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We report a facile synthesis of a polymeric organo-magnesium complex (MTF-Mg) by reacting 

Mg-modified-melamine with terephthaldehyde for room temperature hydrogen physisorption.  

The pre-modification of melamine allows incorporation of exposed magnesium sites into the 

complex. The synthesized MTF-Mg complex exhibits a moderate BET surface area up to 137 m
2 

g
-1

 and a Langmuir surface area up to 222 m
2 

g
-1

. In this complex, magnesium metal sites act as 

the active sites for molecular hydrogen adsorption via an electrostatic interaction. The material 

shows a high isosteric heat of adsorption up to 12 kJ mol
-1 

and a maximum excess hydrogen 

uptake up to 0.8 wt % at 298K and 100 atm, comparable to the values of high surface area 

MOFs with exposed metals sites under similar conditions. The role of the exposed metal sites in 

enhancing hydrogen uptake capacity and isosteric heat of adsorption is demonstrated 

experimentally.  

 

Introduction 

Materials containing exposed metal sites have been a subject of 

great interest in recent years due to their potential applications 

in the field of gas adsorption,1-14 catalysis15-18 and sensor 

technologies.19-21 The exposed metal sites are particularly well 

suited for adsorption of molecular hydrogen for applications at 

near ambient temperature.2, 22 Recently, several metal organic 

framework (MOF) compounds with exposed metals have been 

discovered for potential hydrogen storage via physisorption.1-10, 

23 These materials exhibit considerably stronger interactions 

with molecular hydrogen than the van der Waals forces due to 

polarization of hydrogen molecules upon adsorption on the 

metal sites, as supported by both computational and 

experimental studies.24-27 As a consequence, these compounds 

exhibit higher heat of hydrogen adsorption than the materials 

without exposed metal sites.2, 4, 26 A thorough thermodynamic 

analysis indicates that a hydrogen binding enthalpy in the range 

of 15-20 kJ mol-1 would give the best balance between the 

storage capacity and the energy required to release the 

hydrogen at near ambient temperatures.28 

In general, the exposed metal sites can be generated in a 

material by removal of metal bonded solvent molecules under 

an elevated temperature and high vacuum conditions.2, 3 

Alternatively, pre- or post-modification routes with metallic 

precursors can lead to generation of exposed metal sites into the 

framework materials.2, 29, 30 The later method is deemed to 

facilitate incorporation of exposed metal sites into porous 

organic framework (POF) materials31-34 and to give rise to an 

enhanced sorbate-sorbent interaction with a better hydrogen 

storage capacity at room temperature. 

Recently, a POF material synthesized via a reaction of 

melamine with terephthaldehyde was reported with a high BET 

surface area ranging from 300 to 1337 m2 g-1 and high 

porosity.35, 36 The reported melamine-terephthaldehyde 

framework (MTF) complex exhibits high structural and thermal 

stabilities due to its highly cross-linked nature. Unfortunately, 

the MTF compound exhibits a negligible hydrogen uptake at 

room temperature due to lack of active metal sites and the weak 

sorbate-sorbent interaction.  

In this paper, we report a facile synthesis of a Mg 

functionalized melamine-terephthaldehyde framework (MTF-

Mg) material via pre-modification for room temperature 

hydrogen physisorption. The synthesis of MTF-Mg was done 

by reacting Mg-modified-melamine with terephthaldehyde, 

following the reported procedure.35, 36 The pre-modification of 

melamine was achieved using a dibutyl magnesium reagent.37 

The selection of Mg metal for the functionalization was 

motivated by the observed excess hydrogen storage capacity of 

0.42 wt% at 298K and an isosteric heat of adsorption of 10.3 kJ 

mol-1 of MOF-74 with exposed Mg sites.38 In the MTF-Mg 

complex, the highly rigid and structurally stable cross-linked 
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framework should offer a stable chelated ligand environment 

and a high exposure of Mg cations to hydrogen gas, which 

might lead to an enhanced hydrogen storage capacity at 298K 

and a strong sorbate-sorbent interaction.  The experimental 

demonstration may shed a light on design of new adsorbent 

materials for high capacity hydrogen storage via physisorption 

at near ambient temperature conditions. 

