
1 
 

Modulating Chemical Environments of Metal–Organic Framework-

Supported Molybdenum(VI) Catalysts for Insights into the Structure-

Activity Relationship in Cyclohexene Epoxidation 

Yongwei Chen,a, b# Sol Ahn,c# Mohammad Rasel Mian,b Xingjie Wang,b Qing Ma,d 

Florencia A. Son,b Lifeng Yang,b Kaikai Ma,b Xuan Zhang,b Justin M. Notestein,c, e and 

Omar K. Farha*b, e 

aCollege of Chemical Engineering, Qingdao University of Science and Technology, 

Qingdao 266042, People’s Republic of China 

bDepartment of Chemistry and International Institute for Nanotechnology, 

Northwestern University, 2145 Sheridan Road, Evanston, Illinois 60208, United States 

cCenter for Catalysis and Surface Science, Northwestern University, 2145 Sheridan 

Road, Evanston, Illinois 60208, United States 

dDND-CAT, Northwestern Synchrotron Research Center at the Advanced Photon 

Source, Argonne, Illinois, 60439, United States 

eDepartment of Chemical and Biological Engineering, Northwestern University, 2145 

Sheridan Road, Evanston, Illinois 60208, United States 

ABSTRACT:  

Solid supports are crucial in heterogeneous catalysis due to their profound effects on 

catalytic activity and selectivity. However, elucidating the specific effects arising from 

such supports remains challenging. We selected a series of metal–organic frameworks 

(MOFs) with 8-connected Zr6 nodes as supports to deposit molybdenum(VI) onto to 

study the effects of pore environment and topology on the resulting Mo-supported 
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catalysts. As characterized by X-ray absorption spectroscopy (XAS) and single-crystal 

X-ray diffraction (SCXRD), we modulated the chemical environments of the deposited 

Mo species. For Mo-NU-1000, the Mo species monodentately bound to the Zr6 nodes 

were anchored in the microporous c-pore, but for Mo-NU-1008 they were bound in the 

mesopore of Mo-NU-1008. Both monodentate and bidentate modes were found in the 

mesopore of Mo-NU-1200. Cyclohexene epoxidation with H2O2 was probed to 

evaluate the support effect on catalytic activity and to unveil the resulting structure-

activity relationships. SCXRD and XAS studies demonstrated the atomically precise 

structural differences of the Mo binding motifs over the course of cyclohexene 

epoxidation. No apparent structural change was observed for Mo-NU-1000, whereas 

the monodentate mode of Mo species in Mo-NU-1008 and the monodentate and 

bidentate Mo species in Mo-NU-1200 evolved to a new bidentate mode bound between 

two adjacent oxygen atoms from the Zr6 node. This work demonstrates the great 

advantage of using MOF supports for constructing heterogeneous catalysts with 

modulated chemical environments of an active species and elucidating structure-

activity relationships in the resulting reactions. 

INTRODUCTION 

Heterogeneous catalysts have attracted scientific interest for applications ranging from 

environmental catalysis to energy conversion due to their advantage of facile separation 

from products and good reusability.1, 2 Solid supports have been demonstrated to affect 

the catalytic activity and selectivity by tuning the distributions, coordination modes, as 

well as geometric and electronic structures of active metal species, which are termed 
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“support effects”.3-8 In this regard, various supports such as metal oxides and zeolites 

have been studied;9-12 however, many solid supports are amorphous and limited by non-

uniform binding sites, complicating the systematic investigations of the support effects 

in heterogeneous catalytic systems.13 Indeed, unambiguously identifying the deposited 

active species on these solid supports and subsequently elucidating structure-activity 

relationships involved in heterogeneous reactions remain challenging. Furthermore, 

many supports generally lack the tunability to modulate a specific variable, such as pore 

size, which allows for the study of support effects more specifically within a series of 

targeted supports. 

To meet this challenge, highly porous and crystalline metal–organic frameworks 

(MOFs), composed of inorganic nodes and organic linkers in periodic coordination 

networks,14-16 have been found to be suitable platforms for heterogeneous catalysis. 

