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Abstract  

Herein, we use linker fragmentation approach to introduce boronic acid moieties as 

functional defects into Zr-based metal–organic frameworks (UiO-66). Our findings show 

that the amount of permanently incorporated boronic acid containing ligand is directly 

dependent on the synthesis method. The accessible boronic acid moieties in the pore 

surfaces significantly improve the hydrogen uptake values, which are 3.10 wt% and 

3.44 wt% at 21 bar, 77 K for DMF/H2O and DMF/HCI synthesis methods, respectively. 

Also, CO2 selectivity of the resulting MOFs over N2 and CH4 significantly increases due 

to the quadrupolar interaction between active surfaces and CO2 molecules. To the best 

of our knowledge, both hydrogen storage and selectivity of CO2 for UiO-66 are the 

highest reported values in the literature to date. Furthermore, another striking result 

emerged from the high pressure hydrogen uptake isotherms is the direct correlation 

between defects and hysteric adsorption behavior, which may be resulted in shifting 

from rigidity to flexibility of framework due to the uncoordinated sites.  
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1. Introduction 

Metal–organic frameworks (MOFs) are crystalline porous materials constructed from a 

combination of coordinatively bonded multitopic organic linkers and metal/metal cluster 

nodes. Unlike many other inorganic porous materials, MOFs have permanent high 

surface areas, tunable pore sizes, and tailorable framework architectures.1-5 Due to 

such intriguing properties, MOFs have attracted tremendous attention in gas 

storage/separation,6-10 catalysis,11-12 drug delivery,13-14 and electrochemical 

applications.15-19 One of the most conspicuous features of MOFs is the modular nature - 

that is, their properties can be finely tuned by using a substituted organic ligand and 

secondary building units (SBUs). 

Post-synthetic modification (PSM) has emerged as efficacious approach for fine-tuning 

physical and chemical properties of framework for desired applications.20-22 

Unfortunately, every so often it has been found that linker modifications bring about a 

significant decrease in specific surface areas and pore volumes, and generally 

deterioration in thermal stability of frameworks.23-24 Alternatively, one convenient 

synthesis method to design MOFs with desired functional sites is mixed-ligand 

approach in which a parent ligand and a fragment ligand with different functional groups 

are employed during a synthesis. The obtained novel MOFs not only maintain the 

isostructure of the parent frameworks, but also they can show similar thermal and 

chemical stabilities comparable to parent frameworks.25-28 Thus far, this approach has 

been implemented on numerous MOFs, which include MOF-5,29 MILs,30-31 HKUST-1,32 

ZIFs,33 and UiO-66.34 A few of the common outputs of all these reports can be listed as 

follows: (i) topology of the MOFs is maintained; (ii) depending on the functional groups 

of fragment ligand, frameworks gain specific properties for particular purpose, such as 

catalytic, sorption and electrochemical; (iii) incorporation of daughter ligands are highly 

affected by synthesis procedure; (iv) ratio between linkers alters the physical and 

chemical properties of frameworks.25-27, 29-34     

UiO-66(Zr), consist of Zr6O4(OH)4 clusters and terephthalic acid (BDC), has recently 

attracted considerable interest due to its porosity, ease of synthesis, low cost, and most 

importantly its high thermal, mechanical and chemical stability.35 In spite of this 
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attractiveness, reported specific gas adsorption values for unfunctionalized and/or 

defect free UiO-66 are very modest.36 Lillerud and co-workers have addressed this fact 

to its relative low surface area and lack of functional groups on BDC linkers.37 On the 

other hand, Zr6–MOFs are very tolerant of structural defects, which make them ideal 

candidate for synthesizing mixed-ligand MOFs.38-39 A growing body of literature has 

examined the creation and controlling of missing linker/cluster defects in UiO-66 and 

functionalizing of UiO-66 by mixing-ligand approach. In most of these studies, defects 

and heterogeneities noticeably enhance the adsorption properties and catalytic 

activities.37-41 

In this study we report the incorporation of active boronic acid moieties into UiO-66 by 

mixed-ligand approach. To this end, an inexpensive commercially available 

4-carboxyphenylboronic acid (CPB) was utilized as fragment ligand to obtain the 

corresponding mixed-ligand MOF, UiO-66B. Since CPB is structurally very similar to 

