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Abstract

The application of Metal-Organic Frameworks (MOFs) in gas phase 

heterogeneous catalysis is still not widely spread because of their limited stability under 

reaction conditions. Obtaining stable acidic MOFs to be used in reactions that demand 

strong acid sites remains a challenge up to the present time. In this work, it is shown

that nanocrystals of Zirconium MOF UiO-66 can be conveniently and easily 

functionalized through a simple one-pot synthetic approach, i.e. the direct treatment of 

UiO-66 with ammonium sulfate followed by an adequate thermal treatment, giving rise 

to a highly acidic and thermally stable material (named as S-UiO-66). This material can 

act as catalyst in the gas phase isobutene dimerization demonstrating high catalytic 

activity at moderate temperatures while maintaining the structural integrity of the MOF 

after several catalytic evaluations and/or after reuse cycles. The S-UiO-66 material 

represents a novel alternative in the search of robust MOF-based catalysts to be applied 

in gas phase heterogeneous catalytic reactions that demand strong acid sites.
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1. Introduction

The chemical and structural versatility of Metal-Organic Frameworks (MOFs) 

has made possible their expansion to numerous fields of applied research such as gas 

adsorption and storage, gas separation, biomedicine, drug release, removal of metal 

ions, sensor and catalysis, among others [1-7]. At the same time, several studies have 

been published regarding their post-synthetic functionalization which, in the field of 

catalysis, can extend their applicability to a greater variety of processes [7-9]. However, 

MOFs in gas phase heterogeneous catalysis have not been so widely employed, mainly 

due to their intrinsic limitations of physicochemical stability in reaction atmospheres at 

high temperatures and because they need appropriate functionalization in order to 

incorporate superficial active sites. Some examples of the use of MOFs in 

heterogeneous catalysis include their application in the Knoevenagel reaction, glucose 

transformation, xylose dehydration, or polymerizations [10-13]. However, in most 

cases, they are used in batch reactors and/or at low temperatures, where the thermal 

stability of the functionalized MOFs is not compromised. On the other hand, some 

reactions demand strong acid surface sites, such as alkene oligomerization, 

dehydrations, etc. [14]. Many commercial acidic solid acids are able to accomplish 

alkene oligomerization reactions, such as zeolite materials or sulfonated polystyrene 

resins, but for the former group the catalyst deactivation by coke formation is dominant 

and for the latter, their low thermal stability gives place to a destruction of the solid 

structures under real reaction conditions.

In recent years, some efforts have been made to obtain MOFs with high acidity, 

mainly through sulfonation processes by two approaches. Firstly, by the direct synthesis 

of MOFs employing ligands containing acid groups or functionalities able to generate 

acid groups, and secondly through the modification of the ligand in the MOF structure 
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by post-synthetic treatments. By applying the first methodology, mixed-linker metal-

organic frameworks were synthesized using 5-sulfo isophthalic acid monolithium salt 

(m-H2BDC-SO3Li) and employed in the gas-phase dehydration of ethanol [15]. 

Similarly, UiO-66-SO3H was obtained using monosodium 2-sulfoterephthalate as linker 

and employed in the acid-catalyzed Friedel-Crafts acylation of p-xylene [16]. Other 

sulfonated MOFs obtained by direct synthesis were reported to involve mixtures of 2-

NaSO3-H2BDC and H2BDC as starting ligands [17] and also 2-aminoterephthalic acid 

to obtain Zr-BDC-NH2-SO4 [18, 19], which were employed in adsorption applications.

Concerning MOFs acidified by post-synthetic methods a pioneering work [20] 

should be highlighted, in which the ligands of MIL-101(Cr) and MIL-53(Al) were 

sulfonated employing sulfuric acid with trifluoromethanesulfonic anhydride in 

nitromethane, followed by a deep washing process. Another variant was the synthesis of 

a thiol-laced UiO-66-type framework then post-synthetically oxidized to obtain UiO-

66(SO3H)2 with the sulfonic acid groups covalently linked to the backbone of the 

system and tested in proton conductivity applications [21]. Similarly noteworthy was 

the post-synthetic preparation of the sulfated-derived MOF-808 [22] and the analogue 

Hf-based MOF VNU-11-SO4 [23] employing long treatments with aqueous sulfuric 

acid, followed by solvent exchanges with anhydrous acetone and chloroform and then 

evacuated at elevated temperature. In another variant, the sulfonic acid-functionalized 

MOFs MIL-101(Cr)-SO3H, UiO-66(Zr)-SO3H and MIL-53(Al)-SO3H were obtained by 

a post-synthetic modification of the linkers through treatments with chlorosulfonic acid 

at 0 °C in CH2Cl2 [24, 25]. All the sulfone-derived MOFs obtained by the 

aforementioned post-synthetic methods were evaluated in standard liquid phase 

catalytic test reactions of moderate acid demand that included esterification reactions 

[21, 26], citronellal cyclization and alpha-pinene isomerization [22], synthesis of 
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benzoxazoles [23], synthesis of quinazolinones and benzimidazoles [27], fructose 

dehydration to 5-hydroxymethylfurfural [24] and hydrolysis of an acetal [25], 

respectively. Notice that practically none of these reactions were performed in a 

continuous flow gas phase reactor and that in most of the preparation methods the 

increase in acidity of the MOFs was associated with modifications in the organic 

component of the materials, mainly introducing sulfonic functions. Furthermore, many 

of these modified MOFs lacked stability to be applied in reactions catalyzed by acids 

which required temperatures above 200 ºC. Very recently, using the solid described in 

reference 22, a remarkable performance in a heterogeneous catalytic application was 

reported [28]. These materials demonstrated to be active, selective and stable in the low 

temperature dimerization of isobutene, but the presence of water was compulsory to 

achieve the catalytic properties. Therefore, a catalytic reaction mechanism similar to 

sulfonic resins (type Amberlite) should be assumed.

