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Abstract: Metal-organic frameworks (MOFs) are the attractive 

catalyst support for stable immobilization of the active sites in their 

scaffold due to its high tunability of organic ligands. The active site-

functionalized ligands can be easily employed to construct MOFs as 

porous heterogeneous catalysts. However, the existence of active 

sites on the external surfaces as well as internal pores of MOFs 

seriously impedes the selective reaction in the pore. Herein, via a 

simple postsynthetic ligand exchange (PSE) method we synthesized 

the surface deactivated (only pore-active) core-shell type-MOF 

catalysts, which contain 2,2,6,6-tetramethylpiperidin-1-yl)oxyl 

(TEMPO) groups on the ligand as active sites for aerobic oxidation of 

alcohols. The porous but catalytically inactive shell ensured the size-

selective permeability by sieving effects and induced all reactions to 

take place in the pore of catalytically active core. Because PSE is the 

facile and universal approach, this can be rapidly applied to a variety 

of MOF-based catalysts for enhancing reaction selectivity. 

A large degree of tunability in building blocks for metal-organic 

frameworks (MOFs) construction enables facile pore 

engineering.[1] Well-tailored pore size and structures in MOFs 

grant the functions of molecular sieve to be applicable to gas 

storage, molecular separation, and catalysis.[2] For the utilization 

of MOFs as catalysts, their well-defined pore structure, which is 

the key factor for the size-selective nanoreactor, attracted great 

attention for many important reactions.[3] Furthermore, since 

organic ligands for MOF construction can be widely substituted by 

target functional groups, the immobilization of the catalytically 

active sites on their scaffold via covalent bonds enable to develop 

the stable heterogeneous catalysts, which efficiently alleviate the 

reduction of catalytic performance during the reaction.[4] Owing to 

these merits of MOFs, efficient and size-selective catalytic 

reaction in MOFs have been intensively studied.[5] However, size-

selective reaction by the MOF catalysts should be carefully 

analyzed and discussed. If the catalytic reaction is fast and 

substrate diffusion into the pores is slow, the majority of the 

reaction will occur on the surface of the catalyst, not inside the 

pores.[6] To achieve good size selectivity, it should be sure to 

restrict the presence of the active sites on the external surface 

and make sure that all reactions take place in the confined pore 

space. 

 

Scheme 1. Schematic illustration of TEMPO-functionalized UiO-67 (UiO-67-

TEMPO) and the surface deactivated core-shell type MOF catalyst (UiO-67-

TEMPO-CS) obtained via postsynthetic ligand exchange with non-

functionalized BPDC ligand. 

Postsynthetic ligand exchange (PSE) is the simple but 

versatile strategy to modify functionality of as-synthesized 

MOFs.[7] Since the coordination between the metal in the SBU 

(secondary building unit) and the ligand of MOF is in equilibrium, 

the original ligands in the MOFs are exchanged with new ligands 

by soaking MOF crystals in the pure ligand solution. In addition, 

upon varying the amount of ligand used in PSE, the extent of 

ligand exchange can be controlled. Previously, the various factors 

of PSE such as concentration, solvent, temperature and time 

have been intensively studied.[7b,d] Especially, Matzger et al 

examined the microstructure of MOFs after PSE for carboxylic 

acid ligands, which reveal that the exchanged ligand is mainly 
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located at the edges of the crystal, resulting in the core-shell 

structure.[8] Due to the slow diffusion of the carboxylic acid ligand 

into the pores, ligand exchange from the surface of MOFs occurs 

faster than diffusion into the pores. This provides the wide 

opportunities to modify the exterior of MOF crystals, and in the 

present study, we employed this method to deactivate the surface 

of MOF catalysts. Herein, we selected the zirconium-based MOF, 

UiO-67 system (UiO = University of Oslo) as the catalyst support 

to anchor 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) groups 

as an active site for aerobic oxidation of alcohols, yielding the 

catalyst, UiO-67-TEMPO. By the PSE treatment of UiO-67-

TEMPO, the surface-deactivated core-shell type MOF catalyst, 

UiO-67-TEMPO-CS was successfully prepared (Scheme 1). Only 

pore-active MOF catalysts exhibited the high size-selective 

reactivity for aerobic oxidation of alcohols, which contrasts with 

low selectivity of the untreated UiO-67-TEMPO. 

Figure 1. a) PXRD patterns and b) N2 full isotherms of UiO-67-TEMPO and 

UiO-67-TEMPO-CS. 