MOFs provide uniform grafting sites for the deposition of dispersed active metal 

species and through their characterization, we can better understand the structure-

activity relationships in the resulting reactions.17-24 Due to their highly crystalline nature 

and well-defined pore structures, using MOF supports is a favorable strategy to 

systematically investigate the catalyst support effects and structure-activity 

relationships during catalytic reactions.3, 7, 8, 24-27 More importantly, reticular chemistry 

enables the precise design of various MOFs with identical topology but pore size-

tunability,28 minimizing the number of factors that can affect the catalytic activity. In 

particular, diverse MOFs featuring Zr6 nodes have been widely studied as porous 

supports for the facile construction of single-site catalysts in heterogeneous catalysis. 
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Zr6-based MOFs possess good thermal and chemical stability as well as rich and 

spatially dispersed binding sites in the form of terminal and bridging hydroxyl/aqua 

groups (-OH/H2O) on each node to immobilize extraneous metal species, thereby 

avoiding undesired aggregation of the active species during catalytic reactions.21, 23, 29-

31 Furthermore, the atomically precise structural determination of the installed active 

species within the resulting catalyst frameworks becomes readily accessible by virtue 

of single-crystal X-ray diffraction (SCXRD) technology, providing MOFs a remarkable 

advantage over amorphous supports. From this perspective, we and others have well 

illustrated that this crystallographic method enables the unambiguous visualization of 

the introduced metal species in the resulting MOF-supported catalysts.3, 7, 26, 32 Recently, 

we have shown that the effects of pore environment, topology, and identity of metal 

nodes of a series of Zr-based MOFs remarkably affected the ethylene hydrogenation 

performance of deposited nickel catalysts.7 Until now, however, there have been no 

studies of modulating the chemical environments, including the binding locations and 

coordination modes of introduced metal species, by simply changing MOF topologies 

or pore environments. As such, with respect to varying chemical environments, no 

studies have investigated the structure-activity relationships of the resulting MOF-

supported catalysts by exploiting SCXRD method, which can serve as a toolbox for 

understanding the support effects and subsequently provide insights into the structure-

activity relationships of the supported catalysts at the atomic level. 

Bearing our goal of elucidating the support effects and structure-activity relationships 

for heterogeneous catalysts in mind, in this study we employed a series of Zr-based 
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MOFs with 8-connected nodes but with variable pore environments and topologies as 

heterogeneous catalyst supports for deposited Mo(VI) catalysts. X-ray absorption 

spectroscopy (XAS) and SCXRD studies confirmed that we could modulate chemical 

environments, including the deposited locations in pores and coordination modes of Mo 

species, by changing MOF topologies and pore sizes. To evaluate and compare the 

catalytic activity of the resulting MOF-supported catalysts, we selected liquid phase 

cyclohexene epoxidation as a model reaction. Our study of support effects and 

structure-activity relationships of MOF-based catalysts provides a new paradigm for 

designing MOF-based catalysts through tailor-made differences in MOF structures. 

RESULTS AND DISCISSION 

In this work, we selected NU-1000, NU-1008, and NU-1200 (Figure 1) as 

heterogeneous catalyst supports due to their hierarchical structures, containing both 

micropores and mesopores, allowing for the efficient diffusion of substrates in these 

confined pore environments. NU-1000 and NU-1008 are comprised of the tetratopic 

linkers H4TBAPy (1,3,6,8-tetrakis(p-benzoic acid)pyrene) and H4TCPB-Br2 (1,4-

dibromo-2,3,5,6-tetrakis(4-carboxyphenyl)benzene), respectively, and both exhibit a 

(4,8)-connected csq topology. NU-1000 and NU-1008 featuring the same topology 

have close triangular micropores (10 Å vs 10 Å) and hexagonal mesopores (30 Å vs 31 

Å) in both frameworks (Figure 1a). However, the c-pore in NU-1008 (8 Å) is relatively 

small compare to that of NU-1000 (10 Å) (Figure 1b). Through comparison of these 

isoreticular MOFs, we aimed to disentangle how minute changes in c-pore sizes impact 

the supported catalysts. NU-1200 is constructed with the tritopic linker TMTB (4,4′,4″-
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(2,4,6-trimethylbenzene-1,3,5-triyl)-tribenzoic acid), yielding a (3,8)-connected the 

topology. Owing to its topology, NU-1200 does not possess the c-pore that NU-1000 

and NU-1008 have; therefore, we aimed to anchor the catalyst solely in the mesopore. 