In spite of the vast universe of MOFs synthesized to date, the attention of the 

catalytic community has been focused on a few materials only, due to their unique and 

outstanding properties for application in catalytic processes [29]. One of these materials 

is UiO-66, a microporous Zr-MOF with high specific surface area, thermal stability and 

chemical resistance that is constituted by Zr6O4(OH)4 clusters linked by 

benzenedicarboxylate ligands (BDC) forming a 3D terephthalate structure [30]. It 

presents an imperfect framework with missing linkers which has given rise to the 

growing branch of “defect engineering” in MOFs [31-33], because such defects may be 

useful for establishing interactions with different molecules. So, the vacant sites on 

nodes in MOFs with missing linkers have been associated with some Lewis acid sites 

which can bond to reactants and lead to catalysis [34]. Therefore, taking into account 

the chemical similitude of the zirconium node of the MOFs with zirconia materials and 
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the high thermal stability of UiO-66, we propose to functionalize the Zr-MOF directly 

in the inorganic component of this material using the same method adopted to prepare 

sulfated zirconia [35]. In order to accomplish this purpose, we synthesized UiO-66 

nanocrystals with missing linkers and used them as a platform for their post-synthetic 

acidification through a direct sulfation with ammonium sulfate. In this work, we 

demonstrate that there is an effective anchoring of SOx groups in high interaction with 

the MOF structure that causes the generation of strong acidic surface sites, transforming 

the S-UiO-66 derivative into a high activity catalyst for a reaction that demands strong 

acid properties, such as the dimerization of isobutene.

2. Experimental

UiO-66 was prepared by solvothermal synthesis (S1) using a DMF-free protocol 

reported elsewhere [36] with which a Zr-MOF of high crystallinity and missing linkers 

was obtained. Subsequently, an S-UiO-66 sample was prepared through incipient wet 

impregnation with an aqueous solution of ammonium sulfate followed by thermal 

treatments in He (S1). S-UiO-66 was tested in the gas phase isobutene dimerization 

using a fixed-bed tubular reactor connected to a continuous flow system and the 

catalytic measurements were performed at the reaction temperature of 180 °C using a 

gas mixture of isobutene:He in a 1:4 molar proportion (S2). The materials were 

characterized by Thermogravimetric analyses (TGA) followed by mass spectrometry, 

NH3 temperature-programmed desorption (NH3-TPD), X-ray diffraction (XRD), 

Scanning electron microscopy and Energy-dispersive X-ray spectroscopy (SEM-EDS), 

N2 adsorption-desorption isotherms, UV-VIS Diffuse reflectance spectroscopy (DRS), 

Infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). A detailed 
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description of the synthesis procedures, conditions of material characterization methods 

and catalytic measurements are provided in the supporting information file.

3. Results and Discussion

3.1. Stabilization of sulfate- type species and development of acidity

The TGA of UiO-66 (Figure 1a) showed a first mass loss due to weakly 

physisorbed water (50-125 °C) leaving the MOF with all its free porosity [36]; then, a 

dehydroxylation of the zirconium cluster (125-300 °C) and finally, above 400 °C, the 

collapse of the structure, indicating a high thermal stability of this prepared UiO-66 

material which was similar to that reported when synthesized under other conditions 

[31-33]. These processes were also simultaneously verified by mass spectrometry of the 

evolved gases (Figure 1b). From the TGA it was determined, according to reported 

procedures [31, 33], that this structure had about 3 missing linkers providing a 

Zr6O4.6(OH)8.8 cluster (S2). On the other hand, the impregnated MOF (S-UiO-66), in 

addition to the loss of physisorbed water and dehydroxylation, showed a concomitant 

decomposition of ammonium sulfate (Figure 1c) giving ammonia and water evolutions 

(Figure 1d) as revealed from mass spectrometry peaks (see also Table S1). The 

interaction of ammonium sulfate with the structure of the MOF was evident since the 

stages of decomposition of the free salt occurred at higher temperatures (Figure S1). 

Subsequently, there was a loss of water, ammonium and sulfur oxides (in the range of 

225-360 °C) corresponding to processes of partial precursor decomposition. Finally, the 

stabilization of a large amount of SOx species in the UiO-66 structure was also verified 

when a release of SOx species was detected in the mass spectrometer at the same time as 

the MOF collapsed around 560 °C (Figure 1d).
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Through the study by thermal desorption of ammonia (NH3-TPD) it was 

corroborated that UiO-66 crystals treated in He at 230 °C (UiO-66-230) exhibited 

acidity distributed in two types of sites of weak and medium strength (Figure 2). The 

sulfated MOF treated at the same temperature (S-UiO-66-230) also showed an 

equivalent acidity (Figure 2). In addition UiO-66 pre-treated with He at 350 °C (UiO-

66-350) maintained a similar type and amount of acidity with a small amount of strong 

sites. The amount of these acid sites of different strength in each solid was determined 

by the quantity of ammonia desorbed per gram of sample in their respective NH3-TPD 

test (Figure S2). It should be remarked that, when this same thermal treatment was 

applied to the sulfated UiO-66 sample (S-UiO-66-350) a large number of strong acid 

sites developed (Figure 2), related to the SOx groups anchored and interacting with the 

MOF. In short, the distribution of surface acidity in these sulfated UiO-66 materials can 

be tailored by the pre-treatment conditions giving place to a material with strong acid 

centers able to be used as heterogeneous catalyst at relatively high temperatures (up to 

350 ºC).