A parent MOF catalyst, UiO-67-TEMPO, was prepared from 

the solvothermal reaction with ZrCl4 and the mixture ligand 

system of biphenyl-4,4’-dicarboxylic acid (BPDC) and BPDC-

TEMPO (1:1 in mole ratio) in acidic condition. The resultant 

colorless microcrystals have the identical structure with UiO-67, 

confirmed by the powder X-ray diffraction pattern (PXRD, Figure 

1a). It is composed of BPDC and BPDC-TEMPO in 55:45 of mole 

ratio as evidenced by 1H NMR, which was measured with the 

solution of acidic digestion (Figure S1). In order to achieve the 

surface deactivated MOF catalyst (UiO-67-TEMPO-CS), UiO-67-

TEMPO was incubated in the solution containing 0.75 equivalents 

of the pure BPDC ligand at 35 oC for 18 h with shaking. As 

compared in Figure 1a, after this PSE process the structure of 

collected solids were well-retained, and the ratio between BPDC 

and BPDC-TEMPO was significantly changed to 76:24 (Figure 

S2). As previously studied, the PSE ratio (e.g., BPDC : BPDC-

TEMPO) is directly related with the amount of structural defects 

in MOFs.[7d] Therefore, all pristine UiO-67-TEMPO materials were 

prepared by identical solvothermal condition and acid modulator. 

To understand the pore structure of MOFs before and after PSE 

treatment, we conducted N2 adsorption/desorption experiments at 

77 K for UiO-67, UiO-67-TEMPO and UiO-67-TEMPO-CS. 

Compared with UiO-67, UiO-67-TEMPO, in which a half of BPDC 

is replaced by BPDC-TEMPO, shows the reduced Brunauer-

Emmett-Teller (BET) surface area from 2208 to 1169 m2/g, 

attributed to the bulkiness of TEMPO groups. The BET surface 

area of exchanged UiO-67-TEMPO-CS were 1218 m2/g, slightly 

larger than that of the parent compound (Figure 1b).  

 Although the degree of ligand exchange by postsynthetic 

modification was quantitatively analyzed by 1H NMR, the study of 

the exchanged ligand position in UiO-67-TEMPO-CS is essential 

to confirm the formation of the core-shell structure. Since the 

parent UiO-67-TEMPO also contained BPDC ligand in the 

framework, the position of the exchanged BPDC ligand in UiO-67-

TEMPO-CS is indistinguishable from the former one. Thus, as 

following the recent method reported by Matzger’s group, PSE 

was conducted with deuterated BPDC-d8 ligand, in which 

asymmetric C-C stretch mode of BPDC-d8 are clearly 

distinguishable from that of BPDC by Raman spectroscopy.[8] 

Unfortunately, deuterated BPDC-d8 is not commercially available; 

therefore, partially deuterated BPDC-d8 (30% d-incorporated for 

2,2’-positions and 90% d-incorporated for 3,3’-positions) was 

synthesized in multiple steps (see the Supporting Information for 

details, Scheme S2 and Figure S3). UiO-67-TEMPO-CS(D) was 

obtained from PSE of UiO-67-TEMPO with BPDC-d8 in same PSE 

condition of UiO-67-TEMPO-CS. In order to examine the 

microstructure of UiO-67-TEMPO-CS(D), its single crystal was 

sectioned in an epoxy resin and its cross section was analyzed by 

mapping with a Raman microscope (Figure 2a). In the point 

Raman spectrum of the core part of the UiO-67-TEMPO-CS(D) 

(Figure 2b), one large peak at centered 1611 cm-1 was observed, 

which is assigned as asymmetric C-C stretching mode of the 

phenyl rings in BPDC. However, at the outer shell of the UiO-67-

TEMPO-CS(D) the additional band appeared at 1583 cm-1, which 

is corresponded to the same vibrational mode from deuterated 

BPDC2--d8.[9] Based on this result, we confirm the ligand exchange 

of UiO-67-TEMPO occurred mainly from the surface of the 

crystals, forming the core-shell structure. It implies that simple 

PSE treatment successfully deactivate the surface of UiO-67-

TEMPO by catalytically inactive BPDC without loss of crystallinity 

as well as textural properties (Figures 1 and S4). The surface-

deactivated core-shell MOFs could also be obtained by different 

strategical approach, overgrowth methods.[10]  

  Figure 2. (a) The optical microscopic image of UiO-67-TEMPO and Raman 

mapping of cross-sectioned core-shell type MOF via postsynthetic BPDC-d8 

ligand exchange (UiO-67-TEMPO-CS(D)). (b) Point Raman spectra of UiO-67-

TEMPO-CS(D), which were obtained from the positions indicated in (a).  
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 The catalytic reactivity of UiO-67-TEMPO was examined for 

aerobic oxidation of alcohols with a variety of substrates under 

various conditions.[11] In this study, we additionally used Eu(NO3)3 

as a metal catalyst with TEMPO-immobilized MOFs, in which the 

combinational catalysts can show the enhanced performance 

based on the previous studies in homogeneous catalysts. 

