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Abstract 

PART I. Hydrogen Storage in Metal - Organic Framework 

Incorporating Crown Ether Moieties: Cation Inclusion 

A doubly interpenetrated metal-organic framework (MOF) incorporating a 18-crown-

6 ether (18C6) moiety, Zn5(μ3-OH)2(TBADB-18-Cr-6)2·4DMF]·13DMF·4H2O 

(SNU-200), has been synthesized. SNU-200 not only provides binding sites with 

various cations (K+, NH4
+, methyl viologen(MV2+), and Eu3+) but also exhibits 

characteristic gas sorption property depending on the bound cation. Despite the 

inclusion of the cations, SNU-200 retains the structure and the surface areas of MOF 

do not decreased. The MOF undergoes single-crystal to single crystal transformations 

upon cation binding together with the inclusion or coordination of the counter anion in 

the pores or at the metal site, respectively. To investigate the effect of the crown ether 

moiety and metal ions incorporated in the MOF on gas sorption properties, the 

adsorption-desorption isotherms were measured for N2, H2, CO2, and CH4 gases at 

various temperatures. SNU-200’ shows a higher isosteric heat (Qst) of the H2 

adsorption (7.70 kJmol-1) compared to other Zn based MOFs. Among the cation 

inclusions, K+ is the best for enhancing the Qst of the H2 adsorption (9.92 kJmol-1) as 

well as the adsorption selectivity of CO2/N2 (22.6). 

 

 

Keywords: metal-organic framework • hydrogen storage • crown ether • isosteric 

heat • electro static field • cation inclusion • single - crystal to single – crystal 

transformation 
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PART II. Fabrication of Magnesium Nanocrystal in Highly 

Porous Materials for Hybrid Hydrogen Storage by Physi- and 

Chemisorption 

A 3D porous metal-organic frameworks, [Zn4O(atb)2]·22DMF·9H2O (SNU-90), have 

been prepared by the solvothermal syntheses from Zn(NO3)2 and aniline-2,4,6-

tribenzoate (atb) ligand. SNU-90 is a non-interpenetrated (6,3)-connected net of a qom 

topology, similar to MOF-177 generating 3D channels. SNU-90 has Brunauer-

Emmett-Teller (BET) and the Langmuir surface area of 4244 m2g-1 and 4914 m2g-1, 

respectively. 

Hexagonal-disk shaped magnesium nanocrystals of size 40 - 100 nm were 

embedded in a highly porous metal-organic framework, [Zn4O(atb)2] (SNU-90’), 

where atb is aniline-2,4,6-tribenzoate, via chemical vapor deposition of Mg(cp)2 

followed by thermal decomposition at 473 K under argon atmosphere. The shape and 

location of Mg nanocrystals were confirmed by HRTEM and tomography. Mg@MOF 

adsorbs hydrogen gas both by physi- and chemi- sorptions. The physisorption capacity 

at 77 K decreased as the amount of Mg embedded in MOF increased. However, the 

heat of H2 adsorption was increased from 4.55 kJmol-1 up to 11.6 kJmol-1 with 

increasing amount of Mg in the MOF. The hydrogen uptake capacity of the MOF at 

298 K and 80 bar was also improved by the Mg nanocrystals from 0.45 wt% to 0.54 

wt%. The Mg nanocrystals embedded in the MOF lowered the chemisorption 

temperature of hydrogen to 473 K, compared to 573 - 673 K for bare Mg powder of 

50 - 100 µm. At 473 K and 30 bar, Mg@SNU-90 with a 10.5 wt% loaded amount of 

Mg chemisorbs hydrogen up to 0.71 wt%, which corresponds to 7.5 wt% of H2 

adsorption in Mg alone. 
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Highly porous covalent organic framework (Porous Aromatic Framework, 

PAF-1) has prepared by Ni catalyzed cross-coupling reaction of tetrakis (4-

bromophenyl) methane. PAF-1 represents the diamondoid structure which consists of 

phenyl ring. It shows a high surface area (BET, 5640 m2g-1), exceptional thermal/ 

hydrothermal stability and the super hydrophobicity.  

The Mg nanocrystals (Mg NCs) were prepared in PAF-1 by reduction of Mg 

precursor that was vapor-deposited in the pore. The Mg of 11.87 wt% is included in 

PAF-1. The size of Mg NCs in PAF-1 is in a wide range from 17 to 400 nm, and it was 

characterized by HRTEM, and PXRD patterns. On exposure Mg NCs @PAF-1 to air 

for 10 days, the PXRD peak of Mg NCs still indicate a pure Mg peaks without any 

oxidation in nanosized Mg. In N2 and H2 gas sorption, as Mg incorporated in the PAF-

1, surface area, pore volume, and H2 uptake capacity at 77 K and 1 atm decreased. 

However, the zero-coverage isosteric heats of the H2 adsorption is increased from 4.0 

kJmol-1 to 5.8 kJmol-1. 

 

 

 

 

Keywords: metal-organic framework • covalent organic framework • Magnesium 

• Nanocrystal • hydrogen storage • chemisorption • physisorption 
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I.1. Introduction 

Porous metal - organic frameworks (MOFs) or porous coordination 

polymers (PCPs) have been received great attention due to their various applications1 

such as gas storage and separation,2-9 catalysis,10-11 and fabrication of nanoparticles.12-

16 These potential applications of MOFs are attributed to their large internal surface 

areas and tunable pore functionality. 

Hydrogen is a promising candidate for future energy carrier. H2 has a high 

energy density as well as eco-friendly property. However, it is not easy to use as an 

energy source due to safety problems. In order to use it as a fuel, a compact, safe, and 

efficient storage system should be developed. Porous metal-organic frameworks have 

been considered as a potential H2 storage material because it is able to storage large 

amounts of H2 at low temperature and high pressure (>7 wt%).17-19 However, at 

ambient temperature, the uptake amounts of H2 by MOFs suddenly fall down. The 

reason is that MOFs adsorb the H2 based on the physisorption with weak interaction 

energy (< 20 kJmol-1). In order to overcome this weak point, there have a lot of efforts 

such as creation of open metal site (vacant coordination site),20-24 functionalization of 

ligand,25-28 fabrication of metal nanoparticles,12,13,29 and inclusion of metal ion30-34 or 

organic compound35 to increase interaction energy between MOFs and H2. The U.S 

department of energy sets the target for H2 storage. The 2017 H2 storage targets are 

5.5 wt % in gravimetric capacity, 40 gL-1 of volumetric capacity at an operating 

temperature of -40 ~ 60 oC under a maximum delivery pressure of 100 atm.36 None of 

the materials have met yet the DOE (Department of Energy, US) target of 2017. 

In this part, synthesis of carboxylate based MOFs, how to calculate the 
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isosteric heat of H2, and strategy to increase isosteric heat of H2 are presented. 

Especially, hydrogen storage in MOFs affected by electrostatic field of ligand and 

metal cation inclusion will be discussed base on the experimental data. 

 

I.1.1. Synthesis of Metal-Organic Frameworks 

The MOFs have been synthesized by the solvothermal reactions of metal 

salts and organic building blocks in high boiling organic solvents such as DMF, DMA, 

and DEF, generally at 80 oC - 130 oC. In general, solubility restrictions for the 

reagents can be minimized by high temperature reaction conditions of the 

solvothermal synthesis. Sometime mixed solvents systems are useful to control the 

solution polarity, and rate of product crystallization. For example, to reduce the rate of 

crystallization during the synthesis, acid solvent can be added. To construct the 

various structures of MOFs, it mainly depends on the combination of the metal salts 

and organic building blocks as well as the type of solvent, reaction temperature, and 

rate of crystal growth. The combination of Zn(II) or Cu(II) with various carboxylate 

ligands are the most commonly used for synthesis of MOFs. Various carboxylic acids 

as well as heterocyclic compounds containing nitrogen donors are used as the organic 

building blocks for the construction of MOFs. Gas sorption and guest recognition 

properties of MOFs depend on the structure, especially not only pore size and shape 

but also pore surface. Yaghi and O'keeffe have reported a review about the topology 

of MOFs constructed by metal ion and organic ligand.37  

 

I.1.1.1. Carboxylate base MOFs2 

The most common and well known MOFs reported are made up of 
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carboxylate ligands with various metal ions such as Zn, Cu, Mn, Co, Cr, Ni, 

lanthanide metals, and alkali metals. Especially, the MOF-5 constructed by 

dicarboxylic acid and Zn(II) ion is extensively studied by Yaghi and co-workers. In 

addition, they prepared isoreticural structure MOFs (IRMOFs) with various functional 

groups.38-40 Most of them show high surface area and large pore volume. The most 

representative secondary building units (SBUs) constructed by metal ion and 

carboxylic acid ligand is Zn4O and Cu2(CO2)4 cluster. IRMOF series consist of Zn4O 

secondary building units (SBUs) with octahedral geometry. Six carboxylates 

connected to four Zn(II) ions to form the cubic network structure with 3D channel. 

(Figure 1) 

 

Figure 1. Secondary Building Units(SBUs) and MOF-5 structure. a) Zn4O SBUs. b) 

paddle-wheel SBUs. c) MOF-5 cubic framework. 

 

The control of pore size and surface area of IRMOFs was efficiently carried out by 

adjusting the number of benzene rings in the dicarboxylate ligand41 and attaching the 

functional groups on the aromatic ring. MOF-5 shows very high gas sorption 

capacities, which adsorb 9.8 wt% of H2 at 90 bar and 77 K. 

MOFs prepared by tricarboxylic acid ligand and Zn4O SBUs show a high 

surface area and void volume. MOF-200 and MOF-177 are the well-known 

examples.17 In MOF-200 and MOF-177, 4,4',4''-(benzene-1,3,5-triyl-tris (benzene-4,1-
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diyl)) tribenzoate (BBC) and 4,4',4''-benzene-1,3,5-triyltribenzoate (BTB) linked to 

each Zn4O unit to form a (6, 3) connected net (Figure 2). MOF-200 and MOF-177 

have a Langmuir surface area of 10400 m2/g and 5340 m2/g and has a pore volume of 

3.59 and 1.89 cm3/g, respectively, which are the highest values among the MOFs. 

 

Figure 2. Zn4O(CO2)6 unit is connected with organic liker to form MOFs.17 

There are many other reports about MOFs which is formed by Zn4O SBU 

and polycarboxylic acids. For instance, UMCM-2, MOF-205 and MOF-210 are 

synthesized by mixing Zn(II) ion, the di- and tri- carboxylate ligand (Figure 3). These 

kinds of materials represent the mesoporous properties which might be useful for 

hydrogen storage after modification of internal surface in order to improve the 

interaction energy between hydrogen and frameworks 
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Figure 3. Zn4O(CO2)6 unit is connected with multiple carboxylic acid liker to form 

MOFs.17,42 

MOFs formed by Cu(II) ion and carboxylic acid ligands has been classified 

another interesting structure, because it used to form square paddle wheel type 

[Cu2(COO)4] secondary building unit (Figure 1). In general, axial sites of paddle 

wheel type secondary building units occupied by the coordinated solvent molecules. 

However, the coordinated solvents molecules are simply removed by heating and 

evacuation without any structure decompositions. This activation process produced 

the open metal site on the metal cluster (Figure 4). The open metal site generates a 

high surface areas as well as strong interaction sites with gas molecules. Thus 
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normally MOFs with open metal sites indicate the higher H2 uptake amounts than 

those of without open metal site.43,44 Paddle wheel type’s SBU is easily observed in 

the present of isophthalate organic ligand and Cu(II) ion.18,44-46 

 

Figure 4. Creation of open metal sites on Cu2(CO2)4 paddle wheel SBUs by 

removal of coordinated solvent s molecules.2 

One of the oldest MOF based on the copper paddle wheel SBUs is HKUST-

1, constructed by Cu paddle wheel SBU connecting with benzene-1,3,5-

tricarboxylate.47 HKUST -1 contains an intersecting three dimensional system of large 

square pore (9 Å x 9 Å) and have a pore volume of 0.333 cm3g-1 and Langmuir 

surface are of 917.6 m2g-1. Hupp’s group has reported a MOF (NU-100) which shows 

the largest surface area (BET: 6143 m2g-1) and the highest H2 uptake amounts (excess: 

9.95 wt%, total 16.5 wt%) among the Cu- paddle wheel type’s MOFs.18 There are 

several reports related to the paddle wheel SBUs based on the Zn(II) ion. Suh’s group 

has published two kind of Zn paddle wheel type’s MOFs, [Zn2(abtc)(dmf)2]3 and 

[Zn2(BPnDC)2(dabco)].48,49 Even though Zn paddle wheel SBU is similar to Cu 

paddle wheel SBUs, compared to each other, Zn MOF tend to be unstable on guest 

removal48 because Zn – Zn distance is longer (3.007(2) Å) than Cu-Cu distances 

(2.669(1) Å) in paddle structure. It means that there is no significant interaction 
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between Zn(II) ion in the paddle wheel SBU due to the sum of vander waals radii of 

Zn(II) is 2.80 Å.49,50 

 

Figure 5. X-ray structure of a) HKUST-1 and b) NU-100.18,47 

When the 2-dimensional (2D) network is formed by dicarboxylate with paddle wheel 

SBUs, axial site of paddle wheel SBUs can be connected by second ligand with 

nitrogen donating group, such as 4,4’-bipyridine (4,4’-bpy) or 3,6-di(4-pyridyl)-

1,2,4,5-tetrazine (bpta), to construct a 3-dimensional (3D) networks.49,51-53 The second 

ligand used to call “pillar” and these networks are more stable compared to the solvent 

coordinated paddle wheel framework.54 In addition, interpenetration and pore size 

change by pillar ligand lead to selective adsorption toward guest molecules and 

gases.51,53 

Some MOFs have prepared by various metal ions such as Cr(III),21,55,56 

In(III),57-59 Co(II),22,60,61 Mg(II),41,62,63 Ni(II)64 with carboxylic acid ligand. These 

compounds not only have different structure but also indicate the efficient H2 

adsorption properties. For instance, MIL-101 (MIL-101, Cr3OH(BDC)3) is well 

known compounds which have a high porousity and chemical stability. It shows a 

high H2 uptake amounts (6.1 wt%, 77 K and 80 bar) and a high isosteric heat of H2 
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adsorption (10 kJmol-1) at low loading. 

 

Figure 6. Pillared Zinc Paddle wheel Frameworks.52 

In the synthesis of carboxylate MOFs, solvent system can be a critical factor to form 

the structure of MOF that consequently affect the properties of MOF. Suh’s group 

reported two different kinds of MOFs synthesized from Zn(II) and H3NTB (4,4’,4”-

nitrobenzoic acid) ligand.65,66 Depending on the solvent system, one prepared in DEF, 

EtOH, and H2O consists of Zn4O SBUs linked by NTB3- and another synthesized in 

the only EtOH has a Zn3 cluster linked by NTB3-. Although they use same metal salt 

and organic building block, Due to the different structure resulted, they show different 

gas sorption properties. 

 

Figure 7. Two different frameworks formed from Zn(II) and NTN3- in different 

solvent system. a) [Zn4O(NTB)2]·3DEF·EtOH.65 b) [Zn3(NTB)2 (EtOH)2]·4EtOH.66 
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I.1.2. Increase Isosteric Heat of Hydrogen Adsorption 

Although porous metal-organic frameworks have been attracting attention as a 

potential H2 storage material, it is challenging problem to store the acceptable density 

of hydrogen in MOFs by physisorption at ambient temperature and a proper operating 

pressure. Up to recently, MOFs have achieved an extremely large surface area and 

useful uptake amount of H2 at cryogenic temperature. However, none of MOFs can 

satisfy the DOE target. In order to design the MOFs as the optimal H2 adsorbent, 

several dominant factors should be considered. H2 uptake correlated with isosteric 

heat of H2 adsorption (Qst), surface areas, and pore volume at different extent of 

loading amounts of H2. There have been some computational studies to expect the 

effect of Qst, surface area and pore volumes in H2 adsorption. Bhatia and Mayer 

reported67 that even though increase of Qst is necessary, too much increasing the heat 

of adsorption leads to low gas delivery due to too much adsorption at discharge 

pressure. They estimated that optimal Qst is 15.1 kJmol-1 for delivery at ambient 

temperature and 1.5 - 30 bar. Snurr’s group has carried out the molecular simulation 

of H2 adsorption for a series of 10 isoreticular MOF at 77 K and up 120 bar.33 The 

results represent that H2 uptake correlated with Qst at low loading of H2, with surface 

area at intermediate loading, and with free volume of MOF at highest pressure. In 

addition, they performed these correlations for absolute/ excess H2 adsorption at room 

temperatures up to 120 bar.34 These results propose that free volume in absolute H2 

adsorption is a most important factor at 298 K and entire pressure as well as Qst 

correlated well with excess H2 adsorption at 298 K and low pressure. Base on these 

correlations, they make a plot that provides a requirement of Qst and free volume to 

meet the H2 storage target. According to this plot, in order to accomplish H2 uptake 
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capacities of 6 wt% at room temperature, new material should attain the Qst of 10 - 15 

kJmol-1 and free volume of 1.6 - 2.4 cm3g-1 at the same time. Garrone et al. propose 

that optimum H2 storage and delivery at the range of pressure (1.5 – 30 bar) and 

ambient temperature required Qst of 22-25 kJmol-1.68 Up to date Bae et al. 

demonstrated that a reasonable Qst for maximum H2 storage at 120 bar and delivery at 

1.5 bar is ~ 20 kJmol-1 at 298 K.69 

 

Figure 8. a) Requirements for target gravimetric loadings at 120 bar and 298 K. b) 

Requirements for target volumetric loadings at 120 bar and 298 K. Δ, IRMOF-1; ◇, 

IRMOF-9; *, IRMOF-10; ○, IRMOF-14; +, IRMOF-16; □, Cu-BTC.34 

As considered these computational studies for H2 storage and delivery at ambient 

temperature and entire pressure, it presents that the DOE target is able to be satisfied 

even at room temperature, if Qst for H2 is significantly enhanced in MOFs with large 

free volume. Therefore, development of strategy to increase the heat of adsorption for 

H2 without any free volume loss is major issue in H2 storage. 

I.1.2.1. Calculation of Isosteric Heat of H2 adsorption2 

The interaction enthalpy between a MOF and H2 molecules, the isosteric 

heat (Qst) of hydrogen adsorption, can be calculated from the H2 adsorption isotherms 
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measured at two independent temperatures, usually 77 and 87 K by fitting the data to 

virial equation or the Langmuir - Freundlich equation. The calculation provides the 

isosteric heat of H2 adsorption depending on the adsorbed amounts of H2, even though 

it can not give information about the position and the number of H2 adsorption sites. 

The zero-coverage isosteric heat corresponds to the interaction energy between the H2 

molecule and the strongest interaction site of the MOF. 

Three different methods have been used for estimating the isosteric heat of 

the H2 adsorption. 

 

Method 1. The virial-type equation (eq 1) is used to fit the gas sorption data, which is 

composed of parameters ai and bi that are independent of temperature.60,71 In eq 1, P is 

pressure, N is the amount adsorbed H2 gas, T is temperature, and m and n represent the 

number of coefficients required to adequately describe the isotherms. Adsorption 

isotherms measured at two different temperatures are fit to the equation by using the 

statistical programs such as R statistical software package.72 To estimate the values of 

the isosteric heat of H2 adsorption, eq 2 is applied, where R is the universal gas 

constant. 

            (1) 

                         (2) 

 

Method 2. The following virial-type equation73 (eq 3) is used to fit the adsorption 

data at a fixed temperature. In eq 3, P is pressure, N is amount of adsorbed gas, and A0, 
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A1, etc. are virial coefficients. A0 is related to the adsorbate-adsorbent interactions, 

whereas A1 describes adsorbate-adsorbate interactions. Qst for H2 adsorption is 

calculated as a function of surface coverage by using Clausius-Clapeyron equation 

(eq 4), where R is the gas constant. 

     (3) 

 

      (4) 

 

Method 3. Langmuir-Freundlich equation74 (eq 5) is used to fit the adsorption data at 

a fixed temperature. In eq 5, N is amount of adsorbed gas, Nm is amount of adsorbed 

gas at saturation, P is pressure, and B and t are the constants. The Langmuir-

Freundlich equation can be rearranged to eq 6, and the isosteric heat of H2 adsorption 

is obtained by using eq 4. 

                    (5) 

               (6) 

We have to note that there are potential pitfalls in using each of the different 

types of fitting routines for deriving the isosteric heat of H2 adsorption. Methods 1 

and 2 allow a series of Qst values to be obtained as a function of n. Minimal deviations 

are observed for all experimental points measured over a wide range of pressure. The 

most salient feature of these virial equations is that they would allow extrapolation to 

zero coverage of H2, therefore allowing the determination of this value at zero 
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coverage. However, the Langmuir-Freundlich (or other semiempirical routines) 

method results in gross overestimation of the adsorption enthalpy if extrapolation is 

made down to zero coverage, since this approach does not reduce to Henry’s Law and 

leads to the largest error at zero coverage. This overestimation is in fact responsible 

for many high adsorption enthalpy values reported in the literature. On the other hand, 

fits using the virial equation can be overinterpreted if polynomials of too high order 

are used indiscriminately. The important value in that case is that of the lowest order 

polynomial coefficient. If a standard deviation in that fit is too large, the fit value is 

meaningless. However, this fact is unfortunately often disregarded by researchers in 

the field. Despite this, virial analysis is better and more mathematically consistent 

since it reduces to Henry’s Law, although it gives lower values of the heat of 

adsorption. 

 

I.1.2.2. Creation of Active Open Metal Sites 

There are many reports about the H2 storage that focused on MOFs with 

uncoordinated site, which is called as “open metal site”, “exposed metal site”, or 

“accessible metal site”. This site has been well known as a strongly attractive site 

toward the introduced guest or gases. Thus, creation of open metal sites becomes one 

of the good strategies to enhance the Qst for H2 without any free volume loss. In order 

to introduce the exposed metal sites in MOFs, removal of coordinated solvent 

molecules on metal cluster70,75 or synthesis of MOFs with metalloligand such as 

porphyrins, and salen ligands are utilized.76 

In order to elucidate interaction of the exposed metal site and H2 in Mg2+ and 

Ni2+, Kosa et al. performed first principle calculation on a square pyramidal cluster 
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model with the exposed M2+ site and CH3OCH3 or OCH3
- ligands.77 In the results, 

Mg2+ site shows very weak interaction energy (< 1 kJmol-1) and Ni2+ site strongly 

binds H2 with binding energy up to 24 kJmol-1. It is attribute to transition metals 

interact with H2 via electron donation of σ(H-H) electrons to some empty orbital on 

the metal and back-donation of the electron density from the metal to the σ*(H-H) 

orbital. 

Suh’s group has compared a difference of the H2 storage capacity depending on 

whether isoreticular structure MOFs obtains open metal site or not.48 They synthesized 

two compounds, [{Zn2(abtc)(dmf)2}3]・4H2O・10dmf and [{Cu2(abtc)(H2O)2}3]・10 

dmf・6 (1,4-dioxane), (H4abtc=1,1’-azobenzene-3,3’,5,5’-tetracarboxylic acid). By 

heating two crystals, MOFs without open metal sites, [{Zn2-(abtc)(dmf)2}3] (1a; SNU-

4) and [{Cu2(abtc)(dmf)2}3] (2a; SNU-5’), as well as a MOF with open metal site, 

[{Cu2(abtc)}3] (2b; SNU-5), are prepared. 2b with open metal sites exhibits higher 

pore volume and surface areas than 1a, 2a without open metal sites. Furthermore, in 

H2 adsorption at 77 K and 1 atm, 2b adsorbs H2 of 2.84 wt% indicating a high Qst 

value of 11.60 kJmol-1 whereas 1a and 2a show H2 uptake capacity of 2.07 wt%, 1.83 

with Qst of 7.24 and 6.53 kJmol-1, respectively. They supposed that the existence of 

open metal sites not only gives a high surface area but also enhances H2 uptake 

amounts. 

Zhou and co-worker reported the similar results which show the enhancing H2 

uptake amounts by alignment of open copper site in MOF.78 Two Cu – mdip (mdip = 

5,5’-methylene-di-isophthalate) MOFs (PCN-12, and PCN12’) that are polymorphs 

where the MOFs consist of paddlewheel SBU occupied vertices of a cuboctahedron 

(PCN-12) and a rhombicuboctahedron (PCN-12’). Although two Cu -MOFs possess 
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the open metal sites, one indicate the open metal aligned within each cage, whereas 

another shows out of alignment of the open metal sites. The alignment of open metal 

sites significantly affected the H2 gas sorption properties (Figure 9). The H2 uptake 

amounts of PCN-12 and PCN12’ are 3.05 wt% and 2.40 wt%. This notable 

enhancement of H2 uptake amount can be attributed to the packed alignment of open 

metal sites in each cuboctahedral cage. 

 

Figure 9. The synthesis, open metal site alignment, and hydrogen uptake of the two 

MOF polymorphs: PCN-12 and PCN-12’78 

Dinca et al. directly demonstrated that H2 bind at coordinatively unsaturated 

metal site by neutron powder diffraction.70,75 They synthesized sodalite structure 

type’s MOFs from Mn2+ and Cu2+ with 1,3,5-Tris(2H-tetrazol-5-yl)benzene 

hydrochloride (H3BTT·2HCl), [Mn(DMF)6]3[(Mn4Cl)3(BTT)8(H2O)12]2・42DMF 

・11H2O・20CH3OH, and H[Cu(DMF)6][(Cu4Cl)3(BTT)8(H2O)12]・3.5HCl・ 

12H2O・16CH3OH, respectively (Figure 10). The MOFs obtain the [M4Cl]7+ (M= 

Mn2+ and Cu2+) squares SBUs connected by triangular BTT3- ligand. Water ligands 

that can potentially be removed, occupy the one coordination site on each metal ion. 

After exchange the guest molecules with CH3OH, H2O and CH3OH molecules is 
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eliminated by evacuation and heating. Neutron Diffraction measurements were taken 

at 3.5 - 4 K with various deuterium loadings. They identify four strong binding sites 

 

Figure 10. Portions of the crystal structure of 

[Mn(DMF)6]3[(Mn4Cl)3(BTT)8(H2O)12]2∙42DMF·11H2O·20CH3OH a) molecular 

structure of the tritopic ligand, 1,3,5-Tris(2H-tetrazol-5-yl)benzene Hydrochloride 

(H3BTT·2HCl) b) a square-planar Mn4Cl cluster surrounded by eight tetrazolate rings 

c) Initial D2 adsorption sites within [Mn(CH3OH)6]3[(Mn4Cl)3(BTT)8 (CH3OH)12]2 

·42CH3OH. Light blue spheres represent D2 centroids, while the transparent orange 

sphere shows the position of a partially occupied, extra framework Mn2+ ion site. d) a 

cube of eight such units sharing square Mn4Cl faces.70 

in materials (Figure 9c and Figure 10). When they increased the D2 loading amounts, 

D2 molecules located in first the most attractive site (site I), and then next strongest 

site and possible sites which are labeled as site I→ II→ III→ IV. 
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Figure 11. a) Rietveld refinement of neutron powder diffraction data for a loading of 

12 D2 molecules per formula unit of Mn3[(Mn4Cl)3(BTT)8(CH3OH)10]2. Green lines, 

crosses, and red lines represent the background, calculated, and experimental 

diffraction patterns, respectively. The blue line shows the difference between 

experimental and calculated patterns. The final Rietveld fit parameter was χ2 = 

0.985.70 b) Difference Fourier map after loading 12 D2 molecules per formula unit 

within HCu[(Cu4Cl)3(BTT)8]・3.5HCl at 4 K, calculated from powder neutron 

diffraction data. The view is down a fourfold rotational axis. Red maxima indicate the 

centroids of the adsorbed D2 molecules; adsorption sites I and II are labeled.75 

NU-100 synthesized from Cu(NO3)2.2.5H2O and 5-tris[1,3-carboxylic acid -5-

(4(ethynyl)phenyl)]ethyl]-benzen in DMF/HBF4 at 75 oC for 24 h represented a large 

surface area (BET, 6143 m3g-1) and a high pore volume (2.82 cm2g-1) with open metal 

sites.18 The excess uptake amounts of H2 for NU-100 is 18.2 mg g-1 at 1 bar. In 

addition, at 56 bar and 77 K, it adsorbs the H2 of 99.5 mg g-1 with total H2 uptake of 

164 mg g-1 at 70 bar and 77 K. The heat of adsorption for H2 is 6.1 kJmol-1. All H2 gas 

adsorption data of MOFs with the open metal sites reported so far is summarized in 

Table 1. According to all MOFs data reported so far, MOFs with open metal sites 

indicate a higher average Qst value of 1.0 kJ mol-1 than that of MOFs without open 

metal sites.2 
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Table 1. H2 gas sorption data of carboxylate based MOFs with open metal sites.2 
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This table comes from a published paper.2 

I.1.2.3. Post-Synthetic Modifications2 

The properties of MOFs such as surface area, pore volume and gas storage can be 

changed by modification of surface in MOFs. The modification of MOFs have 

achieved before or after the synthesis of MOFs. The prefunctionalization method is a 

manner to synthesize MOFs with ligand incorporating a special functional group that 

offers the change of the chemical properties in the MOF surface or strong attraction 

sites for guest molecules. In early stage of MOF chemistry, the prefunctionalization 

strategy was used frequently, especially for the introduction of -NH2,-CH3,-Br, etc. on 

the framework, which leads to form the series of IRMOFs.79 Similarly, a family of 

ZIFs80 and MILs81,82 were prepared by prefunctionalization. However, a major 

problem of this strategy is the limitation of the synthesis of MOFs by solvothermal 

synthesis. Under the solvothermal synthesis to form MOFs, the thermally labile 

functional groups could be dissociated or participated in the coordination to metal ion 

providing the undesirable nanoporous structures. Fortunately, postsynthetic 

modification, as alternative of prefunctionalization, has attractive attention to 

introduce the functional group into MOFs. After synthesis of MOFs, changing the 



 

 ２２

state of MOFs such as covalent bond modification in ligand,83,84 cation exchange of 

anion framework85 or fabrication of metal nanoparticles in MOFs12,13,29 is called 

postsynthetic modifications (PSM). The concept of postsynthetic modification 

initially described by Hoskins and Robson in 1990.86 In 2007, Wang and Cohen 

modified free -NH2 groups present in IRMOF-3 by the reaction with acetic 

anhydride.83,84 When they attempt to modify the ligand for 5 days, the percent 

conversion of IRMOF-3 is >80 % estimated by 1H NMR and structure of framework 

was retained. 