The synthesized UiO-66 corresponds to a pure and highly crystalline phase, 

showing the main XRD signals of the (111), (200) and (600) planes of this structure 

(Figure 3A), and this diffractogram also matches with that simulated from their 

crystallographic data (CCDC 733458). As it can be observed, all sulfated samples 

including S-UiO-66-350 (red curve) are highly crystalline solids in which the structure 

of the MOF is largely preserved. The peaks are slender, analogous to those observed for 

this MOF synthesized under other conditions of synthesis with a similar crystal size 

[30]. Moreover, the thermal degradation of UiO-66 could develop phases of tetragonal 

zirconia whose main signals were located at 29.9°, 35.0°, 50.1° and 59.8º as shown in 

Figure S3 for a thermally degraded UiO-66 sample. In this regard, as shown in Figure 
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3A, there was no incipient crystalline phase of segregated zirconia in the sulfated-

modified MOF. Additionally, for the sample subjected to catalytic reaction for 18 h, 

some small extra signals (marked with an asterisk) developed, which could be from 

crystallized carbonaceous deposits. The diffractograms of the sulfated samples show 

that the strong acidity developed in S-UiO-66-350 is intrinsic to the modified structure 

of the MOF, caused by a strong interaction between anchored SOx groups and the 

framework upon the high temperature thermal treatment.

UiO-66 crystals corresponded to small nanoparticles (~ 150 nm) forming 

aggregates in the shape of clusters and this morphology was altered neither in the 

impregnated UiO-66 nor in the S-UiO-66-230 and S-UiO-66-350 samples (see Figure 

S4 where scanning electron microscopy images are displayed). In the latter, the average 

bulk Zr/S ratio was 1.43 which was only slightly higher than that of the impregnated 

UiO-66 and S-UiO-66-230 samples (Figure S4 also displays the EDX analysis of the 

samples) showing that a high amount of sulfur was retained in the S-UiO-66-350 

sample. The fresh MOF presented a BET surface area of 855 m2/g while for the S-

MOF-350 sample was of 408 m2/g, which can be explained by the large number of 

sulfate species introduced in the MOF that reduced the free porosity. Moreover, the 

contribution of some distortion of the MOF network was also possible although, as it 

can be noticed, the S-MOF material retained its crystal structure (XRD) and the 

isotherms remained to be of Type I (Figure S5).

3.2. Interaction of SOx species with the structure of the MOF

From the UV-VIS spectra obtained for unmodified MOF an intense signal at 245 

nm can be observed with a broad shoulder at 285-320 nm and a band-edge at 314 nm 

(Figure 3B) which is in agreement with previously reported data for this MOF [37, 38]. 

These bands were attributed to π-π* electronic transitions of the aromatic ring that can 
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shift with the presence of substituent functional groups modifying the energy involved 

in such transitions. These UV-VIS signals are also sensitive to ligand-metal charge 

transfer (LMCT) processes within the structure of metal-organic frameworks [39, 40]. 

From the spectra shown in Figure 3B it is evident that for all sulfated UiO-66 samples 

no significant changes in the spectral profiles can be observed. If very small ZrO2

crystallites (<1 nm) were present they should produce intense signals around 210-230 

nm, which are typical of the octa-coordinated zirconium in the oxide due to O2–Zr4+

charge transfer transitions and a broad peak at 280-300 nm due to defects such as 

oxygen vacancies [41, 42]. An UV-VIS DRS analysis of a sulfated zirconia sample 

(Figure S6a) clearly shows how this solid has intense signals below 228 nm, added to a 

quite strong and broad signal extended from 250 up to 400 nm. This is in line with what 

was discussed above about the spectra of Figure 3B, where these characteristics were 

not observed at the same time as the spectral profile of UiO-66 structure was preserved. 

In short, the UV-VIS spectra are in line with XRD results and demonstrate that the 

MOF matrix is preserved after the ammonium sulfate incorporation and after its thermal 

treatments, so the anchored SOx groups do not modify the ligand also ruling out the 

segregation of small ZrO2 domains.

The infrared spectrum of UiO-66 exhibits the characteristic signals of this MOF 

(Figure 4a), the doublet at 1578 cm-1 and 1400 cm-1 being the most intense due to the 

stretching in and out of the plane of the carboxylate groups, respectively, in the 

terephthalate structure [30]. A signal at 1705 cm-1 can also be noticed which could be of 

C=O stretching of some un-connected COO- groups in defective regions of this MOF 

[43, 44]. At lower frequencies (750-400 cm-1) several OH and CH bending modes are 

mixed with those of Zr-O vibrations of the MOF cluster. Some of these were identified 

such as the µ3-O stretching (669 cm
-1), µ3-OH in-phase stretching (480 cm

-1) and µ3-OH 
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antiphase stretching (454 cm-1) from the oxide and hydroxide bridges, respectively, and 

also the Zr-(OC) asymmetric stretching mode (555 cm-1) [38, 45]. S-UiO-66-350 

maintains the spectral profile (Figure 4f) without showing widening in the carboxylate 

region, which characterizes an ordered bond connection environment of the 3D structure 

of this MOF [36]. In addition, all sulfated samples show strongly overlapping 

absorptions in the 1300-600 cm-1 region coming from multiple ν S=O and ν S-O bond 

vibrations of surface sulfate species [46]. Some of these bands can be associated with 

bridging bidentate sulfate species, such as those at 1240, 1170-1105, 1048, 996, 961 and 