The hexanuclear zirconium nodes (Zr6 nodes) in all three MOFs are 8-connected, 

resulting in four available sites for anchoring active metal ions by occupying the 

terminal -OH/H2O groups on the Zr6 nodes. 

 

Figure 1. (a) Schematic representation of the construction of NU-1000, NU-1008, and 

NU-1200 from Zr6 node (top), linkers (middle), and crystal structures (bottom). (b) 

Representation of c-pore in NU-1000 and NU-1008 structures. Color scheme: C, gray; 

O, red; Br, pink; Zr, green. H atoms in the structures are omitted for clarity. 

We synthesized the three MOFs according to our reported procedures3, 33, 34 and 

verified their phase purity by powder X-ray diffraction (PXRD) patterns (Figure 2a). 

N2 adsorption-desorption isotherms at 77 K (Figure 2b) confirmed their permanent 

porosity and the calculated Brunauer-Emmett-Teller (BET) areas were 2140, 1370, and 

2780 m2/g for NU-1000, NU-1008, and NU-1200, respectively. Scanning electron 
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microscopy (SEM) images revealed that the particles for NU-1000 and NU-1008 were 

rod-shaped, while those for NU-1200 were cubic (Figure S1). Since trifluoroacetic acid 

(TFA) was added as the modulator in the synthesis of NU-1000 and NU-1200, we 

completely removed the TFA coordinated on the Zr6 nodes by washing the MOFs with 

dilute hydrochloric acid, and verified the removal of TFA by 19F nuclear magnetic 

resonance (NMR) of the base-digested MOFs (Figure S2). The characteristic peak 

around 8.37 ppm in the 1H NMR spectra of the digested MOFs revealed the presence 

of terminal formate species capping the Zr6 nodes, which were quantified to be 2.6, 3.4, 

and 2.7 per Zr6 node in NU-1000, NU-1008, and NU-1200, respectively (Figure S3). 

The formate comes from the decomposition of N,N-dimethylformamide (DMF) and/or 

the use of formic acid as the modulator.35 

We chose high-valent Mo(VI) as the catalytically active metal since Mo species have 

been reported to be excellent catalysts for the epoxidation of olefins with high activity 

and selectivity toward direct epoxidation products.36, 37 In this work, we obtained the 

Mo-supported catalysts via solvothermal deposition in MOFs (SIM), a procedure in 

which the three MOF supports were exposed to a metal precursor solution of bis-

(acetylacetonato)dioxomolybdenum(VI) (MoO2(acac)2) in methanol at 60 °C (see 

detailed procedures in Supporting Information). The resulting catalysts are denoted as 

Mo-NU-1000, Mo-NU-1008, and Mo-NU-1200. Inductively coupled plasma optical 

emission spectroscopy (ICP-OES) measurements indicated Mo loadings of 1.51 ± 0.04, 

2.12 ± 0.06, and 1.48 ± 0.02 per Zr6 node of Mo-NU-1000, Mo-NU-1008, and Mo-NU-

1200, respectively. The bulk crystallinity of the resulting catalysts was retained after 
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Mo loading, as confirmed by the PXRD patterns (Figure S4). Scanning electron 

microscopy (SEM) images revealed no morphological change of the parent frameworks 

upon metal deposition (Figure S1). Moreover, thermogravimetric analysis (TGA) under 

air showed that the thermal stability of the supported catalysts was not negatively 

affected after Mo deposition and no decomposition occurred below 400 °C (Figure S5). 

As expected, we observed small reductions in the gravimetric BET areas after the 

metalation of Mo species on the Zr6 nodes in the MOF supports, as verified by the N2 

sorption isotherms (Figures S6). The BET areas of Mo-NU-1000, Mo-NU-1008, and 

Mo-NU-1200 decreased to 2060, 1290, and 2580 m2/g, respectively. Pore sizes 

decreased among the three catalysts, but the overall pore structures remained intact, as 

confirmed by the pore size distributions based on density functional theory (Figure S6). 