Transition metal-TEMPO-catalyzed aerobic oxidation generally 

has three cooperative redox cycles: the redox cycle of the metal 

cations, the cycle of the external oxidant (such as TEMPO), and 

the O2-water-related cycle (Scheme S3).[12] Thus, the combination 

of metal catalyst and TEMPO generally shows higher reaction 

efficiency and wider substrate scopes than organic oxidant-only 

systems. In addition, recently the redox cycle of Eu(II)/Eu(III) have 

been successfully applied to the aerobic oxidation under mild 

condition with similar proposed mechanism.[13] Accordingly, to 

adopt this catalytic system to heterogeneous catalyst, UiO-67-

TEMPO with europium nitrate was used for aerobic oxidation with 

a variety of aldehydes with different size in the present study 

(Figure 3, Tables S1 and S2). To the best of our knowledge, this 

is the first attempt to utilize the combination system of metal 

catalysts and TEMPO species for aerobic oxidation by MOF-

catalysis, although the previously reported TEMPO only-

functionalized MOFs were successfully demonstrated in the 

aerobic oxidation of alcohols.[5d, 11] The experiments conducted 

with different catalyst combinations for benzyl alcohol (1a) 

oxidation clearly showed that the simultaneous use of UiO-67-

TEMPO and Eu(NO3)3 exhibited 97% conversion to 

benzaldehyde (2a), which is the comparable result from 

homogeneous reaction of Eu(NO3)3 and TEMPO (entries 3 and 4 

in Table S1). In addition, UiO-67-TEMPO could be recycled up to 

three times by simple centrifugation. There is no significant 

decrease of reactivity in the second run. In the third run, the 

conversion for aerobic oxidation was slightly decreased and 

partial amorphization was observed in the PXRD pattern of 

recovered UiO-67-TEMPO (Figure S5). Under the optimized 

reaction condition (Condition A: 1 mol% of UiO-67-TEMPO and 1 

mol% of Eu(NO3)3 at 60 oC for 9 h), benzyl alcohol (1a) and 

diphenyl methanol (1b) were fully converted to benzaldehyde (2a, 

99%) and diphenyl ketone (2b, 99%), showing good reactivity for 

primary and secondary alcohols  (Figure 3 and Table S2). In 

addition, a series of alcohol substrates with electron-donating 

groups and electron-withdrawing groups (entries 5-7 in Table S2) 

as well as ortho-, meta-, and para-substituted primary alcohols 

(entries 7-9 and 11-13 in Table S2) were successfully converted 

to the aldehydes with good conversions. However, bulky 

substrates such as pyrenyl methanol and phenyl pyrenyl 

methanol (1c and 1d) showed relatively lower reactivity with UiO-

67-TEMPO (45% for 2c and 38% for 2d, Figure 3 and Table S2), 

but the conversions were significant enough, showing low size-

selectivity.  

In order to test the surface deactivation effect of the MOF 

catalyst on the size selectivity, the catalytic reactivity of UiO-67-

TEMPO-CS was compared with that of UiO-67-TEMPO (Figure 3 

and Table S3). The overall reactivity of UiO-67-TEMPO-CS was 

lower than that of UiO-67-TEMPO; thus, 5 mol% catalyst loading 

(Condition B: 5 mol% for each Eu(NO3)3, UiO-67-TEMPO-CS, and 

NaNO3) and longer reaction time (18 h) were employed to obtain 

full conversion in the oxidation of benzyl alcohol (1a) to 

benzaldehyde (2a). In accord with our hypothesis, effective size 

discrimination was demonstrated by these surface-deactivated 

UiO-67-TEMPO-CS, as the smallest substrates (benzyl alcohol 

(1a) and diphenyl methanol (1b)) showed full conversions under 

the optimized conditions, and pyrenyl methanol (1c), a larger 

substrate, showed poor conversion (17%), and phenyl pyrenyl 

methanol (1d) showed almost no reactivity even when increasing 

the reaction time (Figure 3 and Table S3). In addition, similar 

catalytic behaviors of UiO-67-TEMPO and UiO-67-TEMPO-CS 

for small substrates (both 1a and 1b) were confirmed by kinetic 

curves against reaction time (Figure S6). 