Experimental 

Materials 

Melamine (Sigma Aldrich), 1,4-benzenedicarboxaldehyde (Alfa 

Aesar), di-butyl magnesium (Sigma Aldrich),  tetrahyrofuran 

(THF) (RCI labscan), dichloromethane (Sigma Aldrich),   

acetone (Sigma Aldrich), and diglyme (Sigma Aldrich). All 

chemicals were of an analytical grade and thus used without 

further purification. THF, acetone and dichloromethane were 

dried before use. 

Synthesis of MTF-Mg complex 

The MTF-Mg polymeric organo-magnesium complex was 

synthesized in a two-step reaction, as shown schematically in 

Scheme 1. In the first step, a flame-dried three neck flask fitted 

with a condenser and a magnetic stirring bar was charged with 

melamine (500 mg, 3.96 mmol) and a hexane (40 ml) solvent 

under argon atmosphere at -78 oC. Subsequently, di-butyl 

magnesium (5.94 mmol) was injected into the flask and stirred 

for 12 hrs under argon atmosphere, producing the Mg-

modified-melamine complex and butane gas. In the second step, 

1,4-benzenedicarboxaldehyde (796 mg, 5.94 mmol)  and 

diglyme (40 ml) were added into the reaction mixture, which 

was then stirred at 160 oC for 72 hrs under argon atmosphere. 

Upon cooling to room temperature, the precipitated MTF-Mg 

was filtered and washed with an excess of anhydrous acetone, 

anhydrous tetrahydrofuran, and anhydrous dichloromethane, 

respectively. The solvents were removed under a reduced 

pressure by using a rotary evaporator. Final drying was done at 

190 oC under vacuum in a tube furnace to produce a yellow 

powder with a yield of 70 %. FTIR (MTF-Mg): ῦ (triazine ring) 

1550 cm-1, 1480 cm-1, ῦ (adsorbed moisture) 3200-3400 cm-1 

(b).  

 

Scheme 1: The synthetic protocol of the MTF-Mg complex. 

Characterization 

Elemental analysis and ICP measurement were performed on 

Vario Micro Cube CHNX analyzer and Optima 5300 DV ICP-

OES, respectively. Powder X-ray diffraction (XRD) was 

performed on a D5005 Bruker AXS diffractometer with Cu-Kα 

radiation (λ = 1.5410 Ao) at room temperature. The diffraction 

pattern of the MTF-Mg complex was measured using a sample 

size of 70-110 mg. SEM images were obtained using a 

scanning electron microscopy (SEM) with Jeol JSM-6701F. 

Samples were prepared by gold sputtering under 9Pa at room 

temperature (20s, 30mA) with a JEOL JFC 1600 Fine Coater. 

All X-ray photoelectron spectra (XPS) were taken with a VG 

Scientific ESCALAB MKII spectrometer. Infrared 

spectroscopy was taken on the Varian resolutions (version 

4.0.5.009). Thermogravimetric analysis was performed on a TA 

instrument 2960 (DTA-TGA) from room temperature to 1000 
oC at the heating rate of 5 oC/ min.  

Hydrogen gas adsorption measurement 

Gas adsorption isotherms were obtained on a computer-

controlled commercial Gas Reaction Controller (GRC) 

manufactured by Advanced Materials Corporation. The GRC 

instrument is based on a volumetric method to determine gas 

adsorption and was calibrated by following the standard 

practice guidelines recommended by US DOE.39 The empty 

sample chamber was tested to determine its zero adsorption 

baselines at 298K and 77K, respectively (ESI Fig. S1). 

Furthermore, the GRC was also calibrated with commercially 

available standard materials such as basolite A100 (MIL53-Al 

MOF) and LaNi5 alloy at 77K and 298K, respectively (ESI Figs. 

S2 and S3). High purity H2 (99.9995) gas was used for the 

adsorption measurements.  

All gas adsorption-desorption measurements were performed 

following the standard procedure.7, 9, 40 Around 300 mg of 

MTF-Mg was sealed in a sample chamber inside a glove box to 

prevent an exposure to moisture and was subsequently activated 

at 150 0C under a reduced pressure (below 10-5 torr) for 

overnight on the GRC. The adsorption-desorption isotherms of 

the MTF-Mg complex were measured at 323K and 298K over 

the pressure range of 0-100 atm.  

The skeleton density of the compound was measured using a 

Quantachrome Ultrapyc 1200e instrument, which was 

calibrated using a sphere with a known volume (0.0898 cc). 