617 cm-1 [46, 47]. The signals in the S-UiO-66 very close resemble those from ν S=O 

and ν S-O vibrations in bridging bidentate sulfate coordinated to zirconium cations in 

sulfated zirconia [46, 48], that was also verified for a sulfated zirconia material (Figure 

S6b). In addition, a contribution of a shoulder at 1231 cm-1 could be of hydrosulfate 

species [47] (see also Table S2). Moreover it has been pointed out that in solids with 

high sulfur loading, as in our case, the broad absorption over 1000-1300 cm-1 could be 

also from other species such as pyrosulfate and multilayer sulfate species [46]. On the 

other hand, S-UiO-66-350 shows an increased intensity and red shift (12 cm-1) of the 

1700 cm-1 C=O band, evidencing an interaction of SOx groups with this environment of 

the MOF. Furthermore, a noticeable red shift of 9 cm-1 and 7 cm-1 of the µ3-O and Zr-

(OC) bands, respectively, can also be observed in this sample (Figure 4f, Table S2), 

reflecting a weakening of these bonds by an electronic interaction with the anchored 

SOx groups. The bands of other sites with potential reactivity of the hexacirconium 

cluster [49, 50] were not modified in the S-UiO-66 samples (Table S2).

The impregnated UiO-66 material exhibits a characteristic Zr 3d XPS spectrum 

(Figure 5a) compatible with Zr4+ in the structure of the MOF [51, 52], which splits into 

a Zr 3d5/2 line at 183.2 eV (FWHM = 1.8) and the corresponding Zr 3d3/2 at 185.6 eV 
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(FWHM = 1.7). The characteristics of these zirconium species (BE and FWHM) are 

similar in the S-UiO-66-230 sample (Figure 5b). On the contrary, there are some clear 

differences in the S-UiO-66-350 solid. Firstly, the XPS signals widen in about 0.2-0.3 

eV (Zr 3d5/2 at 183.5 eV (1.9) and Zr 3d3/2 at 185.9 eV (2.1)), giving an account of the 

appearance of zirconium species with a new environment. Secondly, the Zr 3d spectrum 

of S-UiO-66-350 can be correctly adjusted considering that Zr 3d5/2 and Zr 3d3/2 peaks 

present another zirconium species at about 184.0 eV (1.7) and 186.4 eV (1.8), 

respectively (Figure 5c). The increase in the BE of these new components could be 

attributed to a decreased electron density around some zirconium atoms because of their 

strong interaction with sulfate species. This chemical shift is similar to that generated by 

the effect of electron extraction of sulfate groups in sulfated zirconia solids that increase 

the Lewis acidity of the Zr4+ species [46, 53]. Moreover, the S 2p region in the sulfated 

MOF samples exhibits a single symmetric signal at a BE around 169.4 eV (Figure S7a) 

which is in agreement with the energy of superficial sulfate-type species [53]. In 

addition, a signal of O 1s can be observed at a BE around 532.0 eV (Figure S7b) which 

is higher than that from the lattice oxygen corresponding to Zr-O bonds in the MOF 

(~530 eV) [52] and is also in line with the high BE of the oxygen in sulfate groups [53]. 

On the other hand, the atomic Zr/S surface ratios for S-UiO-66-230 and S-UiO-66-350 

samples were 1.2 and 1.4, respectively, agreeing quite well with their bulk relationships 

obtained from EDX analysis (Figure S4).

Taking into account the evidence by FTIR and XPS that shows the disposition of 

anchored SOx groups in a large proportion as bridging sulfate species coordinated to 

zirconium atoms of the MOF node, added to the Zr/S ratio close to 1.5 found by both 

EDS and XPS, we can propose a possible distribution pattern of SOx species in the 

MOF. The picture is that in the fully dehydroxylated hexa-zirconium cluster of the S-
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UiO66-350 sample, an average of four sulfate groups are connected through O-S-O 

bridges to adjacent zirconia atoms of the same inorganic node of the MOF, strongly 

interacting with this cluster. This arrangement of sulfate species would resemble that 

found in sulfated zirconia solids.

3.3. Catalytic performance in the gas phase dimerization of isobutene

UiO-66-230, UiO-66-350, and S-UiO-66-230 samples presented a very low 

activity in the gas phase dimerization of isobutene (X isobutene < 1%). Because of the 

moderate acidity of these materials (Figure 2) their strength was not sufficient to 

activate this reaction, so only traces of 2,4,4 trimethyl-1 pentene (1P) and 2,4,4 

trimethyl-2-pentene (2P) products were observed. In contrast, the S-UiO-66-350 sample 

showed a remarkable boosting of the catalytic activity (Figure 6a) that reflected the 

effective strong acidity of this material, which allowed the activation of this demanding 

reaction. By prolonging the assay for 6h, a progressive deactivation was noted, probably 

due to light polymeric by-products adsorbed on the active sites. The catalytic results 

presented in Figure 6a prove the high acidity of the S-UiO-66-350 solid and also show 

that its performance is better than that of a commercial sulfated zirconia, which 

probably shows acid centers similar in nature to the S-UiO-66-350 sample, when 

evaluated under identical conditions. It can be noticed how S-UiO66-350 had a higher 

intrinsic activity, and at the same time that the decrease of activity with time on stream 

was lower (Figure 6b) which was verified in a repeated test, proving the catalyst 

performance reliability. This behavior reveals some differences in the physical-chemical 

characteristic of the active sites exposed in S-UiO66-350 with respect to those in 

sulfated zirconia. Therefore, it should also be mentioned that the selectivity (or products 

distribution) obtained with S-UiO-66-350 was not the same as when using sulfated 

zirconia as catalyst (Figure S8). As a tentative explanation, the confinement effect 
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induced by the MOF structure over the strong acid sites of the S-UiO-66-350 catalyst 

could be the reason for these selectivity modifications. In order to check the reversibility 

of the loss of activity with the time in reaction, the S-UiO-66-350 catalytic sample after 