As evidenced by 1H NMR spectra (Figure S7), negligible amounts of formate were 

detected after the metalation process. Diffuse reflectance infrared Fourier transform 

spectrum (DRIFTS) showed a decrease in intensity of the peak around 3670 cm-1, 

associated with terminal and bridging -OH stretch, confirming that the installed Mo 

species was chemically bonded to the Zr6 node in the resulting catalysts (Figure S8). 

Moreover, X-ray photoelectron spectroscopy (XPS) measurements probed the 

oxidation state of the installed Mo species; the existence of the peaks associated with 

Mo 3d5/2 and Mo 3d3/2 at 232.1 and 235.3 eV confirmed that the oxidation state of Mo 

species grafted to the MOF supports was +6 (Figure S9). The oxidation state of Zr in 

the three MOF supports remained unaffected after Mo deposition (Figure S10). 
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Figure 2. (a) PXRD patterns and (b) N2 isotherms at 77 K of MOF supports. 

We performed XAS to provide geometric structural information of the local 

coordination environment of anchored Mo species. All the catalysts possessed a 

tetrahedral Mo oxide geometry, which could be seen in the strong pre-edge peak of 

experimental Mo K-edge X-ray absorption near-edge structure (XANES) data (Figure 

3a). These features are indicative of the presence of Mo=O species, which can be active 

sites for H2O2 activation. The pre-peaks of Mo-NU-1000 and Mo-NU-1008 were taller, 

which could be correlated to their shoulders in R-space representation of Mo K-edge 

k3-weighted extended X-ray absorption fine structure (EXAFS) spectra (Figure 3b). 

These similar pre-edge features imply that they have similar active Mo species with 

tetrahedral structure. As a bulk technique, XAS could provide structural information of 

the coordination environment of all anchored Mo species in average, but lack of local 

environmental information of individual species. 
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Figure 3. (a) X-ray absorption spectroscopies of fresh and spent catalysts. (a) Mo K-

edge X-ray absorption near-edge structure (XANES) spectra, and (b) Mo K-edge k3-

weighted extended X-ray absorption fine structure (EXAFS) spectra given by R-space. 

Then we turned to SCXRD to gain further structural insights into the anchored Mo 

species in the MOF-supported catalysts to compare differences of catalysts in detail 

(Figure 4), which can provide local coordination environments of individual Mo species 

as well as support structural information from XAS. Considering the disorder and low 

occupancy of these Mo species, we predicted that some of the oxygen atoms 

coordinated to Mo might not have been directly observed through SCXRD. The three 

Mo catalysts were deposited onto the parent MOF crystals using the similar conditions 

to the bulk powders. Isostructural NU-1000 and NU-1008 demonstrated similar binding 

motifs of the anchored Mo structures; however, the deposited location varied in 

different pores. For Mo-NU-1000, four crystallographically equivalent Mo sites were 

observed in the c-pore, in which the deposited Mo species had a monodentate mode to 

one terminal oxygen atom (O4) from the Zr6 node and two oxygen atoms (O5) directed 

into the c-pore. The Mo-O4 and Mo-O5 bond lengths were observed to be 1.69 and 

1.70 Å, respectively. In the case of Mo-NU-1008, although a similar coordination mode 

binding to the node through one terminal oxygen atom (O4) was found, the single-ion 
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Mo species was located in the hexagonal mesopore. The bond lengths of Mo-O4 and 

Mo-O6 were 1.77 and 1.83 Å, respectively. Given the Mo species was reported to be 

easily coordinated to the Zr6 nodes by occupying the -OH/OH2 groups in the c-pore,38 

the varied deposited location in Mo-NU-1008 can be ascribed to the smaller c-pore size 

of NU-1008 (8 Å) than NU-1000 (10 Å), which in turn restricted its accessibility of 

grafting sites for Mo precursor, suggesting the significant influence that pore size has 

on the active metal deposition. Compared to Mo-NU-1000, the lengthened Mo-O4 bond 

distance in Mo-NU-1008 reflected relatively weak interactions between Mo atom and 