The skeleton density of the MTF-Mg complex (1.6 g cm-3) was 

provided to the GRC to obtain an accurate void space volume 

by subtracting the skeleton volume of the sample from the 

volume of the sample chamber.  

Enthalpy of adsorption 

Enthalpies of adsorption were derived from the Clausius-

Clapeyron equation.26  
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ln

1
adHp

R

T
θ

 
  ∆∂
  =
  ∂                               (1) 

where T represents the temperature, p is the pressure (in kPa), 

∆adH is the enthalpy of adsorption and R is the universal gas 

constant. 26 A plot of lnp against 1/T is a straight line of the 

slope ∆adH/R at a given surface coverage. 

Nitrogen gas adsorption 

Nitrogen gas adsorption-desorption isotherms were performed 

using a Micromeritics ASAP 2020 instrument. In a typical 

measurement, around 300 mg sample was transferred to a pre-

weighted tube under inert atmosphere to prevent an exposure of 

the sample from moisture.  The sample was activated under 

dynamic vacuum at 120 oC. The warm and cold free space 

corrections were performed for the sample using ultra-high-

purity He gas (purity 99.9995%). N2 adsorption-desorption 

isotherms were measured in a liquid nitrogen Dewar bath at the 

maximum pressure range of 1 atm.  

The average number of adsorbed H2 per Mg centre 

The average number of adsorbed hydrogen molecules per Mg 

centre in the MTF-Mg complex was estimated based on the 

Mg% obtained from elemental analysis data provided in Table 

1.  The MTF-Mg complex adsorb 0.7 wt% of hydrogen at 298K 

and 100 atm, which corresponds to 0.7 g (0.347 mol) hydrogen 

for 100 g sample. The MTF-Mg complex has 12.84 % of Mg 

(0.528 mol) in the sample. Therefore, on average each Mg 

metal centre holds 0.65 molecules of H2.  

Results and discussions 

Table 1. Elemental analysis results of the MTF-Mg complex. 

Compound  C% H% N% Mg% 
MTF-Mg Expected 45.94 2.97 35.74 15.50 

 Found 35.94 3.89 28.54 12.84 

 

 
Figure 1. The TGA thermograms of melamine (black), terephthaldehyde (red), 

MTF-Mg (blue) and Mg-modified-melamine (pink) under nitrogen atmosphere at 

the 5 
o
C/min heating rate. 

The elemental analysis data for the MTF-Mg complex is 

tabulated in Table 1. Due to the cross-linked polymeric nature 

of the MTF-Mg complex, it is difficult to assign an accurate 

empirical formula unit to the material, which results in the 

discrepancy in the elemental analysis data.35, 36 The TGA 

thermograms of the starting materials and the MTF-Mg 

compound are displayed in Fig. 1. The MTF-Mg complex 

shows a steep weight loss at ca. 468 oC, higher than the 

degradation temperatures of melamine (330 oC), Mg-modified-

melamine (264 oC) and terephthaldehyde (163 oC) under 

nitrogen atmosphere. The higher thermal stability supports the 

expected polymerization reaction between the Mg-modified-

melamine precursor and terephthaldehyde. In addition, the 

MTF-Mg complex displays a steady weight loss and a char 

residue of 19% at 1000 oC.  

FTIR measurement of terephthaldehyde, melamine and MTF-

Mg was done and results are depicted in the Fig. 2. In the 

spectra of MTF-Mg, the characteristic bands of –CHO 

functional groups at 2870 (C-H str.) and 1690 cm-1 (C=O str.) 

and the sharp bands of melamine at 3419, 3470 cm-1 (NH2 str.) 

and 1650 cm-1 (NH2 defor.) are absent or having low intensity, 

indicating a success of the condensation reaction.35, 41 In 

addition, the appearance of a broad band at 3200-3400 cm-1 is 

attributed to the adsorbed moisture during sample preparation. 

The absorption bands at 1550 and 1480 cm-1 are attributed to 

the C=N stretch of the triazine ring of the MTF-Mg complex. 

 
Figure 2. The FTIR spectra of terephthaldehyde (blue), melamine (red), Mg-

modified-melamine (pink) and MTF-Mg complex (blue). 