BDC -rodlike ligand structure, their lengths, etc.- it can be easily incorporated into the 

framework without/less distortions and will provide the desired functionality to the 

framework owing to the uncoordinated boronic acid group on it. That is, the active 

boronic acid moieties in the pore surfaces may increase the hydrogen uptake capacity 

of the resulting MOF due to the hydrogen affinity of boron. Furthermore, the quadrupolar 

interaction between boronic acid groups and CO2 molecules can enhance the CO2 

capture capabilities of the resulting MOFs.   

2. Experimental Section 

2.1. Materials     

Zirconium (IV) chloride (ZrCI4, 99.5%), terephtalic acid (BDC, 98%), 4-carboxyphenyl 

boronic acid (CPB, 97%) were purchased from Alfa Aesar. Hydrochloric acid (HCI, 

fuming 37%), dimethylformamide (DMF), ethanol, deuterium oxide (D2O, 99.9%) were 

purchased from Merck. Benzoic acid (99.5%) and sodium hydroxide (98%) were 

purchased from Sigma Aldrich. All chemicals were used without further purification.  

2.2. Synthesis of MOFs 

In the literature, there are several successful synthetic methods for the synthesis of 

defect-free and defective UiO-66 type MOFs. Among them, two different procedures 
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were chosen for this study to implement mixed-ligand approach. Through synthesize of 

the first set, the route used is as reported by Chavan et al with a small modification.34 

The precursors were prepared in the beakers by successively mixing DMF, ZrCI4, H2O, 

and linker(s) with a molar ratio of 350:1:1.3:1, respectively. The molar ratio of ligands 

were altered according to BDC (4.3(1-x) mmol) and CPB (4.3x mmol, x=0, 0.13, 0.25, 

0.38, 0.50), and five different samples were obtained. The precursors then transferred 

to 200 mI screw cap bottles and placed in an isothermal oven at 100 °C for 72 h. The 

obtained microcrystalline product, after cooling down room temperature, separated from 

the mother liquid by centrifugation and washed with fresh DMF for four times. The 

residual solvents were removed from pores by heating the samples at 200 °C for 24 h. 

All characterizations were performed on these activated materials. Second set samples 

have been prepared following a reported route by Katz et al.42 More details for both 

syntheses can be found in Supporting Information. Hereafter, pure phase and mixed-

ligand samples for the first set are denoted by UiO-66 and UiO-66B, and for the second 

set UiO-66-HCI and UiO-66B-HCI, respectively.   

2.3. Instrumentation for Physicochemical Measurements 

Infrared spectra of all samples were collected by using Attenuated Total Reflectance 

Fourier Transform Spectroscopy (ATR-FTIR) on Thermo Nicolet 6700. Spectra were 

obtained with 4 cm-1 resolution between 400–4000 cm-1. Powder X-ray diffraction 

patterns were obtained using a Rigaku Ultima-IV powder X-ray diffractometer equipped 

Cu-Kα radiation. Measurements were performed over a range of 2º<2θ<50 in 0.02 step 

size with a scanning rate of 1 deg/min. Thermal analysis measurements were carried 

out on a Setaram Labsys TG/DT system, between 25-700 ºC with a 10 ºC/min heating 

rate under N2 flow. X-ray photoelectron spectroscopy (XPS) measurements were 

conducted using a Thermo Scientific Kα X-ray photoelectron spectrometer system. The 

morphologies of the obtained samples were examined by Zeiss EVO LS 10. 1H NMR 

spectra were recorded on a Bruker 400 spectrometer (1H, 400 MHz). For a typical 

measurement, 20 mg powder MOF was dissolved in 1 M 600 µL NaOH/D2O stock 

solution. Then, the solution was sonicated for 30 minutes and held at room temperature 

for 24 h. Dissolved samples were filtered using PTFE filters with a pore size of 0.45 µm, 
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then put into NMR tube for the measurement, and 1H NMR spectra were obtained by 

locking the sample to D2O. 