6h in reaction, was treated in He flow at the initial pretreatment temperature of 350 °C 

for 1h (Figure 6c). With this thermal heating the catalyst was highly reactivated, 

practically recovering its initial performance. The dimerization reaction generally 

causes a gradual deactivation of catalyts by deposition of carbonaceous species, due to 

the acidic nature of the active sites. The fact that with a heat treatment in He the activity 

of S-UiO-66-350 was recovered, strongly suggests that it is due to a cleaning of such 

sites which regenerate their activity. Since the recovery was almost total, it can be 

thought that these deposits are of light carbonaceous species. The repetition of 

successive evaluation-reactivation cycles shows, on the one hand, that the deactivation 

phenomenon was largely reversible and on the other hand, the high long-term stability 

of S-UiO-66 under reaction. Moreover, the catalyst subjected to the successive reaction 

tests as well as to reaction-reactivation cycles retained the structural features (XRD 

patterns and DRS UV spectra) of the original UiO-66 as shown in Figure 3.

It is shown that S-UiO-66 required a relatively high temperature treatment (350 

°C) to generate an active solid with strong acidity (Figure 2), remaining stable at this 

temperature (Figure 3). Thus, this pretreatment carried out in-situ prior to the catalytic 

test, ensured on the one hand that the activated S-UiO-66-350 was completely 

dehydrated (Figure 1) and on the other hand that the sulfate groups anchored on the 

structure of the MOF, reacted to develop a strong interaction with the Zr-hexacluster of 

the inorganic nodes causing an electron withdrawal effect (Figures 4 and 5) and 

boosting the Lewis acidity. This type of surface acid centers seems to be similar to that 

of S-Ox groups anchored on zirconia after conventional sulfation processes [35] i.e. the 
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catalytic species formed on the Zr6O9 nodes of MOF mimic the sites on sulfated 

zirconia. This is also consistent with the fact that a treatment of S-UiO-66 at a lower 

temperature (230 °C) does not generate such acid centers. In brief, the grouping of Zr-O 

atoms of the inorganic brick of the MOF modified by sulfates provides a type of acidity 

similar to that found in sulfated zirconia, which is stable under high temperature 

reaction conditions. This is in contrast with solids having Bronsted-type acidity, which 

exhibit an acid functioning mechanism that requires the presence of water molecules on 

the surface of the material to provide proton transfer, such as in the case of reported 

sulfated MOF-808 [28]. For this reason, the solids prepared in this latter case are not 

stable at moderate temperatures, and after losing surface water molecules, such as in 

sulfonic resins, they become irreversibly deactivated [28]. In the case of the S-UiO-66-

350 material, it provides an acid mechanism similar to that of sulfated zirconia to 

promote isobutene dimerization. Hence, the nature of such acid centers can be related to 

Lewis acidity [35] which predominates in the absence of water vapor and after 

calcination at high temperature. These acid sites are also probably tuned by the three-

dimensional porous environment and by the organic nature of the ligands that surround 

these sites, which is reflected in  the lower deactivation rate in comparison with 

conventional sulfated zirconia (Figure 6 a), and in the shift of the products distribution 

(Figure S8). Notice that under our reaction conditions the presence of both water and 

hydrogen was ruled out, so that a transformation of the Lewis acids sites into Brönsted 

sites was discarded.

4. Conclusions

To sum up, it is demonstrated an effective anchoring of SOx groups in the UiO-

66 Zr-Metal-Organic Framework through a simple and green (without using harsh 
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reactants) direct post-synthetic sulfation procedure, giving rise to the S-UiO-66-350 

derivative which preserves the structural qualities of the original MOF. The sulfate-type 

species interact with the MOF close to their inorganic node environments, generating a 

strong acidity which allows activating a gas phase reaction with demand of strong acid 

sites, such as the dimerization of isobutene. In addition, the S-UiO-66-350 solid can be 

reactivated with short treatments in He, recovering much of the initial activity and 

allowing its use for 18 h at 180 °C without altering its physical-chemical characteristics. 

The robust behavior of S-UiO-66-350 in this reaction makes us anticipate its general 

applicability to other heterogeneous catalytic reactions in gas phase with strong acid 

demand.
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Figure Legends

Figure 1. TGA-dTGA (He) and the respective monitoring of evolved gases by mass 

spectrometry for: a, b) UiO-66; c, d) sulfated UiO-66 (The inset in Figure 1d show a 

small evolution of SOx at 225-360 ºC). 

Figure 2. Proportion and strength of acid sites in: a) UiO-66 treated in He at 230 °C 

(UiO-66-230); b) Sulfated UiO-66 treated in He at 230 °C (S-UiO-66-230); c) UiO-66 

treated in He at 350 °C (UiO-66-350); d) Sulfated UiO-66 treated in He at 350 °C (S-

UiO-66-350). The a.u. units refer to the total area (per gram of sample) of NH3-TPD 

signals integrated at different temperature ranges (50-150 °C weak acid sites, 150-230 

°C medium acid sites, 230-350 °C strong acid sites).

