 m2 g-1 is consistent with the values usually reported for 

defect-free and non-functionalised UiO-66.39 However, the wt% 

of PyDC in the MOF derived from NMR analyisis is lower than 

expected for a non-defective sample (Figure 18S). This could be 

due to the presence of either amorphous, non-porous 

impurities or some NO3
- as counterion of the protonated 

pyridine rings. SEM micrographs show that MOF crystallites 

with no defined morphology and size in the nanometric range 

(below 100 nm) were formed with NO2-BDC and Br-BDC, 

whereas PyDC gave octahedral crystallites (Figure 3S). No 

residual reflections of the linker were present in any of the 

products (Figure 2S). 

 
Figure 3. PXRD patterns (a) and N2 adsorption isotherms at 77 K (b) of the products 

obtained from the reaction of Zr(NO3)4·5H2O with NO2-BDC at RT (black)andwith Br-BDC 

(red) and PyDC (blue) at 120 °C. 

Every attempt at using NH2-BDC and BDC as linkers invariably 

ended with an amorphous product. This is probably because 

these ligands are not acidic enough and therefore not able to 

effectively deprotonate in reaction conditions. As shown in 

Figure 1, pKa1 values of BDC and NH2-BDC are 3.32 and 4.03, 
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respectively, about one order of magnitude lower than that of 

Br-BDC (2.72) and more than two orders of magnitude lower 

than those of F4-BDC (1.18), NO2-BDC (0.72), and PyDC (0.80). 

Since solubility in water is highly dependent on the acidity of the 

carboxylic linker, which is in turn related to the presence of 

electron-withdrawing substituents on the aromatic ring, we 

speculate that less acidic linkers, such as BDC and NH2-BDC, fail 

to dissolve in the small amount of water contained in the Zr 

precursor, thus preventing crystallisation of the MOF from 

occurring. On the other hand, the higher water solubility of F4-

BDC, NO2-BDC, Br-BDC and PyDC allows the rapid reaction with 

hydrated Zr salts upon grinding and successive incubation at RT 

or 120 °C. 

Table 2. BET surface area and micropore volume values for UiO-66 samples synthesised 

using different organic linkers. 

Linker 
Incubation 

temperature 

BET surface 

area 

(m2 g-1) 

Micropore 

Volume 

(cm3 g-1) 

NO2-BDC RT 842 0.29 

Br-BDC 120 °C 526 0.18 

PyDC 120 °C 1108 0.41 

 

In order to test the possibility to scale-up the synthetic 

procedure, a ball mill was used for the mixing stage. The 

synthesis of UiO-66 using F4-BDCandZr(NO3)4·5H2O (4 mmol 

each) and 4 mL of AcOH was initially tried by milling for 1h at 30 

Hz, observing formation of a UiO-66 phase with low crystallinity 

and porosity (Figures 19S-20S). In a successive attempt, where 

the vessel was kept sealed for 24h after initial milling, 1.5 g of a 

well crystallized compound was obtained, whose crystallinity is 

comparable to that obtained by hand-grinding the reagents  

(Figure 19S). This product displays BET s.a. of 888 m2g-1and 

micropore volume of 0.33 cm3 g-1, about the same of that 

measured for the MOF obtained with the small scale synthesis 

(Figure 20S). The scale of the reaction is limited by the volume 

(10 mL) of the vessel available to us, but the success of this four-

fold scale up suggests that it could be further increased. This 

demonstrates that ball milling is effective for scaled-up 

syntheses because it allows a more efficient mixing of the 

reagents when they are in large amounts and hand-grinding is 

not practical. However, it does not appear to have evident 

benefits in terms of kinetics of crystallization. 

Conclusions 

A novel synthetic route for Zr-MOFs with UiO-66 structure is 

here presented. The synthetic protocol is extremely easy as it 

does not make use of solvents and preformed Zr6 clusters. The 

procedure was successfully validated with different Zr salts and 

dicarboxylic linkers at the laboratory scale. The protocol works 

best with linkers having high acidity, such as tetrafluoro-, 2-

nitro- and 2-bromoterephthalic acid and 2,5-

pyridinedicarboxylic acid. High acidity allows facile 

deprotonation in the presence of the crystallisation water 

contained in the metal precursors, thus promoting formation of 

the Zr clusters. We also demonstrated that the use of ball mill 

for the grinding stage permits a four-fold scale up of the 

synthesis, while affording a product of identical quality.  
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