the Zr6 node. The crystallographically determined Mo occupancies were 0.70 and 1.17 

per Zr6 node in Mo-NU-1000 and Mo-NU-1008, respectively, much lower than that of 

the corresponding ICP-OES results. We rationalize this discrepancy owing to several 

reasons. First, we used many microcrystalline MOFs for ICP-OES to obtain average 

values, whereas SCXRD measured only one large crystal. Additionally, 

microcrystalline samples generally will have much higher Mo loading than larger 

crystals due to the limited diffusion effect. We found that large crystals typically diffract 

poorly after Mo deposition and high-temperature catalysis (vide infra). Therefore, some 

installed Mo species on the Zr6 node were difficult to observe through SCXRD, due to 

the disorder and low occupancy. Compared to NU-1000 and NU-1008 with a 

characteristic c-pore, the Mo species in Mo-NU-1200 was only anchored on the 

available -OH/H2O groups in the mesopore due to the absence of c-pore.13 The Mo 

coordination mode (Mo1) in the monodentate site was coordinated to one terminal 

oxygen atom (O4) from the node and two oxygen atoms (O5) directed into the 
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mesopore. The Mo1 was similar for the deposited Mo structures in Mo-NU-1000 and 

Mo-NU-1008, with bond distances of 1.68 Å for Mo1-O4 and 1.86 Å for Mo1-O5, 

respectively. The other coordination mode (Mo2) had Mo in the bridging site 

coordinated to two adjacent terminal oxygen atoms (O4) from the node and two oxygen 

atoms (O6) directed into the mesopore. Notably, Mo2 is a different structure for Mo 

species that has not been observed in NU-1000 and NU-1008 supports, most likely due 

to the different topologies. We speculate that the monodentate Mo mode might be the 

kinetic product while the bidentate mode is the thermodynamic product, since the 

monodentate mode was transformed into the bidentate mode after catalytic reaction 

(vide infra). The Mo2-O4 and Mo2-O6 bond lengths were both 1.90 Å, much longer 

than those Mo1-O bonds in Mo-NU-1200, as well as the observed Mo-O bond in Mo-

NU-1000, Mo-NU-1008. The two crystallographically independent Mo1 and Mo2 

occupancies were estimated to be 0.8 and 0.28 per Zr6 node, respectively, corresponding 

to total occupancy of 1.08 per Zr6 node, close to the Mo loadings determined by ICP-

OES. 
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Figure 4. Crystal structures of (a) Mo-NU-1000, (b) Mo-NU-1008, and (c) Mo-NU-

1200, showing the binding motifs of Mo species on the Zr6 node. Hydrogen atoms are 

omitted for clarity. The Mo species are disordered at crystallographically equivalent 

sites. The views on the right side are the proposed molecular structures of Mo species 

on the Zr6 node. 

Given that Mo-based catalysts have high activity toward epoxidation of olefins, we 

chose cyclohexene epoxidation as a model reaction to evaluate the support effect on the 

catalytic activity. The epoxidation reaction with the corresponding Mo-supported 

catalyst (around 16 mg) and H2O2 as the oxidant (cyclohexene:H2O2 = 10:1) was 

performed in acetonitrile under stirring at 65 °C. As illustrated in Scheme 1, two 

reaction pathways are proposed—radical and direct reaction pathways—for 
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cyclohexene epoxidation, with possible products of epoxide, diol, cyclohexenone, and 

cyclohexenol. As shown by the detailed product yields as a function of reaction time 

profiles in Figures 5a-5c, the three Mo-based catalysts had differences in catalytic 

activity. Negligible amounts of cyclohexenone were found in all reactions. As 

previously reported,39-42 the homolytic activation of the oxidant (H2O2) produces 

cyclohexenone and cyclohexenol as the radical oxidation products via a reaction of two 

cyclohexenyl hydroperoxide intermediates. Moreover, one cyclohexenyl 

hydroperoxide intermediate can react with a cyclohexene to produce epoxide and 

cyclohexenol, which can explain why the yield of alcohol is higher than that of ketone. 

