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ABSTRACT: The current study focuses on gas storage performance using the industrial internet  

of materials. A series of inorganic-organic coordination polymers made by lanthanide (III) and 

asymmetric ligands the pyridine-2,4-dicarboxylate were prepared in hydrothermal synthesis.  

The goals of this study were to investigate the gas adsorption/desorption behaviors and to measure 

the surface areas of the as-synthesized samples. These materials possess BET (Brunauer-Emmett-Teller) 

surface areas of approximately 480-610 m2/g, which is verified by the surface area measurement 

based on the N2 adsorption at 77 K. The adsorption isotherm of H2 at 77 K exhibited a stable uptake 

of 1.35w % both at low pressure and high pressure, providing evidence for the robust framework of 

compounds with 0.7 nm pore size. Especially, the Cerium ion compound shows the highest H2 uptake 

of 154 cm3/g (1.35 wt %) among other samples, which is relatively low in comparison with that of  

Al-TCBPB and Zn4O (BDC)3, but higher than that of Zn4O (BTB)2. 
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INTRODUCTION 

Owing to the possibility of combining their optical  

and magnetic characteristics, porous higher surface and 

framework structures, Metal-Organic Frameworks (MOFs), 

based on lanthanide with coordination polymers, have been 

at the center of attention, and have been used to make  

new functionalities [1-4]. These materials possess a unique 

structure, and they can be implemented in different 

materials that have functionalities as ion exchange, 

molecular recognition, and gas storage along with physical 

qualities because of 4f electrons of lanthanide ions [5-20]. 

It is well known that lanthanide ions possess a high affinity  

 

 

 

with hard donor atoms and ligands having oxygen  

or hybrid oxygen-nitrogen atoms, especially 

multicarboxylate ligands that are utilized for establishing 

intended architectures [21-38]. 

Porous coordination compounds have received 

considerable interest since they can be employed to store 

or separate gas molecules [39], and the need for hydrogen-

storage materials is the main reason for this considerable 

interest. Compared to purely organic materials, such 

materials are easy to synthesize owing to their lower 

energy of activation for the formation of a bond between  
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the ligand and metal. Thus far, numerous proposals  

have been put forward regarding different kinds of components 

which can be conducive to forming channeled materials [40-49]. 

With the highest gas storage capacity, MOFs are now 

considered as promising materials. Moreover, when guest 

molecules are not present, the lattice ought to be highly 

stable, i.e., the lattice must have true porosity and exihibit 

stability at repeated guest addition/removal cycles [50, 51]. 

Especially, one of the favourable properties of porous 

inorganic coordinated materials is the high selectivity  

to small-molecule adsorbents [52-58]. 

In order to construct MOFs with lanthanide ions, 

pyridine-2,4-dicarboxylic acid (dipic) ligands were investiagted 

extensively and considred as effectual sensitizers  

for europium(II)and terbium(III). Recently, a series of 

coordination solid of lanthanide have been synthesized and 

determined structurally within the framework provided 

 by the asymmetric organic template pyridine-2,4-

dicarboxylic acid [59-64].  

Here, our main goal is to investigate the 

adsorption/desorbtion behavior of the compounds, which  

are formed with the formula {Ln3 (2,4-PDCH) (2,4-PDC)4･

11H2O}n (2,4-pdc=pyridine-2, 4-dicarboxylic acid,Ln=La, Ce, 

Nd, Sm, Eu). These compounds show stable gas storage 

performance, as well as larger surface areas confirmed by BET 

measurement. In this study, the reaction solvent was adjusted 

to obtain a large number of products for testing. 

 

EXPERIMENTAL SECTION 

Syntheses 

Under atmospheric pressure at 150℃, {Ln3 (2,4-

PDCH) (2,4-PDC)4·11H2O}n was synthesized 

hydrothermally for 72 h in a 40 mL Teflon-lined steel 

autoclave. The initial solution was prepared by mixing 

lanthanum nitrate (La(NO3)3·6H2O, Ce(NO3)3· 6H2O) 

lanthanum chloride 

(NdCl3·6H2O,SmCl3·6H2O,EuCl3·6H2O), pyridine-2,  

4-dicarboxylic acid with a molar ratio of 3:5 and DMF(N,N-

dimethyl form amide) 10 ml(total volume,15 mL) under 

hydrothermal reaction. The autoclave was cooled down 

slowly to room temperature, and colorless powder  

was produced (the Ce-III compound showed yellow,  

and the Nd-III compound showed light greenish blue).  

In this study, powder compounds, produced by the solvent 

selected by DMF, had more efficiency compared  

to the crystal compounds added to the deionized water solvent.   

Table 1: Crystal data of Eu3 (2,4-PDCH)(2,4-PDC)4･11H2O}n. 