 

Figure 12. Process of post-synthetic modification in IRMOF-3.84 

Mulfort et al.87 replaced the proton of the hydroxyl group of ligand in a 

MOF with an alkali metal ions by postsynthetic modification. Someone synthesize an 

anionic framework including counter-cations located in the pore and then exchange 

counter-cations with metal cations.83 Now postsynthetic modification is widely 

utilized in order to change the properties of a MOF for applications in gas storage and 

catalysis. A recent review by Cohen et al. offers some elaborate ideas about the 

postsynthetic modification of MOFs.88-90 By postsynthetic modification, the 

framework can be functionalized without altering the framework structure. In addition, 

the introduction of functional group that is able to coordinate in the framework allows 

the incorporation of new metal ions, which increase the available open metal sites and 

thus enhance the total H2 storage capacity. Such studies can be used to fine-tune the 
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framework structure, metal centers, and functional groups of the ligands for the 

development of MOFs for ambient temperature H2 storage. 

 

I.1.2.3.1. Ligand Functionalization 

Postsynthetic modifications (PSM) can be broadly classified as a covalent PSM, 

dative PSM, and postsynthetic deprotection (PSD) (Figure 12).90 These PSM is 

distinguished by chemical bond type during the PSM reaction. The definition of 

covalent PSM is to form a new covalent bond by use of a reagent in a heterogeneous, 

postsynthetic manner. Dative PSM is defined as a formation of metal-ligand bond by 

use of a reagent in a heterogeneous, postsynthetic manner. Finally PSD is defined as a 

cleavage of a chemical bond in the framework during the postsynthetic modification. 

 

Figure12. Generic schemes for a) covalent PSM b) dative PSM c) postsynthetic 

deprotection (PSD).90 

In this part, covalent PSM will be discussed. To form the covalent bond in ligand by 

PSM, a variety of chemical reactions were reported such as amide coupling,25,83,91 

imine condensation,26,92,93 bromination,27 and click reaction etc.28,94 Coast et al. 

reported amide coupling as a postsynthetic modification.25 They synthesized a new 

MOF, {[Gd2(N-BDC)3(dmf)4]}n (MOF-LIC-1), from gadolinium nitrate with 2-amino 
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-1,4 benzene dicarboxylic acid in DMF. Amine functional group of MOF-LIC-1 

reacts with acetic acid to have a channel modified MOFs. The amide functional group 

is observed in the single crystal X-ray structure. 

 

Figure 13. Reaction scheme and of MOF-LIC-1 with acetic acid.25 

Similarly, Cohen’s group has published amide coupling reaction as a 

postsynthetic modification to tune the hydrogen adsorption properties.84 They used 

three MOFs, IRMOF-3, UMCM-1-NH2, and DMOF-1-NH2 which have a amine 

group in the organic building block (Figure 14). The amino group reacts with alkyl 

anhydrides or isocyanates resulting in amide or urea functional group. The conversion 

of functional group is controlled by reactant concentration or reaction time. Even 

though the surface area of MOFs is reduced depending on the nature of substituents, it 

indicates that hydrogen uptake capacity and heat of adsorption are enhanced. The 

hydrogen sorption properties and isosteric heat of all compounds are summarized in 

Table 2. As compared the aromatic ring substitution with alkyl chain substitution, 
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aromatic ring substitution shows higher enhancement of the hydrogen uptake capacity 

and Qst values. They supposed that the added phenyl groups have a specific interaction 

with H2 molecules. 

 

Figure 14. Schematic representation of the five modified MOFs utilized in post 

synthetic modification study.84 

 

Table 2. A summary of hydrogen sorption properties of three distinct MOFs upon 

postsynthetic modification.84 

Compound Conversion SABET/ m2g-1 H2/ wt%a ΔHads/ kJ mol-1b 

IRMOF-3 N/A 2639±61 1.52±0.02 5.3±0.3 

AMP-a 32% 2267 1.73 5.3 

AMP-b 44% 2052 1.73 5.7 

AMP-c 70% 1657 1.68 6.0 

URPh 41±5% 1940±52 1.54±0.06 5.7±0.3 

AM-5 86±5% 1239±46 1.21±0.02 5.7±0.3 

UMCM-1-NH2 N/A 3917±137 1.35±0.05 4.6±0.4 

AMPh 76±1% 3770±93 1.54±0.04 5.2±0.2 

DMOF-1-NH2 N/A 3770±93 2.08±0.01 5.6 

AMPh 63±1% 913±37 1.69±0.05 7.0±0.1 
aGravimetric uptake at 77 K and 1 atm. bHeat of adsorption at zero coverage 

calculated from the virial-type equation 
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I.1.2.3.2. Inclusion of Metal Cation or Organic Molecules in the 

Frameworks 

As mentioned previously, hydrogen storage in porous materials has faced with 

difficulty of storage capacity at ambient temperature and low adsorption enthalpy. To 

exploit metal-organic frameworks with the enhanced heat of H2 adsorption, it is 

performed to replace cation included in the anionic framework or to add metal ion into 

the neutral frameworks, respectively. The included extra metal ions are able to interact 

with H2 molecules more strongly. 

According to the theoretical studies, Li-doped MOFs significantly improve 

H2 uptake capacities at ambient conditions (Figure 15).95,96 Another theoretical study 

on alkali metal ion doped zeolitic imidazole frameworks also showed significant 

improvement of H2 uptake at room temperature.97 In ZIFs, the alkali-metal ions bind 

to the five-membered ring rather than to six-membered rings. Li-ZIF-70 totally stores 

up to 3.08 wt% of H2, Na-ZIF-70 to 2.19 wt% of H2, and K-ZIF-70 to 1.62wt% of H2 

at 298 K and 100 bar, which are much higher than 0.74 wt% of H2 for pristine ZIF-70. 

It shows that the dopant effect follows the order of Li-ZIF > Na-ZIF > K-ZIF. The 

binding energies of the first H2 to the doped alkali- metals are 23.45 kJ mol-1 for Li+, 

12.20 kJ mol-1 for Na+, and 5.39 kJ mol-1 for K+  (Li+ > Na+ > K+), as they are 

calculated using the second-order Møller-Plesset ab initio method.98 
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Figure 15. a) Gravimetric H2 uptake at 300 K and 100 bar plotted against BET 

surface area for MOFs and Li-MOFs systems. b) Relationship between H2 uptake in 

IRMOF-Li at 300K and multiple value of adsorption (Qst) and Surface area (SA). This 

shows that both surface area and the ratio of Li to C are important for high 

performance.95,96 

Dinca and Long reported the exchange of extra Mn2+ ions in 

Mn3[(Mn4Cl)3(BTT)8(CH3OH)10]2 with various cations (Li+, Cu+, Fe2+, Co2+, Ni2+, 

Cu2+, Zn2+) which result in the isostructural framework.99 The total number of 

exchanged guest cations is similar to among the all samples; 4.0, 4.7, 3.0, 5.0, 5.0, and 

5.0 for Fe2+, Co2+, Ni2+, Cu2+, Zn2+, and Li+, respectively. In hydrogen gas sorption 

properties, all samples represented similar H2 uptake capacities (Table 3). However, 

the uptake slopes at low coverage are significantly different from each other. These 

results indicated that H2 molecules bind the strongest site presented in metal cations. 

Co2+ exhibits the highest heat of adsorption for hydrogen (10.5 kJmol-1) (Figure 16). 
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Figure 16. a) H2 adsorption isotherm at 77 K, and b) Heat of adsorption for H2.99 

 

Table 3. Composition and H2 sorption properties of cation exchanged compound.99 

Compound a M/Mn ratio 

(expt/found)a

SABET 

(m2/g) 

H2 ads 

(wt %)b 

Qst 

(kJ/mol) 

Mn3[(Mn4Cl)3(BTT)8]2 

Fe3[(Mn4Cl)3(BTT)8]2FeCl2 

Co3[(Mn4Cl)3(BTT)8]21.7CoCl2 

Ni2.75Mn0.25[(Mn4Cl)3(BTT)8]2 

Cu3[(Cu2.9Mn1.1Cl)3(BTT)8]22CuCl2

Zn3[(Zn0.7Mn3.3Cl)3(BTT)8]22ZnCl2

Li3.2Mn1.4[(Mn4Cl)3(BTT)8]20.4LiCl

Mn3[(Mn4Cl)3(BTT)8]20.75CuPF6 

N/A 

0.169/0.170 

0.210/0.210 

0.121/0.121 

3.925/3.999 

0.553/0.546 

0.017/0.017 

N/A 

2057(5)

2033(5)

2096(5)

2110(5)

1695(5)

1927(5)

1904(5)

1911(5)

2.23 

2.21 

2.12 

2.29 

2.02 

2.10 

2.06 

2.00 

5.5-10.1 

5.5-10.2 

5.6-10.5 

5.2-9.1 

6.0-8.5 

5.5-9.6 

5.4-8.9 

5.6-9.9 
aBased on the relative ratio of Mn+/Mn2+ as determined using ICP-AA and on C, H, 

and N analysis bObtained at 77 K and 900 torr. c Determined using a virial fit to the 77 

and 87 K H2 adsorption isotherms. 

Hartmann et al. also exchanged the protons of hydroxyl pendants in 

[Al(OH)(BDC-OH)], MIL-53(Al) with lithium by using lithium diisopropylamide 

(LDA).100 By chemical analysis, it was found that 15% of the acidic framework 

protons were exchanged with lithium. The apparent Langmuir (BET) surface area of 

Li-MIL-53(Al) was 1450 m2g-1 (1384 m2g-1), which is 180 m2g-1 smaller than that of 
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the original MOF. The H2 uptake capacities at 77 K and 1 bar were 0.5 wt% and 1.7 

wt% for undoped MIL-53(Al)-OH and Li-doped Li-MIL-53(Al), respectively. The 

enhancement of the H2 storage in Li-MIL-53(Al) was not only due to the lithium 

doping but also due to the temperature-induced structural transformation. The isosteric 

heat of H2 adsorption clearly demonstrated the impact of Li+ doping on hydrogen 

sorption. Compared with the undoped compound which has an adsorption enthalpy of 

5.8 - 4.4 kJmol-1, Li-MIL-53(Al) has a heat of H2 adsorption of 11.6 - 6.4 kJ mol-1, 

which approaches the theoretical maximum value of ca. 13 kJ mol-1.101 

Instead of metal cation inclusion, Suh’s group performed inclusion of organic 

molecules, crown ether moiety, in the highly porous metal organic framework (SNU-

6) (Figure 17).35 In this case, 18- crown-6(18C6) and 15-crown-5(15C5) that are 

capable of providing electrostatic field in MOFs, are selected as a inclusion guests. 

The optimal amount of 18- crown-6(18C6) has a stronger effect that that of 15-crown-

5(15C5) in the enhancement of Qst of H2(SNU-6, 7.74 kJmol-1; 1.2(18C6)@SNU-6, 

10.5 kJmol-1; 0.3(15C5)@SNU-6, 9.07 kJmol-1). The enhancement of Qst in crown 

ether inclusion is higher than that (ca. 1.1 kJ mol-1) of inclusion of alkali or alkaline- 

 

Figure 17. Scheme for inclusion of crown ether moiety in SNU-6  
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earth metal ions. In addition, it is comparable to those by the open metal sites in a 

MOF. 

 

I.2. Experimental Section 

General. All chemicals and solvents used in the syntheses were of reagent grade and 

used without further purification. 4,4’,5,5’-tetrabenzoic acid dibenzo-18-crown-6 

(H4TBADB-18-Cr-6) was prepared by using Suzuki-Miyaura coupling method.102 

NMR spectra were measured on a Bruker Spectrospin spectrometer. Infrared spectra 

were recorded with a Perkin–Elmer Spectrum One FT-IR spectrophotometer. 

Elemental analyses were performed by Perkin–Elmer 2400 series II CHN analyzer. 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 

performed under N2(g) at a scan rate of 3 °C min-1 with Q50 and Q10 model devices 

from TA Instruments, respectively. Powder X-ray diffraction (PXRD) data were 

obtained on a Bruker New D8 diffractometer at 40 kV and 40 mA for Cu Kα (λ = 

1.54050 Å) with a scan speed of 5o min-1 and a step size of 0.02° in 2θ. For 

quantitative metal ion analysis, inductively coupled plasma-atomic emission 

spectrometry (ICP-AES) was performed on a Perkin-Elmer Optima-4300 DV            

instrument in Seoul National University, National Center for Inter – University 

Research Facilities. 

 

Synthesis of 4,4’,5,5’-terabenzoic acid dibenzo-18-crown-6 (H4TBADB-18-Cr-6) 

 

Figure 17. Synthetic scheme of 4,4’,5,5’-terabenzoic acid dibenzo-18-crown-6 
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(H4TBADB-18-Cr-6) ligand. 

 

4,4’5,5’-terabenzoic acid dibenzo-18-crown-6 (H4TBADB-18-Cr-6) was synthesized 

by using Suzuki-Miyaura coupling reaction.102 Pd(PPh3)4 (0.201 g, 0.174 mmol), 

4,4’,5,5’-tetrabromodibenzo-18-crown-6 (2.059 g, 3.034 mmol), and K2CO3 (2.099g, 

15.188 mmol) were dissolved in purified anhydrous THF, and stirred for 10 min. 4-

methoxycarbonylphenyl boronic acid (2.258 g, 12.548 mmol), which was dissolved in 

methanol (15 mL), was added to the solution, and heated at 90 oC for 48 h. After being 

cooled to room temperature, the solution was concentrated in a rotary evaporator, and 

the deep-brown residue was extracted with chloroform. The solution was washed with 

water, and then dried over anhydrous magnesium sulfate. The resulting solution was 

concentrated to provide dark brown residue, which was recrystallized with ethyl 

acetate and chloroform. White powder was obtained by recrystallization. FT-IR 

(Nujol): νO-C=O, 1720 cm-1, νc=c, 1606, νc-o-c, 1255. 1H NMR (300 MHz, DMSO): δ 

7.78 (d, 8H), 7.22 (d, 8H), 7.03 (s, 4H), 4.22 (s, 8H), 3.88 (s, 8H) ppm. Anal. calcd. 

for (C48H40O14): C 68.57, H 4.79, N 0.00; Found: C 68.08, H 4.75, N 0.05. 

 

Preparation of [Zn5(OH)2(TBADB-18-Cr-6)2·4DMF]·13DMF·12H2O (SNU-200). 

Zn(NO3)·6H2O (1.01 g, 5.33 mmol) and H4TBADB-18-Cr-6 (0.301 g, 0.358 mmol) 

were dissolved in DMF/H2O (50:1, v/v). The solution was placed in a glass serum 

bottle that was capped with a silicon stopper and aluminum seal, and then heated at 80 

oC for 24 h. On cooling to room temperature, white crystals formed, which were 

filtered off, washed briefly with mother liquor. FT-IR (Nujol): νC=O(DMF), 1664 cm-1. 

Anal. calcd (%). for [Zn5(OH)2(TBADB-18-Cr-6)2·4DMF]·13DMF·12H2O: C 50.85, 
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H 5.69, N 6.86; Found: C 50.83, H 5.82, N 6.79. 

 

Preparation of [Zn5(OH)2(TBADB-18-Cr-6)2] (SNU-200’). Prior to activation, the 

crystals of as- synthesized [Zn5(OH)2(TBADB-18-Cr-6)2·4DMF]·13DMF·12H2O, 

which were still in the mother liquor, were transferred to a vial (20 mL). The mother 

liquor was decanted, and the crystals were washed briefly with DMF (4 x 15 mL). The 

crystals were placed inside the supercritical dryer together with the solvent, and the 

drying chamber was sealed. The temperature and pressure of the chamber were raised 

to 40 oC and 200 bar with CO2, above the critical point (31 oC, 73 atm) of CO2. The 

chamber was vented at a rate of 10 mL min-1, and then filled with CO2 again. The 

cycles of refilling with CO2, pressurizing, and venting were repeated for 4 h. After 

drying, the closed container with the dried crystals was transferred to a glove bag to 

prevent the crystals from exposure to air. FT-IR (KBr pellet): νO-C=O, 1599; νC=C, 1521; 

ν O-C-O(ether), 1125 cm-1. Anal. calcd (%). for [Zn5(OH)2(TBADB-18-Cr-6)2]: C 56.67, H 

3.94, N 0.00; Found: C 55.67, H 3.94, N 0.28. 

 

Preparation of K+⊂SNU-200’·SCN-. As-synthesized SNU-200 (200 mg) was 

washed with fresh DMF and immersed in the DMF solution (20 mL) of 0.1 M KSCN. 

The solution was replenished 10 times for 3 days. Before the analysis of the sample, 

the crystals were immersed in fresh DMF solvent to eliminate the extra salts included 

in the pores of the MOF, and then activated with supercritical CO2. FT-IR (KBr 

pellet): νZn-N-C, 2087; νC=C, 1521 cm-1. Anal. calcd (%). for [Zn5(OH)2(TBADB-18-Cr-

6)2K2SCN2]: C 52.81, H 3.35, N 1.26; Found: C 53.09, H 3.19, N 0.85. 
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Preparation of NH4
+⊂SNU-200’·Cl-. The synthesized SNU-200 was washed with 

fresh DMF and immersed in the DMF/H2O (50:1, v/v) solution of 0.01 M NH4Cl. The 

solution was replenished more than 10 times for 3 days. Before the analysis of the 

sample, the crystals were immersed in fresh DMF solvent to eliminate the extra salts 

included in the pores of the MOF, and then activated with supercritical CO2. Anal. 

calcd (%). for [Zn5(OH)2(TBADB-18-Cr-6)2] ·[NH4Cl]2.17: C 53.61, H 3.88, N 1.41; 

Found: C 53.34, H 3.95, N 1.43. 

 

Preparation of MV2+⊂SNU-200’·2Cl-. As-synthesized SNU-200 was washed with 

mother liquor and immersed in the DMF/H2O (50:1, v/v) solution of 0.01 M of methyl 

viologen dichloride for 3 days. The solution was replenished more than 10 times for 3 

days. Before the analysis of the sample, the crystals were immersed in fresh DMF 

solvent to eliminate the extra salts included in the pores of the MOF, and then 

activated with supercritical CO2. Anal. calcd (%)for [Zn5(OH)2(TBADB-18-Cr-

6)2]·[C12H14N2Cl2]0.72: C 56.62, H 3.82, N 0.90; Found: C 57.36, H 3.93, N 0.89. 

 

Preparation of Eu3+⊂SNU-200’·3Cl-. As-synthesized SNU-200 was washed with 

mother liquor and immersed in the DMF/H2O (50:1, v/v) solution of 0.01 M of EuCl3 

for 3 days. The solution was replenished more than 10 times for 3 days. Before the 

analysis of the sample, the crystals were immersed in fresh DMF solvent to eliminate 

the extra salts included in the pores of the MOF, and then activated with supercritical 

CO2. Anal. calcd (%)for [Zn5(OH)2(TBADB-18-Cr-6)2]·[EuCl3]·(DMF)1.457: C 50.24, 

H 3.53, N 0.85; Found: C 51.96, H 3.58, N 0.88. 
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Theoretical determination of biding sites for methyl viologen dichloride in SNU-

200. To predict the preferential location of methyl viologen dichloride as guests within 

the pores, we carried out location simulations by using a Sorption module of Material 

Studio.103 Metropolis Monte Carlo method was selected for the calculation of the 

global minimum location. Universal force field (UFF) was chosen for energy 

calculation. 

 

X-ray Crystallography. The diffraction data of [Zn5(OH)2(TBADB-18-Cr-

6)2·4DMF]·13DMF·12H2O (SNU-200) and [Zn5(OH)2(TBADB-18-Cr-

6)2·(KSCN)2·(H2O)4] (K+⊂SNU-200·SCN-) [Zn5(OH)2(TBADB-18-Cr-

6)2·(NH4)2]·Cl2 (NH4
+⊂SNU-200·Cl-) were collected with synchrotron radiation ( λ= 

0.8000 and 0.69999 Å) on a ADSC Quantum-210 detector at 2D (SMC) with a silicon 

(111) double-crystal monochromator at the Pohang Accelerator Laboratory (PAL), 

Korea. For the collection of X-ray diffraction data of [Zn5(OH)2(TBADB-18-Cr-

6)·4DMF]·13DMF·12H2O, the crystal was coated with paratone oil immediately. The 

crystal was maintained at 100 K by the cryostream during the collection of the X-ray 

data. The ADSC Quantum-210 CCD program (Ver. 1.96)104 was used for data 

collection and HKL3000 (Ver.730r) 105 was used for cell refinement, reduction, and 

absorption correction. The structures were solved by direct methods106 and refined by 

full-matrix least-squares refinement using the SHELXS-97 computer program.107 The 

hydrogen atoms were positioned geometrically by using a riding model. The electron 

densities of the disordered guest molecules were flattened by using SQUEEZE option 

of PLATON.108 Therefore, the guest molecules in crystals were determined on the 

basis of IR spectroscopy, elemental analyses, and TGA. Although electron densities 



 

 ３５

associated with guest molecules could not be observed, residual electron densities 

found around the ligand were flattened by using SQUEEZE option of PLATON, which 

provided slightly lower R values than those determined without using SQUEEZE 

option.  

 

CCDC-920678(SNU-200), 922626(K+⊂SNU-200·SCN-) and 949494(NH4
+⊂SNU-

200·Cl-) contains the supplementary crystallographic data of this paper. These data 

can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

Low Pressure Gas Sorption. The gas adsorption–desorption experiments were 

carried out on SNU-200’, K+⊂SNU-200’·SCN-, NH4
+⊂SNU-200’·Cl-, MV2+⊂SNU-

200’·2Cl- and Eu3+⊂SNU-200’·3Cl- by using an automated micropore gas analyzer 

Autosorb-3B (Quantachrome Instruments). All gases used were of 99.999% purity. 

The N2 isotherms were measured at 77 K, and H2 sorption isotherms were monitored 

at 77 K and 87 K, at each equilibrium pressure by the static volumetric method. After 

the gas sorption measurement was finished, weight of the sample was measured 

precisely. Surface area was determined from N2 adsorption isotherm at 77 K by using 

the Brunauer-Emmett-Teller (BET) model by taking the data in the range P/P0 = 0.11 

– 0.005 for SNU-200’, 0.07-0.002 for K+⊂SNU-200’·SCN-, 0.07-0.002 for NH4
+⊂

SNU-200’·Cl-, and 0.09-0.001 for MV2+⊂SNU-200’·2Cl-. Pore volume was 

determined by using the Dubinin-Radushkevich (DR) equation. CO2 and CH4 sorption 

isotherms were measured at 195 K, 273 K, and 298 K. 
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Estimation of Isosteric Heat of the H2 Adsorption. The isosteric heats of H2 

adsorption were estimated for SNU-200’, K+⊂SNU-200’·SCN-, NH4
+⊂SNU-

200’·Cl-, MV2+⊂SNU-200’·2Cl- and Eu3+⊂SNU-200’·3Cl- from the H2 sorption data 

measured at 77 K and 87 K. A virial-type expression was used eq (1), which is 

composed of parameters ai and bi that are independent of temperature.109 

In eq (1), P is pressure (atm), N is the amount adsorbed H2 gas (mg g-1), T is 

temperature (K), and m and n represent the number of coefficients required to 

adequately describe the isotherms. An equation was fit using the R statistical software 

package.110 

To estimate the values of the isosteric heat of H2 adsorption, eq (2) was applied, where 

R is the universal gas constant. 

 

Calculation of Isosteric Heats of CO2 and CH4 Adsorption. The isosteric heats of 

CO2 and CH4 adsorption was estimated by fitting the adsorption isotherms at 195, 273, 

and 298 K to Langmuir-Freundlich equation (eq 7) In eq 7, P is pressure (atm), N is 

the amount adsorbed gas (mmolg-1), Nm is the amount adsorbed gas at saturation, and 

b and c are constants. The isosteric heats of CO2 and CH4 adsorption were calculated 

by applying these fits to Clausius-Clapeyron equation (eq 8). 
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Calculation of Adsorption Selectivity by Ideal Adsorbed Solution Theory (IAST).  
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The CO2/N2 and CO2/CH4 selectivity were calculated by using ideal adsorbed solution 

theory (IAST) 111,112 for SNU-200’, K+⊂SNU-200’·SCN- NH4
+⊂SNU-200’·Cl-, and 

MV2+⊂SNU-200’·2Cl-. IAST is able to estimate the adsorption equilibrium of the 

binary gas mixture from the single-component isotherms. In order to calculate the 

adsorption selectivity for CO2 over N2 or CO2 over CH4, The idealized gas mixtures 

composed of 0.15 bar CO2 and 0.85 bar N2 for flue gas and 0.5 bar CO2 and 0.5 bar 

CH4 for landfill gas. According to IAST, 

                               (9) 

                               (10) 

                              (11) 

                            (12) 

                      (13) 

                       (14) 

                               (15) 

 

where yi is the mole fraction of component i in the bulk gas mixture, xi is the mole 

fraction of component i in adsorbed gas mixture, pmix is the total pressure of the bulk 

gas mixture, p1
o is the bulk pressure of pure component i that corresponds to the 

spreading pressure p of the binary mixture, R is the universal gas constant, T is 

adsorption temperature, A is surface area of the adsorbent, ni(p) is amount adsorbed at 

pressure p for pure component i. 

Using Equations 9 – 15, the following equation can be obtained: 
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          (16) 

Total adsorbed amount of the gas mixture (nΔ) is calculated by the following equation: 

                            (17) 

where n1(p1
o) is the amount of component 1 adsorbed at spreading pressure p in the 

absence of component 2, and n2(p2
o)is the amount of component 2 adsorbed at 

spreading pressure p in the absence of component 1. The adsorption amount for the 

component i (ni
Δ) in the binary mixture adsorption is calculated using the following 

equation: 

                                   (18) 

                                   (19) 

Adsorption selectivity of component 1 over component 2 (S12) is calculated using the 

following equation:  

                                   (20) 

 

I.3. Result and Discussion 

X-ray structure and properties of SNU-200, K+⊂SNU-200·SCN-, and NH4
+⊂

SNU-200·Cl- 

Colorless crystals of SNU-200 have been synthesized by heating a mixture 

of Zn(NO3)2·6H2O and H4TBADB-18-Cr-6 in DMF/H2O at 80 oC for 24 h. The X-ray 

crystal structure of SNU-200 exhibits a doubly interpenetrated 3D network generating 

1D channels (8.4 Å) that extend along the c-axis. In a pore, two 18C6 face each other 
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(Figure 18). There are three crystallographically independent Zn(II) centers (Zn1, Zn2, 

and Zn3), and they are linked by an OH- bridge as well as eight different carboxylates 

to form a Zn5 cluster unit with the inversion center at Zn3. (Figure 19 ). The Zn1 and 

Zn3 have an octahedral coordination geometry [∠O-Zn1-O, av. 89.63 (0.04) and ∠

O-Zn3-O, av. 89.85 (0.04)] and Zn2 has a tetrahedral geometry [∠O-Zn2-O, av. 