Figure 3. XRD patterns (A) and DRS UV spectra (B) of: a) UiO-66; b) UiO-66-230; c) 

UiO-66-350; d) impregnated UiO-66; e) S-UiO-66-230; f) S-UiO-66-350; g) S-UiO-66-

350 after 18 h of catalytic use (the diffractograms were normalized in each case with 

respect to the peak of maximum intensity, corresponding to 2θ 7.2 °).

Figure 4. FTIR spectra: a) synthesized UiO-66; b) UiO-66-230; c) UiO-66-350; d) 

impregnated UiO-66; e) S-UiO-66-230; f) S-UiO-66-350.

Figure 5. XPS in the Zr 3d region: a) impregnated UiO-66; b) S-UiO-66-230; c) S-UiO-

66-350.
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Figure 6. Catalytic behavior of the UiO-66-based catalyst in the gas phase isobutene 

dimerization: a) Catalytic activity at 180 °C for: S-UiO-66-350 (red circles) and sulfated 

zirconia (black square), taken over a 6-hour test; b) Comparison of initial conversion 

values (cyan bar) and percentage of deactivation after 6h of reaction (magenta bar); c) 

Consecutive evaluation cycles of S-UiO-66-350 extended for a total period of 18h with 

regeneration steps interspersed at 6 h and 12 h by treatments with He at 350 °C for 60 

min.
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S1. Synthesis procedures

a) Synthesis of UiO-66 crystals

Benzenedicarboxylic acid (BDC, Aldrich), ZrCl4 (Aldrich) and acetone (Cicarelli, 99.0% 

purity) were used without further purification. The mixture procedure basically consisted in 

mixing the two solid reactants together with the solvent in the molar proportions 

BDC:ZrCl4:solvent = 1:1:1622. After obtaining the homogeneous mixture, it was placed under 

solvothermal treatments at 80 °C for 24h. At the end of the treatments, the solids were recovered 

by centrifugation (10000 rpm, 10 min), washed twice with ethanol and finally dried at 80 °C 

overnight.

b) Obtention of S-UiO-66 by post-synthetic sulfation

First, the volume of water absorption of the synthesized UiO-66 crystals was determined and 

then 200 mg of the MOF was impregnated to incipient humidity using an aqueous solution 

containing 64 mg of ammonium sulfate (Sigma-Aldrich, ACS reagent, purity ≥ 99%). The 

impregnated sample was allowed to dry at room temperature in a hood overnight and then in an 

oven at 90 °C, overnight. The dry solid was homogenized in agate mortar to disaggregate the 

sample, leaving a fine homogeneous powder. The sample thus prepared was placed in a quartz 

reactor and heated in He (20 cm3 min-1) at 5 °C min-1 brought to 350 °C for 60 min and finally 

cooled in He up to 180 °C being ready for its catalytic test.
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S2. Characterizations and catalytic tests

a) Catalytic evaluation in gas phase isobutene dimerization

The catalytic activity of the samples was evaluated in a fixed-bed tubular reactor connected 

to a continuous flow system PID Eng&Tech, which was heated by a furnace with a PID control 

and equipped with mass flow controllers (Bronkhorst High-Tech B.V. mod. EL-Flow Select). 

Prior to the catalytic tests, the sample of sulfated MOF (50 mg) was activated as described 

above. After that, the system was cooled and the catalytic runs were performed using a gas 

mixture of isobutene:He in a 1:4 molar proportion employing a total gas flow of 8 cm3 min−1. 

The catalytic measurements were performed after carrying the sample in He at the reaction 

temperature (180 °C), after which the gas stream was changed to admit the reagent. After 

maintaining 5 min in reaction atmosphere to stabilize, conversion measurements were taken 

every 10 min. The isobutene conversions were determined by analyzing the exit gas with an 

on-line Varian CP-3800 chromatograph with a FID detector (200 ºC, detection range 10) and a 

Supelco alumina sulfate PLOT capillary column (30m x 0’53mm/10um). First, it was kept at 

120 °C for 5 min; then a ramp of 15 °C min-1 was applied up to 180 °C and maintained at this 

temperature for 10 min. Isobutane conversions were calculated as: XIb =([Ib]° - [Ib])/[Ib]° x 

100; where XIb is % conversion, [Ib]° and [Ib] are inlet and outlet gas concentrations, 

respectively. Catalytic tests were carried out in duplicate, verifying that the solids exhibited a 

repetitive behavior.

b) Thermogravimetric analyses with mass spectrometry

To analyze the thermal evolution of UiO-66 and sulfated UiO-66 samples thermogravimetric 

analyses (TGA) were conducted with an equipment TA Instruments 
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SDT Q600 TA from 30 °C to 900 °C at 10 °C min-1 in He flow (50 cm3 min-1, STP). The output 

gases from TGA were monitored by mass spectrometry using a ThermoStar GSD 301 T3 

instrument (filament 150 ºC, SEM and emission detector at 950 mV).

c) X-ray diffraction

Samples were analyzed by X-ray diffraction (XRD) using a Polycrystal X'Pert Pro 

PANalytical diffractometer with Ni-filtered Cu/K radiation (λ= 1.54 Å) operating at 45 kV and 

40 ˚ mA. For each sample, Bragg's angles between 4° and 90° (soller slit opening 0.04 rad, 

sample spinning 2s, step size 0.04° and counting time 100 s).