In this study, the epoxidation reaction predominantly proceeded via the direct pathway 

in which the heterolytic activation of H2O2 could produce epoxide and then initiate the 

ring opening via the hydrolysis to yield diol. At the beginning, the detected major 

product was epoxide via the direct H2O2 activation over the deposited Mo sites for the 

three catalysts. All the catalyst were selective toward epoxide in the beginning and then 

other products were produced gradually. Unlike two other catalysts, Mo-NU-1008 had 

a different trend in terms of diol production. It appeared that epoxide bound again on 

Mo-NU-1008, and then reacted with H2O for further hydrolysis, which could be the 

reason of the decrease in epoxide concentration (proposed in Scheme 1). We expect this 

trend to occur with both Mo-NU-1000 and Mo-NU-1200 at longer reaction times, as 

their epoxide concentration decrease slightly and diol concentrations increase over time. 

The initial turnover frequencies (TOFs) in the first 10 min were calculated to be 0.8, 

2.6, and 1.6 molproduct molMo
-1 min-1 for Mo-NU-1000, Mo-NU-1008, and Mo-NU-1200, 
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respectively. When considering some SiO2-supported Ti, Zr, Hf, V, Nb, and Ta catalysts 

for the same reaction,43 the initial TOFs of these catalysts are ranging from 0.4 to 2.4 

molproduct molM
-1 min-1, which are comparable to those of the MOF-supported Mo 

catalysts in this work. 

 

Scheme 1. Proposed reaction mechanism of cyclohexene epoxidation. 

 

Figure 5. Product yield versus reaction time for cyclohexene epoxidation at 65 °C with 

(a) Mo-NU-1000, (b) Mo-NU-1008, and (c) Mo-NU-1200. (d) Reaction pathway 

selectivity versus H2O2 conversion for catalytic epoxidation on the three Mo catalysts. 
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Mo-NU-1000 and Mo-NU-1008 were selective toward direct pathway products 

(100%) up to 20% of H2O2 conversion (Figure 5d), suggesting similar active sites of 

two catalysts from the beginning. As synthesized, these two catalysts had similar 

amounts of Mo species in tetrahedral geometry, which can be inferred from the strong 

pre-edge feature (XANES spectra in Figure 3a). Their similar coordination 

environments, observed in the long-range order, may explain why their pathway 

selectivities are similar up to 20% of H2O2 conversion. The selectivity change over the 

course of the reaction can be ascribed to the change of catalyst structures, which we 

would discuss below. Mo-NU-1008 had higher reactivity in the initial reaction and 

higher pathway selectivity for longer reaction times than Mo-NU-1000 (Figure S11), 

which could be ascribed to the different pore environments of the binding Mo species. 

When comparing the isoreticular systems of NU-1000 and NU-1008 supports, which 

contain the same monodentate mode but different locations of Mo species, we can 

postulate that the deposited Mo species located in the hexagonal mesopore in Mo-NU-

1008 increased accessibility of the active sites to the substrates and further reaction 

intermediates. Conversely, the Mo species located in the microporous c-pore in NU-

1000-supported catalyst limited the accessibility of the active sites, resulting in the 

notable difference in initial catalytic activity. Thus, Mo-NU-1008 catalyst was more 

active due to the active species located in bigger pore of the MOF support. Similarly, 

Mo-NU-1200 showed higher initial activity than Mo-NU-1000 due to the accessibility 

of the active Mo species deposited in the mesopore. In the case of Mo-NU-1200, 

however, its selectivity trend was different to the other two catalysts, which started from 
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80% of the direct pathway selectivity (Figure 5d). As observed in XANES regime 

(Figure 3a), Mo-NU-1200 has a weaker pre-edge feature, which may correlate with the 

initial selectivity difference as well as different active site structure.  

We then performed XAS characterization to check whether the local structure of the 

Mo species in the three Mo catalysts changed over the course of the catalytic reaction. 