2.4. Gas Adsorption Measurements  

For all measurements, about 100-200 mg of resulting MOF was transferred into tared 

sample holder, and then samples were degassed at 150 ºC for 15 h by Micrometrics 

SmartPrep. After weighed, nitrogen adsorption/desorption isotherms and other low 

pressure measurements for H2, CH4 and CO2 were obtained on Micromeritics Tristar II 

Plus surface area and porosity analyzer at desired temperatures. Each measurement 

was carried out at least two times for the accuracy. To obtain the desired temperatures 

of -196 ºC, 0 ºC, and 25 ºC the dewar was filled with liquid nitrogen, ice-distilled water 

mixture, and distilled water, respectively. The filler rod was also used for all 

measurements. The post-processing calculations and derivations on isotherms were 

obtained using Microactive Version 2.02 software. High-pressure adsorption 

measurements in the range of 0-60 bar were carried out on a Micrometrics HPVA-II 

High Pressure Volumetric Analyzer. Typically, 250-350 mg activated sample was 

transferred into tared 2-cc stainless steel sample holder, and then degassed at 150 ºC 

for 15 h on activation port of the instrument. Afterward, the H2 adsorption isotherms 

were recorded at 77 K for each sample.  
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3. Results and Discussion 

3.1. Synthesis and Structure 

 

Scheme 1. Schematic presentations for synthesize procedure of pure phase UiO-66 and mixed-

ligand UiO-66B  

The phase pure UiO-66 and mixed-ligand UiO-66B MOFs were synthesized from ZrCI4 

and a mixture of BDC (parent ligand) and CPB (fragment ligand) via hydrothermal 

synthesis method (Scheme 1).34 In order to seek the maximum incorporation of boronic 

acid into framework without changing crystal structure of UiO-66, different feed ratios of 

BDC to CPB were employed. Changes in crystal structure and crystallinity of the mixed 

ligand MOFs with BDC/CPB feed ratios from 0.87:0.13 to 0.50:0.50 were investigated 

by using PXRD technique. The XRD patterns of all samples are consistent with the 

simulated and experimental pure phase pattern of UiO-66, which means UiO-66B mixed 

ligand MOFs crystallized in the same structure as the pure phase UiO-66, namely the 
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obtained MOFs are isostructure of the parent framework (Figure 1).31, 34 On the other 

hand, the diffraction peaks in the pattern are broadened and weakened as the CPB 

content increases. It is very likely that the crystallinity of the frameworks decreases due 

to the uncoordinated sites with an increasing boronic acid moiety in the framework. 31 

However, in the MOFs synthesized using the HCI acid, there is no change in the XRD 

peaks despite the relatively higher CPB ligand (BDC/CPB, 0.25:0.75) and is compatible 

with the pure phase UiO-66 structure (Figure S3) The main reason for this is the 

introduction of much less CPB ligand, which is confirmed by 1H NMR data, in the 

synthesis of the MOF with HCI procedure. In addition, SEM micrographs have 

demonstrated that there is no significant change in crystal morphologies with the 

incorporation of CPB into structures (Figure S4).  

 

Figure 1. PXRD patterns of simulated UiO-66, pure phase UiO-66 and mixed ligand UiO-66B in 

different feed ratios of BDC to CPB from (0.87:0.13) to (0.50:0.50).  
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To qualitatively and accurately ascertain the amount of CPB in mixed ligand 

synthesized UiO-66, 1H NMR spectra were recorded. Our steps proceed very much in 

the same way as described by Lillerud.37 A certain amount of all five samples in the 

series and small amount of BDC and CPB ligands were digested in 1 M NaOH/D2O. In 

this deuterated digestion medium, MOFs were disassembled, organic components in 

the frameworks (linkers, residual solvents, etc.) dissolved in the medium while metallic 

parts were precipitated. It is apparent from Figure 2a that BDC has a singlet at 7.69 

ppm corresponding to four equivalent non-labile protons on its benzene ring. On the 

other hand, CPB have multiplets at around 7.58 and 7.35 ppm assigning to 

unsymmetrical distinct two protons (labeled Ha and Hb) for each peaks.  As can be 

evidently seen in Figure 2b, the peaks belonging to the both ligands appear on the 

mixed-ligand MOFs spectra, as well the relative intensity of the peaks assigning to the 