109.66 (0.06)]. Two DMF solvent molecules are coordinated at Zn1. The solvents  

 

 

Figure 18. Single crystal X-ray structure of SNU-200 a) Doubly interpenetrated 

networks are represented in two different colors b) Single frame of SNU-200. The 

atoms of Zn, C, O, and N are shown in green, black, red, and blue, respectively 

Hydrogen atoms are omitted for clarity. 

accessible void volume estimated by PLATON is 39.2% of the whole structure. 

The X-ray structure of K+⊂SNU-200·SCN- indicates that two DMF 

molecules and one carboxyl oxygen coordinated at Zn1 in the pristine MOF are 

replaced with one SCN- anion, which alters the coordination geometry of Zn1 from 

octahedral to tetrahedral [∠N-Zn1-O, av. 111.46 (0.13) and ∠O-Zn1-O, av. 107.66 

(0.19)] (Figure 19). The Zn1 coordinates SCN- via N atom as confirmed by a CN peak 

appearing at 2087 cm-1 in the IR spectrum (Figure 20). K+ ion is located 

0.0764(0.0061) Å above the mean plane made of six oxygen atoms of 18C6 and it is 
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coordinated with two water molecules at the axial site (Figure 21 and Figure 22).113 

Upon activation of the K+ bound SNU-200, water molecules bound to the K+ ion were 

removed (Figure 23). By the inductively coupled plasma (ICP) analysis data, it was 

found that 92% of 18C6 in the MOF bound K+ ions. 

In the X-ray structure of NH4
+⊂SNU-200·Cl-, the coordination modes of the 

Zn ions in the Zn5 cluster are same as that of SNU-200. The NH4
+ ion is positioned 

1.577 (0.035) Å above the mean plane of 18C6. The NH4
+ ion forms hydrogen bonds 

with the oxygen atoms of the crown ether with an average N--O distance of 2.949 

(0.067) Å. The Cl- counter anions are also found in the channels. The elemental 

analysis data indicate that 1.09 NH4
+ molecules exist per 18C6, implying that 100% of 

18C6 in the MOF bind NH4
+ cations. 
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Figure 19. ORTEP drawings with the atomic numbering scheme. a) As synthesized 

SNU-200. b) K+⊂SNU-200·SCN-. c) NH4
+⊂SNU-200·Cl-. Symmetry operations: a, -

x, -y+1, z; b -x+1, -y, z. The atoms of Zn, C, O, N, Cl, and S are represented by green, 

black, red, blue, and yellow spheres, respectively. Hydrogen atoms are omitted for 

clarity.  
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Figure 20. Infrared spectra of K+⊂SNU-200 SCN-(blue) and KSCN (black). 

 

 

Figure 21. Distance of K+ and NH4
+ from the mean plane (O4, O5, O6, O7, O8, and 

O9) of the 18-crown-6 ether in a) K+⊂SNU-200 SCN-, and b) NH4
+⊂SNU-200·Cl-. 
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In MV2+⊂SNU-200·2Cl-, SNU-200 also maintained single crystallinity 

during the immersion in a DMF solution of highly concentrated methyl viologen (ca. 

0.01 M). However, even with the synchrotron X-ray diffraction data collected at 100 

K, the included methyl viologen species could not be located because of the thermal 

disorder. Therefore, the ‘‘locate simulations’’ was performed by using a sorption 

module of Materials Studio. The Metropolis Monte Carlo method was chosen for the 

calculation of the global minimum locations. Universal force field (UFF) was selected 

for the energy calculation, and the charge equilibration (QEq) method was used for the 

calculation of point atomic charges. The results indicate that SNU-200 can 

accommodate a maximum of 4 methyl viologen molecules per unit cell (1 molecule 

per formula unit of SNU-200). MV2+ resides beside the 18-crown-6 moiety and is 

stabilized by van der Waals forces and electrostatic interactions (Figure 22). 
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Figure 22. X-ray single crystal structures of a) K+⊂SNU-200·SCN- and b) NH4
+⊂

SNU-200·Cl-. c) “located simulation” structure of MV2+⊂SNU-200·2Cl- matched to 

PXRD data. The atoms of Zn, C, H, O, N, Cl and S are shown by green, black, white, 

red, blue, pale green and yellow spheres, respectively. 
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Figure 23. Infrared spectra (Nujol mull) of K+⊂SNU-200 SCN- before (black) and 

after (red) the removal of guest solvent. 

Thermogravimetric analysis (TGA) data of SNU-200 reveal 41.0% weight loss at 25 

oC ~ 300 oC, which corresponds to the loss of all coordinated DMF and guest solvent 

molecules (calcd. 41.75 % for 13DMF and 12H2O), and no chemical decomposition 

occurs up to 350 oC (Figure 24). 

 

Figure 24. TGA/DSC traces of SNU-200. 
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The powder X-ray diffraction analysis 

The powder X-ray diffraction (PXRD) patterns also indicate that the structure of 

SNU-200 is maintained even after the cation binding and the counter anion inclusion 

from KSCN, NH4Cl, methyl viologen dichloride and EuCl3 inside or near the crown 

ether moiety. (Figure 25). After activation of the compounds, the PXRD patterns of 

SNU-200 and MV2+⊂SNU- 200·2Cl- are slightly broadened together with the shift of 

the peaks to higher angle region (Figure 26). However, the PXRD patterns of K+ and 

NH4
+ bound MOFs show their better crystalline properties than the activated SNU-

200, and MV2+⊂SNU- 200·2Cl- indicating that cation binding in 18C6 prevents 

shrinkage of the framework. The PXRD pattern for the simulated structure of MV2+ 

loaded SNU-200 is coincident with the measured data of MV2+⊂SNU-200·2Cl-. The 

new peaks at the low angle regions must correspond to the MV2+ guest molecules 

(Figure 26). All compounds were observed to be air sensitive. 
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Figure 25. Powder X-ray diffraction patterns of as-synthesized samples. a) SNU-200. 

b) Simulated pattern of SNU-200 based on the X-ray single crystal data. c) K+⊂SNU-

200·SCN-. d) NH4
+⊂SNU-200·Cl-. e) MV2+⊂SNU-200·2Cl-. f) Theoretically 

simulated pattern for MV2+⊂SNU-200·2Cl-. g) Eu3+⊂SNU-200·3Cl-. 
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Figure 26. Powder X-ray diffraction patterns for the activated samples with 

supercritical CO2 fluid. a) As-synthesized SNU-200, b) activated SNU-200, c) 

activated K+⊂SNU-200·SCN-, d) activated NH4
+⊂SNU-200·Cl-, and e) activated 

MV2+⊂SNU-200·2Cl-. f) activated SNU-200 after exposure to air for 2h. 
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Gas sorption analysis 

To verify the porosity of the activated samples of SNU-200, K+⊂SNU-200·SCN-, 

NH4
+⊂SNU-200·Cl-, MV2+⊂SNU-200·2Cl-, and Eu3+⊂SNU-200·3Cl- the 

adsorption-desorption isotherms were measured for N2, H2, CO2, and CH4 gases at 

various temperatures (Table 4 and Table 5). The N2 gas sorption isotherms of all 

samples show a type I curve, characteristic of the microporous materials (Figure 27). 

The BET surface areas of the compounds including the cations are slightly higher than 

that of SNU-200. Despite the inclusion of cations in the framework, the surface area 

does not decrease since the cations are included inside of the crown ether moieties. 

Table 4. H2 sorption properties of SNU-200’ and cation ⊂SNU-200’ 

Compound Cation/ Ligand 

ratio  

SA BET 

/ m2g-1 

H2 uptake  

/ wt% 

Qst of H2/ 

kJmol-1 

SNU-200’ N/A 736.4 1.06(77 K)d 

0.72(87 K)d 

0.26 (298 K)e 

7.70 

K+⊂SNU-

200’·SCN- 

0.92a(1.00)c 822.6 1.19(77 K)d 

0.78(87 K)d 

0.28 (298 K)e 

9.92 

NH4
+⊂SNU-

200’·Cl- 

1.09b(1.00)c 818.2 1.09(77 K)d 

0.71(87 K)d 

6.41 

MV2+⊂SNU-

200’·2Cl- 

0.36b(0.50)c 934.9 0.86(77 K)d 

0.54 (87 K)d 

7.62 

Eu3+⊂SNU-

200’·3Cl- 

0.51a  0.75(77 K)d 

0.51 (87 K)d 

7.98 

abased on the ICP data (found). bbased on the elemental analysis (found) data.  
ctheoretical calculation value (mol cation/mol ligand). d1 atm. e70 bar. 
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Table 5. CO2 and CH4 sorption properties of SNU-200’, K+⊂SNU-200’·SCN-, NH4
+

⊂SNU-200’·Cl-, MV2+⊂SNU-200’·2Cl- and Eu3+⊂SNU-200’·3Cl- 

Compound 
Temp 

(K) 

CO2 uptake 

(mmolg-1) 

Qst of CO2 

(kJmol-1) 

CH4 uptake 

(mmolg-1) 

Qst of CH4 

(kJmol-1) 

SNU-200’ 195 

273 

298 

8.41 

2.70 

1.52 

29.9-25.7 3.40 

0.84  

0.51 

36.9 - 19.3 

K+⊂SNU-

200’·SCN- 

195 

273 

298 

9.67 

2.93 

1.54 

23.0-25.1 4.18 

0.74 

0.43 

19.9 - 17.9 

NH4
+⊂SNU-

200’·Cl- 

195 

273 

298 

8.93 

2.53 

1.43 

23.0-24.6 4.02 

0.68 

0.41 

21.4 - 18.4 

MV2+⊂SNU-

200’·2Cl- 

195 

273 

298 

11.0 

2.00 

1.12 

27.4-25.6 2.75 

0.55 

0.31 

34.9 -19.3 

Eu3+⊂SNU-

200’·3Cl- 

273 

298 

1.68 

0.95 

- 0.44 

0.25 

- 

At low pressure H2 adsorption isotherms, which were measured at 77 K and 87 K 

under 1 atm (Figure 27), SNU-200’ uptakes H2 of 1.06 wt% (77 K) and 0.72 wt% (87 

K) with a improved isosteric heat (Qst) of 7.70 kJmol-1 compared to common Zn-

MOFs (4.1 - 6.2 kJmol-1).114-117 Interestingly, K+⊂SNU-200’·SCN- has the highest H2 

uptake capacity of 1.19 wt% (77 K) and 0.78 wt% (87 K) among the compounds, 

although its surface area is smaller than that of MV2+⊂SNU-200’·2Cl-. The zero-

coverage isosteric heats of the H2 adsorption, which are estimated from the isotherms 

at 77 K and 87 K by using the virial equation, increase from 7.70 kJmol-1 for SNU-

200’ to 9.92 kJ mol-1 for K+⊂SNU-200’·SCN- (Table 4, Figure 28). This 

enhancement (2.22 kJ mol-1) by the inclusion of the K+ ion in the present MOF is  
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Figure 27. N2 and H2 gas sorption isotherms of SNU-200’(triangle), K+⊂SNU-

200·SCN-(square), NH4
+⊂SNU-200·Cl-(diamond), MV2+⊂SNU-200·2Cl-(circle) 

and Eu3+⊂SNU-200·3Cl-(pentagon). a) N2 at 77 K. b) H2 at 77 K (red) and 87 K 

(blue). Filled shape: adsorption; open shape: desorption. 

much higher than that (ca. 1.1 kJ mol-1) reported previously for the MOF including 

alkali metal or alkali earth metal ions, which still coordinated solvent molecules.118 

The enhancement of the H2 adsorption energy in the present K+⊂SNU-200’·SCN- is 

attributed to the K+ cation containing empty coordination sites that are generated by 

the removal of coordinated water molecules on activation of the sample. 
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Figure 28. Isosteric heat of the H2 adsorption in SNU-200’ (black, triangle), 

K+⊂SNU-200·SCN- (blue, square), NH4
+⊂SNU-200·Cl- (green, diamond), 

MV2+⊂SNU-200·2Cl- (red, circle) and Eu3+⊂SNU-200·3Cl- (brown, hexagon 

dotted). 

To determine the interaction energy between the adsorbed H2 molecules and 

K+⊂SNU-200’·SCN-, a location simulation was performed by using a sorption 

module of Materials Studio. The results indicate that at low coverage of H2, the H2 

molecule is located beside the K+ ion in the crown ether moiety with the highest 

electrostatic interaction energy (61.904 kcal mol-1) (Figure 29). At high pressure and 

298 K, H2 adsorption amount of K+⊂SNU-200’·SCN- is slightly higher than SNU-

200’ (0.28 wt% for K+⊂SNU-200’·SCN and 0.26 wt%). (Figure 30) 
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Figure 29. Positions of hydrogen molecules in a) SNU-200, b) K+⊂SNU-200·SCN-, 

c) NH4
+⊂SNU-200·Cl-, and d) MV2+⊂SNU-200·2Cl- determined by locate 

simulations at low coverage. The calculated interaction energies of hydrogen 

molecules with the frameworks are as follows. 

SNU-200’ 
[kcal /mol] 

K+⊂SNU- 
200’·SCN- 

[kcal /mol] 

NH4
+⊂SNU- 

200’·Cl- 
[kcal /mol] 

MV2+⊂SNU- 
200’·2Cl- 
[kcal /mol] 

Non-bond energy:  
-14.632  
Hydrogen bond: 
 0.000 
van der Waals:  
-3.593 
Electrostatic:  
-11.039 

Non-bond energy:  
-58.474 
Hydrogen bond:  
0.000 
van der Waals:  
3.4296 
Electrostatic:  
-61.904 

Non-bond energy:  
-32.0705 
Hydrogen bond: 
0.000 
van der Waals: 
-1.316 
Electrostatic: 
-30.759 

Non-bond energy: 
-34.600 
Hydrogen bond: 
0.000 
van der Waals: 
14.848 
Electrostatic: 
-49.448 

Metropolis Monte Carlo method was used for the calculation of the global minimum 

location. Universal force field (UFF) was chosen for energy calculation. The charge 

equilibration (QEq) method was used for the calculation of atomic point charge. 
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Figure 30. H2 gas sorption isotherms at high pressure and 298 K for SNU-200’ 

(black) and K+⊂SNU-200’·SCN (red). Filled shape: adsorption; open shape: 

desorption.  

Contrary to the H2 adsorption isotherms, the CO2 adsorption isotherms 

measure at 195 K under 1 atm indicate that the uptake capacities of various samples 

depend on their surface areas and increase in the order of SNU-200’ < NH4
+⊂SNU-

200’·Cl-, < K+⊂SNU-200’·SCN- < MV2+⊂SNU-200·2Cl- (Table 5) However, at 298 

K, pristine SNU-200 adsorbs comparable amount of CO2 to that of MV2+⊂SNU-

200’·2Cl-, even though SNU-200 has ca. 200 m2g-1 smaller surface area (Table 4 and 

Table 5). In addition, pristine SNU-200 shows has the highest heats of the CO2 

adsorption (29.9 kJ mol-1) and the CH4 adsorption (36.9 kJ mol-1) among all samples, 

indicating that the cation bound samples are less effective for CO2 and CH4 uptakes 

(Figure 31 and Figure 32). The selectivities of CO2/N2 and CO2/CH4 adsorption were 

calculated by the Ideal adsorbed solution theory (IAST).111 The results indicate that 
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K+⊂SNU-200·SCN- has the highest selectivity (22.59) for CO2 adsorption over N2 

and MV2+⊂SNU-200·2Cl- has the highest selectivity (4.94) for CO2 adsorption over 

CH4 among all samples (Figure 33 and Figure 34). 

 
Figure 31. Isosteric heat of the CO2 adsorption in SNU-200’ (black), K+⊂SNU-

200’·SCN- (blue), NH4
+⊂SNU-200’·Cl- (green), and MV2+⊂SNU-200’·2Cl- (red). 

 

 
Figure 32. Isosteric heat of the CH4 adsorption in SNU-200’ (black), K+⊂SNU-

200’·SCN- (blue), NH4
+⊂SNU-200’·Cl- (green), and MV2+⊂SNU-200’·2Cl- (red). 
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Figure 33. Selectivity of CO2 adsorption over N2 calculated by IAST method for 

SNU-200’ (black), K+⊂SNU-200’·SCN- (blue), NH4
+⊂SNU-200’·Cl- (green), and 

MV2+⊂SNU-200’·2Cl- (red). 

 

Figure 34. Selectivity of CO2 adsorption over CH4 calculated by IAST method for 

SNU-200’ (black), K+⊂SNU-200’·SCN- (blue), NH4
+⊂SNU-200’·Cl- (green), and 

MV2+⊂SNU-200’·2Cl- (red). 
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I.4. Conclusions 

We prepared a MOF incorporating 18C6 crown ether moiety in the framework (SNU-

200), which provides specific binding sites for K+, NH4
+, and MV2+ cations. Although 

there have been several reports only for the synthesis of rotaxane type MOFs 

containing crown ether moieties that are incapable of binding any guests, upon 

binding of the cations, SNU-200 underwent single-crystal to single-crystal 

transformations, and the X-ray structures of the cation bound MOFs could be 

determined. Interestingly, the results demonstrate how the gas (N2, H2, CO2, and CH4) 

adsorption properties of the MOFs are affected by the 18C6 incorporated in the 

framework and the bound cations, which provide electrostatic field interactions with 

the adsorbate gas molecules. The surface areas of the cation bound SNU-200 do not 

decrease compared to that of pristine SNU-200, since the cations are bound inside the 

18C6. Compared with the general Zn type MOFs, pristine SNU-200 has a higher 

isosteric heat of the H2 adsorption. Furthermore, the K+ ion bound MOF exhibits the 

highest Qst value of H2 adsorption (9.92 kJ mol-1) among the samples in this work. It 

also shows the highest CO2/ N2 adsorption selectivity (IAST), despite that the fact that 

pristine SNU-200 has the highest heat of the CO2 and CH4 adsorption. The present 

result demonstrates a new strategy to develop MOFs that have great potential for 

energy and environmental applications. 
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Table I.S1. Crystallographic Data for as synthesized samples of SNU-200, K+⊂SNU-

200·SCN-, and NH4
+⊂SNU-200·Cl- (Squeezed). 

 

 SNU-200 K+⊂SNU-200·SCN- NH4
+⊂SNU-200·Cl- 

Formula C108H102N4O34Zn5 C98H74K2N2O34S2Zn5 C108H110Cl2N6O34Zn5  

crystal system Tetragonal Tetragonal Tetragonal 

space group    

fw 2326.79 2292.76 2433.77 

a [Å] 25.107(4) 25.556(4) 25.122(4) 

c[Å] 23.531(5)  22.751(5) 23.412(5) 

V [Å3] 14833(4) 14859(4) 14776(4) 

Z 4 4 4 

ρcalcd [g cm-3] 1.042 1.025 1.094 

T [K] 100 100 100 

λ [Å] 0.800  0.69999 0.70000 

μ [mm-1] 0.857 0.936 0.898 

goodness-of-fit (F2) 1.054 0.830 0.996 

F(000) 4800 4672 5024 

reflections collected 101231 19985 77017 

independent reflections 14532[R(int)=0.0590] 11120[R(int)= 0.0472] 11786[R(int)= 0.0628] 

completeness to θ, % 99.6  84.3 78.0 

data/parameters/restraints 14532 / 0 / 681 11120 / 6 / 627 11786 / 19 / 652 

θ range for data collection, 

deg 

2.04 to 29.59 1.57 to 29.43 1.60 to 26.30 



 

 ６０

R = Σ||Fo| - |Fc||/Σ|Fo|. bwR(F2) = [Σw(Fo2 - Fc2)2/Σw(Fo2)2]½ where w = 1/[σ2(Fo2) + (0.1536P)2 + 

(0.00)P], P = (Fo2 + 2Fc2)/3 for SNU-200, bwR(F2) = [Σw(Fo2 - Fc2)2/Σw(Fo2)2]½ where w = 1/[σ2(Fo2) + 

(0.1343P)2 + (0.00)P], P = (Fo2 + 2Fc2)/3 for K+⊂SNU-200·SCN- bwR(F2) = [Σw(Fo2 - Fc2)2/Σw(Fo2)2]½ 

where w = 1/[σ2(Fo2) + (0.2000P)2 + (0.00)P], P = (Fo2 + 2Fc2)/3 for NH4
+⊂SNU-200·Cl-. 

 

 

 

 

 

 

 

 

 

 

 

diffraction limits (h, k, l) -30≤h≤30, -30≤k≤30, 

-28≤l≤28 

-35≤h≤35, -22≤k≤19, 

-30≤l≤30 

-31≤h≤28, -28≤k≤28, 

-28≤l≤28 

refinement method Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

R1
a, wR2

b [I>2σ(I)] R1 = 0.0634, wR2 = 

0.1921 

R1 = 0.0740, wR2 = 

0.1961 

R1 = 0.0966, wR2 = 

0.2583 

R1
 a, wR2

b (all data) R1 = 0.0703, wR2 = 

0.1982 

R1 = 0.1606, wR2 = 

0.2170 

R1 = 0.1204, wR2 = 

0.2724 

largest diff. peak, hole 

[e⋅Å-3] 

1.100, -0.766 0.497, -0.329 0.771 and -0.559 



 

 ６１

Table I.S2. bond lengths (Å) and angles (o) for SNU-200. 

C(5)-C(4) 1.340(8) C(54)-N(2) 1.377(14) 

C(5)-C(6) 1.390(8) O(2)-C(1) 1.260(7) 

C(5)-C(8) 1.522(8) O(2)-Zn(2) 1.965(4) 

C(22)-C(21) 1.386(14) O(3)-C(1) 1.265(6) 

C(22)-O(5) 1.74(2) O(12)-Zn(1) 2.076(3) 

C(23)-O(5) 1.392(14) O(13)-Zn(3) 2.218(3) 

C(23)-C(24) 1.524(15) O(13)-Zn(1)#4 2.273(3) 

C(24)-O(6) 1.478(13) O(14)-Zn(2) 1.935(4) 

C(25)-O(7) 1.412(8) O(15)-Zn(3) 2.122(4) 

C(25)-C(26) 1.502(8) O(16)-Zn(1) 2.064(4) 

C(41)-O(12) 1.257(5) O(17)-Zn(1) 2.034(3) 

C(41)-O(13) 1.266(5) C(1)-C(2) 1.517(8) 

C(41)-C(38)#1 1.488(6) C(2)-C(7) 1.324(9) 

C(42)-C(47) 1.371(8) C(2)-C(3) 1.371(8) 

C(42)-C(43) 1.448(9) C(3)-C(4) 1.429(8) 

C(42)-C(32) 1.482(8) C(6)-C(7) 1.376(8) 

C(43)-C(44) 1.374(9) C(8)-C(13) 1.346(8) 

C(44)-C(45) 1.361(9) C(8)-C(9) 1.388(7) 

C(45)-C(46) 1.372(9) C(9)-C(10) 1.376(8) 

C(45)-C(48)#2 1.519(8) C(10)-O(4) 1.340(7) 

C(46)-C(47) 1.379(9) C(10)-C(11) 1.419(8) 

C(48)-O(15) 1.215(6) C(11)-O(9) 1.355(6) 

C(48)-O(14) 1.282(6) C(11)-C(12) 1.382(8) 

C(48)-C(45)#3 1.519(8) C(12)-C(13) 1.438(8) 

C(49)-O(16) 1.123(9) C(13)-C(14) 1.485(7) 

C(49)-N(1) 1.374(14) C(14)-C(19) 1.373(9) 

C(50)-N(1) 1.537(19) C(14)-C(15) 1.382(9) 

C(51)-N(1) 1.35(2) C(15)-C(16) 1.359(8) 

C(52)-O(17) 1.232(6) C(16)-C(17) 1.413(9) 

C(52)-N(2) 1.312(8) C(17)-C(18) 1.380(8) 

C(53)-N(2) 1.456(10) C(17)-C(20)#5 1.504(7) 



 

 ６２

C(18)-C(19) 1.373(8) C(35)-C(40) 1.379(8) 

C(20)-O(10) 1.241(8) C(35)-C(36) 1.415(9) 

C(20)-O(11) 1.258(7) C(36)-C(37) 1.374(9) 

C(20)-C(17)#6 1.504(7) C(37)-C(38) 1.387(8) 

C(21)-O(4) 1.416(10) C(38)-C(39) 1.354(7) 

C(26)-O(8) 1.435(7) C(38)-C(41)#7 1.488(6) 

C(27)-O(8) 1.377(7) C(39)-C(40) 1.393(7) 

C(27)-C(28) 1.507(9) O(1)-Zn(2) 1.941(3) 

C(28)-O(9) 1.495(8) O(1)-Zn(3) 2.006(3) 

C(29)-C(34) 1.362(7) O(1)-Zn(1) 2.026(3) 

C(29)-O(7) 1.363(7) O(10)-Zn(2) 1.939(3) 

C(29)-C(30) 1.388(8) O(11)-Zn(1) 2.135(3) 

C(30)-O(6) 1.360(6) Zn(1)-O(13)#4 2.273(3) 

C(30)-C(31) 1.435(10) Zn(1)-Zn(3) 3.1566(8) 

C(31)-C(32) 1.400(8) Zn(3)-O(1)#4 2.006(3) 

C(32)-C(33) 1.361(8) Zn(3)-O(15)#4 2.122(4) 

C(33)-C(34) 1.361(8) Zn(3)-O(13)#4 2.218(3) 

C(33)-C(35) 1.475(7) Zn(3)-Zn(1)#4 3.1566(8) 

C(4)-C(5)-C(6) 119.1(5) C(48)-O(14)-Zn(2) 123.8(3) 

C(4)-C(5)-C(8) 121.7(5) C(48)-O(15)-Zn(3) 140.5(4) 

C(6)-C(5)-C(8) 119.1(5) C(49)-O(16)-Zn(1) 132.5(7) 

C(21)-C(22)-O(5) 93.2(10) C(52)-O(17)-Zn(1) 120.2(3) 

O(5)-C(23)-C(24) 107.0(11) C(51)-N(1)-C(49) 116.2(10) 

O(6)-C(24)-C(23) 105.6(9) C(51)-N(1)-C(50) 111.2(19) 

O(7)-C(25)-C(26) 108.0(5) C(49)-N(1)-C(50) 127.5(18) 

O(12)-C(41)-O(13) 123.6(4) C(52)-N(2)-C(54) 119.1(7) 

O(12)-C(41)-C(38)#1 116.2(4) C(52)-N(2)-C(53) 120.0(7) 

O(13)-C(41)-C(38)#1 120.2(4) C(54)-N(2)-C(53) 119.6(8) 

C(47)-C(42)-C(43) 117.2(6) O(2)-C(1)-O(3) 125.6(5) 

C(47)-C(42)-C(32) 123.4(6) O(2)-C(1)-C(2) 118.2(4) 

C(43)-C(42)-C(32) 119.4(5) O(3)-C(1)-C(2) 116.2(5) 

C(44)-C(43)-C(42) 119.6(6) C(7)-C(2)-C(3) 120.6(5) 



 

 ６３

C(45)-C(44)-C(43) 121.1(6) C(7)-C(2)-C(1) 121.2(5) 

C(44)-C(45)-C(46) 120.0(6) C(3)-C(2)-C(1) 118.2(5) 

C(44)-C(45)-C(48)#2 119.4(5) C(2)-C(3)-C(4) 119.2(6) 

C(46)-C(45)-C(48)#2 120.6(5) C(5)-C(4)-C(3) 119.5(5) 

C(45)-C(46)-C(47) 120.5(5) C(7)-C(6)-C(5) 120.5(6) 