d) UV-VIS Diffuse reflectance spectroscopy (DRS)

UV measurements were performed with a Varian Cary 5000 UV/VIS spectrometer with a 

110 mm diameter diffuse reflectance sphere accessory. The equipment is of double beam, 

equipped with a photomultiplier type detector (PMT), double shutter electronically 

synchronized and double dispersive system with holographic diffraction gratings. The tests 

were carried out between 200-900 nm with a scanning speed of 200 nm min-1.

e) Acidity by ammonia temperature-programmed desorption

The acidity was determined by static ammonia adsorption using an ASAP 2010 

Micromeritics unit with a working range from 0 to 950 mmHg. The adsorption was carried out 

at 50 °C and 50 mg of material were analyzed. For both the synthesized MOF and the sulfated 

MOF, the sample was first pretreated in He at 230 °C (5 °C min-1) for 60 min after which it was 

cooled to 50 °C and NH3 was adsorbed for 30 min. After sweeping with He the TPD was carried 

out at 10 °C min-1, finishing at 230 °C and maintaining at this temperature for 30 min. It was 

then cooled in He and another pretreatment in He was carried out (5 °C min-1) up to 350 °C and 

maintained for 60 min. Then, the same TPD test described above was carried out, with a 

maximum temperature of 350 °C.
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f) Scanning electron microscopy and Energy-dispersive X-ray spectroscopy

The microstructure of the solids obtained was examined by scanning electron microscopy 

(SEM) with a benchtop instrument Hitachi model TM-1000 with a backscattered electrons 

detector operated at 15 kV. Elemental microanalyses were carried out by energy-dispersive X-

ray spectroscopy (EDS) coupled to the SEM instrument.

g) Infrared spectroscopy

Fourier transformed infrared spectroscopy (FTIR) of KBr-compacted samples was 

performed with a Thermo Nicolet Nexus 670 instrument equipped with a DTGS detector (400–

4000 cm-1, 60 scans, 2 cm-1 resolution).

h) Nitrogen adsorption-desorption isotherms

Adsorption-desorption isotherms of N2 at 77 K were acquired with a Micromeritics ASAP 2020 

unit. Prior the assay the solids were degassed (4 h, 200 °C) and then isotherms up to a p/p° 1 E-

06 were obtained and the specific surface area (BET) were also calculated.

i) X-ray photoelectron spectroscopy

Sample surface was examined by X-ray photoelectron spectroscopy (XPS) with a 

Multitechnique Specs module. The binding energies (BE) of Zr 3d were analyzed. The spectra 

were obtained with a pass energy of 30 eV with a Mg anode operated at 200 W. The samples 

were supported on the sample holder, subjected to vacuum dehydration at 100 ºC for 15 min 

and finally evacuated under vacuum, prior to the readings. The peak of C 1s at 284.8 eV was 

taken as internal reference. The data processing and peak deconvolution were performed using 

the Casa XPS software, adjusting the peaks by means of a Gaussian:Lorentzian waveform 

(70:30). after subtracting a base of type Shirley and determining the area by integration. The Zr 

3d signals were determined considering 2.4 eV the separation between the Zr 3d3/2 and Zr 3d5/2
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levels with an intensity ratio of 2:3, respectively. The shift of the BE energies due to surface 

charges was minimized by operating the instrument in flow gun mode.
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S3. Estimation from TGA of the missing linkers and the formal composition of the 

synthesized defective UiO-66. 

W0 (g) %RW1 %RW2 %RW3 %RW4

UiO-66 0.01136 70.97 66.56 64.50 38.60

W0 is the initial mass of the TGA and %RWi is the relative weight at point i:

%RW1 at 150 ° C: total evacuation of the host molecules.

%RW2 at 280 ° C: total dehydroxylation.

%RW3 at 375 ºC: combustion of the linker begins

%RW4 at 625 °C: structural collapse.

(Each point was taken where the derivative ends, with the exception of point 3 that was taken where it begins)

The structural defects in UiO-66 and their respective molecular compensation can be 

evidenced and quantified by TGA. In these calculations, the following was taken into account:

We rule out losses of zirconium; therefore, the structural defects are related to the linker 

deficiency and their number is quantified per Zr6 cluster unit.

A general formula is obtained for a defective UiO-66 sample in which evacuations have 

already occurred due to desolvation, i.e. the material is considered in an "evacuated" state when 

only the zirconium oxide connectors and the BDC linkers remain. Therefore, it is assumed that 

each loss of linker is compensated by an additional oxide anion in the cluster [1], which gives 

the following average MOF composition in that state:

Where is the number of linker deficiencies per unit Zr6.

Through XRD it can be seen that the structural collapse results in ZrO2. The actual amount of 

ZrO2 obtained from the starting sample is:
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Knowing that corresponds to the BDC loss from the structure, the actual 

amount of BDC obtained from the starting sample is:

Since it is assumed that there is no Zr loss, for every BDC mole in a perfect UiO-66 structure, 

6 mol of ZrO2 should be obtained by decomposition. The actual amount of BDC that makes up 

the molecular structure of the MOF is:

According to what was previously assumed, the molecular formula of our evacuated UiO-66 

(with the loss of linkers) is:

The amount of our evacuated UiO-66 is:

The actual dehydroxylated mass of the sample is estimated knowing that 

corresponds to the dehydroxylation of the structure:
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The amount of dehydroxylated UiO-66 is:

The molar ratio of dehydroxylated UiO-66 and the dehydroxylated moles is:

Therefore, the dehydroxylation reaction of our UiO-66 is:

Whereas the dehydroxylation of a perfect UiO-66 (without vacancies) is:

Then, the theoretical molar ratio of dehydroxylated UiO-66 and the dehydroxylated moles is 

equal to 0.5. This value is greater than the experimental ratio because, as demonstrated by 

some authors [2], the BDC losses in the structure are compensated with hydroxyls.