CPB ligands increase with the increasing feed ratio of this ligand (Figure 2c). The molar 

ratios of used ligands are determined by the integrating of 1H NMR spectra.  For 

BDC/CPB feed ratios of 0.87:0.13, 0.75:0.25, 0.62:0.38, and 0.50:0.50, calculated 

BDC/CPB ratios through the integration of 1H NMR spectra are 0.93:0.07, 0.80:0.20, 

0.74:0.26, and 0.69:0.31, respectively (see Supporting Information for calculation 

details). It is crucial to note that the BDC/CPB ratios in MOFs do not fully match up with 

the ones in feed, and rather the incorporation of CPB into the frameworks is nigh on 

saturation at a BDC/CPB feed ratio of 0.50:0.50 (Figure 2d). Additionally, the NMR 

spectra of all samples include two singlets at 8.24 and 2.08 ppm which are assigning to 

formate and dimethylamine come from the hydrolysis of DMF.37,43 Further investigation 

revealed that synthesis conditions significantly affect the incorporation of CPB into the 

framework. In this context, by the integration of those 1H NMR spectra of UiO-66B-HCI it 

has been found that CPB ligands were less incorporated into the crystal structure 

compared with DMF/H2O synthesis (Table S4). This would appear to indicate that the 

coordinated amount of CPB ligands in the frameworks are strongly depends on the 

synthesis conditions and that CPB was veritably incorporated into the frameworks rather 

than occluded in pores. Our results are in line with previous finding in the literature 

reported by Zhu and Lillerud.31,34,37  
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Figure 2. (a) Comparison of 1H NMR spectra for CPB and BDC ligands. (b-c) 1H NMR spectra 

obtained on the samples synthesized by DMF/H2O procedure. (d)  Comparison of experimental 

feed ratio of CPB and calculated CPB ratio by 1H NMR. 

 

We also measured the XPS spectra of all synthesized MOFs for further investigation of 

chemical changes in their structures by incorporation of CPB. Figure 3 shows the typical 

wide scan XPS survey and high resolution (Zr and O) narrow scans. As shown in Figure 

3a, the survey spectra revealed the existence of Zr, C, O, and N atoms in all 

structures.44-46 Unfortunately, we were unable to see the presence of B atom in the 

surveys due to the fact that strong Zr3d (183.5/185.9 eV) loss feature strappingly 

overlaps the B1s (187.2 eV) region, and also B1s peak has very low sensivity.31,47 

However, according to the high resolution narrow scan spectra of Zr atom presented in 

Figure 3b, the binding energies of Zr3d shifts to lower values as the portion of CPB 
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increases in the MOFs, evincing the alterations in the chemical environments of this 

element. Binding energy depends on shielding effect triggered by the electron density 

around atoms. Therefore, the shift to lower values in the binding energy of Zr3d (from 

185.91/183.57 eV to 185.33/182.99 eV) could be ascribed to the enhanced electron 

density around Zr atoms, which may arise out of the weaker interactions between 

boronic acid moieties and Zr-O clusters, and uncoordinated Zr nodes.44-46 

 

Figure 3. (a) XPS survey spectra of pure phase UiO-66 mixed ligand UiO-66B in different feed 

ratios of BDC:CPB from (0.87:0.13) to (1:1). (b) The enlarged Zr 3d XPS spectra of pure phase 

UiO-66 mixed ligand UiO-66B in different feed ratios of BDC to CPB from (0.87:0.13) to 

(0.50:0.50). 
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In order to probe the thermal stabilities of the resulting MOFs, thermogravimetric 

analysis was carried out for each sample. According to obtained thermograms, boronic 

acid containing UiO-66Bs are as stable as pure-phase UiO-66, and all of them have 

mainly three weigh loss step: (i) first weight loss of 5 wt% up to 100 ºC due to remaining 

residual solvent in the pores, (ii) second weight loss of 20 wt% up to 300 ºC is assigned 

to the dehydroxylation of the zirconium oxo-clusters, (iii) the last weight loss at around 

500 ºC (slightly differs for each sample)  is ascribed to the decomposition of frameworks 

(Figure S10-11).34,37 As expected an increasing of CPB in the frameworks resulted in a 

decreasing in thermal stability because of the reducing of crystallinity.  