Empirical Formula C35N5H38Eu3O31 

Crystal System tetragonal 

Lattice Parameters 

a =b=9.506(3) Ǻ 

c = 51.936(4) Ǻ 

V =4693(2) Ǻ3 

Space Group P41(#92) 

Z value 4 

R factor 0.0313 

Rw factor 0.0795 

 
 

 

 

Molecular structure of the ligand pyridine-2,4-dicarboxylic acid, 

PDC 

 

Characterization 

By means of an Electron Probe Micro-Analysis (EPMA) 

employing a Shimadzu EPMA-8705, we carried out  

the quantitative and qualitative chemical analyses for  

the single crystal. By employing a Seiko Denshi TG-DTA 

6300, Thermo Gravimetric Analysis (TGA) and 

Differential Thermal Analysis (DTA) were conducted  

at a heating rate of 5℃/min in the air. Shimadzu Corporation 

micrometrics Tristar-3000 was employed to perform  

the gas adsorption and specific surface area measurements.  

 

RESULTS AND DISCUSSION 

In this paper, the data related to the crystal compounds 

were synthesized and identified to illustrate their structure. 

Since five crystal compounds synthesized are 

isostructural, the details of the crystal structure are  

to be described here only for the Eu derivatives. Table 1 

summarizes the crystallographic data and structure 

refinement parameters in detail.   

By examining the compound structure thoroughly,  

it can be suggested that its crystal structure can be described 
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Fig. 1: Image of 1-D spiral chain consisted by three kinds of polyhedron of {Eu3(2,4-PDCH)(2,4-PDC)4･1H2O}n. 

 

 

 
Fig. 2: Pattern diagram of distorted tetragonal tube of {Eu3(2,4-PDCH)(2,4-PDC)4･11H2O}n. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Powder X-ray diffraction patterns for as-synthesized 

powder samples. 

 

as distorted tetragonal tube constructed by spiral chains, 

which are made of [Eu3O22N5] units from three types of 

nine-folded europium polyhedral with oxygen-sharing 

dipicolinic acid molecules. Each [Eu3O22N5] cluster as well as 

each chain is bridged by carboxylate groups of the 

embedded dipic molecules to adjacent chains, thereby 

resulting in relatively large cavities within the tube  

to accommodate the crystal water (Figs. 1 and 2).  

To demonstrate the same structure by X-ray powder diffraction 

measurement, XRD measurements were carried out for  

the powder compounds synthesized in this paper (Fig. 3). 

The studies reveal that, similar to the simulation single-crystal 

sample, the pattern of the powder samples synthesized  

at 100℃ under reduced pressure, showing that the powder 

compounds have the same structure of the single-crystal 

owing to the good agreement of peaks.  

The TG-DTA measurement was carried out from 

ambient temperature to 800 ℃ (Fig. 4). There exist two 

types of main weight loss in the temperature range 

mentioned above. The first one started at approximately 

40℃ along with a negligible endothermic heat, which 

imply that the water molecules have been removed.  

All of the water molecules (eleven isolated water molecules) 

also had a weight loss and accommodated in the cage 

micro-pore in the compound. On the other hand, the weight 

loss at a high temperature, with 400℃ initiation temperature 

and 450℃ end temperature, is ascribed to the removal 

because of the combustion of four dipic molecules 

coordination with Eu III per unit formula. Otherwise,  
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Table 2: H2 uptake and BET surface areas of MOF compounds reported at STP. 

References 
H2 uptake 

[wt %] 
BET surface 
area [m2/g] 

H2 uptake / BET 
surface×10-3 

Pore width 
[nm] 

Ref. 

Al-TCBPB 1.53 2311 0.66 1.18, 2.0 
D. Saha et al., Hydrogen Energy 

(2012) 

Zn4O(BTB)2 1.32 3275 0.40 1.27 
D. Saha et al., Hydrogen Energy 

(2008) 

Zn4O(BDC)3 1.46 2449 0.60 0.86 D. Saha et al., Sep. Tech.(2009) 

Ce3(2,4-PDCH) (2,4-PDC)4 1.35 600 2.25 0.7 This study 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: TG-DTA curves for as-synthesized samples of {Eu3(2,4-

PDCH)(2,4-PDC)4･11H2O}n. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: adsorption and desorption isotherm of N2 for Ln3(2,4-

PDCH)(2,4-PDC)4･11H2O. 

 

it shows a slow slope down from 100℃ to 400℃, 

suggesting the weight loss of one dipic molecule linked to 

per [Eu3O22N5] cluster.  

Based on the results of TG-DTA, to confirm hydrogen 

storage ability of the as-synthesized samples, the nitrogen 

gas adsorption measurement was performed at 77 K  

on the as-synthesized sample and the dehydrated sample. 