Molecular formula of defective UiO-66 in its different states

Dehydroxilated UiO-66 Hydroxilated UiO-66

Zr6O9(BDC)3 Zr6O4.5(OH)8.8(BDC)3

1. G. C. Shearer, S. Chavan, S. Bordiga, S. Svelle, U. Olsbye, K. P. Lillerud, Defect Engineering: Tuning the 

Porosity and Composition of the Metal-Organic Framework UiO-66 via Modulated Synthesis, Chem. Mater. 28 

(2016) 3749-3761.
2. W. Liang, C. J. Coghlan, F. Ragon, M. Rubio-Martinez, D. M. D’Alessandro, R. Babarao, Defect engineering 
of UiO-66 for CO2 and H2O uptake -a combined experimental and simulation study, Dalton Trans. 45 (2016) 

4496-4500.



11

Table S1. Proportions detected by mass spectrometry of the main and secondary fragments of 

water and ammonia released during TGA. Comparison with the natural populations of the 

fragments of indicated evolved molecules are presented.

Ratio of 
mass 

fragments

Natural 
Proportions(1)

(NH4)2SO4 UiO-66 Impregnated UiO-66
283 (2) 385 71 176 549 66 180 212 300-

350
569

m18/m17 (H2O)
4.7 0.5 0.4 4.1 4.3 4.4 4.5 1.1 1.1 2.3 4.4

m17/m16 (NH3)
1.2 0.9 1.3 - - * - 1.6 1.6 0.2 *

(1) Taken from “Eight peak Index of Mass Spectra”, The Royal Society of Chemistry, 3th

edition, 1983.
(2) Temperature of the TGA evolutions

m18 (H2O): H2O fragment

m17 (H2O): OH fragment

m17 (NH3): NH3 fragment

m16 (NH3): NH2 fragment

* A fragment of m16 due to CH4 evolution was observed.
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Table S2. Positions of the bands on the infrared spectra (cm-1).

Sample MOF (1) SOx

UiO-66

UiO-66-230

UiO-66-350

1705

1578

1508

1400

1018

746

669

555

480

454

Impregnated

UiO-66

1705

1578
1508

1400

1018

746

669

555

480

454

1285

1240
1231

1156

1113

1048

996

961

779

734

617

S-UiO-66-230

1694 (2)

1578

1508

1400
1018

746

669

555

480

454

1285

1240

1231

1156
1113

1048

996

961

779

734

617

S-UiO-66-350

1693 (2)

1578

1508

1400

1018
746

659 (2)

548 (2)

480

454

1285

1240

1231

1156

1113
1048

996

961

779

734

617

(1) The most important bands in the skeletal region of UiO-66.
(2) The signals that shift the vibration frequency are indicated in red letters. 
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Figure S1. TGA-dTGA (He) profiles of (NH4)2SO4 salt and the corresponding evolved gases 

followed by mass spectrometry. 
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Figure S2. NH3-TPD profiles: a) UiO-66 pretreated in He 60 min at 230 °C and 350 °C, 

respectively; b) sulfated UiO-66 pretreated in He 60 min at 230 °C and 350 °C, respectively.

Weak acid sites: obtained by integration of TPD area between 50 °C and 150 °C. 

Medium acid sites: obtained by integration of TPD area between 150 °C and 230 °C.

Strong acid sites: obtained by integration of TPD area between 230 °C and 350 °C.
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Figure S3. XRD of a thermally degraded UiO-66 sample, in which intense signals of tetragonal 

zirconia are observed.
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Figure S4. SEM images and EDS spectra of: a) Synthesized UiO-66; b) Sulfated UiO-66 

treated at 230 °C in He for 60 min; c) Sulfated UiO-66 treated at 350 °C in He for 60 min; d) 

Table with the mean bulk atomic Zr/S proportions of sulfated samples.

S UiO

Sample Atomic 
Zr/S*

Impregnated 
UiO-66 1.3

S-UiO-66-230 1.2
S-UiO-66-350 1.4

S UiO
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Figure S5. N2 adsorption-desorption isotherms at 77 K.
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Figure S6. Sulfated zirconia sample prepared from commercial zirconium hydroxide (sulfate 

doped) MEL, grade XZ0682/01 which was treated by calcination 2 h in air at 500 °C. This 

sample was later analyzed for comparison in the isobutene dimerization (Figure S5.b): a) DRS 

UV-VIS spectra; b) FTIR spectra.
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Figure S7. XPS spectra of sulfated MOF. Left S 2p region; Right O 1s region: a) impregnated 

UiO-66; b) S-UiO-66-230; c) S-UiO-66-350.
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Figure S8. Selectivity of products in the isobutene dimerization reaction at 180 ° C for: a) S-

UiO-66-350; b) commercial sulfated zirconia, where 1P refer to 2,4,4-trimethylpentene-1; 2P 

referes to 2,4,4-trimethylpentene-2. Other C8* products are probably 2,3,4-trimethylpentene-1, 

2,3,4-trimethylpentene-2, 3,4,4- trimethylpentane-2(3,4,4-TMP-2) and others C8 as recently 

described by J. Liu, et al., Catal. Commun. 119 (2019) 57-61.