C(42)-C(47)-C(46) 121.6(6) C(2)-C(7)-C(6) 120.7(6) 

O(15)-C(48)-O(14) 125.9(5) C(13)-C(8)-C(9) 119.6(5) 

O(15)-C(48)-C(45)#3 118.3(5) C(13)-C(8)-C(5) 122.2(5) 

O(14)-C(48)-C(45)#3 115.8(5) C(9)-C(8)-C(5) 118.2(5) 

O(16)-C(49)-N(1) 127.0(11) C(10)-C(9)-C(8) 122.8(5) 

O(17)-C(52)-N(2) 123.8(6) O(4)-C(10)-C(9) 125.6(5) 

C(1)-O(2)-Zn(2) 121.0(3) O(4)-C(10)-C(11) 117.0(5) 

C(23)-O(5)-C(22) 103.6(9) C(9)-C(10)-C(11) 117.4(5) 

C(41)-O(12)-Zn(1) 138.4(3) O(9)-C(11)-C(12) 124.9(5) 

C(41)-O(13)-Zn(3) 122.0(3) O(9)-C(11)-C(10) 113.9(5) 

C(41)-O(13)-Zn(1)#4 128.6(3) C(12)-C(11)-C(10) 121.1(5) 

Zn(3)-O(13)-Zn(1)#4 89.31(11) C(11)-C(12)-C(13) 118.4(5) 

C(8)-C(13)-C(12) 120.7(5) C(32)-C(33)-C(35) 122.7(5) 

C(8)-C(13)-C(14) 125.1(5) C(34)-C(33)-C(35) 117.6(5) 

C(12)-C(13)-C(14) 113.8(5) C(33)-C(34)-C(29) 124.2(5) 

C(19)-C(14)-C(15) 117.1(5) C(40)-C(35)-C(36) 115.9(5) 

C(19)-C(14)-C(13) 120.1(6) C(40)-C(35)-C(33) 122.4(5) 

C(15)-C(14)-C(13) 122.8(5) C(36)-C(35)-C(33) 121.4(5) 

C(16)-C(15)-C(14) 122.8(6) C(37)-C(36)-C(35) 122.4(6) 

C(15)-C(16)-C(17) 119.6(6) C(36)-C(37)-C(38) 119.9(5) 

C(18)-C(17)-C(16) 117.5(5) C(39)-C(38)-C(37) 118.7(5) 

C(18)-C(17)-C(20)#5 122.1(5) C(39)-C(38)-C(41)#7 122.6(4) 

C(16)-C(17)-C(20)#5 120.4(5) C(37)-C(38)-C(41)#7 118.5(5) 

C(19)-C(18)-C(17) 121.2(6) C(38)-C(39)-C(40) 121.8(5) 

C(14)-C(19)-C(18) 121.5(6) C(35)-C(40)-C(39) 121.3(5) 

O(10)-C(20)-O(11) 126.7(5) Zn(2)-O(1)-Zn(3) 118.24(17) 

O(10)-C(20)-C(17)#6 116.6(5) Zn(2)-O(1)-Zn(1) 111.57(15) 



 

 ６４

O(11)-C(20)-C(17)#6 116.6(6) Zn(3)-O(1)-Zn(1) 103.06(14) 

C(22)-C(21)-O(4) 113.8(11) C(10)-O(4)-C(21) 119.9(6) 

O(8)-C(26)-C(25) 107.8(5) C(30)-O(6)-C(24) 113.8(6) 

O(8)-C(27)-C(28) 108.5(5) C(29)-O(7)-C(25) 116.1(4) 

O(9)-C(28)-C(27) 103.8(6) C(27)-O(8)-C(26) 110.9(4) 

C(34)-C(29)-O(7) 124.4(5) C(11)-O(9)-C(28) 114.2(4) 

C(34)-C(29)-C(30) 117.6(5) C(20)-O(10)-Zn(2) 119.8(4) 

O(7)-C(29)-C(30) 117.9(5) C(20)-O(11)-Zn(1) 125.1(3) 

O(6)-C(30)-C(29) 121.0(5) O(1)-Zn(1)-O(17) 167.71(14) 

O(6)-C(30)-C(31) 119.2(5) O(1)-Zn(1)-O(16) 96.64(16) 

C(29)-C(30)-C(31) 119.7(5) O(17)-Zn(1)-O(16) 88.99(17) 

C(32)-C(31)-C(30) 119.0(6) O(1)-Zn(1)-O(12) 91.13(14) 

C(33)-C(32)-C(31) 119.8(6) O(17)-Zn(1)-O(12) 83.75(15) 

C(33)-C(32)-C(42) 124.0(5) O(16)-Zn(1)-O(12) 172.00(16) 

C(31)-C(32)-C(42) 116.2(5) O(1)-Zn(1)-O(11) 96.18(13) 

C(32)-C(33)-C(34) 119.6(5) O(17)-Zn(1)-O(11) 94.28(14) 

O(16)-Zn(1)-O(11) 94.25(16) O(15)#4-Zn(3)-O(15) 96.3(2) 

O(12)-Zn(1)-O(11) 82.99(14) O(1)-Zn(3)-O(13) 100.65(12) 

O(1)-Zn(1)-O(13)#4 76.96(12) O(1)#4-Zn(3)-O(13) 78.65(12) 

O(17)-Zn(1)-O(13)#4 91.82(12) O(15)#4-Zn(3)-O(13) 169.83(12) 

O(16)-Zn(1)-O(13)#4 93.73(15) O(15)-Zn(3)-O(13) 88.15(14) 

O(12)-Zn(1)-O(13)#4 89.86(12) O(1)-Zn(3)-O(13)#4 78.65(12) 

O(11)-Zn(1)-O(13)#4 170.03(13) O(1)#4-Zn(3)-O(13)#4 100.65(12) 

O(1)-Zn(1)-Zn(3) 38.24(9) O(15)#4-Zn(3)-O(13)#4 88.15(14) 

O(17)-Zn(1)-Zn(3) 129.49(11) O(15)-Zn(3)-O(13)#4 169.83(12) 

O(16)-Zn(1)-Zn(3) 113.41(12) O(13)-Zn(3)-O(13)#4 88.97(17) 

O(12)-Zn(1)-Zn(3) 74.03(9) O(1)-Zn(3)-Zn(1)#4 140.38(9) 

O(11)-Zn(1)-Zn(3) 126.08(11) O(1)#4-Zn(3)-Zn(1)#4 38.70(9) 

O(13)#4-Zn(1)-Zn(3) 44.64(8) O(15)#4-Zn(3)-Zn(1)#4 123.80(10) 

O(14)-Zn(2)-O(10) 107.06(17) O(15)-Zn(3)-Zn(1)#4 104.90(11) 

O(14)-Zn(2)-O(1) 111.78(14) O(13)-Zn(3)-Zn(1)#4 46.05(7) 

O(10)-Zn(2)-O(1) 112.45(14) O(13)#4-Zn(3)-Zn(1)#4 79.88(8) 



 

 ６５

O(14)-Zn(2)-O(2) 114.35(16) O(1)-Zn(3)-Zn(1) 38.70(9) 

O(10)-Zn(2)-O(2) 106.45(16) O(1)#4-Zn(3)-Zn(1) 140.38(9) 

O(1)-Zn(2)-O(2) 104.74(15) O(15)#4-Zn(3)-Zn(1) 104.90(11) 

O(1)-Zn(3)-O(1)#4 179.05(18) O(15)-Zn(3)-Zn(1) 123.80(10) 

O(1)-Zn(3)-O(15)#4 88.34(14) O(13)-Zn(3)-Zn(1) 79.88(8) 

O(1)#4-Zn(3)-O(15)#4 92.30(14) O(13)#4-Zn(3)-Zn(1) 46.05(7) 

O(1)-Zn(3)-O(15) 92.30(14) Zn(1)#4-Zn(3)-Zn(1) 104.88(3) 

O(1)#4-Zn(3)-O(15) 88.34(14) 

Symmetry transformations used to generate equivalent atoms: 

#1 y+1/2, x+1/2, z+1/2      #2 x, y-1, z      #3 x, y+1, z 

#4 -x, -y+1, z              #5 -y+1/2, -x+1/2, z-1/2 

#6 -y+1/2, -x+1/2, z+1/2     #7 y-1/2, x-1/2, z-1/2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 ６６

Table I.S3. bond lengths (Å) and angles (o) for K⊂SNU-200SCN-. 

C(1)-O(2) 1.161(16) C(48)-O(15) 1.331(7) 

C(1)-O(3) 1.354(17) C(48)-O(14) 1.338(8) 

C(1)-C(2) 1.450(14) C(48)-C(45)#2 1.365(9) 

C(2)-C(7) 1.367(18) C(49)-N(1) 1.36136(16) 

C(2)-C(3) 1.486(19) C(49)-S(1) 1.4497(2) 

C(3)-C(4) 1.492(19) O(1)-Zn(1) 1.941(7) 

C(4)-C(5) 1.40(2) O(1)-Zn(2) 1.951(6) 

C(6)-C(5) 1.242(17) O(1)-Zn(3) 2.027(7) 

C(6)-C(7) 1.48(2) O(2)-Zn(2) 1.920(10) 

C(23)-O(8) 1.299(12) O(12)-C(41) 1.267(12) 

C(23)-C(24) 1.569(13) O(12)-Zn(1) 1.966(9) 

C(23)-K(1) 3.473(12) O(13)-C(41) 1.217(12) 

C(24)-O(7) 1.598(11) O(13)-Zn(3) 2.079(8) 

C(26)-O(5) 1.494(7) O(14)-Zn(2) 1.934(6) 

C(26)-C(25) 1.507(15) O(15)-Zn(3) 2.166(7) 

C(27)-C(28) 1.412(13) OW1-K(1) 2.839(18) 

C(27)-O(5) 1.454(11) OW2-K(1) 2.827(19) 

C(27)-K(1) 3.496(11) K(1)-O(7) 2.663(8) 

C(29)-O(6) 1.315(14) K(1)-O(4) 2.727(7) 

C(29)-C(30) 1.369(13) K(1)-O(9) 2.752(9) 

C(29)-C(34) 1.443(15) K(1)-O(6) 2.770(9) 

C(30)-C(31) 1.373(16) K(1)-O(5) 2.782(9) 

C(30)-O(7) 1.450(14) K(1)-O(8) 2.785(9) 

C(42)-C(43) 1.351(15) K(1)-C(28) 3.531(13) 

C(42)-C(47) 1.400(14) C(5)-C(8) 1.51(2) 

C(42)-C(32) 1.487(14) C(8)-C(13) 1.315(17) 

C(43)-C(44) 1.409(17) C(8)-C(9) 1.324(19) 

C(44)-C(45) 1.281(15) C(9)-1(0) 1.340(18) 

C(45)-C(46) 1.340(14) C(11)-C(12) 1.298(17) 

C(45)-C(48)#1 1.365(9) C(11)-1(0) 1.418(17) 

C(46)-C(47) 1.382(14) C(11)-O(4) 1.511(16) 



 

 ６７

C(12)-C(13) 1.387(17) C(32)-C(33) 1.369(13) 

C(13)-C(14) 1.532(19) C(33)-C(35) 1.418(13) 

C(14)-C(19) 1.334(17) C(33)-C(34) 1.481(14) 

C(14)-C(15) 1.414(17) C(35)-C(40) 1.383(13) 

C(15)-C(16) 1.386(17) C(35)-C(36) 1.415(13) 

C(16)-C(17) 1.281(16) C(36)-C(37) 1.439(14) 

C(17)-C(18) 1.382(15) C(37)-C(38) 1.433(13) 

C(17)-C(20)#3 1.550(16) C(38)-C(39) 1.381(14) 

C(18)-C(19) 1.294(15) C(38)-C(41)#5 1.510(15) 

C(20)-O(11) 1.214(13) C(39)-C(40) 1.402(13) 

C(20)-O(10) 1.248(13) C(41)-C(38)#6 1.510(15) 

C(20)-C(17)#4 1.550(16) 1(0)-O(9) 1.424(14) 

C(21)-O(9) 1.404(17) N(1)-Zn(1) 1.8907(14) 

C(21)-C(22) 1.535(18) O(10)-Zn(1) 1.987(8) 

C(22)-O(8) 1.456(13) O(11)-Zn(2) 1.917(9) 

C(25)-O(6) 1.427(15) Zn(3)-O(1)#7 2.027(7) 

C(28)-O(4) 1.337(13) Zn(3)-O(13)#7 2.079(8) 

C(31)-C(32) 1.384(13) Zn(3)-O(15)#7 2.166(7) 

O(2)-C(1)-O(3) 127.0(12) C(46)-C(45)-C(48)#1 119.8(10) 

O(2)-C(1)-C(2) 124.6(16) C(45)-C(46)-C(47) 116.1(10) 

O(3)-C(1)-C(2) 108.1(15) C(46)-C(47)-C(42) 122.7(11) 

C(7)-C(2)-C(1) 132.1(16) O(15)-C(48)-O(14) 108.0(4) 

C(7)-C(2)-C(3) 108.2(13) O(15)-C(48)-C(45)#2 124.4(7) 

C(1)-C(2)-C(3) 119.5(15) O(14)-C(48)-C(45)#2 127.6(7) 

C(2)-C(3)-C(4) 129.5(13) N(1)-C(49)-S(1) 156.810(2) 

C(5)-C(4)-C(3) 109.5(14) Zn(1)-O(1)-Zn(2) 109.1(3) 

C(5)-C(6)-C(7) 122.3(14) Zn(1)-O(1)-Zn(3) 116.7(3) 

C(2)-C(7)-C(6) 124.0(13) Zn(2)-O(1)-Zn(3) 112.4(3) 

O(8)-C(23)-C(24) 117.4(9) C(1)-O(2)-Zn(2) 119.0(10) 

O(8)-C(23)-K(1) 48.4(6) C(41)-O(12)-Zn(1) 124.2(7) 

C(24)-C(23)-K(1) 87.2(5) C(41)-O(13)-Zn(3) 130.4(6) 

C(23)-C(24)-O(7) 101.7(6) C(48)-O(14)-Zn(2) 126.1(4) 



 

 ６８

O(5)-C(26)-C(25) 100.6(6) C(48)-O(15)-Zn(3) 144.7(4) 

C(28)-C(27)-O(5) 106.0(8) O(7)-K(1)-O(4) 176.2(3) 

C(28)-C(27)-K(1) 79.8(7) O(7)-K(1)-O(9) 124.2(3) 

O(5)-C(27)-K(1) 49.5(5) O(4)-K(1)-O(9) 57.6(3) 

O(6)-C(29)-C(30) 123.2(13) O(7)-K(1)-O(6) 58.6(3) 

O(6)-C(29)-C(34) 119.3(15) O(4)-K(1)-O(6) 119.4(3) 

C(30)-C(29)-C(34) 116.9(11) O(9)-K(1)-O(6) 175.6(3) 

C(29)-C(30)-C(31) 124.0(12) O(7)-K(1)-O(5) 118.0(3) 

C(29)-C(30)-O(7) 112.2(12) O(4)-K(1)-O(5) 60.1(2) 

C(31)-C(30)-O(7) 123.8(13) O(9)-K(1)-O(5) 117.7(3) 

C(43)-C(42)-C(47) 117.1(11) O(6)-K(1)-O(5) 59.4(3) 

C(43)-C(42)-C(32) 122.1(11) O(7)-K(1)-O(8) 62.5(3) 

C(47)-C(42)-C(32) 120.8(11) O(4)-K(1)-O(8) 119.2(3) 

C(42)-C(43)-C(44) 118.8(12) O(9)-K(1)-O(8) 61.7(3) 

C(45)-C(44)-C(43) 121.4(12) O(6)-K(1)-O(8) 121.0(3) 

C(44)-C(45)-C(46) 123.8(10) O(5)-K(1)-O(8) 177.1(4) 

C(44)-C(45)-C(48)#1 116.2(12) O(7)-K(1)-OW2 86.7(7) 

O(4)-K(1)-OW2 90.1(7) O(9)-K(1)-C(28) 77.4(3) 

O(9)-K(1)-OW2 86.7(6) O(6)-K(1)-C(28) 99.7(3) 

O(6)-K(1)-OW2 90.2(6) O(5)-K(1)-C(28) 40.4(2) 

O(5)-K(1)-OW2 93.3(6) O(8)-K(1)-C(28) 139.0(3) 

O(8)-K(1)-OW2 83.8(7) OW2-K(1)-C(28) 92.4(7) 

O(7)-K(1)-OW1 84.0(3) OW1-K(1)-C(28) 103.0(4) 

O(4)-K(1)-OW1 99.7(3) C(23)-K(1)-C(28) 156.7(3) 

O(9)-K(1)-OW1 83.5(3) C(27)-K(1)-C(28) 23.2(2) 

O(6)-K(1)-OW1 100.5(3) C(6)-C(5)-C(4) 126.2(15) 

O(5)-K(1)-OW1 107.2(3) C(6)-C(5)-C(8) 113.9(18) 

O(8)-K(1)-OW1 75.7(4) C(4)-C(5)-C(8) 119.9(14) 

OW2-K(1)-OW1 159.5(7) C(13)-C(8)-C(9) 115.3(14) 

O(7)-K(1)-C(23) 44.8(3) C(13)-C(8)-C(5) 125.5(15) 

O(4)-K(1)-C(23) 137.6(3) C(9)-C(8)-C(5) 119.1(18) 

O(9)-K(1)-C(23) 80.4(3) C(8)-C(9)-1(0) 126.1(17) 



 

 ６９

O(6)-K(1)-C(23) 102.9(3) C(12)-C(11)-1(0) 124.1(15) 

O(5)-K(1)-C(23) 161.2(3) C(12)-C(11)-O(4) 123.1(13) 

O(8)-K(1)-C(23) 20.4(3) 1(0)-C(11)-O(4) 112.8(16) 

OW2-K(1)-C(23) 93.0(7) C(11)-C(12)-C(13) 114.8(13) 

OW1-K(1)-C(23) 67.7(4) C(8)-C(13)-C(12) 125.1(14) 

O(7)-K(1)-C(27) 137.5(3) C(8)-C(13)-C(14) 121.8(14) 

O(4)-K(1)-C(27) 41.7(2) C(12)-C(13)-C(14) 111.6(15) 

O(9)-K(1)-C(27) 97.6(3) C(19)-C(14)-C(15) 115.3(14) 

O(6)-K(1)-C(27) 80.3(3) C(19)-C(14)-C(13) 126.2(15) 

O(5)-K(1)-C(27) 23.4(2) C(15)-C(14)-C(13) 118.0(16) 

O(8)-K(1)-C(27) 157.4(3) C(16)-C(15)-C(14) 117.1(14) 

OW2-K(1)-C(27) 104.9(7) C(17)-C(16)-C(15) 126.0(14) 

OW1-K(1)-C(27) 94.2(3) C(16)-C(17)-C(18) 113.3(13) 

C(23)-K(1)-C(27) 161.9(4) C(16)-C(17)-C(20)#3 123.9(14) 

O(7)-K(1)-C(28) 158.3(3) C(18)-C(17)-C(20)#3 122.4(13) 

O(4)-K(1)-C(28) 19.8(2) C(19)-C(18)-C(17) 124.0(13) 

C(18)-C(19)-C(14) 123.1(14) C(9)-1(0)-C(11) 113.6(14) 

O(11)-C(20)-O(10) 130.1(11) C(9)-1(0)-O(9) 130.0(18) 

O(11)-C(20)-C(17)#4 118.4(12) C(11)-1(0)-O(9) 116.4(16) 

O(10)-C(20)-C(17)#4 111.5(12) C(49)-N(1)-Zn(1) 166.17(4) 

O(9)-C(21)-C(22) 112.6(13) C(28)-O(4)-C(11) 118.1(10) 

O(8)-C(22)-C(21) 103.3(10) C(28)-O(4)-K(1) 116.5(6) 

O(6)-C(25)-C(26) 114.1(11) C(11)-O(4)-K(1) 119.9(8) 

O(4)-C(28)-C(27) 115.7(12) C(27)-O(5)-C(26) 105.3(5) 

O(4)-C(28)-K(1) 43.7(5) C(27)-O(5)-K(1) 107.0(6) 

C(27)-C(28)-K(1) 77.0(7) C(26)-O(5)-K(1) 113.4(4) 

C(30)-C(31)-C(32) 119.2(11) C(29)-O(6)-C(25) 122.2(12) 

C(33)-C(32)-C(31) 123.3(10) C(29)-O(6)-K(1) 116.3(9) 

C(33)-C(32)-C(42) 122.1(10) C(25)-O(6)-K(1) 117.6(7) 

C(31)-C(32)-C(42) 114.6(11) C(30)-O(7)-C(24) 112.6(9) 

C(32)-C(33)-C(35) 122.4(10) C(30)-O(7)-K(1) 122.4(9) 

C(32)-C(33)-C(34) 116.4(10) C(24)-O(7)-K(1) 120.7(4) 



 

 ７０

C(35)-C(33)-C(34) 121.1(11) C(23)-O(8)-C(22) 110.8(10) 

C(29)-C(34)-C(33) 120.0(11) C(23)-O(8)-K(1) 111.2(8) 

C(40)-C(35)-C(36) 119.5(9) C(22)-O(8)-K(1) 109.9(8) 

C(40)-C(35)-C(33) 118.3(10) C(21)-O(9)-1(0) 114.2(11) 

C(36)-C(35)-C(33) 121.9(10) C(21)-O(9)-K(1) 114.9(7) 

C(35)-C(36)-C(37) 118.6(10) 1(0)-O(9)-K(1) 120.1(9) 

C(38)-C(37)-C(36) 120.2(11) C(20)-O(10)-Zn(1) 128.8(8) 

C(39)-C(38)-C(37) 118.7(11) C(20)-O(11)-Zn(2) 124.6(8) 

C(39)-C(38)-C(41)#5 123.1(10) N(1)-Zn(1)-O(1) 114.0(2) 

C(37)-C(38)-C(41)#5 118.1(11) N(1)-Zn(1)-O(12) 110.1(2) 

C(38)-C(39)-C(40) 120.5(10) O(1)-Zn(1)-O(12) 106.3(3) 

C(35)-C(40)-C(39) 121.8(10) N(1)-Zn(1)-O(10) 108.8(3) 

O(13)-C(41)-O(12) 128.6(10) O(1)-Zn(1)-O(10) 107.7(3) 

O(13)-C(41)-C(38)#6 121.9(10) O(12)-Zn(1)-O(10) 110.0(4) 

O(12)-C(41)-C(38)#6 109.0(11) O(11)-Zn(2)-O(2) 99.4(4) 

O(11)-Zn(2)-O(14) 108.6(3) O(13)#7-Zn(3)-O(13) 95.9(4) 

O(2)-Zn(2)-O(14) 117.0(4) O(1)#7-Zn(3)-O(15)#7 86.4(2) 

O(11)-Zn(2)-O(1) 109.3(3) O(1)-Zn(3)-O(15)#7 84.7(3) 

O(2)-Zn(2)-O(1) 105.1(4) O(13)#7-Zn(3)-O(15)#7 173.9(3) 

O(14)-Zn(2)-O(1) 116.1(3) O(13)-Zn(3)-O(15)#7 87.3(3) 

O(1)#7-Zn(3)-O(1) 167.4(4) O(1)#7-Zn(3)-O(15) 84.7(3) 

O(1)#7-Zn(3)-O(13)#7 98.8(3) O(1)-Zn(3)-O(15) 86.4(2) 

O(1)-Zn(3)-O(13)#7 89.7(3) O(13)#7-Zn(3)-O(15) 87.3(3) 

O(1)#7-Zn(3)-O(13) 89.7(3) O(13)-Zn(3)-O(15) 173.9(3) 

O(1)-Zn(3)-O(13) 98.8(3) O(15)#7-Zn(3)-O(15) 89.9(4) 

Symmetry transformations used to generate equivalent atoms: 

#1 x, y+1, z             #2 x, y-1, z      # 3 -y+1/2, -x+1 /2, z+1/2 

#4 -y+1/2, -x+1/2, z-1/2   #5 -y+1/2, -x+3/2, z+1 /2 

#6 -y+3/2, -x+1/2, z-1/2   #7 -x+1, -y, z 

 



 

 ７１

Table I.S4. bond lengths (Å) and angles (o) for NH4
+⊂SNU-200SCN-. 