Additionally, we recorded the FTIR spectra for all resulting MOFs to explore the 

intermolecular interaction in the frameworks. Although some characteristics absorption 

peaks of BDC and Zr-(µ3)O, such as at around 1390 cm-1 and 680 cm-1 respectively,35,48 

coincide with the characteristic absorption peaks of CPB, a relatively increase intensity 

of peaks at around 1380 cm-1,1000 cm-1 and 660 cm-1, which are assigned to B-O 

stretching mode, B-C stretching mode and, the BO2 out-of-plane deformation mode, 

respectively, were observed (Figure S6-9).47, 49       

3.2. Gas Adsorption and Selectivity 

 

To assess the textural parameters of prepared samples, nitrogen adsorption/desorption 

isotherms were collected. Figure 4a shows nitrogen sorption isotherms measured at 77 

K on the samples which are synthesized by DMF/H2O procedure. Before the 

adsorption/desorption experiments, all samples were activated 150 ºC for 15 h under 

dynamic vacuum. All samples exhibited type-I isotherm, which revealed the 

microporous nature of the MOFs.35 This result has further strengthened our confidence 

in the following issues: (i) the introduction of CPB into UiO-66 would not abolish the 

structure of parent framework; (ii) CPB has been successfully incorporated into the 

framework instead of occluding in the pores. The calculated BET specific surface areas 

of prepared materials differ by different BDC/CPB feed ratios. Thus, the calculated 

surface area for pure-phase UiO-66 is 1361 m2/g, whereas for BDC/CPB feed ratios of 

0.87:0.13 and 0.75:0.25, the surface areas increased to 1484 and 1526 m2/g, 
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respectively. This is ascribed to defect/vacant Zr nodes as a result of non-coordinated 

fragment ligands. However, the further increase in CPB feed ratio resulted in a dramatic 

decrease in BET surface areas of obtained samples. Also, the pore size distribution, 

obtained by NLDFT method, presents that the small pore diminished by the increasing 

of CPB content in the frameworks (Figure 4b.) The most likely cause of this situation 

can be explained as follows: Up to certain BDC/CPB ratio (here 0.75:0.25), 

uncoordinated sites can expand the pores by combining small pores, which lead to an 

increase in pore volume and BET surface area of the framework. Nevertheless, when 

this point is exceeded, less coordinated ligands become unable to support the whole 

framework, just as a small number of columns cannot support a building, some pores 

collapse.34, 38 This results in a decrease of pore volume, BET surface area and 

crystallinity as confirmed by XRD pattern. Additionally, for BDC/CPB feed ratios of 

0.75:0.25, one of the highest BET surface areas was achieved with HCI synthesis 

procedure in the literature: its BET surface area is 1752 m2/g.  The similar surface area 

trend was observed in the material obtained with HCI procedure as obtained by other 

method.   

 

Figure 4. (a) N2 adsorption isotherms of pure phase UiO-66 mixed ligand UiO-66B in different 

feed ratios of BDC:CPB from (0.87:0.13) to (1:1) at 77K. (b) NLDFT pore size distributions 

derived from N2 adsorption isotherms of resulting samples.  

In order to explore the hydrogen storage properties of obtained samples, low pressures 

and high pressures H2 isotherms were collected at 77 K by volumetric measurement 
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method.  Figure 5a shows the H2 adsorption properties of the obtained samples with 

DMF/H2O synthesis up to 1 bar at 77 K. According to these isotherms, while the pure 

phase UiO-66 reaches 1.32 wt % H2 uptake capacity at 1 bar and 77 K, this value is 

1.58 wt% for the sample with BDC/CPB feed ratios of 0.87:0.13. The high pressure H2 

uptake isotherms of these samples have almost the same adsorption trends as in low 