Once spent, all recovered catalysts looked similar in both XANES and EXAFS regimes 

(Figure 3), making it difficult to study their differences in detail. In Figure 3b, the 

EXAFS amplitudes of Mo-NU-1000 and Mo-NU-1008 were lower once spent, which 

could suggest reduction of the coordination numbers. We could not decipher the 

differences arising from the varying coordination modes of grafted Mo species on the 

Zr6 node of Mo-NU-1008 and Mo-NU-1200. Since the introduced Mo species were 

located in the mesopores of both Mo-NU-1008 and Mo-NU-1200, more structural 

characterizations were required to unveil the underlying cause. 

To further elucidate the structure-activity relationships in the epoxidation reaction, 

we turned to SCXRD techniques to directly identify the three structures after 

epoxidation reaction, which would be more closely related to active sites than their as-

synthesized structures. Interestingly, we observed remarkably different evolutions of 

the binding motifs of the anchored Mo species on the Zr6 node in Mo-NU-1000, Mo-

NU-1008, and Mo-NU-1200 after catalysis (Figures S12-14). Following the reaction, 

no apparent structural change of the monodentate mode was observed in Mo-NU-1000 

and only minor formate was bound to Zr6 node without altering the local structure, 

possibly due to the residual formate from before the reaction. However, the 
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monodentate mode of Mo species in Mo-NU-1008 and the monodentate and bidentate 

Mo species in Mo-NU-1200 evolved to a new bidentate mode (Figure 6). In the case of 

Mo-NU-1008, the pristine monodentate mode of anchored Mo species completely 

transformed into a new coordination mode, in which the Mo atom was bound to four 

oxygen atoms (two adjacent terminal oxygen atoms (O4) from the Zr6 node and two 

oxygen atoms (O7) directed to the hexagonal mesopore). The Mo-O4 and Mo-O7 

distances were estimated to be 2.30 and 1.79 Å, respectively. We found that the length 

of Mo-O4 bond coordinated to the node became much longer than those of the pristine 

monodentate mode (Mo-O4, 1.77 Å). Considering the same coordination mode but 

different Mo locations in Mo-NU-1000 and Mo-NU-1008, no structural transformation 

occurred in the monodentate mode of Mo-NU-1000 after reaction, possibly limited by 

the c-pore that could not afford enough steric space for the Mo structural 

transformations. In Mo-NU-1200, the monodentate mode of installed Mo species 

evolved into the bidentate mode that the Mo atom was coordinated to two adjacent 

terminal oxygen atoms (O4) from the Zr6 node and one oxygen atom (O5) directed in 

the mesopore. The newly formed Mo-O4 bond distance was 1.89 Å along with the 

transformation of the pristine monodentate Mo1-O4 bond. Meanwhile, the bond length 

of Mo-O5 in the new bidentate mode was lengthened to 2.15 Å compared to the pristine 

bond lengths of Mo1-O5 (1.86 Å) in the monodentate mode and Mo2-O6 (1.90 Å) in 

the pristine bidentate mode. Considering the length of new Mo-O4 bond (1.89 Å) was 

very close to the pristine Mo2-O4 length (1.90 Å), we speculated that the pristine Mo2-

O4 bond was retained while the Mo-O5 bond distance was changed to be adaptive in 
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the new geometry after the cyclohexene epoxidation. 

 

Figure 6. The evolutions of the anchored Mo species on Zr6 node of (a) Mo-NU-1008 

and (b) Mo-NU-1200 structures after the cyclohexene epoxidation. 

These findings supported that these different structural changes in the binding motifs 

of Mo species in Mo-NU-1000 and Mo-NU-1200 occurred after the cyclohexene 

epoxidation, subsequently resulting in their different catalytic activities. Compared to 

the bidentate mode of Mo species in Mo-NU-1200, the monodentate binding motifs of 

Mo species in Mo-NU-1008 and Mo-NU-1200 are easily converted to be the bidentate 

mode after the epoxidation reaction. The difference in Mo-O bond distances results 

from the different coordination geometries of Mo species over the course of reaction. 

Compared to the formed Mo-O4 bond distance of 1.90 Å in Mo-NU-1200, the 

corresponding Mo-O4 bond distance in Mo-NU-1008 was lengthened to 2.30 Å.  