C(1)-O(2) 1.24(10) C(50)-N(1) 1.4100(2) 

C(1)-O(3) 1.29(10) C(51)-N(1) 1.5547(2) 

C(1)-C(2) 1.49(10) C(52)-O(17) 1.24(11) 

C(2)-C(7) 1.26(12) C(52)-N(2) 1.32(13) 

C(2)-C(3) 1.39(15) C(53)-N(2) 1.43(11) 

C(7)-C(6) 1.44(13) C(54)-N(2) 1.44(15) 

C(21)-O(4) 1.37(6) O(2)-Zn(2) 1.94(6) 

C(21)-C(22) 1.6049(2) O(4)-C(10) 1.38(11) 

C(22)-O(5) 1.39(10) O(6)-C(30) 1.33(10) 

C(23)-O(5) 1.4(2) O(7)-C(29) 1.27(10) 

C(23)-C(24) 1.41(11) O(9)-C(11) 1.44(11) 

C(24)-O(6) 1.4(2) O(10)-C(20) 1.27(10) 

C(25)-O(7) 1.40(14) O(10)-Zn(2) 1.91(5) 

C(25)-C(26) 1.65(15) O(11)-C(20) 1.22(10) 

C(26)-O(8) 1.56(14) O(11)-Zn(1) 2.10(5) 

C(27)-O(8) 1.37(13) O(12)-C(41) 1.25(8) 

C(27)-C(28) 1.45(14) O(12)-Zn(3) 2.19(5) 

C(28)-O(9) 1.43(12) O(12)-Zn(1) 2.31(5) 

C(42)-C(43) 1.33(12) O(13)-C(41) 1.24(8) 

C(42)-C(47) 1.43(13) O(13)-Zn(1)#3 2.09(6) 

C(42)-C(32) 1.46(10) O(14)-Zn(2) 1.93(7) 

C(43)-C(44) 1.45(15) O(15)-Zn(3) 2.11(6) 

C(44)-C(45) 1.32(13) O(16)-Zn(1) 2.023(9) 

C(45)-C(46) 1.29(13) O(17)-Zn(1) 2.06(6) 

C(45)-C(48)#1 1.50(14) C(3)-C(4) 1.40(13) 

C(46)-C(47) 1.47(13) C(4)-C(5) 1.26(13) 

C(48)-O(14) 1.23(11) C(5)-C(6) 1.33(18) 

C(48)-O(15) 1.30(10) C(5)-C(8) 1.50(13) 

C(48)-C(45)#2 1.50(14) C(8)-C(9) 1.35(12) 

C(49)-O(16) 1.17923(16) C(8)-C(13) 1.47(12) 

C(49)-N(1) 1.4333(2) C(9)-C(10) 1.31(13) 



 

 ７２

C(10)-C(11) 1.43(15) C(33)-C(35) 1.46(12) 

C(11)-C(12) 1.33(13) C(35)-C(36) 1.28(12) 

C(12)-C(13) 1.44(12) C(35)-C(40) 1.33(13) 

C(13)-C(14) 1.43(12) C(36)-C(37) 1.43(14) 

C(14)-C(19) 1.36(12) C(37)-C(38) 1.43(13) 

C(14)-C(15) 1.39(14) C(38)-C(39) 1.36(11) 

C(15)-C(16) 1.36(14) C(38)-C(41)#6 1.48(10) 

C(16)-C(17) 1.27(14) C(39)-C(40) 1.46(14) 

C(17)-C(18) 1.32(12) C(41)-C(38)#7 1.48(10) 

C(17)-C(20)#4 1.55(11) O(1)-Zn(2) 1.92(6) 

C(18)-C(19) 1.39(12) O(1)-Zn(3) 2.00(5) 

C(20)-C(17)#5 1.55(11) O(1)-Zn(1) 2.04(5) 

C(29)-C(30) 1.45(10) Zn(1)-O(13)#3 2.09(6) 

C(29)-C(34) 1.45(12) Zn(1)-Zn(3) 3.155(11) 

C(30)-C(31) 1.30(14) Zn(3)-O(1)#3 2.00(5) 

C(31)-C(32) 1.44(13) Zn(3)-O(15)#3 2.11(6) 

C(32)-C(33) 1.42(11) Zn(3)-O(12)#3 2.19(5) 

C(33)-C(34) 1.40(12) Zn(3)-Zn(1)#3 3.155(11) 

O(2)-C(1)-O(3) 125(7) C(50)-N(1)-C(51) 121.672(12) 

O(2)-C(1)-C(2) 122(7) C(49)-N(1)-C(51) 119.263(7) 

O(3)-C(1)-C(2) 113(8) C(52)-N(2)-C(53) 116(8) 

C(7)-C(2)-C(3) 115(9) C(52)-N(2)-C(54) 130(10) 

C(7)-C(2)-C(1) 127(8) C(53)-N(2)-C(54) 113(9) 

C(3)-C(2)-C(1) 118(8) C(1)-O(2)-Zn(2) 122(5) 

C(2)-C(7)-C(6) 124(10) C(21)-O(4)-C(10) 115(7) 

O(4)-C(21)-C(22) 98(3) C(23)-O(5)-C(22) 108(10) 

O(5)-C(22)-C(21) 96(6) C(30)-O(6)-C(24) 120(10) 

O(5)-C(23)-C(24) 122(10) C(29)-O(7)-C(25) 114(7) 

C(23)-C(24)-O(6) 116(10) C(27)-O(8)-C(26) 105(9) 

O(7)-C(25)-C(26) 103(10) C(28)-O(9)-C(11) 115(6) 

O(8)-C(26)-C(25) 98(9) C(20)-O(10)-Zn(2) 121(6) 

O(8)-C(27)-C(28) 106(10) C(20)-O(11)-Zn(1) 128(5) 



 

 ７３

O(9)-C(28)-C(27) 107(8) C(41)-O(12)-Zn(3) 124(5) 

C(43)-C(42)-C(47) 123(8) C(41)-O(12)-Zn(1) 129(5) 

C(43)-C(42)-C(32) 121(9) Zn(3)-O(12)-Zn(1) 89.1(18) 

C(47)-C(42)-C(32) 116(8) C(41)-O(13)-Zn(1)#3 140(5) 

C(42)-C(43)-C(44) 118(9) C(48)-O(14)-Zn(2) 126(6) 

C(45)-C(44)-C(43) 123(9) C(48)-O(15)-Zn(3) 139(6) 

C(46)-C(45)-C(44) 119(9) C(49)-O(16)-Zn(1) 140.3(2) 

C(46)-C(45)-C(48)#1 120(9) C(52)-O(17)-Zn(1) 118(6) 

C(44)-C(45)-C(48)#1 121(8) C(2)-C(3)-C(4) 119(10) 

C(45)-C(46)-C(47) 125(10) C(5)-C(4)-C(3) 125(10) 

C(42)-C(47)-C(46) 113(9) C(4)-C(5)-C(6) 116(10) 

O(14)-C(48)-O(15) 124(10) C(4)-C(5)-C(8) 123(9) 

O(14)-C(48)-C(45)#2 119(8) C(6)-C(5)-C(8) 120(10) 

O(15)-C(48)-C(45)#2 117(9) C(5)-C(6)-C(7) 119(10) 

O(16)-C(49)-N(1) 127.072(5) C(9)-C(8)-C(13) 118(8) 

O(17)-C(52)-N(2) 122(10) C(9)-C(8)-C(5) 123(8) 

C(50)-N(1)-C(49) 108.833(2) C(13)-C(8)-C(5) 119(8) 

C(10)-C(9)-C(8) 125(9) C(33)-C(32)-C(31) 113(8) 

C(9)-C(10)-O(4) 128(10) C(33)-C(32)-C(42) 123(7) 

C(9)-C(10)-C(11) 118(9) C(31)-C(32)-C(42) 123(8) 

O(4)-C(10)-C(11) 115(9) C(34)-C(33)-C(32) 121(8) 

C(12)-C(11)-C(10) 123(8) C(34)-C(33)-C(35) 118(7) 

C(12)-C(11)-O(9) 122(8) C(32)-C(33)-C(35) 121(8) 

C(10)-C(11)-O(9) 115(9) C(33)-C(34)-C(29) 122(8) 

C(11)-C(12)-C(13) 119(9) C(36)-C(35)-C(40) 119(8) 

C(14)-C(13)-C(12) 118(8) C(36)-C(35)-C(33) 121(9) 

C(14)-C(13)-C(8) 124(8) C(40)-C(35)-C(33) 120(9) 

C(12)-C(13)-C(8) 117(8) C(35)-C(36)-C(37) 121(9) 

C(19)-C(14)-C(15) 116(8) C(36)-C(37)-C(38) 119(8) 

C(19)-C(14)-C(13) 125(9) C(39)-C(38)-C(37) 119(7) 

C(15)-C(14)-C(13) 119(10) C(39)-C(38)-C(41)#6 123(7) 

C(16)-C(15)-C(14) 119(10) C(37)-C(38)-C(41)#6 118(7) 



 

 ７４

C(17)-C(16)-C(15) 126(10) C(38)-C(39)-C(40) 115(8) 

C(16)-C(17)-C(18) 117(7) C(35)-C(40)-C(39) 124(9) 

C(16)-C(17)-C(20)#4 123(9) O(13)-C(41)-O(12) 121(7) 

C(18)-C(17)-C(20)#4 120(8) O(13)-C(41)-C(38)#7 118(7) 

C(17)-C(18)-C(19) 123(8) O(12)-C(41)-C(38)#7 121(7) 

C(14)-C(19)-C(18) 120(8) Zn(2)-O(1)-Zn(3) 118(3) 

O(11)-C(20)-O(10) 126(8) Zn(2)-O(1)-Zn(1) 112(2) 

O(11)-C(20)-C(17)#5 119(8) Zn(3)-O(1)-Zn(1) 103(2) 

O(10)-C(20)-C(17)#5 115(9) O(16)-Zn(1)-O(1) 97.0(14) 

O(7)-C(29)-C(30) 121(8) O(16)-Zn(1)-O(17) 89(2) 

O(7)-C(29)-C(34) 124(7) O(1)-Zn(1)-O(17) 167(2) 

C(30)-C(29)-C(34) 115(8) O(16)-Zn(1)-O(13)#3 173.8(16) 

C(31)-C(30)-O(6) 122(9) O(1)-Zn(1)-O(13)#3 89(2) 

C(31)-C(30)-C(29) 119(8) O(17)-Zn(1)-O(13)#3 86(3) 

O(6)-C(30)-C(29) 118(8) O(16)-Zn(1)-O(11) 95.7(16) 

C(30)-C(31)-C(32) 128(9) O(1)-Zn(1)-O(11) 96(2) 

O(17)-Zn(1)-O(11) 96(2) O(15)-Zn(3)-O(15)#3 95(3) 

O(13)#3-Zn(1)-O(11) 82(2) O(1)#3-Zn(3)-O(12)#3 81(2) 

O(16)-Zn(1)-O(12) 95.0(12) O(1)-Zn(3)-O(12)#3 99.6(18) 

O(1)-Zn(1)-O(12) 77(2) O(15)-Zn(3)-O(12)#3 89.0(18) 

O(17)-Zn(1)-O(12) 90(2) O(15)#3-Zn(3)-O(12)#3 171.6(19) 

O(13)#3-Zn(1)-O(12) 88(2) O(1)#3-Zn(3)-O(12) 99.6(18) 

O(11)-Zn(1)-O(12) 168(2) O(1)-Zn(3)-O(12) 81(2) 

O(16)-Zn(1)-Zn(3) 113.2(3) O(15)-Zn(3)-O(12) 171.6(19) 

O(1)-Zn(1)-Zn(3) 38.3(15) O(15)#3-Zn(3)-O(12) 89.0(18) 

O(17)-Zn(1)-Zn(3) 128.3(19) O(12)#3-Zn(3)-O(12) 88(2) 

O(13)#3-Zn(1)-Zn(3) 72.8(16) O(1)#3-Zn(3)-Zn(1)#3 39.0(15) 

O(11)-Zn(1)-Zn(3) 125.5(16) O(1)-Zn(3)-Zn(1)#3 141.2(13) 

O(12)-Zn(1)-Zn(3) 43.9(13) O(15)-Zn(3)-Zn(1)#3 104.1(16) 

O(10)-Zn(2)-O(14) 108(3) O(15)#3-Zn(3)-Zn(1)#3 124.7(15) 

O(10)-Zn(2)-O(1) 112(2) O(12)#3-Zn(3)-Zn(1)#3 47.0(13) 

O(14)-Zn(2)-O(1) 112(2) O(12)-Zn(3)-Zn(1)#3 79.5(13) 
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O(10)-Zn(2)-O(2) 105(2) O(1)#3-Zn(3)-Zn(1) 141.2(13) 

O(14)-Zn(2)-O(2) 116(2) O(1)-Zn(3)-Zn(1) 39.0(15) 

O(1)-Zn(2)-O(2) 105(2) O(15)-Zn(3)-Zn(1) 124.7(15) 

O(1)#3-Zn(3)-O(1) 180(3) O(15)#3-Zn(3)-Zn(1) 104.1(16) 

O(1)#3-Zn(3)-O(15) 88(2) O(12)#3-Zn(3)-Zn(1) 79.5(13) 

O(1)-Zn(3)-O(15) 92(2) O(12)-Zn(3)-Zn(1) 47.0(13) 

O(1)#3-Zn(3)-O(15)#3 92(2) Zn(1)#3-Zn(3)-Zn(1) 106.0(4) 

O(1)-Zn(3)-O(15)#3 88(2) 

Symmetry transformations used to generate equivalent atoms: 

#1 x, y+1, z           #2 x, y-1,   z         # 3 -x+1, -y, z 

#4 y+1/2, x-1/2, z+1/2  #5 y+ 1/2, x-1/2, z-1/2  #6 y+1/2, x+1/2, z+1/2  

#7 y- 1/2, x-1/2, z-1/2 
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Figure I.S1. CO2 gas adsorption isotherms measured at 195 K (circle), 273 K 

(triangle), and 298 K (square). a) SNU-200’, b) K+⊂SNU-200’·SCN-, c) 

NH4
+⊂SNU-200’·Cl-, and d) MV2+⊂SNU-200’·2Cl-. The solid lines correspond to 

the best fits to the Langmuir–Freundlich equation. 
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Figure I.S2. CH4 gas adsorption isotherms of a) SNU-200’, b) K+⊂SNU-200’·SCN-, 

c) NH4
+⊂SNU-200’·Cl-, and d) MV2+⊂SNU-200’·2Cl- at 195 K (circle), 273 K 

(triangle), and 298 K (square). The solid red lines correspond to the best fits to 

Langmuir–Freundlich equation. 
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e)  

 SNU-200’ 
K+⊂SNU-

200’·SCN- 

NH4
+⊂SNU-

200’·Cl- 

MV2+⊂SNU-

200’·2Cl- 

a 

0.0254 (CO2) 

0.0060 (CH4) 

0.0014 (N2) 

0.0226 (CO2) 

0.0049 (CH4) 

0.0010 (N2) 

0.0193 (CO2) 

0.0044 (CH4) 

0.0015 (N2) 

0.0173 (CO2) 

0.0035 (CH4) 

0.0009 (N2) 

b 

0.0072 (CO2) 

0.0020 (CH4) 

0.0007 (N2) 

0.0051 (CO2) 

0.0018 (CH4) 

0.0003 (N2) 

0.0039 (CO2) 

0.0009 (CH4) 

0.0022 (N2) 

0.0053 (CO2) 

0.0014 (CH4) 

-0.0023 (N2) 

R2 0.9999 (CO2) 

0.9996 (CH4) 

0.9965 (N2) 

0.9987 (CO2) 

0.9983 (CH4) 

0.9983 (N2) 

0.9993 (CO2) 

0.9991 (CH4) 

0.9946 (N2) 

0.9995 (CO2) 

0.9995 (CH4) 

0.9980 (N2) 

Figure I.S3. Gas adsorption isotherms of CO2 (circle), CH4 (triangle) and N2 (square) 

at 298 K in a) SNU-200’, b) K+⊂SNU-200’·SCN-, c) NH4
+⊂SNU-200’·Cl-, and d) 

MV2+⊂SNU-200’·2Cl-. e) Langmuir fit parameters for CO2, CH4, and N2 adsorption 

isotherms at 298 K. 
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II.1. Introduction 
The depletion of fossil fuel supply and global warming by emission of CO2 

gas have demanded a renewable and clean alternative energy source. Hydrogen is a 

most promising candidate to replace the carbon based energy. Hydrogen has nearly 

three times higher energy density than carbon based energy (33.3 kWh kg-1 (123 MJ 

kg-1) for hydrogen and 11.1 kWh kg-1 (47.2 MJ kg-1) for gasoline.) and emits no CO2 

gas after combustion. Although hydrogen is considered as a perfect source, it is not 

facial to use for energy due to the safety problem. In order to use it as a fuel, a 

compact, safe, and efficient hydrogen storage system should be developed. Hydrogen 

is able to be store as 1) pressurized gas 2) cryogenic liquid and 3) solid state with 

materials by physishorption and chemisorption. 

As a physisorption materials, metal - organic frameworks (MOFs) or porous 

coordination polymers (PCPs) and covalent - organic frameworks (COFs) have 

attracted great attention as potential hydrogen storage materials due to their high 

porousity and surface area.2,119-121 MOFs and COF are able to uptake a large amount of 

hydrogen (> 7 wt%) at 77 K and high pressures.120,121 However, at room temperature, 

the H2 storage capacities of MOFs drop down to less than 1 wt% because interaction 

energies between the frameworks and H2 are very low (4 – 8 kJ mol-1). 

Metal hydride is representative as a chemisorptions materials which mean 

that metal atoms binds with the hydrogen molecule to form chemical bonds under the 

high pressure and temperature with more strong interaction energy than that of 

physisortion materials.122 In metal hydride, hydrogen is adsorbed as two different 

phase (α- and β-pahse) in the host metal lattice. α and β-pahse means that hydride is 

partially formed(α- pahse) or fully formed (β-pahse). For instance, the light metal such 
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as Mg, Na, Be, Li, B and Al generate a variety of metal hydride compound. Especially. 

Mg indicates the substantial stuedies as the hydrogen storage material due to the their 

high hydrogen strorage capacity, low cost, and abundant amount of source. MgH2 

represent a high energy density (9 MJ/kg) and H2 capacitiy of 7.6 wt%. However, in 

dehydrogenation, MgH2 need to supply a high temperature (>300 oC) and Mg has a 

high reactivity toward oxygen.123,124 Herein, we report that impregnation of metal 

nanoparticles in porous materials for hybird hydrogen storage by physisorption and 

chemisorption. 
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II.2. Physisorption and Chemisorption for Hydrogen Storage2 

Hydrogen can be stored as a solid state with materials by phyisortion or chemisorption 

manner. In physisorbed hydrogen storage materials, H2 molecules are adsorbed on the 

surface of the pores of the materials. According to IUPAC, physisorption (physical 

adsorption) is the adsorption in which the forces involved are intermolecular forces 

(van der Waals forces) of the same kind as those responsible for the imperfection of 

real gases and the condensation of vapors and which do not involve a significant 

change in the electronic orbital patterns of the species involved.125,126 Physisorption 

processes are reversible since no activation energy is involved and the interaction 

energy is very low. In materials such as metal-organic frameworks, porous carbons, 

zeolites, clathrates, and organic polymers, H2 is physisorbed on the surface of the 

pores. In these classes of materials, the H2 storage capacity mainly depends on the 

surface area and pore volume. The main limitation of use of these sorbents as H2 

storage materials is weak van der Waals interaction energy between H2 and the 

surface of the sorbents. Therefore, many of the physisorption based materials have 

high storage capacities at liquid nitrogen temperature and high pressures, but their 

capacities become very low at ambient temperature and pressure. Research is being 

directed toward the synthesis of highly porous materials that would have enhanced 

interaction energies with gaseous H2. The advantage of these materials is the fast 

adsorption and desorption kinetics.  

In chemisorption-based materials, hydrogen is chemically bonded to the 

storage medium. According to the IUPAC, chemisorptions (chemical adsorption) is 

the adsorption that results from chemical bond formation (strong interaction) between 

the adsorbent and the adsorbate in a monolayer on the surface.127 The formation and 



 

８３ 

 

stability of such materials highly depend on the pressure and temperature. 

Chemisorption process may not be reversible as relatively high activation energy 

exists in the adsorption and desorption process. On-board hydride materials and 

offboard regenerable hydride materials belong to this class. On-board reversible 

hydride materials include interstitial metal hydrides, covalently bound metal hydrides, 

metal amides, borohydrides, etc. These store dissociated hydrogen either covalently or 

as interstitially bound hydrogen, and release hydrogen by endothermic process. The 

storage materials can be directly recharged with hydrogen in situ on a vehicle, since 

endothermic release allows for exothermic rehydrogenation during on-board 

recharging of the hydrogen storage materials under reasonable temperature and 

pressure (below 300 oC and below 200 bar). Off-board regenerable hydride materials 

store dissociated hydrogen as covalently bound hydrogen materials, and they release 

hydrogen exothermically and involve complex offboard chemical processes for 

regeneration that cannot be performed on board a vehicle. Materials in this class are 

the hydrocarbons, ammonia borane, and alane. 

 

II.3. Various Method for Preparation of Metal Nanoparticles in 

Metal - Organic Frameworks or Covalent - Organic 

Frameworks128 

General synthetic methods of metal nanoparticles (M-NPs) in a porous solid matrix 

are the impregnation of a metal precursor in a porous solid, followed by reduction of 

the metal precursor to metal(0) atoms, which aggregate to M-NPs within the solid 

matrix. The precursor molecules that are most frequently used for the production of 
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M-NPs are chlorides or nitrates salts of the corresponding transition metal ions. In 

addition, organometallic complexes are often used as precursors in solid grinding or 

infiltration method.129 In general, metal precursors included in MOFs are reduced with 

hydrogen gas, hydrazine, or NaBH4 to generate MNPs, and the reduction process is 

often performed at high temperature, followed by the washing step. In some cases, 

ethanolic solution or methanol: supercritical CO2 has also been used as a reducing 

agent to load NPs within the MOF.130 The reduction conditions should be determined 

depending on the properties of the included precursor as well as the stability of the 

host matrix during the reduction processes. 

 

II.3.1. Immersion of the Redox Active MOFs in Metal Salt 

Solution128 

Contrary to the conventional methods, Suh’s group developed new fabrication 

methods of M-NPs in PCPs, which produced M-NPs without using any capping or 

reducing agents and with no heating process at all.13-16,131 They used redox active 

PCPs as supports for M-NPs and immersed them in the solutions of metal salts such 

as AgNO3, NaAuCl4, and Pd(NO3)2. They prepared redox active PCPs by using redox 

active building blocks. Redox active sites of the redox active building blocks may be 

at the organic ligands or at the metal centers such as Ni(II) sites in the Ni(II) 

macrocyclic complexes. As soon as metal ions are diffused to the redox active PCPs, 

they are reduced to metallic nanoparticles and the redox active building blocks in the 

PCPs are oxidized. The maxium amount of metal NPs formed can be easily predicted 

since the redox reactions between the redox active networks and metal ions are 

stoichiometric. 
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In most of the cases, the redox active PCPs retain their network structures even after 

the foramtion of metal NPs that are commonly much larger than the pore size of the 

PCPs. The most important advantages of this method are that the amount of M-NPs 

loaded in the PCP can be controlled by the immersion time of the host solid in the 

metal ion solution while the size of the M-NPs is independent of the concentration of 

the metal ion solution, temperature, and the type of the solvents. 

 Suh’s group employed various Ni(II) square-planar macrocyclic complexes 

as redox active metal building blocks to construct redox-active PCPs.14-16,131 Ni(II) 

macrocyclic complexes were prepared by simple one-pot template Schiff base 

condensation reactions.132 They synthesized PCPs by self-assembly of thus prepared 

Ni(II) macrocyclic complexes and multidentate organic ligands containing 

carboxylate donor groups. The axial sites of Ni(II) ion of the macrocyclic complex 

with square planner geometry are coordinated by the carboxylate ligand to generate 

octahedral geometry; thus Ni(II) macrocyclic complex simply can be a linear linker to 

connect the organic ligand with its specific geometry in the construction of PCPs. By 

selecting the organic building blocks, multidimensional PCPs whose topology can be 

easily predicted from the geometry of organic ligand are constructed with various 

topologies. The octahedral Ni(II) macrocylic complexes can be easily oxdized to 

Ni(III) species.132 The oxidation potential of Ni(II) to Ni(III) in the monomacrocyclic 

complexes ranges +0.90 – +0.93 V vs. SCE in the acetonitrile solutions.132 When the 

PCPs constructed of Ni(II) macrocyclic complexes in octahedral coordination mode 

react with appropriate noble metal ions, resulting in the oxidized PCPs with Ni(III) 

macrocyclic species and metal(0) nanoparticles. Various Ni(II) macrocyclic 

complexes employed in construction of redox active PCPs are shown in (Figure 35).14-
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16,130 The self-assembly of (NiL1)(ClO4)2 (NiL1
2+ = [Ni(C10H26N6)]2+) and Na2bpdc 

(bpdc2- = 4,4’-biphenyldicarboxylate) in a H2O/pyridine mixture resulted in  

 

Figure. 35 Chemical structures of Ni(II) macrocyclic complexs as redox active 

species.128 

[(NiL1)3(bpdc)3]·2pyridine·6H2O (1), in which linear coordination polymer chains 

pack as a double network of threefold braids to generate 1D channels with 

honeycomb- shaped windows (effective pore size, 7.3 Å).14 When desolvated host 1 

was immersed in the methanolic solution of AgNO3 (8.0 x 10-2 M) at room 

temperature for 10 min, Ag NPs (ca. 3 nm in diameter) were formed in solid 1. 

Inclusion of Ag(I) ions into 1 resulted in the oxidation of incorporated Ni(II) species 

to Ni(III) and simultaneous reduction of Ag(I) to Ag(0), followed by the nucleation 

and growth to Ag NPs. The redox reaction between Ag(I) and Ni(II) species were 

proved by the electron paramagnetic resonance (EPR) spectroscopy indicating the 

presence of d7 Ni(III) species (g⊥ > g||) together with the X-ray photoelectron 

spectroscopy (XPS) showing the coexistance of Ni(III) and Ag(0). Elemental analysis 

data for the solid composite isolated after immersion of 1 in the AgNO3 solution for 

10 min indicated that the reaction stoichiometry of Ni(II) ion in the host matrix and 

AgNO3 was 1:1, proving that the redox reaction is quantitative (100%). Since the host 

framework became positively charged after the redox reaction, it included free NO3
- 

anions as shown by the 1382 cm-1 peak in the IR spectra. The powder X-ray 
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diffraction (PXRD) patterns indicated that the framework structure was retained even 

after the formation of Ag NPs, and the peaks corresponding to Ag NPs were 

extremely weak due to very small sized NPs and too small amount of Ag compared 

with the amount of the host solid. Introducing well-designed building blocks to PCPs, 

the single-step preparation method for M-NPs in the solid support was successfully 

developed without using reducing agents and stabilizing agents at room temperature. 

The average size of the M-NPs was independent of immersion time, concentration of 

the metal salts, type of solvents, and temperature. Most interestingly, despite the 

formation of the metal nanoparticles, PXRD patterns of the network were intact, 

suggesting that network structures were unaltered by the metal NPs that are much 

bigger than aperture size of the networks. This was because even if all metal NPs 

broke down the networks, less than 10% of the whole framework would be destroyed 

and thus most of the network would be retained. By the similar methods, Au and Pd 

NPs were also fabricated in the redox active PCPs. Two dimensional square grid 

coordination network [(NiL2)2(bptc)]·2H2O (2) was assembled from (NiL2)(ClO4)2 (L2 

= 1,4,8,11-tetraazacyclotetradecane) and H4bptc (bptc4- = 1,1’-biphenyl-2,2’,6,6’-

tetracarboxylate). When 2 was immersed in EtOH solutions of AgNO3 and NaAuCl4 

for 5 min, Ag NPs (3.7 ± 0.4 nm) and Au NPs (ca. 2 nm), respectively, were formed 

in the network.15 In 2, two dimensional layers of about 1 nm thickness were stacked 

with an interlayer spacing of 9.3 Å, through which AgNO3 or NaAuCl4 were diffused 

and then their metal ions were reduced to Ag(0) and Au(0) NPs, respectively. Within 

5 min of immersion in the 0.1 – 0.3 M of metal ion solution, redox reaction between 

the metal ions and network occurred quantitatively, and all Ni(II) macrocyclic species 

were oxidized to Ni(III) to form Ag(0) NPs (ca. 4 nm) and Au(0) NPs (ca. 2 nm). This 



 

８８ 

 

was characterized by elemental analyses, which indicated the inclusion of counter 

anion NO3
- and Cl-, respectively. To fabricate small-sized Pd NPs in the PCPs, two 

redox active PCPs, [(NiL2)2(mtb)]·8H2O·4dmf (mtb4- = methanetetrabenzoate, dmf = 

N,N’-dimethylformamide) (3) and [(NiL3)2(tcm)]·5dmf·8H2O (L3 = C20H32N8; tcm4- = 

tetrakis[4-(carboxyphenyl)oxamethyl]methane) (4) were prepared by the self-

assembly of corresponding Ni(II) macrocyclic complexes and organic building 

blocks.16,130 The PCP 3 has a fourfold interpenetrated diamondoid network generating 

1D channels with ink-bottle-type pores having a big cavity (13.4 x 13.4 Å) connected 

with narrow necks (2.05 x 2.05 Å).16 Immersion of the desolvated solid of 3 in the 

acetonitrile solution of Pd(NO3)2 resulted in 2 nm-sized Pd NPs by autoredox reaction 

between Ni(II) macrocyclic species incorporated in the network and Pd(II) ions. 

Similarly, network 4 constructed by doubly interpenetrated rhombic grids that 

generate 1D channels (effective window size, 4.5 x 2.1 Å) also produced Pd NPs of 3 

nm size.130 

 

Figure 36. Reaction of a MOF incorporating redox-active organic species, 4,4’,4’’-

nitrilotrisbenzoate (ntb3-), with Pd2+ ions.128 

Suh’s group also prepared redox active PCPs by using redox active organic building 
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blocks.13 Since 4,4’,4”-nitrilotrisbenzoate (ntb3-) can be readily oxidized to amine 

radical, the PCP constructed from ntb3- becomes redox active as shown in Figure. 36. 

When porous MOF, [Zn3(ntb)2(EtOH)2]·4EtOH (EtOH = ethyl alcohol) (5),66 which 

was synthesized from the solvothermal reaction of H3ntb and Zn(NO3)2, was 

immersed in the acetonitrile solution of Pd(NO3)2 (1.0 x 10-3 M) for 30 min, the Pd(0) 

NPs of size 3.0 ± 0.4 nm were formed in the channels (aperture size, 7.7 Å) of the 

MOF.13 The EPR spectrum indicated that MOF was oxidized to the positively charged 

network with nitrogen radical. The amount of Pd NPs loaded in the MOF could be 

controlled by the immersion time in the metal ion solution, which in turn affected the 

H2 uptake. The MOF embedded with 3 wt% Pd NPs adsorbed the highest amount of 

H2 at 77 K and 1 atm. Since this formation reaction of Pd NPs is a stoichiometric 

redox reaction between Pd(II) ions and the ntb3- units of the host (PdII: ntb3- = 1:2), a 

maximum of 9.05 wt% of Pd NPs can be formed if all of the ntb3- units in the host are 

oxidized with palladium(II) ions. The PXRD pattern was retained intact even after the 

formation of Pd NPs that are larger than the channel size. This can be explained by the 

small volume ratio of Pd NPs produced versus the framework skeleton: even if all 3 

wt% Pd NPs destroyed the framework, according to the calculation, a maximum of 

0.7% by volume of the framework skeleton could be destroyed. 

This synthetic method for fabrication of M-NPs in PCPs via autoredox reaction has 

superior advantages that neither a reducing agent nor a capping ligand is necessary, 

and the bare (naked) M-NPs are incorporated in porous host solids, which could be 

the leading candidates for heterogeneous catalysts as well as gas storage materials. 

Furthermore, the amount of M-NPs fabricated in PCPs can be controlled by the 

immersion time of the solid in metal ion solution and the concentration of the metal 



 

９０ 

 

salts. The redox reaction can provide 100% stoichiometric product. Although the 

resulting M-NPs often have larger diameters than the aperture size of the MOFs, the 

original structures of the frameworks are retained. The disadvantage is that the host 

solid should be oxidized and thus counter anions should be included in the pores, 

which reduces the surface area that are important for adsorption of gases and 

adsorbates. 