The N2 gas adsorption at 77 K clearly shows a reversible type I 

isotherm behavior after dehydration at 573 K, fitting  

the Langmuir equation, and a small amount of N2 uptake 

was observed based on Scheme 5. It obviously proves that  

the samples have the micro-pore structure, however; 

hysteresis appeared to some extent over the saturation step. 

Furthermore, it revealed that the as-synthesized samples 

are narrow wedge-shaped porous structures because 

hysteresis curves belong to H4 (based on IUPAC) since  

the adsorption curves are almost parallel with the desorption 

curves. The adsorption isotherm of N2 was used to 

compute the surface areas of samples, which are quite large 

compared to those of other samples reported (Table 2), which 

were estimated to be 480-610 m2/g by applying the BET 

(Fig. 6), which is close to typical value microporous 

zeolites with high surface areas. Compared to other 

samples, the Ce compound is obviously superior in terms 

of both surface area and cell volume (according to  

as-synthesized crystal sample data).  

In this study, pore size distribution analysis by HK 

methods using Ar gas at 87K(P/P0 = 0.0001~0.16) showed 

that there is a relatively narrow distribution of micropore 

at approximately 0.6-0.8 nm (Fig. 7) and considered to be 

an average value of 0.7 nm after a small change  

in the distance among lanthanide atoms for these samples. 

These pore sizes are consistent with the cages observed 

within the crystal structure data. 

At 77 K, the adsorption isotherm of H2 under low 

pressure displays a type I characteristic of a microporous 

material with no hysteresis and sharp adsorption (Fig. 8). 

The Ce sample shows the highest H2 uptake of 154 cm3/g 

(1.35 wt %) among other samples, which is relatively low 

compared to that of Al-TCBPB and Zn4O (BDC)3,  

but higher than that of Zn4O(BTB)2 (Table 2). On the other 

hand, compared to the adsorption isotherm of H2 under low 
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Fig. 6: BET surface areas and unit cell volumes of Ln3(2,4-

PDCH)(2,4-PDC)4･11H2O. 

 

 

 

 

 

 

 

 

 

 

 

 

Ln a [Ǻ] 

Ce 9.6225 

Nd 9.5760 

Sm 9.5167 

Eu 9.5060 

 

Fig. 7: Pore width distribution of Ln3(2,4-PDCH)(2,4-PDC)4･

11H2O. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Hydrogen adsorption of {Ln3(2,4-Hdipic)(2,4-dipic)4･

11H2O}n. 

pressure, the H2 adsorption of the Ce sample under high 

pressure was measured by self-designed apparatus  

in the laboratory (Fig. 9), and no significant change  

was observed in the H2 uptake by increasing pressure.  

The saturation of the H2 adsorption of 1.35w % at 

approximately 100 kPa can be the most feasible 

explanation for this. 

In addition, in this study, since the Ce sample  

gas storage performance is superior compared to the MOFs 

reported, which is verified by test data and analysis (Table 3). 

Despite the fact that the surface areas of the as-synthesized 

sample are lower than those of the MOFs reported, the gas 

uptake clearly shows the porous metal-organic materials 

Ce III with complete retention of the host structures, 

providing evidence for a stable H2 uptake (1.35 w%) both 

at low pressure and high pressure compared to others. This 

result may show the stable microporous structure 

framework (with pore size of about 0.7 nm), which is 

relatively suitable for the light gas storage [65-70].  

 

CONCLUSIONS 

In this paper, by investigating the surface areas and 

adsorption/desorption characteristics of the as-synthesized 

sample, it was demonstrated that implementing 

unsymmetrical organic templates in hydrothermal synthesis 

provides strong frameworks with promising properties to 

these coordination materials, which are ideal for gas storage. 

Based on these results, this study aims at investigating  

the selectivity of gas adsorption, such as CO2, CH4, C2H6,  

and SO2, which might be compelling for investigating compounds 

allocated to viable applications, in which high surface areas 

are not required as opposed to stable gas storage performance.  
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Table 3: H2 uptake and BET surface area of MOF compounds at low-hi-pressure and 77 K. 

References 
BET surface 

area [m2/g] 

H2 uptake at 

1 atm [wt%] 

H2 uptake at hi-pressure 

Ref. 
Pressure 

[MPa] 

Uptake 

[wt%] 

Al-TCBPB 2311 1.53 9 4.8 
D. Saha et al., Hydrogen Energy 

(2012) 

Zn4O (BTB)2 3275 1.32 12 11.0 
D. Saha et al., Hydrogen Energy 

(2008) 

Zn4O (BDC)3 2449 1.46 10 6.9 D. Saha et al., Sep. Tech.(2009) 

Ce3(2,4-PDCH) (2,4-PDC)4 600 1.35 4 1.35  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Schematic diagram of apparatus used to measure hydrogen storage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: H2 adsorption of Ce3(2,4-PDCH)(2,4-PDC)4･11H2O. 
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