Figure 3. Size Discrimination on Aerobic Oxidation of Alcohols with UiO-67-

TEMPO (Condition A) and UiO-67-TEMPO-CS (Condition B). 

The molecular sizes of starting alcohols were simply 

calculated through B3LYP/6-311G (Figure S7), and comparison 

of molecular sizes with NLDFT pore size distribution analysis 

confirmed the diffusion difficulty of phenyl phyrenyl methanol (1d) 

to MOF pores (Figure S8). Once again, from the pristine UiO-67-

TEMPO (i.e., surface active), the exposed TEMPO residue in the 

MOF surface could perform the aerobic oxidation of alcohols; thus, 

moderate conversion was observed for phenyl pyrenyl methanol 

(1d), the largest substrate tested of Figure 3. In contrast, the 

surface deactivate UiO-67-TEMPO-CS showed no efficiency for 

the aerobic oxidation of phenyl pyrenyl methanol (1d). 

 
Table 1: Size discrimination from the substrate mixtures in the aerobic 

oxidation.[a] 

 

Entry TEMPO species Yield (%)  

of 2a[b]  

Yield (%)  

of 2d[b] 

1 UiO-67-TEMPO-CS 91 N.R. 
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2 UiO-67-TEMPO 93 68 

3 TEMPO 96 85 

[a] Benzyl alcohol (1a, 27 mg, 0.25 mmol), phenyl pyrenyl methanol (1d, 27 mg, 

0.088 mmol), Eu(NO3)3 (0.0063 mmol), TEMPO species (0.0063 mmol), and 

NaNO3 (1 mg, 0.0063 mmol) in a solvent mixture of toluene (3 mL) and AcOH 

(0.05 mL) at 60 °C for 18 h. [b] Isolation yield. 

Furthermore, the starting material mixture was tested to 

confirm the size discrimination and reactivity differences between 

substrates. When using a mixture of benzyl alcohol (1a-smallest 

substrate) and phenyl pyrenyl methanol (1d-largest substrate) as 

the starting material, only conversion to benzaldehyde (2a) was 

observed, and phenyl pyrenyl ketone (2d, phenyl(pyren-1-

yl)methanone) was not detected with this UiO-67-TEMPO-CS 

(entry 1 in Table 1, 1:1 wt% ratio was used for molecular size 

differences, see supporting information for detail). On the other 

hand, pristine UiO-67-TEMPO (non-PSE-treated, surface-active) 

did not show the size discrimination from the substrate mixtures 

(1a + 1d, entry 2). Not surprisingly, the homogeneous system 

(Eu(NO3)3 + TEMPO molecule, entry 3) displayed totally non-

selective conversion for the reagent mixture. In addition, it is 

clearly confirmed that the reactivity of 1a and 1d toward aerobic 

oxidation are similar (96% vs. 85%, entry 3). Therefore, the 

successful size discriminations from the substrate mixtures were 

only achieved with surface-deactivated core-shell type MOF 

catalyst, UiO-67-TEMPO-CS. Although PSE technique in MOFs 

have been utilized for installing the additional functionalities into 

the original structure in several reports,[14] to the best of our 

knowledge, this is the first example of the deactivation of a MOF 

through the simple ligand exchange to achieve enhanced size 

discrimination. Moreover, since PSE is a universal and versatile 

method applicable to various MOFs and related systems, this 

methodology will impact multiple size-based properties of MOFs 

and their concomitant applications. 

In conclusion, a simple PSE technique was adopted to 

deactivate the surface of the catalysts with UiO-67-TEMPO. The 

target aerobic oxidation of alcohols to corresponding aldehydes 

were successfully achieved by the combination of europium 

cation and TEMPO-functionalized MOFs with a wide range of 

functional group tolerance on the substrate. Surface deactivation 

through PSE with catalytically non-active ligand, BPDC, was 

performed on the UiO-67-TEMPO. Although PSE is a versatile 

and universal tool for MOF functionalization, to the best of our 

knowledge, this was the first attempt at deactivation of MOF 

through PSE. The core-shell structure and surface deactivation 

were confirmed by Raman spectra. Surprisingly, the surface-

deactivated core-shell type MOF, UiO-67-TEMPO-CS, displayed 

excellent size discrimination based on the tested alcohols, and 

their resolution from a mixture of alcohols was achieved. This 

simple surface deactivation process provides an important and 

unique technique for tuning MOF catalysts and provides a route 

for novel, multifunctional MOF-based catalytic materials. 
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