Recently, it has been reported that when Rb-CD MOF and Cs-CD-MOF (CD = 　-

cyclodextrin), which contain OH- counter ions, were immersed in the acetonitrile 

solution of AgNO3 and HAuCl4, respectively, Ag NPs of 2.0 nm size and Au NPs of 

3-4 nm size were formed.133 In these cases, either OH- counter ions included in the 

frameworks or cooperatively with the cyclodextrin units reduce the metal salt 

precursors to their respective NPs. While Ag NPs were deposited throughout the 

entire MOF crystal, Au NPs were located predominantly in the core of the crystal. The 

contents of deposited M-NPs increase on either increasing the time of soaking or with 

increasing the concentration of the metal precursors. By combination of the deposition 

modes of Ag and Au, core/shell NPs@CD-MOF was also synthesized. By immersion 

of MOF crystals first in HAuCl4 solution, a core of Au NPs (>90%) was prepared, 

which was washed with acetonitrile and then immersed in AgNO3 solution to deposit 
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Figure 37. a) Scheme illustrating the diffusion and reduction of Ag+ ions within CD-

MOFs, as well as the release of the Ag NPs formed when the MOF crystal is 

dissolved in water. b) Optical images of Rb-CD-MOF first loaded with Au NPs in the 

core region, and then with Ag NPs in the shell region.133 

Ag NPs (>90%) in the shell region. The relative dimensions of the Ag-rich and the 

Au-rich regions could be adjusted by changing the core size, as shown in Figure 37. 

Although the reduction of metal salts proceeds much faster in MeOH than in MeCN, 

MeOH could not be used because it caused degradation of the MOF scaffolds 

 

II.3.2. Chemical Vapor Deposition of Organometallic 

Compounds Followed by Hydrogenolysis128 

Chemical vapor deposition (CVD) of volatile organometallic precursors has been used 

for preparation of the metallic or metal oxide thin film on the two-dimensional 

supports. This technique, however, has been applied not only to “flat surface”134 but 

also to “internal surface” of the porous materials135 to prepare the nanocomposite 

materials including metal complexes or metal clusters. In this technique, a dried MOF 
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and a volatile metal precursor are placed in two separate glass vials in a Schlenk tube. 

The tube is evacuated, sealed, and kept at proper temperature depending on the vapor 

pressure of the metal precursor under static vacuum (1 Pa). Upon infiltration of metal 

precursor into the MOFs, the crystal colors of MOFs would be changed. When 

hydrogenolysis of composite materials is followed to reduce the metal precursors, M-

NPs incorporated in the MOFs are generated.136-138 The various organometallic 

complexes that have appropriate sizes to enter into the cavities of the MOFs were used 

as precursors for CVD (Figure 38). When the vapor of [(η5-C5H5)Pd(η3-C3H5)] (A), 

[(η5-C5H5)Cu(PMe3)] (B), and [(CH3)Au(PMe3)] (C), respectively, were introduced to 

MOF-5 that has a pore diameter of 8 Å, in the static vacuum (1 Pa) at room 

temperature, metal precursors were embedded into MOF-5, as characterized by PXRD, 

elemental analysis, IR spectra, and solid state 13C magic-angle spinning (MAS) NMR  

 

Figure 38. Organometallic precursors for chemical vapor deposition. 

spectra.136 The resulting A@MOF-5, B@MOF-5, and C@MOF-5, were treated with 

H2 stream at the temperatures of hydrogenolysis (Pd for 23 oC, Cu for 150 oC, and Au 

for 190 oC), the “naked” metal-nanoclusters were formed. The size of the resulting M-

NPs were 1.4 ± 0.1 nm for Pd@MOF-5, 3 – 4 nm for Cu@MOF-5, and 5 – 20 nm for 

Au@MOF-5. The polydispersity of Au NPs was explained by the high mobility of 
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reduced Au nuclei in the open MOF-5 structure. In the PXRD pattern of Pd@MOF-5, 

characteristic peaks of MOF-5 framework were significantly reduced, but the gas 

sorption data afforded Langmuir surface area of 1,600 m2g-1, indicating that the 

framework of Pd@MOF-5 was still highly porous. In addition, instead of thermally 

induced hydrogenolysis, UV photolysis of the metal precursor infiltrated in MOF-5 

was carried out by using high pressure Hg lamp, which alternatively generated very 

small Pd and Cu NPs (1-2 nm) in the MOF-5 under much milder conditions. 

As an alternative to MOFs, a covalent organic framework (COF) was used as the 

support for fabricating Pd NPs139 Fischer’s group prepared the Pd@COF-102 

nanocomposite by the gas-phase infiltration of [Pd(η3-C3H5)(η5-C5H5)] into COF-102 

and subsequent photodecomposition. As a results, Pd nanoparticles of 2.4±0.5 nm are 

distributed in the COF-102. The resulting material Pd@COF-102 exhibited enhanced 

hydrogen uptake by a factor of 2–3 at room temperature and 20 bar, compared to 

pristine COF. The enhancement was attributed to Pd-hydride formation as well as 

hydrogenation of organic residues originating from the metal precursor, as evidenced 

by MAS 13C NMR. Similarly, Ru precursor, [Ru(cod)(cot)] (D, cod = 1,5-

cyclooctadiene, cot = 1,3,5-cyclooctatriene) was loaded into MOF-5 by CVD 

method.137 The homogeneous distribution of D in MOF-5 framework was ascertained 

by cross sectional photo as well as TEM images of D@MOF-5 crystals. The PXRD of 

D@MOF-5 showed the intact host structure even after inclusion of volatile Ru 

precursor D. Subsequent hydrogenolysis of the adsorbed D yielded Ru NPs of size 1.5 

– 1.7 nm embedded in the MOF.137 In the hydrogenolysis reaction, the mild conditions 

such as 25 oC for 30 min did not lead to the quantitative formation of Ru NPs. 13C 

MAS NMR spectra indicated that hydrogenolysis of cot ligand in D was performed 
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prior to cod ligand. Partially hydrogenated precursor D was converted to a 

[(cod)Ru(0)] fragment, and the Ru(0) atom formed new coordination bond with a 

benzene ring of terephthalate in the host framework. Therefore, hydrogenolysis under 

the mild conditions at 25 oC could not generate M-NPs. To obtain Ru@MOF-5 from 

D@MOF-5 quantitatively, the hydrogenolysis should be conducted under 3 bar H2 at 

150 oC for a longer period time, 48h. Quantitative hydrogenolysis of D and removal of 

all volatile byproduct from MOF-5 were confirmed by 13C MAS NMR and FT-IR 

spectra. After complete decomposition of Ru precursor D, the material Ru 

NPs@MOF-5 was obtained. In addition, this method was used to prepare Ni NPs in a 

mesoporous MOF, MesMOF-1 (Tb16(TATB)16, TATB = triazine-1,3,5-tribenzoate) 

(Figure.39).138 After gas-phase loading of nickelocene in MesMOF-1, the sample was 

treated with hydrogen gas at 95 oC for 5 h, which yielded cyclopentane and Ni NPs 

included in MesMOF-1. When the residual cyclopentane molecules were removed by 

washing with methanol, Ni NPs@MesMOF-1 resulted. Depending on the loading 

time of the precursor, amount of Ni NPs fabricated in MesMOF-s could be controlled. 

 

Figure 39. Preparation of Ni@MesMOF-1.138 
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This CVD method was also employed for the preparation of bimetallic nanoparticles 

such as FePt, PdPt, and RuPt in a MOF by loading MOF-5 with combination of two 

different MOCVD precursors.140 In a Schlenk tube, dry MOF and two metal precusros 

were placed, and the tube was evacuated (10-3 mbar), sealed, and kept at room 

temperature for several hours. The simultaneous loading of two different metal 

presursors in MOF-5 was verified by 13C MAS NMR spectroscopy, PXRD and 

elemental/AAS (atomic absorption spectroscopy) analyses After hydrogen treatment, 

the composite material of MOF-5 incorporating bimetallic nanoalloy was obtained. In 

this reaction, the selection of proper temperature for hydrogenolysis is important, 

because if mild conditions are applied to avoid decomposition of the host framework 

MOF-5, both precursors could not be reduced to bimetallic alloy nanoparticles. To 

achieve quantitative co-hydrogenolysis of the precursors, when the harsh condition 

was applied, the hydrogenation of bdc linkers in MOF-5 occured to yield cis/trans-

1,4-cyclohexane dicarboxylic acid. 

 

II.3.3. Encapsulation of Presynthesized Metal Nanoparticles in 

MOFs128 

Presynthesized metal NPs that are capped by stabilizing agents can be encapsulated in 

MOFs by introducing NPs to the synthetic solution containing molecular building 

blocks for MOFs. When individually capped-NPs are encapsulated in MOFs, the size 

of NPs can be easily controlled, and agglomeration of nanoparticles can be restricted 

in the host framework. Hupp and Huo et al. reported encapsulation of the PVP 

(polyvinylpyrrolidone)-capped nanomaterials with various sizes, shapes, and 

compositions in a zeolitic imidazolate framework, ZIF-8 (Figure. 40).141 PVP has been 
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widely used to synthesize various nanomaterials to control the size and shape as well 

as to stabilize them in polar solvents. By mixing PVP-capped Au NPs with the 

methanolic solution of zinc nitrate and 2-methylimidazole, Au@ZIF-8 was isolated by 

centrifugation. After isolation, the supernatant did not contain Au NPs, implying that  

 

Figure 40. Scheme of the controlled encapsulation of nanoparticles in ZIF-8 crystals. 

Through surface modification with surfactant PVP, nanoparticles of various sizes, 

shapes and compositions can be encapsulated in a well-dispersed fashion in ZIF-8 

crystals, which formed by the assembly of zinc ions and imidazolate ligands.141 

almost all NPs were encapsulated in ZIF-8. This strategy was successfully extended to 

other nanomaterials such as Pt, CdTe, Fe3O4 and lanthanide-doped NaYF4 

nanoparticles, and Ag cubes, polystyrene spheres, β-FeOOH rods and lanthanide-

doped NaYF4 rods, whose surfaces were modified by PVP.141 

 

II.4. Experimental Section 

General. All chemicals and solvents used in the syntheses were of reagent grade and 

used without further purification. H3atb (aniline-2,4,6-tribenzoic acid) was 
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synthesized by using Suzuki-Miyaura coupling reaction.102 All preparations and 

manipulations of dried MOF, MgCp2, and magnesium nanocrystals were performed 

under an argon atmosphere by using Schlenk lines or a dry box. Infrared spectra were 

recorded with a Perkin–Elmer Spectrum One FT-IR spectrophotometer. NMR spectra 

were measured on a Bruker Spectrospin 300 spectrometer and AVANCE 400 WB. 

UV/Vis diffuse reflectance spectra were recorded on a Perkin–Elmer Lambda 35 

UV/Vis spectrophotometer. Elemental analyses were performed with a Perkin–Elmer 

2400 series II CHN analyzer. Thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) were performed under N2(g) at a scan rate of 5 °C min-1 

with Q50 and Q10 model devices, respectively, from TA Instruments. Powder X-ray 

diffraction (PXRD) data were recorded on a Bruker D5005 diffractometer at 40 kV 

and 40 mA for Cu Kα (λ = 1.54050 Å) with a scan speed of 5o min-1 and a step size of 

0.02o in 2θ. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

was recorded with a PerkinElmer Optima-4300 DV. High Resolution TEM (HRTEM) 

images and energy-dispersive X-ray spectra (EDS) were obtained with JEM-3000F 

(JEOL) and JEM-3010 (JEOL) that were equipped with an Oxford INCA EDS unit. 

Electron tomography experiments were performed on a Tecnai G2 Spirit microscope, 

operated at 120 kV in Korea basic science institute. Temperature programmed 

desorption-mass spectroscopy (TPD-MS) data were recorded on IGA-Mass (IGA-001, 

HPR-30), Hiden Analytical Ltd. 

 

Synthesis of aniline-2,4,6-tribenzoic acid (H3atb). Aniline-2,4,6-tribenzoic acid 

(H3atb) was synthesized by using Suzuki-Miyaura coupling reaction. Pd(PPh3)4 

(0.4012 g, 0.3472 mmol), 2,4,6-Tribromaniline (3.070 g, 9.308 mmol), and K2CO3 
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(4.015g, 29.05 mmol) were dissolved in purified anhydrous THF (150 mL), and 

stirred for 10 minutes. To the solution, was added a methanol solution (15 mL) of 4-

methoxycarbonylphenyl boronic acid (5.015 g, 27.93 mmol), and the solution was 

heated at 90 oC for 48 h. After being cooled to room temperature, the solution was 

concentrated in a rotary evaporator, and the resulting deep-greenish residue was 

extracted with methylene dichloride (300 mL). The solution was washed with water 

and brine solution, and dried over anhydrous magnesium sulfate. The resulting 

solution was concentrated, which resulted light greenish residue. The product was 

purified by a column chromatography using silica as adsorbent and methylene 

dichloride as eluent. FT-IR (Nujol): νO-C=O, 1690 cm-1, νH-N-H, 1606. 1H NMR (300 

MHz, DMSO-d6): δ 8.08 (d, J = 8 Hz, 4H), 7.96 (d, J = 8 Hz, 2H), 7.83 (d, J = 8 Hz, 

2H), 7.72 (d, J = 8 Hz, 4H), 7.49 (s, 2H) 4.69 (s, 2H) ppm. Elemental analysis (%). 

Found: C, 66.09; H, 4.38; N, 2.88. Calculated for C27H19NO6·2H2O: C, 66.25; H, 

4.74; N, 2.86. 

 

Synthesis of [Zn4O(atb)2]·22DMF·9H2O (SNU-90). Zn(NO3)·6H2O (1.01 g, 5.33 

mmol) and H3atb (0.311 g, 0.686 mmol) were dissolved in N,N-dimethylformamide 

(DMF, 40 mL). The solution was placed in a glass serum bottle that was capped with 

a silicon stopper and aluminum seal, and then heated at 80 oC for 24 h. On cooling to 

room temperature, yellowish crystals formed, which were filtered off and washed 

briefly with anhydrous DMF. FT-IR (Nujol): νC=O(DMF), 1664 cm-1; νH-N-H, 1606; 

UV/vis (diffuse reflectance, λmax): 390 nm. Luminescence (solid): λmax = 468 nm 

(excitation at λmax = 390 nm). Elemental analysis (%). Found: C, 48.66; H, 6.74; N, 

11.38. Calculated for (Zn4C54H24N2O13)·22(C3H7NO)·9H2O: C, 48.88; H, 6.97; N, 
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11.40. 

 

Preparation of [Zn4O(atb)2] (SNU-90’) by treatment of SNU-90 with supercritical 

CO2. Prior to activation, the crystals of as synthesized [Zn4O(atb)2]·22DMF·9H2O, 

which were still in the mother liquor, were transferred to a vial (20 mL). The mother 

liquor was decanted, and the crystals were washed briefly with anhydrous DMF (4 x 

15 mL). The crystals were placed inside the supercritical dryer together with the 

solvent, and the drying chamber was sealed. The temperature and pressure of the 

chamber were raised to 40 oC and 200 bar with CO2, above the critical point (31 oC, 

73 atm) of CO2. The chamber was vented at a rate of 15 mL min-1, and then filled with 

CO2 again. The cycles of refilling with CO2, pressurizing, and venting were repeated 

for 4 h. After drying, the closed container with the dried crystals was transferred to a 

glove bag to prevent the crystals from exposure to air. FT-IR (KBr pellet): νO-C=O, 

1599; νC=C, 1521 cm-1. Elemental analysis (%). Found: C, 54.65; H, 2.68; N, 1.84. 

Calculated for Zn4C54H24N2O13: C, 55.04; H, 2.74; N, 2.38. 

 

Preparation of Covalent Organic Frameworks (PAF-1) 

Highly porous covalent organic framework (Porous Aromatic Framework, PAF-1) 

reported by Zhu’s group in 2009 has prepared by Ni catalyzed cross-coupling reaction 

of tetrakis (4-bromophenyl) methane.121 

 

Preparation of Mg nano crystals embedded in SNU-90’ 

Bis(cyclopentadienyl)magnesium, MgCp2, was purchased from STREM. A small 

bottle containing SNU-90’ (0.45 g, 3.85 x 10-4 mol) was placed in a Schlenk tube, 
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which contained MgCp2 (0.35 g, 2.26 x 10-3 mol) under an argon atmosphere (Table 

6). The chemical vapor deposition of MgCp2 within SNU-90’ was performed by two 

different methods. For the samples of Mg@SNU-90’a and Mg@SNU-90’b, the 

temperature of the reaction tube that was filled with argon was increased to 80 oC, 

which was then maintained for 1 day and 3 days, respectively. For Mg@SNU-90’c, 

pre-vacuum (10-3 mbar) state was maintained in the reaction bottle at room 

temperature, and then the temperature was raised to 80 oC for 3 h to deposit the vapor 

of MgCp2 in SNU-90’. After deposition of MgCp2 in the MOF, the samples were 

transferred to other Schlenk tubes in the dry box filled with argon, and then the tubes 

were immersed for ca. 3 h in the oil bath whose temperature was already maintained 

at 200 oC. This gave rise to thermal decomposition of MgCp2 that produced Mg 

nanocrystals. The organic decomposition products were removed from the samples by 

evacuation (10-6 bar) at room temperature for 24 h, which afforded various samples of 

Mg@SNU-90’ with different amounts of loaded Mg nanocrystals. Amounts of Mg 

included in SNU-90’ were determined by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) recorded with a PerkinElmer Optima-4300 DV as well as 

elemental analysis data. 

 

Table 6. Sample preparations and ICP data for Various Mg@SNU-90’.  

Sample SNU-90’, mg (mol) MgCp2, mg (mol) ICP data, 
Mg/Zn (mole/mole) 

Mg@SNU-90’a 460 (3.93 x10-4) 369 (2.38 x10-3) 0.15 

Mg@SNU-90’b 445 (3.80 x10-4) 345 (2.23 x10-3) 0.85 

Mg @SNU-90’c 453 (3.87 x10-4) 364 (2.36 x10-3) 1.40 
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Preparation of Mg nano crystals embedded in PAF-1 

PAF-1 prepared by previous report was placed in a Schlenk tube, which contained 

MgCp2 (0.35 g, 2.26 x 10-3 mol) under an argon atmosphere. The pre-vacuum (10-3 

mbar) state was maintained in the Schlenk tube at room temperature, and then the 

temperature was raised to 80 oC for 3 h to deposit the vapor of MgCp2 in PAF-1. 

MgCp2@PAF-1 was reduced with Li+(naphthalenide-) in the tetrahydrofuran solution 

with stirring for 10 min or overnight. After reduction, the samples were rinsed with a 

fresh anhydrous THF. The reduction process was carried out under an argon 

atmosphere in a dry box at room temperature. Amounts of Mg included in PAF-1 

were determined by inductively coupled plasma atomic emission spectroscopy (ICP-

AES) recorded with a PerkinElmer Optima-4300 DV. 

 

X-ray Crystallography. The diffraction data of [Zn4O(atb)2]·22DMF·9H2O (SNU-

90) were collected at 150 K with an Enraf–Nonius Kappa CCD diffractometer (Mo 

Ka, λ=0.71073, graphite monochromator). For the collection of X-ray diffraction data 

of SNU-90, the guest molecules of the crystal was exchanged with anhydrous toluene 

for two days, during which time the anhydrous toluene was replenished several times. 

One of the crystals was coated with Paratone oil immediately. Preliminary orientation 

matrices and unit cell parameters were obtained from the peaks of the first 10 frames 

and then refined by using the whole data set. Frames were integrated and corrected for 

Lorentz and polarization effects using DENZO.105 The scaling and global refinement 

of crystal parameters were performed by using SCALEPACK.105 No adsorption 

correction was made. The crystal structure was solved by direct method106 and refined 

by full matrix least-squares refinement using the SHELXS-97 computer program.107 
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The positions of all non-hydrogen atoms were refined with anisotropic displacement 

factors. The hydrogen atoms were positioned geometrically and refined by using a 

riding model. There were two independent Zn4O clusters which were statistically 

disordered over two sites. The site occupancy factors were given as 0.5 for Zn(1) atom, 

which sat on a three-fold crystallographic axis, and 0.16667 for Zn(2) atom, which sat 

in a general position. The site occupancy factors were given as 0.49683 for Zn(3) 

atom, 0.51917 for Zn(4) atom, 0.50317 for Zn(5) atom, and 0.48083 for Zn(6) atom. 

The site occupancy factors were given as 0.5 for O(5A), O(5B), O(6A), O(6B), O(9A), 

and O(9B) atoms. All amine functional groups were also given with site occupancy 

factors; 0.33333 for N(1A), N(1B), N(1C), and 0.16667 for N(2). The electron 

densities of the disordered guest molecules were flattened by using SQUEEZE option 

of PLATON.108 Therefore, the guest molecules in SNU-90 were determined based on 

the IR spectra, elemental analyses, and TGA results. Although electron densities 

associated with guest molecules could not be observed, residual electron densities 

found around the phenyl rings of atb3- were flattened by using SQUEEZE option of 

PLATON,108 which provided a slightly lower R value than that determined without 

SQUEEZE. These data can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. (CCDC 

846696) 

Low Pressure Gas Sorption Measurements. The gas adsorption–desorption 

experiments were carried out by using an automated micropore gas analyzer, 

Autosorb-3B (Quantachrome Instruments). All gases used were of 99.999% purity. 

The N2 sorption isotherms were measured at 77 K. The H2 sorption isotherms were 

monitored at 77 K and 87 K at each equilibrium pressure by the static volumetric 
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method. After the gas sorption measurement was finished, the weight of the sample 

was measured precisely. Surface area was determined from N2 adsorption isotherm 

measured at 77 K by using the Brunauer-Emmett-Teller (BET) and the Langmuir 

models, taking the data in the range P/P0 = 0.01 – 0.1 (BET) and 0.005 – 0.3 

(Langmuir), respectively. Pore volume was determined by using the Dubinin-

Radushkevich (DR) equation. 

 

Estimation of Isosteric Heats of the H2 Physical Adsorption. The isosteric heats of 

the H2 adsorption were estimated by using the H2 sorption data measured at 77 K and 

87 K. A virial-type expression was used [eq (1)], which is composed of parameters ai 

and bi that are independent of temperature.109,70 In eq (1), P is pressure (atm), N is the 

amount adsorbed H2 gas (mg g-1), T is temperature (K), and m and n represent the 

number of coefficients required to adequately describe the isotherms. An equation was 

fit using the R statistical software package.110 To estimate the values of the isosteric 

heat of H2 adsorption, eq (2) was applied, where R is the universal gas constant. 

 

High Pressure Gas Sorption Measurements. High-pressure H2 gas sorption 

isotherms of SNU-90’, Mg@SNU-90’a and Mg@SNU-90’c were measured by the 

gravimetric method using a Rubotherm MSB (magnetic suspension balance) 

apparatus. The H2 physical adsorption isotherms for SNU-90’ and Mg@SNU-90’a 

were measured at 77 K and 298 K. The H2 chemisorption in Mg@SNU-90’c were 

measured at 323 K and 415 K. The H2 absorptions at 473 K in the samples of 

Mg@SNU-90’ were measured with High Pressure Volumetric Analyzer (HPVA-100), 

VTI Corp. Gases used were of 99.999% purity, and the traces of moisture contained in 
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the gas was removed by using a drying trap filled with 5 Å molecular sieves, which 

was purchased from the Chromatography Research Supplies (model 500). Desolvated 

solids of SNU-90’, Mg@SNU-90’a, and Mg@SNU-90’c (more than 300 mg) were 

quickly introduced to the gas sorption apparatus and then activated by evacuation at 

100 oC. Prior to gas sorption measurements, the He isotherm (up to 80 bar) was 

measured at 298 K to obtain the volume of the framework skeleton. The excess 

sorption isotherms were measured and corrected for the buoyancy of the system and 

sample. The buoyancy correction of the sample was made by multiplying the volume 

of the framework skeleton by the density of the corresponding gas at each pressure 

and temperature.142 

 

II.5. Results and Discussion12 

Mg nanocrystals in Metal Organic Framework. 

X-ray strucuture of SNU-90 

Yellow crystals of [Zn4O(atb)2]·22DMF·9H2O (SNU-90), where atb is aniline-2,4,6-

tribenzoate, were synthesized by heating a mixture of Zn(NO3)2 and H3atb in 

dimethylformamide (DMF). The X-ray single crystal structure of SNU-90 indicated a 

non-interpenetrated (6,3)-connected net of a qom topology, similar to MOF-177142 

(Figures 41). 
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Figure 41. X-ray crystal structure of [Zn4O(atb)2]·22DMF·9H2O (SNU-90). a) An 

ORTEP drawing with the atomic numbering scheme. The atoms are represented by 

30% possibility thermal ellipsoids. Symmetry operations: a, x, x-y, -z+1/2; b, x+1, x-y, 

-z+3/2; c, y-x+1, y, -z+3/2; d, -y+1, -x+1, -z+1; e, -y+1, x-y, z; f, y-x+1, -x+1, z. b) 

The 3D framework structure. The atoms of zinc, carbon, oxygen, and nitrogen are 

shown by dark blue octahedron, black, red, and blue spheres, respectively. Hydrogen 

atoms are omitted for clarity. 
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When the guest solvent molecules in SNU-90 were removed by treatment with 

supercritical CO2,19,144 a guest-free [Zn4O(atb)2] (SNU-90’, NH2-MOF-177) was 

resulted. To SNU-90’, vapor of bis-cyclopentadienyl magnesium (MgCp2) was 

deposited at 80 oC, and then the resulting MgCp2@SNU-90’ was thermally 

decomposed at 473 K under an argon atmosphere, which gave rise to Mg NCs 

embedded in SNU-90’. Fabrication of nanosize Mg by the thermal decomposition of 

MgCp2 is unprecedented, although it was reported that reduction of MgCp2 with 

Li+(naphthalenide-) in the tetrahydrofuran solution of polymethylmethacryate resulted 

round shaped Mg nanoparticles.145 By changing the reaction conditions during the 

deposition process of MgCp2 such as the duration time and whether or not a pre-

vacuum state was applied to the reaction vessel, we could control the loaded amounts 

of MgCp2 in the MOF and obtained several samples embedded with different amounts 

of magnesium nanocrystals (Table 6). The samples Mg@SNU-90’a, Mg@SNU-90’b, 

and Mg@SNU-90’c were loaded with 1.26 wt%, 6.52 wt%, and 10.5 wt% of Mg NCs, 

respectively, as determined by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) (Table 7). The HRTEM images for various samples of 

Mg@SNU-90’ showed hexagonal-disk shaped magnesium nanocrystals,146,147 which  

 

Figure 42. High resolution transmission electron microscopy (HRTEM) images. a) 
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Mg@SNU-90’b, b) A hexagonal shaped Mg nanocrystal  and c) its edge image 

showing lattice fringes with a separation of 2.7871 Å, which corresponds to (100) d-

spacing of Mg0 (2.7782 Å, JCPDS 04-0770). Inset: Selected area electron diffraction 

(SAED) pattern. 

have a diagonal length of hexagon ranging 44 - 88 nm (average 60 ±18 nm) with a 

thickness ranging 16 – 61 nm (average 37± 12 nm) (Figure 42 and Figure 43). Fast 

Fourier transform (FFT) patterns for Mg NCs embedded in SNU-90’ revealed a lattice 

fringe with a separation of 2.805 Å, which is in agreement with the (100) d-spacing of 

metallic Mg (2.7782 Å, JCPDS 04-0770). The size distribution of the Mg NCs was 

found to be very similar in all of the samples, even though there were significantly 

different amounts of Mg NCs embedded in the MOF. When Mg@SNU-90’ was 

exposed to air for 3 weeks, the shape of the Mg NCs changed to a star shape having a 

lattice fringe with a separation of 2.1101 Å, which corresponds to the (200) d-spacing 

of MgO (2.1061Å, JCPDS 89-7746, Figure 43).  
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Figure 43. HRTEM images for a) Mg@SNU-90’a, b) Mg@SNU-90’b, c) a 

hexagonal shaped Mg nanocrystal of b, d) Mg@SNU-90’c, and e) Mg@SNU-90’c. f) 

Size distribution (diagonal length of hexagonal face) of Mg nanocrystals in a, b, and c. 

g) Thickness distribution of Mg nanocrystals. h) HRTEM image for Mg nanocrystals 

in Mg@SNU-90’b. i) A MgO nanocrystal resulted from exposure of Mg@SNU-90’b 

to air for 3 weeks, and its selected area electron diffraction pattern showing the lattice 

fringes with a separation of 2.1101 Å that is in agreement with (200) d-spacing of 

MgO (2.1061 Å, JCPDS 89-7746). j) EDS data for Mg@SNU-90’b. k) EDS data for 

Mg@SNU-90’c. 