H2 adsorption measurements (Figure 5b). In this case, pure phase UiO-66 reaches a 

maximum uptake of 2.38 wt% at 21 bar and 77 K and has fully reversible adsorption 

process. These values satisfactorily correlate with the previous finding for UiO-66 in the 

literature.36 However, the sample with BDC/CPB feed ratios of 0.87:0.13 attains a 

maximum uptake of 3.10 wt% at 21 bar and 77 K. The most striking observation 

emerged from the high pressure hydrogen adsorption isotherms is hysteric adsorption 

behaviors of the samples with boronic acid moiety. In the literature hysteric adsorption 

behavior are generally attributed to flexible MOFs, this behavior is rarely reported in the 

adsorption of nonpolar molecules such as hydrogen and methane.50-52 The more 

interesting point here is that; non-defective and pure phase UiO-66 exhibits fully 

reversible isotherm whereas defective samples have hysteric adsorption property.36 

This result motivated us to examine high pressure hydrogen uptakes of UiO-66 obtained 

with other defective synthesis method in the literature. To this end, high pressure H2 

isotherms of pure phase UiO-66 and BDC/CPB mixed ligand UiO-66 synthesized by 

HCI recipe and also pure phase UiO-66 obtained by benzoic acid aided method were 

collected. Significantly, all of the defective frameworks showed hysteric adsorption 

behavior. A possible explanation of this property may be that decreasing coordination 

between metal cluster and ligands may have altered the mechanical properties of the 

frameworks, so that the materials may have shifted from some rigidity to flexibility.53 We 

aware that it is not possible to completely illuminate the origin of this behavior with 

obtained data and to better understand how missing linkers, missing clusters and 

heterogeneity defects affect the mechanical properties of the framework and how they 

change the high pressure adsorption isotherms, detailed and in-depth study is required. 

Additionally, although a linear relationship is usually established between the hydrogen 

uptake values and the surface areas of the materials, our study provides indisputable 

evidence for how important heterogeneity and type of it is on hydrogen uptake of the 

Page 14 of 24

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15 

 

frameworks. For instance, the BET surface area of BDC:CPB (0.75:0.25) sample 

synthesized with HCI procedure was the highest value among all materials, and the 

maximum hydrogen adsorption value for this material was 3.28 wt% at 24 bar, 77 K. 

Conversely, the material exhibiting the maximum hydrogen adsorption capacity is BDC: 

CPB feed ratios of 0.25:0.75, with a BET surface area of 1512 m2/g and a hydrogen 

storage capacity of 3.44 wt%. This value is considerably higher than the defective UiO-

66 containing benzoic acid which does not have functional group on it. Table 1 

summarizes and compares the hydrogen adsorption and desorption values of all 

samples obtained in this study. An important implication of these findings is that the 

attractive forces between uncoordinated boronic acid moiety in the pore surfaces and 

H2 molecules can increase the hydrogen uptake capacity of MOF.   In addition, for all 

high pressure H2 adsorption isotherms, sorption reaches a maximum and then 

decreases as the pressure increases. This phenomenon is a result of increasing density 

of hydrogen gases in the pores at elevated pressures. 
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Figure 5. (a) The low pressure hydrogen uptake isotherms of UiO-66 and UiO-66B MOFs at 

77K. (b)The high pressure hydrogen uptake isotherms of UiO-66 and UiO-66B at 77K (c) The 

high pressure hydrogen uptake isotherms of UiO-66-HCI and UiO-66B-HCI at 77K (d) A 

comparison for the high pressure hydrogen uptake isotherms of obtained in this study. (solid 

and open data represent adsorption and desorption, respectively) 

Table 1. Summary of BET surface area, pore volume, max H2 uptake capacity, IAST CO2/N2 

and CO2/CH4 selectivity of all samples obtained in this study. 