Given the decreased selectivity in Mo-NU-1000 (about 40%) (Figure S11b), we could 
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assume that the monodentate mode of Mo species is less favorable toward direct 

pathway. On the other hand, both Mo-NU-1008 and Mo-NU-1200 showed similar 

decreases in selectivity (20%), even though they started from different pathway 

selectivities in the beginning (100% for Mo-NU-1008 and 80% for Mo-NU-1200). 

These differences can be attributed to their different local environments, as observed in 

different pre-edge features in XANES regime as well as different binding modes that 

were found in SCXRD. Therefore, different local environments affected the 

coordination modes of active metal species on the same deposited sites, which led to 

different initial activity and selectivity trends. 

We evaluated the heterogeneous catalytic nature of the three Mo-based catalysts for 

cyclohexene epoxidation by hot filtration tests. These catalysts were isolated from the 

reaction solutions and then the reactions were allowed to proceed in the corresponding 

filtrate solutions with the absence of these catalysts. No increase in product yield was 

observed after removing the catalysts (Figure S15), indicating that the catalytic 

reactions were arrested due to no active Mo species leaching into the solutions. 

Although it has been reported that Mo supported on zirconia has comparable activity 

for this specific reaction,36 however, Mo-ZrO2 experiences severe leaching, making it 

lose its role as a heterogeneous catalyst. In contrast, the active sites of MOF-supported 

Mo catalysts remain coordinated to the Zr6 node. Additionally, the Mo loadings of these 

catalysts after epoxidation remained consistent with their initial loading per Zr6 node, 

as confirmed by the ICP-OES measurements. To test the catalyst recyclability, the 

catalysts were recovered from the reaction solutions, washed with acetone, and then 
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activated again (see detailed procedure for activation in Supporting Information) to 

remove remaining organic molecules. We regenerated and reused the three catalysts 

three times, demonstrating that the change in activity was negligible and only a minor 

decrease in Mo-NU-1000 was observed (Figure S16). These results corroborated the 

heterogeneous catalytic nature and the stability of the deposited Mo species in this MOF 

support. 

We performed multiple postcatalysis characterizations to check the stability of the 

MOF-supported catalysts. PXRD patterns of the recovered spent catalysts aligned well 

with the fresh catalysts, confirming the retained crystallinity (Figure S17). N2 isotherms 

revealed minor decreases in uptakes of the spent catalysts and the overall pore structures 

were maintained, as confirmed by the DFT pore size distributions (Figure S18). 

Furthermore, XPS spectra of the recovered MOF-supported catalysts confirmed that the 

oxidation state of Mo species was still +6 after catalysis and the oxidation state of metal 

(Zr) support remained identical (Figure S19). These comprehensive results manifested 

the robustness of the three Mo catalysts. 

CONCLUSION 

In this work, we selected three MOFs with 8-connected Zr6 nodes as supports for 

depositing active Mo species to investigate support effects on cyclohexene epoxidation. 

As characterized by SCXRD and XAS studies, the varied pore environments and MOF 

topologies of the investigated supports resulted in different binding locations and 

coordination modes of the introduced Mo species. Different structural evolutions of the 

Mo binding motifs were observed over the course of cyclohexene epoxidation: the 
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monodentate Mo species located in c-pore was retained in Mo-NU-1000, while the 

monodentate mode of Mo species installed in hexagonal mesopore of Mo-NU-1008 and 

the monodentate and bidentate Mo species in Mo-NU-1200 completely evolved to a 

new bidentate mode. Among the studied Mo-supported catalysts, the active Mo species 

in Mo-NU-1008 with a monodentate binding mode anchored in the hexagonal 

mesopore, exhibited the highest catalytic activity in the initial reaction. This 

demonstrates that the structural changes in the binding motifs of Mo species impart 

differences in catalytic activity and selectivity. With this work, we highlight the 

importance of MOF supports to modulate the chemical environments of deposited 

metal species, which impact not only the metal installation, but also lead to subsequent 

structural evolution during catalytic reactions that influences the catalytic activity and 

selectivity in heterogeneous catalysis. Differing the MOF supports yields different local 

environments affected the coordination modes of active metal species on the same 

deposited sites, resulting in different catalytic activities and selectivities. 

EXPERIMENTAL SECTION 

Experimental details can be found in the Supporting Information. 
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