The XPS data of Mg@SNU-90’ indicated that Mg0 and ZnII coexisted in the 

solid (Figure 44). The 2p3/2 and 2p1/2 peaks for ZnII appear at 1021 and 1044 eV, 
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respectively, similarly to the reported values of 1022 and 1045 eV.148 A peak o f Mg 

at 50.6 eV is similar to the value (49.6 eV) reported previously for Mgo(2p).149 

 

Figure 44. X-ray photoelectron spectra (XPS) of Mg @SNU-90’c. a) Peaks for Zn. b) 

Peaks for Mg. c) Peaks for carbon. d) Peaks for oxygen. The plots are fitted to 

Gaussian function. All Mg@SNU-90’ samples loaded with different amounts of Mg 

nanocrystals show the same XPS data. 

To verify that the Mg NCs were embedded inside the channels of the MOF, 

we performed electron tomography. From the TEM images that were collected with a 

1° interval with the tilting angle of +40° ~ -40o, 3D images were constructed by using 

the IMOD program.150 When the sample was tilted, the shape of a Mg NC was seen to 

change from hexagon to rectangle and from rectangle to hexagon, indicating that the 

Mg NCs were indeed embedded in the MOF (Figure 45). 
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Figure 45. TEM and electron tomography images of Mg@SNU-90’b. a) TEM image. 

b) and c) Tomographically reconstructed images of Mg NCs embedded in SNU-90’ at 

different angles. 

The powder X-ray diffraction (PXRD) patterns showed that the structure of 

SNU-90’ was maintained even after the formation of the Mg NCs, whose sizes were 

much larger than the channel size (12.9 Å x 9.6 Å) of the MOF (Figure 46). To 

understand this, we calculated the volume ratio of Mg NCs formed versus the network 

skeleton for Mg@SNU-90’c. Assuming that all Mg NCs destroyed the network 

skeleton, the Mg NCs would destroy a maximum 4.6 % of the network skeleton by 

volume. This value is too small to alter the PXRD pattern of the MOF. It was also 

previously reported that metal nanoparticles much bigger than the cavity sizes of the 

hosts were impregnated by maintaining the network structures.13,14 The PXRD peaks 

of crystalline Mg should generally appear at 2θ = 32.2, 34.4, and 36.6° (Figure 47), 

but they were not observed for the present nanocomposites. The stronges peak of 

MOn exposure to air for 2 days, however, the PXRD pattern showed the peaks 

corresponding to MgO while retention of the framework structure of SNU-90’ (Figure 

46). 
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Figure 46. Powder X-ray diffraction patterns. a) SNU-90 as synthesized. b) The 

simulated PXRD pattern of SNU-90 derived from the single-crystal X-ray data. c) 

SNU-90’ obtained from desolvation of SNU-90 by treatment with supercritical CO2. 

d) Mg@SNU-90’b. e) Mg@SNU-90’c. f) Mg@SNU-90’c after air exposure for 2 

days. g) Air exposed (for 2 days) sample of MgH2@SNU-90’ that resulted from the H2 

absorption in Mg@SNU-90’c. h) Reference peaks for MgO (JCPDS 89-7746) and 

Mg(OH)2 (JCPDS 07-0239). 
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Figure 47. Powder X-ray diffraction patterns of as-synthesized SNU-90 (black) and 

Mg@SNU-90’c (blue) in the range of 2θ = 30o ~ 39°. 

Gas sorption analysis 

The adsorption–desorption isotherms were measured for N2 gas at 77 K and 

for H2 gas at various temperatures on SNU-90’, Mg@SNU-90’a, Mg@SNU-90’b, 

and Mg@SNU-90’c. The results are summarized in Table 7. The N2 gas sorption 

isotherms of the four samples were type-I, characteristic of the microporous materials 

(Figure 48). 

 

Figure 48. a)The N2 gas sorption isotherms at 77 K. b) Pore size distributions 

estimated by Horvath-Kawazoe method. SNU-90’ (black, ●), Mg@SNU-90’a (blue, 

●), Mg@SNU-90’b (green, ●), and Mg@SNU-90’c (red, ●). Filled shape: adsorption. 
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Open shape: desorption. 

Despite the presence of the NH2 group in the ligand, the surface area, pore volume, 

and H2 adsorption capacities of SNU-90’ were similar to those of MOF-177.143 Gas 

sorption data for various samples of Mg@SNU-90’ showed that as the amount of Mg 

increased, the BET surface area, pore volume, and H2 uptake capacity at 77 K and 1 

atm decreased because Mg NCs occupied the surface and space of the pores in the 

MOF. At 298 K and high pressure, however, the H2 uptake in Mg@SNU-90’a 

increased to 0.54 wt%, compared to 0.45 wt% in pristine SNU-90’, suggesting that 

Mg NCs provide a positive effect on H2 adsorption at 298 K (Figure 49). 

Table 7. The N2 and H2 gas uptake data in SNU-90’ and various samples of 

Mg@SNU-90’ 

compound SNU-90’ Mg@SNU-90’a Mg@SNU-90’b Mg@SNU-90’c 

Mg/Zn, 
mol/mol (wt%) 

N/A 0.15 (1.26) 0.85 (6.52) 1.40 (10.5) 

N2 uptake, 
(cm3g-1) 

1135 1104 559 378 

surface area, 
(m2g-1) 

4244a 
4914b 

4154a 
4757b

2056a 
2373b

1371a 
1581b 

pore volume, 
(cm-3g-1) 1.64c 1.47c 0.84c 0.36c 

H2 
uptake, 
(wt%) 

at 1 atm 1.21 (77 K) 
0.74 (87 K)

1.24 (77 K) 
0.65 (87 K)

0.72 (77 K) 
0.40 (87 K)

0.60 (77 K) 
0.47 (87 K) 

at high 
pressures 
(condition) 

8.81 (77 K, 
75 bar) 
0.45 (298 
K, 80 bar) 

8.74 (77 K, 89 
bar) 
0.54 (298 K, 90 
bar) 

0.29 (473 K, 30 
bar) 

0.20 (323 K, 80 
bar) 
0.24 (415 K,  
40 bar) 
0.71 (473 K, 30 
bar) 

Qst, 
(kJ mol-1) 

4.55 5.68 7.24 11.6 

aBET surface area, bLangmuir surface area, and cPore volume estimated by using the 

Dubinin-Radushkevich (DR) equation 
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Figure 49. High pressure H2 gas sorption isotherms for SNU-90’ (black, ●) and 

Mg@SNU-90’a (violet, ●). a) At 77 K. b) At 298 K. 

The zero-coverage isosteric heats of the H2 adsorption, which were estimated from the 

H2 adsorption isotherms measured at 77 K and 87 K, increased as the amount of Mg 

increased, up to 11.6 kJmol-1 for Mg@SNU-90’c from 4.55 kJ mol-1 for SNU-90’ 

(Figure 50). 

 

Figure 50. Physical adsorptions of H2 in SNU-90’ (black), Mg@SNU-90’a (blue), 

Mg@SNU-90’b (green), and Mg@SNU-90’c (red). a) The H2 adsorption isotherms at 

77 K (circles) and 87 K (triangles). Filled shape, adsorption; open shape, desorption. 

b) Isosteric heats of the H2 adsorption. The samples of Mg@SNU-90’a, Mg@SNU-
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90’b, and Mg@SNU-90’c contain 1.26 wt%, 6.52 wt%, and 10.5 wt%, respectively, 

of magnesium nanocrystals. 

In order to observe the chemisorption ability of the embedded Mg NCs, we 

also measured the H2 uptake in Mg@SNU-90’c at 323 K, 415 K, and 473 K under 

high pressures (Figure 51). Contrary to the physisorbed MOFs where H2 uptake 

decreases at the elevated temperature, the H2 chemisorption capacities of the present 

material increase as the temperature is raised. 

 

Figure 51. Chemical absorption of H2 in Mg@SNU-90’c. a) The H2 absorption 

kinetics at 325 K and 80 bar. Inset: data with a magnified time scale, b) The H2 

absorption kinetics at 415 K and 40 bar. c) The H2 absorption isotherms at 473 K in 

Mg@SNU-90’b (green, ●) and Mg@SNU-90’c (red, ●). d) Temperature programmed 
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desorption mass spectroscopy (TPD-MS) data; m/e = 2, measured under argon. 

The H2 absorption capacities of Mg@SNU-90’c were 0.20 wt% at 323 K 

under the H2 pressure of 80 bar, 0.24 wt% at 415 K under the H2 pressure of 40 bar. 

At 473 K under 30 bar, the H2 uptake capacity became 0.71 wt% (volumetric H2 

storage capacity, 3.1 g L-1). This value for Mg@SNU-90’c is remarkably higher than 

that of Mg@SNU-90’b under the same condition (Table 7), despite that the former 

exhibits much lower surface area and pore volume due to the heavily loaded Mg. The 

fact that the H2 uptake enhances with the elevated temperatures and the increased 

amount of Mg NCs confirms that the H2 uptakes in Mg@SNU-90’ at 323 K, 415 K, 

and 473 K are the chemisorption. These chemisorption temperatures are significantly 

lower (by > 200 K) than that (673 K under 10 bar) of bare Mg powder (50 - 100 

µm).151 If the H2 uptake capacity of Mg alone is estimated from the data, it is 7.5 wt% 

at 473 K and 30 bar. Considering that the H2 chemisorptioncapacity of pure Mg is 

7.66 wt%, 99% of the Mg NCs in the sample chemisorbed H2, which is much better 

than the results previously reported for Mg nanoparticles incorporated in a polymer145 

or in the form of bare Mg powder.152  

The H2 desorption properties of Mg @SNU-90’c were verified by the 

temperature programmed desorption mass spectroscopy (TPD-MS) (Figure 51d). The 

TPD-MS results indicated that H2 was desorbed at T > 523 K and 1 atm. It should be 

noted that the intensities of H atom signals were exactly twice those of H2 molecules 

(Figure 52). This suggests that all desorbed hydrogen sources were MgH2, not from 

the MOF at all. The TG mass loss of Mg@SNU-90’c after H2 absorption is also in 

good agreement with the TPD-MS data. 
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Figure 52. Temperature programmed desorption mass spectroscopy (TPD-MS) data 

for a) Mg @SNU-90’c; m/e = 1 (black, ―), m/e = 2 (red, ―). b) Comparison of the 

intensities for H atom (black, m/e = 1) and H2 molecules (red, m/e = 2). The 

intensities of H atom are about two times greater than those of H2 molecule. 

The HRTEM images of Mg@SNU-90’c measured after the H2 

chemisorption at 473 K and 30 bar indicated that the crystal morphology of Mg was 

maintained but the crystal size was remarkably increased. The FFT pattern indicated 

the lattice fringe with a separation of 2.247 Å, which is in good agreement with the 

(110) d-spacing of β-MgH2 (2.257 Å, JCPDS 35-1185, Figure 53). The MgH2@SNU-

90’ shows the crystal size (diagonal length of hexagon) of average 142 ± 41 nm and 

thickness of average 83 ± 18 nm (Figure 53), ca. 2.3 times as large as those of Mg 

NCs. Considering that the volume of Mg should be increased only by 30% on hydride 

formation,30 this excessive expansion during the H2 chemisorption process at high 

temperature and pressure can be explained by three dimensional Ostwald ripening, 

where the lager crystals take up the mobile atoms dissociated from the smaller 

crystals.153 When MgH2@SNU-90’ was exposed to air, the PXRD data showed new 

peaks at 2θ = 36.8 and 42.8 deg, which correspond to MgO, and a new peak at 2θ = 

38.0 deg that corresponds to Mg(OH)2 (Figure 46). 
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Figure 53. MgH2 nanocrystals and distributions of the size and thickness of MgH2 

nanocrystals resulted from the H2 absorption in Mg@SNU-90’c at 473 K and 30 bar. 

a), b) HRTEM images. c) Selected area electron diffraction (SAED) pattern of a 

crystal in b. A lattice fringe with a separation of 2.2474 Å is in agreement with (110) 

interplanar d-spacing of β-MgH2 (2.2570 Å, JCPDS 35-1185). d) Size (diagonal 

length of hexagon): average 142 ± 41 nm. e) Thickness: average 83 ± 18 nm. 

Thermogravimetric analysis (TGA) data of SNU-90 reveal 59.86.0% weight 

loss at 25 oC ~ 420 oC, which corresponds to the loss of all guest solvent molecules 

(calcd. 60.04 % for 22DMF and 9H2O), and no chemical decomposition occurs up to 

420 oC. The SNU-90’ activated by supercritical CO2 represents flat area up to 

decomposition temperature. (Figure 54) 
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Figure 54. a). TGA/DSC traces for as-synthesized [Zn4O(atb)2]·22DMF·9H2O (SNU-

90). b) TGA data of SNU-90’ obtained from desolvation of SNU-90 by using 

supercritical CO2. 

The deposition of MgCp2 in the MOF was confirmed by 1H NMR The NMR 

spectra indicated the absence of cyclopentadiene (Cp) in the resulting nanocomposites 

(Figure. 55). Even after fabrication of Mg NPs and formation of MgH2, Metal organic 

framework retains structure, and the organic ligand of SNU-90’ was not hydrogenated 

as evidenced by the 1H NMR spectra for the resulting nanocomposite that was 

dissolved in the mixture of DCl and d6-DMSO. 
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Figure 55. 1H NMR spectra measured in the mixture of d6-DMSO (dimethyl 

sulfoxide) and DCl. a) MgCp2@SNU-90’, b) Mg@SNU-90’ that was obtained by 

thermal decomposition of MgCp2@SNU-90’. The spectrum shows no peaks 

corresponding to Cp. c) MgH2@SNU-90’ resulted from the H2 absorption in 

Mg@SNU-90’c at 473 K and 30 bar. The spectrum indicates that the organic ligand in 

SNU-90‘ was not hydrogenated. 

To characterize the mechanism of MgH2 formation, the H2 uptake kinetic 

data for the initial 250 min of H2 absorption in the Mg-vac@SNU-90’ at 415 K and 40 

bar were fitted to various Johnson-Mehl-Avrami (JMA) equations (eq. 21 - 24), where 

α is the hydrogenated fraction of Mg at time t and k is the phase transformation 

constant. The data were best fitted to equation (24) with R2 = 0.9920, which suggests 

the diffusion controlled three-dimensional growth mechanism with decreasing 

interface velocity. 
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Table 8. Kinetic model equations applied for fitting the hydrogen absorption data. 

Model equation Description 

α = kt                 (21) Surface controlled (chemisorptions)154 

[-ln(1- α)]1/n = kt        (22) n-dimensional growth of existing nuclei with constant 

interface velocity155 

1-(1- α)1/n = kt          (23) Contracting volume (CV)154 

n-dimensional growth with constant interface velocity 

1-(2α/3)-(1 - α)2/3 = kt    (24) Contracting volume (CV) 

Three-dimensional growth diffusion controlled with 

decreasing interface velocity 

 

 
Figure 56. Kinetic models of hydride formation in Mg@SNU-90’ nanocomposite. 

Hydrogen absorption data in Mg@SNU-90’c measured at 415 K and 40 bar (Figure 

4b) (initial 250 min) were fit to Johnson-Mehl-Avrami (JMA) model equations.  

The red dotted line represents a linear fit of the data to the equation. a) Surface 
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controlled (chemisorptions). b) n-dimensional growth of existing nuclei with constant 

interface velocity. c) 2-dimensional growth with constant interface velocity. d) 3-

dimensional growth with constant interface velocity. e) 3-dimensional growth 

diffusion controlled with decreasing interface velocity. 

 

Mg Nanocrystals in Porous Aromatic Framework (PAF-1) 

The Mg nanocrystals (NCs) were fabricated in PAF-1 by chemical vapor deposition 

followed by chemical reduction (Mg@PAF-1).The sample of Mg@PAF-1 was loaded 

with 11.87 wt% of Mg contents. To varify the size and shape of Mg NCs, HR TEM is 

measured. In 10 min reduction sample, it represents a wide range of size distribution 

and irregular shape. The largest Mg NCs is rod shape with a length of 170.86 nm and 

width of 37.62 nm, however, the small size nanocrystals have 17.5 – 19.5.5 nm 

(Figure 57). This size is much smaller than that of Mg NCs@MOF. However, in 

overnight reduction sample, Mg NCs indicate hexagonal shape plate with diagonal 

length from 150 -400 nm. 

 

Figure 57. High resolution TEM images of Mg @PAF-1 (10 min reduction). a) rod 

shape MgNCs(170.86 x 37.62) b) and c) The small size of Mg NCs. Inset: selected 

area electron diffraction patter from yellow area. 
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Figure 57. High resolution TEM images of Mg @PAF-1 (overnight reduction). 

The powder X-ray diffraction (PXRD) patterns clearly showed formation of 

the Mg NCs. The PXRD peaks of crystalline Mg generally appear at 2θ = 32.2, 34.4, 

and 36.6°, they were definitely observed for the present nanocomposites. On exposure 

to air for 2 day, even after 10 days, the PXRD pattern of nanocomposit still retains 

crystalline Mg. It means that oxidation reaction by moistures does not happened in 

nanosized Mg due to the hydrophobic host porous material (Figure 58). It is a major 

difference from MOF incoporating Mg NCs. However, as the Mg@PAF-1 is 

immersed into H2O directly, the peaks of Mg(OH)2 are observed at at 18.29 o and 

38.02 o. 
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Figure 58. Powder X-ray diffraction patterns. a) After desolvation of PAF-1. b) 

Mg@PAF-1. c) Mg@PAF-1 after exposure to air for 2 days. d) Mg@PAF-1 after 

exposure to air for 10 days. e) after immersion of Mg@PAF-1 into water 

[Mg(OH)2@PAF-1]. 

Gas sorption analysis 

The adsorption–desorption isotherms were measured for N2 gas at 77 K and 

for H2 gas at 77 K and 87 K on PAF-1 and Mg@PAF-1. The N2 gas sorption 

isotherms of two samples were type-I, characteristic of the microporous materials 

(Figure 59). The pristine PAF-1 represent the BET surface area of 5640 m2g-1. As the 

contents of Mg incorporated, the BET surface area, pore volume, and H2 uptake 

capacity at 77 K and 1 atm decreased because Mg NCs occupied the surface and space 

of the pores in the PAF-1. The zero-coverage isosteric heats of the H2 adsorption, 

which were estimated from the H2 adsorption isotherms measured at 77 K and 87 K, 

increased as the amount of Mg increased, up to 4.0 kJmol-1 for Mg@PAF-1 from 5.82 

kJ mol-1 for PAF-1 (Figure 60). At low pressure less than 0.4 atm, Mg@PAF-1 

indicate the higher H2 uptake capacities than pristine PAF-1. 
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Figure 59. Gas sorption isotherm of N2 and H2 in PAF-1 (square) and Mg@PAF-1 

(circle). a) The N2 adsorption isotherms at 77 K. b) The H2 adsorption isotherms at 77 

K and 87 K. c) Pore size distribution of PAF-1 (black) and Mg@PAF-1 (red) (HK 

method). Filled shape, adsorption; open shape, desorption. 

 

 

Figure 60. Isosteric heats of the H2 adsorption. PAF-1( circle) and Mg@PAF-1 

(triangle) 

Table 9. The gas uptake data in PAF-1 and Mg@PAF-1. 

Compound PAF-1 Mg@PAF-1 

Mg/Zn (wt%) N/A 11.87 
N2 uptake, 
(cm3g-1) 

1885 506 

SBET (m2g-1) 5640 1260.59 
pore volume, 2.194 0.521 
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(cm-3g-1) a 

H2 uptake, (wt%) at 1 atm 1.74 (77 K) 
1.05 (87 K) 

1.51 (77 K) 
0.81 (87 K) 

Qst, (kJ mol-1) 4.0 5.82 
CO2 (mmol g-1) 51.06 (195 K) 

2.24 (273 K) 
1.26 (298 K) 

50.62 (195 K) 
2.17 (273 K) 
1.11 (298 K) 

CH4, (wt%) 9.26 (195 K) 
1.36 (273 K) 
0.88 (298 K) 

7.26 (195 K) 
1.12 (273 K) 
0.42 (298 K) 

aPore volume estimated by using the Dubinin-Radushkevich (DR) equation 
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II.5. Conclusion 

We have reported for the first time simple method for fabrication of hexagonal-disk 

shaped magnesium nanocrystals (Mg NCs) within a MOF and COF. The fabrication of 

Mg nanocrystals inside MOFs and COF is unprecedented. The present nanocomposite 

is made by the thermal decomposition or chemical reduction of gas phase loaded air 

sensitive bis-cyclopentadienyl magnesium (MgCp2), which is also unprecedented for 

production of nanosize Mg. The resulting Mg NCs@MOF is a hybrid hydrogen 

storage material that stores H2 by both physical adsorption and chemisorption, 

exhibiting a synergistic effect to increase the isosteric heat of H2 physisorption and to 

decrease the temperatures for chemi-sorption/desorption of H2. In addion, as the Mg 

NCs is incoporated in PAF-1, it prevents Mg from oxidation by moisture. The present 

hybrid hydrogen storage material suggests a new strategy for H2 storage and transport 

for the future. To develop the materials that are able to reach the DOE target, we are 

trying to further reduce the size of the Mg NCs and adjust the amount of loaded Mg in 

the selected physisorbed porous materials. 
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Table II.S1. Crystallographic data for SNU-90 

formula Zn4 C54 H24 N2 O13 

crystal system trigonal 

space group P -3 1c 

fw 1170.23 

a, Å 37.1796(6) 

c, Å 29.9563(6) 

V, Å3 35861.5(11) 

Z 8 

ρcalcd, g/cm3 0.433 

temp, K 150 

λ, Å 0.71073 

μ, mm-1 0.547 

GOF (F2) 1.070 

F(000) 4688 

reflections collected 56800 

independent reflections 20255 

 [R(int) = 0.1186] 

completeness to θmax, % 98.3 

data/parameters/restraints 20255 / 575 / 18 

θ range for data collection, deg 1.10 to 24.79 

diffraction limits (h, k, l) -43 ≤ h ≤ 43 

 -37 ≤ k ≤ 37 

 -21 ≤ l ≤ 35 

Refinement method Full-matrix least-squares on F2 

R1a, wR2b [I>2σ(I)] R1 = 0.1149, wR2 = 0.2760 

R1 a, wR2b (all data) R1 = 0.1977, wR2 = 0.3022 

largest peak, hole, eÅ-3 0.472, -1.413 

aR = Σ||Fo| - |Fc||/Σ|Fo|. bwR(F2) = [Σw(Fo2 - Fc2)2/Σw(Fo2)2]½ where w = 1/[σ2(Fo2) + 
(0.1227P)2 + (0.00)P], P = (Fo2 + 2Fc2)/3. The residual electron densities were flattened by 
using SQUEEZE option of PLATON. 
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Table II.S2. bond lengths (Å) and angles (o) for SNU-90 
C(28)-O(10)#1 1.216(6) O(7A)-Zn(3) 1.926(8) 

C(28)-O(10) 1.216(6) O(8B)-C(20) 1.374(13) 

C(28)-C(29) 1.502(12) O(8B)-Zn(4) 1.885(11) 

C(29)-C(30)#1 1.320(11) O(8A)-C(20)#1 1.370(11) 

C(29)-C(30) 1.320(11) O(8A)-Zn(5) 1.920(7) 

C(30)-C(31) 1.523(13) O(5B)-C(27) 1.210(11) 

C(31)-C(32) 1.272(10) O(5B)-Zn(5) 1.942(9) 

C(32)-C(31)#1 1.272(10) O(9A)-Zn(3) 1.983(8) 

C(32)-C(33) 1.572(11) O(9B)-Zn(6) 1.843(10) 

C(33)-C(34) 1.429(6) O(10)-Zn(5) 1.951(7) 

C(33)-C(34)#2 1.429(6) O(10)-Zn(4) 2.392(8) 

C(34)-N(3) 1.276(14) C(23B)-C(22B) 1.32(3) 

C(34)-C(33)#3 1.429(6) C(23B)-C(24) 1.39(2) 

C(35)-O(9A)#1 1.232(8) C(26B)-C(21) 1.277(15) 

C(35)-O(9A) 1.232(8) C(26B)-C(25B) 1.38(3) 

C(35)-O(9B)#1 1.292(11) C(22B)-C(21) 1.44(2) 

C(35)-O(9B) 1.292(11) C(25B)-C(24) 1.25(2) 

C(35)-C(36) 1.426(11) N(1C)-C(13) 1.397(19) 

C(36)-C(37) 1.227(10) N(1B)-C(9) 1.525(14) 

C(36)-C(37)#1 1.227(10) C(1)-O(2A) 1.089(9) 

C(37)-C(38) 1.509(14) C(1)-O(2B) 1.185(9) 

C(38)-C(39) 1.302(11) C(1)-O(3A) 1.315(11) 

C(39)-C(38)#1 1.302(11) C(1)-O(3B) 1.390(12) 

C(39)-C(40) 1.521(13) C(1)-C(2) 1.580(9) 

C(40)-C(41)#4 1.378(6) C(2)-C(7A) 1.227(7) 

C(40)-C(41) 1.378(6) C(2)-C(3B) 1.261(6) 

C(41)-N(4) 1.167(10) C(2)-C(7B) 1.346(6) 

C(41)-C(40)#5 1.378(6) C(2)-C(3A) 1.404(7) 

O(7B)-C(20) 1.160(19) C(3A)-C(4A) 1.5257 

O(7B)-Zn(6) 1.945(16) C(4A)-C(5) 1.455(8) 
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O(7A)-C(20) 1.127(12) C(5)-C(4B) 1.287(8) 

C(5)-C(6B) 1.390(7) O(1)-Zn(2) 1.822(2) 

C(5)-C(6A) 1.500(7) O(1)-Zn(1)#8 1.9901(12) 

C(5)-C(8) 1.523(9) O(1)-Zn(1) 1.9901(12) 

C(6A)-C(7A) 1.5395 O(1)-Zn(1)#4 1.9901(12) 

C(3B)-C(4B) 1.5379 O(1)-Zn(1)#9 1.9901(12) 

C(6B)-C(7B) 1.5032 O(1)-Zn(1)#10 1.9901(12) 

C(8)-C(13) 1.446(9) O(1)-Zn(1)#11 1.9901(12) 

C(8)-C(9) 1.457(10) O(2A)-O(3B) 1.338(11) 

C(13)-C(12)#6 1.474(10) O(2A)-Zn(1) 1.938(8) 

C(12)-C(11)#7 1.440(10) O(2B)-Zn(2) 1.950(10) 

C(12)-C(14) 1.469(9) O(3A)-Zn(1)#11 1.895(8) 

C(12)-C(13)#7 1.474(10) O(3B)-Zn(1)#9 1.869(9) 

C(11)-C(12)#6 1.440(10) O(3B)-Zn(1) 2.335(9) 

C(11)-C(10) 1.448(9) O(4)-Zn(4) 1.915(3) 

C(11)-N(1) 1.485(16) O(4)-Zn(4)#1 1.915(3) 

C(10)-C(9) 1.458(9) O(4)-Zn(3)#1 1.928(3) 

C(10)-C(21) 1.479(9) O(4)-Zn(3) 1.928(3) 

C(14)-C(15) 1.308(12) O(4)-Zn(5) 1.949(3) 

C(14)-C(19) 1.342(13) O(4)-Zn(5)#1 1.949(3) 

C(15)-C(16) 1.484(14) O(4)-Zn(6)#1 1.976(3) 

C(16)-C(17) 1.187(11) O(4)-Zn(6) 1.976(3) 

C(17)-C(18) 1.391(13) O(6B)-Zn(3) 1.934(7) 

C(17)-C(20) 1.533(10) O(5A)-Zn(4) 1.987(13) 

C(18)-C(19) 1.482(13) O(6A)-C(27)#1 1.418(13) 