 
Solvent/ 
Modulator 

 
BDC:CPB 

 
BET SA 

(m
2

/g) 

 
Pore 
Volume 

(cm
3

/g) 

Max. H2 
adsorption 
value      
(wt %) 

Max. H2 
desorption 
value 
(wt%) 

CO2/N2 
Selectivity  
 
(S CO2/N2 )  

CO2/CH4 
Selectivity  
 
(S CO2/CH4) 

DMF/Water 1:0 1361  0.49 2.38 2.38 26.6 6.5 
DMF/Water 0.87:0.13 1484  0.54 3.10 3.15 27.2 6.2 
DMF/Water 0.75:0.25 1526  0.53 3.06 3.11 27.4 7.2 
DMF/Water 0.62:0.38 1140  0.41 2.10 2.19 34.6 9.6 
DMF/Water 0.50:0.50 1061  0.24 2.32 2.32 74.9 14.1 
DMF/HCI 1:0 1640  0.63 3.16 3.22 21.8 5.9 
DMF/HCI 0.75:0.25 1752  0.65 3.28 3.34 21.8 6.1 
DMF/HCI 0.50:0.50 1577  0.61 3.40 3.46 19.4 6.3 
DMF/HCI 0.25:0.75 1512  0.59 3.44 3.47 17.8 5.5 
DMF/(50)Benz ------------ 1524  0.55 3.12 3.15 20.0 6.0 
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Figure 6 shows low pressure adsorption isotherms of pure N2, CO2, and CH4 at 298 K 

for UiO-66B series resulting MOFs. As can be seen from these isotherms, a slight 

enhancement was recorded with incorporation of CPB into the framework.  The sample 

with the feed ratio of BDC:CPB (0.87:0.13) shows the highest CO2 and CH4 uptake of 

2.6 and 0.38 mmol/g, respectively at 298 K and 1 bar.  However, even though the BET 

surface area of the sample with feed ratio of BDC/CPB (0.50:0.50) is much lower than 

the other MOFs in the same series, it still has a considerable CO2 uptake capacity, that 

is 1.77 mmol/g at 298 K and 1 bar. We also calculated the selective CO2 adsorption 

upon N2 and CH4 for all of the samples by using the ideal adsorbed solution theory 

(IAST) model.54-56 Table 1 summarizes the calculated IAST selectivities for 15:85 

CO2/N2 and 10:90 CO2/CH4 for all obtained materials in this study. The sample with 

highest CPB feed ratio (50:50) show the highest CO2/N2 and CO2/CH4 selectivity, which 

are three times and two times higher than CO2/N2 and CO2/CH4 selectivity of pure phase 

UiO-66, respectively. The higher selectivity values prompted us to calculate the isosteric 

heats of CO2 adsorption of those samples. The derived Qst values based on the 

adsorption isotherms recorded at 273, 298, and 313 K for pure phase UiO-66 and the 

sample with feed ratio of 50:50 are 27.5-22.6 and 25-22.3 kJ/mol, respectively. Based 

on the results, higher CO2 selectivity of the sample with the highest CPB content implied 

the quadrupolar interaction between CO2 and free boronic acid moiety in the pore 

surfaces.55-56 
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Figure 6. (a) The low pressure CO2, N2 adsorption isotherms of UiO-66 and UiO-66B MOFs at 

298 K. (b) The low pressure CO2, CH4 adsorption isotherms of UiO-66 and UiO-66B MOFs at 

298 K. 
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4. Conclusions 

In summary, we investigated the incorporation of boronic acid moiety as functional 

defects into UiO-66 structure and its effects on gas adsorption and selectivity properties. 

Our findings showed that boronic acid was successfully integrated into to the 

frameworks, and the amount of integrated ligand is directly linked to the synthesis 

conditions. As hypothesized, the free boronic acid moieties in the pore surfaces 

considerably improve the both hydrogen uptake and CO2 selectivity properties of the 

resulting MOFs. Moreover, a quite surprising observation on high pressure H2 

adsorption isotherms suggests that the increasing uncoordinated metal-ligand sites in 

the framework lead to hysteric H2 adsorption due to a shift from rigidity to flexibility in the 

framework structure. Clearly, further research will be required to prove the correlation 

between the defects and hysteric guest adsorption. We think that our findings might be 

useful for enhancing the hydrogen adsorption properties of other Zr6 nodes containing 

MOFs, such as UiO-67 and NU-1000.   
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