C(20)-O(8A)#1 1.370(10) O(6A)-Zn(6) 1.921(13) 

C(27)-O(5A) 0.983(11) Zn(1)-O(3B)#9 1.869(9) 

C(27)-O(6B) 1.292(10) Zn(1)-O(3A)#4 1.895(8) 

C(27)-O(6A)#1 1.418(13) Zn(1)-Zn(1)#9 2.189(2) 

C(27)-C(24) 1.565(10) Zn(1)-Zn(1)#8 2.702(2) 

C(24)-C(23A) 1.258(15) Zn(1)-Zn(1)#4 3.143(2) 

C(24)-C(25A) 1.438(14) Zn(1)-Zn(1)#11 3.143(2) 
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C(21)-C(22A) 1.285(14) Zn(2)-O(2B)#4 1.950(10) 

C(21)-C(26A) 1.430(15) Zn(2)-O(2B)#11 1.950(10) 

C(25A)-C(26A) 1.466(19) Zn(4)-Zn(6) 3.141(2) 

C(22A)-C(23A) 1.36(2) Zn(5)-Zn(5)#1 3.134(2) 

O(1)-Zn(2)#8 1.822(2) Zn(6)-Zn(6)#1 3.112(4) 

O(10)#1-C(28)-O(10) 129.5(11) C(39)-C(38)-C(37) 116.3(12) 

O(10)#1-C(28)-C(29) 115.3(6) C(38)#1-C(39)-C(38) 120.0(16) 

O(10)-C(28)-C(29) 115.3(6) C(38)#1-C(39)-C(40) 120.0(8) 

C(30)#1-C(29)-C(30) 123.3(14) C(38)-C(39)-C(40) 120.0(8) 

C(30)#1-C(29)-C(28) 118.4(7) C(41)#4-C(40)-C(41) 120.4(11) 

C(30)-C(29)-C(28) 118.4(7) C(41)#4-C(40)-C(39) 119.8(6) 

C(29)-C(30)-C(31) 116.2(11) C(41)-C(40)-C(39) 119.8(5) 

C(32)-C(31)-C(30) 120.5(10) N(4)-C(41)-C(40)#5 120.2(5) 

C(31)-C(32)-C(31)#1 122.1(13) N(4)-C(41)-C(40) 120.2(5) 

C(31)-C(32)-C(33) 118.9(7) C(40)#5-C(41)-C(40) 119.6(11) 

C(31)#1-C(32)-C(33) 118.9(7) C(20)-O(7B)-Zn(6) 127.0(11) 

C(34)-C(33)-C(34)#2 127.0(10) C(20)-O(7A)-Zn(3) 128.3(8) 

C(34)-C(33)-C(32) 116.5(5) C(20)-O(8B)-Zn(4) 130.3(8) 

C(34)#2-C(33)-C(32) 116.5(5) C(20)#1-O(8A)-Zn(5) 131.0(6) 

N(3)-C(34)-C(33)#3 123.5(5) C(27)-O(5B)-Zn(5) 128.1(7) 

N(3)-C(34)-C(33) 123.5(5) C(35)-O(9A)-Zn(3) 133.3(7) 

C(33)#3-C(34)-C(33) 113.0(10) C(35)-O(9B)-Zn(6) 129.8(8) 

O(9A)#1-C(35)-O(9A) 119.9(10) C(28)-O(10)-Zn(5) 125.1(7) 

O(9A)#1-C(35)-O(9B)#1 47.8(5) C(28)-O(10)-Zn(4) 107.3(7) 

O(9A)-C(35)-O(9B)#1 102.4(7) Zn(5)-O(10)-Zn(4) 51.83(18) 

O(9A)#1-C(35)-O(9B) 102.4(7) C(22B)-C(23B)-C(24) 121(2) 

O(9A)-C(35)-O(9B) 47.8(5) C(21)-C(26B)-C(25B) 130(2) 

O(9B)#1-C(35)-O(9B) 125.6(12) C(23B)-C(22B)-C(21) 117(2) 

O(9A)#1-C(35)-C(36) 120.0(5) C(24)-C(25B)-C(26B) 112(2) 

O(9A)-C(35)-C(36) 120.0(5) O(2A)-C(1)-O(2B) 83.1(8) 

O(9B)#1-C(35)-C(36) 117.2(6) O(2A)-C(1)-O(3A) 134.2(8) 
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O(9B)-C(35)-C(36) 117.2(6) O(2B)-C(1)-O(3A) 63.6(6) 

C(37)-C(36)-C(37)#1 115.0(12) O(2A)-C(1)-O(3B) 64.0(8) 

C(37)-C(36)-C(35) 122.5(6) O(2B)-C(1)-O(3B) 118.0(8) 

C(37)#1-C(36)-C(35) 122.5(6) O(3A)-C(1)-O(3B) 103.6(7) 

C(36)-C(37)-C(38) 125.8(11) O(2A)-C(1)-C(2) 115.8(7) 

O(2B)-C(1)-C(2) 125.1(9) C(13)-C(8)-C(9) 125.1(7) 

O(3A)-C(1)-C(2) 109.1(7) C(13)-C(8)-C(5) 116.6(7) 

O(3B)-C(1)-C(2) 116.5(8) C(9)-C(8)-C(5) 118.3(7) 

C(7A)-C(2)-C(3B) 79.7(4) N(1C)-C(13)-C(8) 125.3(12) 

C(7A)-C(2)-C(7B) 74.1(4) N(1C)-C(13)-C(12)#6 121.0(12) 

C(3B)-C(2)-C(7B) 122.3(5) C(8)-C(13)-C(12)#6 113.4(8) 

C(7A)-C(2)-C(3A) 131.0(5) C(11)#7-C(12)-C(14) 117.9(7) 

C(3B)-C(2)-C(3A) 72.5(3) C(11)#7-C(12)-C(13)#7 124.4(7) 

C(7B)-C(2)-C(3A) 87.6(4) C(14)-C(12)-C(13)#7 117.6(8) 

C(7A)-C(2)-C(1) 117.7(6) C(12)#6-C(11)-C(10) 119.1(8) 

C(3B)-C(2)-C(1) 118.1(6) C(12)#6-C(11)-N(1) 119.4(10) 

C(7B)-C(2)-C(1) 119.6(6) C(10)-C(11)-N(1) 120.7(10) 

C(3A)-C(2)-C(1) 111.0(6) C(11)-C(10)-C(9) 119.9(8) 

C(2)-C(3A)-C(4A) 113.5(3) C(11)-C(10)-C(21) 118.7(7) 

C(5)-C(4A)-C(3A) 113.8(3) C(9)-C(10)-C(21) 121.5(7) 

C(4B)-C(5)-C(6B) 130.1(6) C(8)-C(9)-C(10) 118.1(8) 

C(4B)-C(5)-C(4A) 64.1(3) C(8)-C(9)-N(1B) 119.6(9) 

C(6B)-C(5)-C(4A) 90.7(5) C(10)-C(9)-N(1B) 121.8(9) 

C(4B)-C(5)-C(6A) 84.8(4) C(15)-C(14)-C(19) 118.1(10) 

C(6B)-C(5)-C(6A) 76.9(3) C(15)-C(14)-C(12) 124.7(10) 

C(4A)-C(5)-C(6A) 126.5(5) C(19)-C(14)-C(12) 117.0(10) 

C(4B)-C(5)-C(8) 116.6(6) C(14)-C(15)-C(16) 120.2(12) 

C(6B)-C(5)-C(8) 113.0(6) C(17)-C(16)-C(15) 123.2(12) 

C(4A)-C(5)-C(8) 114.7(6) C(16)-C(17)-C(18) 119.1(11) 

C(6A)-C(5)-C(8) 118.0(6) C(16)-C(17)-C(20) 121.2(10) 

C(5)-C(6A)-C(7A) 107.5(3) C(18)-C(17)-C(20) 117.5(9) 

C(2)-C(7A)-C(6A) 123.8(3) C(17)-C(18)-C(19) 117.2(11) 
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C(2)-C(3B)-C(4B) 124.5(3) C(14)-C(19)-C(18) 119.6(13) 

C(5)-C(4B)-C(3B) 110.5(3) O(7A)-C(20)-O(7B) 48.7(9) 

C(5)-C(6B)-C(7B) 113.5(3) O(7A)-C(20)-O(8A)#1 127.4(8) 

C(2)-C(7B)-C(6B) 118.2(3) O(7B)-C(20)-O(8A)#1 99.2(11) 

O(7A)-C(20)-O(8B) 78.0(10) C(22A)-C(21)-C(22B) 59.4(10) 

O(7B)-C(20)-O(8B) 116.3(15) C(26A)-C(21)-C(22B) 95.1(11) 

O(8A)#1-C(20)-O(8B) 86.4(7) C(26B)-C(21)-C(10) 129.0(16) 

O(7A)-C(20)-C(17) 119.5(10) C(22A)-C(21)-C(10) 122.6(11) 

O(7B)-C(20)-C(17) 117.5(11) C(26A)-C(21)-C(10) 118.4(10) 

O(8A)#1-C(20)-C(17) 112.1(9) C(22B)-C(21)-C(10) 115.6(14) 

O(8B)-C(20)-C(17) 118.3(8) C(24)-C(25A)-C(26A) 113.7(12) 

O(5A)-C(27)-O(5B) 66.3(12) C(21)-C(26A)-C(25A) 116.7(11) 

O(5A)-C(27)-O(6B) 81.6(13) C(21)-C(22A)-C(23A) 127.2(15) 

O(5B)-C(27)-O(6B) 128.1(9) C(24)-C(23A)-C(22A) 115.6(14) 

O(5A)-C(27)-O(6A)#1 121.9(14) Zn(2)#8-O(1)-Zn(2) 180.000(1) 

O(5B)-C(27)-O(6A)#1 71.4(7) Zn(2)#8-O(1)-Zn(1)#8 65.75(4) 

O(6B)-C(27)-O(6A)#1 95.4(8) Zn(2)-O(1)-Zn(1)#8 114.25(4) 

O(5A)-C(27)-C(24) 125.4(12) Zn(2)#8-O(1)-Zn(1) 114.25(4) 

O(5B)-C(27)-C(24) 114.8(9) Zn(2)-O(1)-Zn(1) 65.75(4) 

O(6B)-C(27)-C(24) 117.0(8) Zn(1)#8-O(1)-Zn(1) 85.50(7) 

O(6A)#1-C(27)-C(24) 107.6(9) Zn(2)#8-O(1)-Zn(1)#4 114.25(4) 

C(25B)-C(24)-C(23A) 80.4(15) Zn(2)-O(1)-Zn(1)#4 65.75(4) 

C(25B)-C(24)-C(23B) 123.5(17) Zn(1)#8-O(1)-Zn(1)#4 66.73(7) 

C(23A)-C(24)-C(23B) 63.8(11) Zn(1)-O(1)-Zn(1)#4 104.30(4) 

C(25B)-C(24)-C(25A) 72.5(15) Zn(2)#8-O(1)-Zn(1)#9 65.75(4) 

C(23A)-C(24)-C(25A) 127.1(12) Zn(2)-O(1)-Zn(1)#9 114.25(4) 

C(23B)-C(24)-C(25A) 95.2(11) Zn(1)#8-O(1)-Zn(1)#9 104.30(4) 

C(25B)-C(24)-C(27) 115.7(16) Zn(1)-O(1)-Zn(1)#9 66.73(7) 

C(23A)-C(24)-C(27) 121.0(11) Zn(1)#4-O(1)-Zn(1)#9 168.42(6) 

C(23B)-C(24)-C(27) 119.9(13) Zn(2)#8-O(1)-Zn(1)#10 65.75(4) 

C(25A)-C(24)-C(27) 111.6(9) Zn(2)-O(1)-Zn(1)#10 114.25(4) 

C(26B)-C(21)-C(22A) 75.6(13) Zn(1)#8-O(1)-Zn(1)#10 104.30(4) 
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C(26B)-C(21)-C(26A) 66.6(12) Zn(1)-O(1)-Zn(1)#10 168.42(6) 

C(22A)-C(21)-C(26A) 119.1(12) Zn(1)#4-O(1)-Zn(1)#10 85.50(7) 

C(26B)-C(21)-C(22B) 114.2(17) Zn(1)#9-O(1)-Zn(1)#10 104.30(4) 

Zn(2)#8-O(1)-Zn(1)#11 114.25(4) Zn(3)-O(4)-Zn(5)#1 109.47(4) 

Zn(2)-O(1)-Zn(1)#11 65.75(4) Zn(5)-O(4)-Zn(5)#1 107.0(2) 

Zn(1)#8-O(1)-Zn(1)#11 168.42(6) Zn(4)-O(4)-Zn(6)#1 110.32(8) 

Zn(1)-O(1)-Zn(1)#11 104.30(4) Zn(4)#1-O(4)-Zn(6)#1 107.65(7) 

Zn(1)#4-O(1)-Zn(1)#11 104.30(4) Zn(3)#1-O(4)-Zn(6)#1 56.72(10) 

Zn(1)#9-O(1)-Zn(1)#11 85.50(7) Zn(3)-O(4)-Zn(6)#1 81.25(14) 

Zn(1)#10-O(1)-Zn(1)#11 66.73(7) Zn(5)-O(4)-Zn(6)#1 76.28(6) 

C(1)-O(2A)-O(3B) 69.0(8) Zn(5)#1-O(4)-Zn(6)#1 166.09(6) 

C(1)-O(2A)-Zn(1) 125.9(7) Zn(4)-O(4)-Zn(6) 107.65(7) 

O(3B)-O(2A)-Zn(1) 89.0(6) Zn(4)#1-O(4)-Zn(6) 110.32(7) 

C(1)-O(2B)-Zn(2) 134.9(7) Zn(3)#1-O(4)-Zn(6) 81.25(14) 

C(1)-O(3A)-Zn(1)#11 124.7(6) Zn(3)-O(4)-Zn(6) 56.72(10) 

O(2A)-O(3B)-C(1) 47.0(5) Zn(5)-O(4)-Zn(6) 166.09(6) 

O(2A)-O(3B)-Zn(1)#9 117.6(7) Zn(5)#1-O(4)-Zn(6) 76.28(6) 

C(1)-O(3B)-Zn(1)#9 135.1(7) Zn(6)#1-O(4)-Zn(6) 103.9(2) 

O(2A)-O(3B)-Zn(1) 56.1(5) C(27)-O(6B)-Zn(3) 130.3(6) 

C(1)-O(3B)-Zn(1) 90.3(6) C(27)-O(5A)-Zn(4) 132.5(13) 

Zn(1)#9-O(3B)-Zn(1) 61.6(2) C(27)#1-O(6A)-Zn(6) 128.9(9) 

Zn(4)-O(4)-Zn(4)#1 116.3(2) O(3B)#9-Zn(1)-O(3A)#4 106.6(4) 

Zn(4)-O(4)-Zn(3)#1 166.39(8) O(3B)#9-Zn(1)-O(2A) 107.7(4) 

Zn(4)#1-O(4)-Zn(3)#1 68.15(6) O(3A)#4-Zn(1)-O(2A) 111.2(4) 

Zn(4)-O(4)-Zn(3) 68.15(6) O(3B)#9-Zn(1)-O(1) 104.9(3) 

Zn(4)#1-O(4)-Zn(3) 166.39(7) O(3A)#4-Zn(1)-O(1) 112.5(3) 

Zn(3)#1-O(4)-Zn(3) 110.7(2) O(2A)-Zn(1)-O(1) 113.5(3) 

Zn(4)-O(4)-Zn(5) 60.23(10) O(3B)#9-Zn(1)-Zn(1)#9 69.8(3) 

Zn(4)#1-O(4)-Zn(5) 82.45(14) O(3A)#4-Zn(1)-Zn(1)#9 165.0(3) 

Zn(3)#1-O(4)-Zn(5) 109.47(4) O(2A)-Zn(1)-Zn(1)#9 83.6(3) 

Zn(3)-O(4)-Zn(5) 110.07(4) O(1)-Zn(1)-Zn(1)#9 56.64(3) 

Zn(4)-O(4)-Zn(5)#1 82.45(14) O(3B)#9-Zn(1)-O(3B) 90.9(4) 
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Zn(4)#1-O(4)-Zn(5)#1 60.23(10) O(3A)#4-Zn(1)-O(3B) 146.1(4) 

Zn(3)#1-O(4)-Zn(5)#1 110.07(4) O(2A)-Zn(1)-O(3B) 34.9(3) 

O(1)-Zn(1)-O(3B) 89.7(2) O(8B)-Zn(4)-O(4) 110.4(4) 

Zn(1)#9-Zn(1)-O(3B) 48.7(3) O(8B)-Zn(4)-O(5A) 110.8(7) 

O(3B)#9-Zn(1)-Zn(1)#8 76.5(3) O(4)-Zn(4)-O(5A) 110.9(4) 

O(3A)#4-Zn(1)-Zn(1)#8 85.8(3) O(8B)-Zn(4)-O(10) 126.2(4) 

O(2A)-Zn(1)-Zn(1)#8 159.6(3) O(4)-Zn(4)-O(10) 95.0(2) 

O(1)-Zn(1)-Zn(1)#8 47.25(3) O(5A)-Zn(4)-O(10) 102.1(5) 

Zn(1)#9-Zn(1)-Zn(1)#8 79.21(7) O(8B)-Zn(4)-Zn(6) 74.7(3) 

O(3B)-Zn(1)-Zn(1)#8 127.1(3) O(4)-Zn(4)-Zn(6) 36.84(7) 

O(3B)#9-Zn(1)-Zn(1)#4 119.6(3) O(5A)-Zn(4)-Zn(6) 117.7(4) 

O(3A)#4-Zn(1)-Zn(1)#4 74.7(3) O(10)-Zn(4)-Zn(6) 124.58(18) 

O(2A)-Zn(1)-Zn(1)#4 128.6(3) O(8A)-Zn(5)-O(5B) 106.8(3) 

O(1)-Zn(1)-Zn(1)#4 37.85(2) O(8A)-Zn(5)-O(4) 108.0(2) 

Zn(1)#9-Zn(1)-Zn(1)#4 94.22(2) O(5B)-Zn(5)-O(4) 111.3(2) 

O(3B)-Zn(1)-Zn(1)#4 121.7(2) O(8A)-Zn(5)-O(10) 111.7(3) 

Zn(1)#8-Zn(1)-Zn(1)#4 43.17(5) O(5B)-Zn(5)-O(10) 109.1(3) 

O(3B)#9-Zn(1)-Zn(1)#11 126.6(3) O(4)-Zn(5)-O(10) 109.9(3) 

O(3A)#4-Zn(1)-Zn(1)#11 121.6(3) O(8A)-Zn(5)-Zn(5)#1 116.4(2) 

O(2A)-Zn(1)-Zn(1)#11 76.6(3) O(5B)-Zn(5)-Zn(5)#1 131.9(2) 

O(1)-Zn(1)-Zn(1)#11 37.85(2) O(4)-Zn(5)-Zn(5)#1 36.51(10) 

Zn(1)#9-Zn(1)-Zn(1)#11 57.62(6) O(10)-Zn(5)-Zn(5)#1 74.1(2) 

O(3B)-Zn(1)-Zn(1)#11 62.0(2) O(9B)-Zn(6)-O(6A) 109.2(5) 

Zn(1)#8-Zn(1)-Zn(1)#11 84.95(3) O(9B)-Zn(6)-O(7B) 107.1(5) 

Zn(1)#4-Zn(1)-Zn(1)#11 60 O(6A)-Zn(6)-O(7B) 109.0(8) 

O(1)-Zn(2)-O(2B)#4 109.5(3) O(9B)-Zn(6)-O(4) 115.1(4) 

O(1)-Zn(2)-O(2B) 109.5(3) O(6A)-Zn(6)-O(4) 105.9(4) 

O(2B)#4-Zn(2)-O(2B) 109.4(3) O(7B)-Zn(6)-O(4) 110.3(7) 

O(1)-Zn(2)-O(2B)#11 109.5(3) O(9B)-Zn(6)-Zn(6)#1 77.1(3) 

O(2B)#4-Zn(2)-O(2B)#11 109.4(3) O(6A)-Zn(6)-Zn(6)#1 119.6(4) 

O(2B)-Zn(2)-O(2B)#11 109.4(3) O(7B)-Zn(6)-Zn(6)#1 126.8(8) 

O(7A)-Zn(3)-O(4) 114.0(4) O(4)-Zn(6)-Zn(6)#1 38.05(11) 



 

１３７ 

 

O(7A)-Zn(3)-O(6B) 110.9(6) O(9B)-Zn(6)-Zn(4) 124.1(4) 

O(4)-Zn(3)-O(6B) 109.2(2) O(6A)-Zn(6)-Zn(4) 123.0(4) 

O(7A)-Zn(3)-O(9A) 107.9(4) O(7B)-Zn(6)-Zn(4) 75.1(7) 

O(4)-Zn(3)-O(9A) 108.3(2) O(4)-Zn(6)-Zn(4) 35.51(6) 

O(6B)-Zn(3)-O(9A) 106.3(3) Zn(6)#1-Zn(6)-Zn(4) 61.42(5) 

Symmetry transformations used to generate equivalent atoms: 

#1 x,x-y,-z+1/2    #2 -y,x-y,z    #3 -y,-x,-z+1/2 

#4 -y+1,x-y,z    #5 -y+1,-x+1,-z+1/2 

#6 x-y,-y,z+1/2    #7 x-y,-y,z-1/2    #8 -y+1,-x+1,-z+3/2 

#9 -x+y+1,y,-z+3/2    #10 x,x-y,-z+3/2 

#11 -x+y+1,-x+1,z 
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Figure II.S1. TGA traces for Mg@SNU-90’c before (red, ―) and after (blue, 

― ) chemisorption of H2 gas at 200 oC and 30 bar, compared with that for Zn

4O(atb)2 (SNU-90’, black) obtained from treatment with supercritical CO2.
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국문 초록 

PART I. Crown ether를 포합한 리간드를 이용하여 합성

한 금속-유기 골격체의 수소저장: 양이온 도입 

18-crown-6 (18C6)를 유기 리간드 안에 포함하는 네 방항 카르복실 

레이트 리간드를 이용하여 이중으로 침투하는 삼차원 다공성 금속-

유기골격체, Zn5(μ3-OH)2(TBADB-18-Cr-6)2·4DMF]·13DMF·4H2O 

(SNU-200)를 합성하였다. SNU-20 의 다공 내에 다양한 양 이온 (K+, 

NH4
+, methyl viologen(MV2+), and Eu3+)을 도입하였을 때, 도입된 

양이온은 리간 내에 있는 18C6 에 결합 할 수 있을 뿐 아니라 SNU-

200 은 도입된 양이온에 따라 다른 가스흡착의 특성을 보여준다. 동공 

내에 도입된 양이온은 18C6 에 결합되어 구멍을 막지 않고 탈 용매에 

따른 다공성 고체의 구조 변화를 줄여주며 금속-유기 골격체의 표면적을  

증가 시키는 현상을 나타낸다. 그 뿐 아니라 SNU-200 은 양 이온을 

도입하였을 때에도 단결정을 유지하고 있다. 유지된 단결정을 X-ray 

분석을 통해 단결정에서 단결정으로의 변환을 확인 할 수 있었으며, 

18C6 에 배위된 양이온과 금속 이온에 배위된 음이온 그리고 구멍에 

위치한 음이온까지 확인하였다. 유기 리간드에 포함된 18C6 와 도입된 양 

이온이 가스흡착에 주는 영항을 확인하기 위하여 다양한 온도에서 N2, H2, 

CO2, 그리고 CH4 가스의 흡착과 탈착 실험을 수행 하였다. 18C6 를 

포함하고 있는 SNU-200’는 7.70 kJmol-1 의 높은 수소 흡착열을 보여주며, 

이는 일반적인 Zn(II)의 금속-유기 골격체와 비교하였을 때 1-3 kJmol-1 

만큼 더 큰 값이다. 다양한 양이온이 도입된 화합물들 중에는 K+가 

도입된 화합물이 9.92 kJmol-1 까지 수소의 흡착열을 증가 시키며 수소와 
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상호작용을 하는 것을 알 수 있었다. 그 뿐 아니라 이산화탄소/ 

질소가스의 선택 흡착에서도 22.6 의 높은 이산화탄소에 대한 선택성을 

보여주었다. 

 

 

주 요 어: 금속-유기 골격체 • 수소 저장 • 흡착열 • 크라운 이서 • 

정전기장 • 양이온 도입 • 단결정에서 단결정으로의 변환
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PART II. 물리적 화학적 흡착을 통한 하이브리드 수소 

저장을 위한 다공성 배위 고분자 내의 마그네슘 나노 

결정의 생성 

Zn(NO3)2 와 Aniline-2,4,6-tribenzoate (atb)를 이용하여 3차원 금속-유

기 골격체를 [Zn4O(atb)2]∙22DMF∙9H2O (SNU-90), 합성하였다. SNU-90

는 겹쳐져있지 않는 하나의 골격체로 qom topology를 갖는 (6,3)-

connected net을 형성한다. 구조는 MOF-177 유사하며 3D채널을 갖고 

있다. SNU-90는 4244 m2g-1 의 Brunauer-Emmett-Teller (BET) 표면적

과 4914 m2g-1의 Langmuir 표면적을 나타 내었다. 

Chemical vapor deposition의 방법을 이용하여 Mg(cp)2 전구체를 

금속-유기 골격체 SNU-90의 구멍 안에 도입 시켰고, 동공 안에 마그네슘 

전구체를 포함하고 있는 Mg(cp)2@SNU-90를 아르곤 기류 하에서 473 K 

온도로 가열하여 40-100 nm 육각 판형의 마그네슘 나노 결정을 SNU-90

안에 생성 시켰다. 마그네슘 나노 입자의 모양과 위치는 HRTEM 과 

Tomography를 이용하여 확인 하였다. 마그네슘 나노 입자를 포함하고 있

는 금속-유기 골격체는 (Mg@MOF) 물리적인 흡착은 물론 화학적인 흡착

방법으로 수소를 저장 할 수 특성을 보여주었다. 도입된 마그네슘의 양이 

증가 할 수록 극저온(77 K)에서 물리적 수소저장의 양은 감소하지만 수소

와 구조체와의 상호인력은 4.55 kJmol-1에서 11.6 kJ mol-1까지 증가하였

다. 그 뿐 아니라 수소를 화학적 흡착방법으로 저장하는 마그네슘 입자가 

금속 유기 골격체 안에서 나노 크기로 존재하기 때문에 50 - 100 µm 크

기의 Mg powder와 비교하였을 때 마그네슘이 수소를 화학적 흡착 하기에 

필요한 온도를 200 oC 가량 낮춰서 수소를 저장하는 현상을 나타내었다. 

즉 10.5 wt%의 마그네슘을 포함하고 있는 Mg@SNU-90는 50 oC부터 마
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그네슘 나노 결정에 수소가 흡착되며, 473 K and 30 bar에서 약 0.71 wt%

까지의 수소 저장능을 보여주었다. 

Tetrakis (4-bromophenyl) methane와 Ni(cod)2 촉매를 사용한 

cross-coupling 반응을 이용하여 다공성 유기 고분자 PAF-1 (Porous 

Aromatic Framework, PAF-1)을 합성하였다. PAF-1은 페닐링으로만 구

성된 Diamondoid 구조를 갖고 있으며 5640 m2g-1의 넓은 BET 표면적을 

나타낸다. PAF-1은 금속 원소가 없고 페닐링으로만 구성되어 있기 때문에 

가볍고, 높은 열적/ 화학적 안정성을 나타내며 소수성 이다.  

다공성 유기 고분자 (PAF-1)안에 chemical vapor deposition을 통해서 

MgCp2 를 도입하여, 도입된 마그네슘 전구체를 Li-naphthalenide를 이용

하여 화학적 방법으로 환원시킴으로써 다양한 크기를 갖는 마그네슘 나노 

입자를 생성 하였다. 구조체 내에 산소 원자가 없으며, 소수성 특성을 지

닌 다공성 유기 고분자 안에 마그네슘 나노 입자를 도입했을 때, 공기 중

에 노출 되었을 때도 안정한 마그네슘 나노 입자를 합성 할 수 있었다. 극

저온에서 물리적 수소흡착을 측정하였을 때, 마그네슘이 도입된 다공성 유

기 고분자는 순수한 다공성 유기 고분자에 비해 1.82 kJmol-1 향상된 수소 

흡착열을 보여주었다. 
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