The X-ray photoelectron spectra (XPS) of the MTF-Mg 

complex are shown in Fig. 3. The carbon 1s binding energy of 

284.8 eV has been used to calibrate the binding-energy scale 

for the XPS measurements as recommended by National 

Institute of Standards and Technology (NIST) database.42 The 

C1s peak (Fig. 2a) can be fitted into four peaks, corresponding 

to the carbon atoms in the benzene ring (283.63 eV), the linkers 

(the carbon atom bonded to the more electronegative N or O 

atoms 284.98, 287.10 eV) and the triazine ring (288.60 eV), 

respectively.43, 44 The peak for the O1s band is due to the C-OH 

group formed during the condensation reaction and some un- 

reacted C=O groups of the terephthaldehyde monomer.35 The 

N1s band can be fitted into three peaks at 396.31, 397.56 and 

398.81 eV. The peak at 396.31 eV corresponds to the nitrogen 

atoms of the triazine ring (C=N-C) and the remaining two peaks 

at 397.56 and 398.81 eV are associated with the nitrogen atoms 

of the amine groups coordinated to the magnesium metals.35 

The energy band of Mg 2p can be approximately fitted into a 

group of the three peaks located at 50.33, (Mg bonded with the 

O containing groups) 51.26 (Mg–N) and 52.38 eV, (Mg–N), 
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respectively (Fig. 3c), reflecting different chemical 

environments. The high binding energy of the Mg 2p peaks is 

attributed to the high electronegativity of the nitrogen atoms 

and the delocalization of the charges, derived from the ionic N–

Mg bonds, into the aromatic ring.  

 
Figure 3. The X-ray photoelectron spectra of the MTF-Mg copolymer (a) high 

resolution scan of C1s, (b) high resolution scan of N1s, (c) high resolution scan of 

Mg2p, and (d) a complete scan. 

Nitrogen gas adsorption-desorption isotherms of the complex 

was collected at 77 K and 1 atm pressure (Fig. 4). Notably, the 

MTF-Mg complex exhibits a Type IV adsorption isotherm with 

a small desorption hysteresis, confirming the mesoporous 

nature of the material. The compound displays a BET surface 

area of 137 m2 g-1 and a Langmuir surface area of 222 m2 g-1, 

respectively. The surface area of MTF-Mg is lower than the 

reported values of the melamine-terephthaldehyde based 

network compounds without metal incorporation (300-1377 m2 

g-1 g), 35, 45, 46 most of MOF materials (150-5000 m2 g-1)26 and 

porous carbons (100-1500 m2 g-1).47 The relatively low surface 

area of the MTF-Mg complex is attributed to the 

functionalization of the organo-magnesium moiety. The DFT 

pore size distribution of the MTF-Mg complex (Fig. 4b) clearly 

indicates the presence of a wide range of nano-pores with the 

main pore size of about 18 Å.  

 
Figure 4. (a) The nitrogen adsorption-desorption isotherms at 77K for MTF-Mg, 

(b) the pore size distribution calculated from the nitrogen isotherm at 77K by 

applying a DFT pore size analysis method. 

 
Figure 5. The SEM micrograph of MTF-Mg copolymer. 

The porous structure of the MTF-Mg complex was further 

investigated by scanning electron microscopy (SEM). The SEM  

micrograph confirms that the MTF-Mg has loosely packed 

agglomerates and the wide pore size distribution is attributed to 

the inefficient packing of these agglomerates with a lack of 

topological self-complementarity (Fig 5).48 These amorphous, 

loosely packed structures are important for enhancing the 

accessibility of gas molecules to the active sites of the 

material.35  

 
Figure 6. (a) The excess hydrogen uptake of MTF-Mg, and (b) the excess 

hydrogen uptake at 298K and 100 atm in eight fully reversible adsorption-

desorption cycles in MTF-Mg. 

The hydrogen adsorption-desorption isotherms of the MTF-Mg 

complex are shown in Fig. 6a. The isotherm at 77K increases 

linearly without saturation. The linear adsorption isotherm at 

77K with the applied pressure has already been commonly seen 

in the low surface area Kubas type metal hydrazide gel 

materials.5-8 On the other hand, in most of the high surface area 

physisorption-based materials, the adsorption curve shows a 

saturation capacity reflected as the “Knee point” in the isotherm. 

We note here that the adsorption mechanism of the low surface 

area Kubas type gel materials and thus the MTF-Mg complex is 

characteristically different from that of the high surface area 

adsorbents where the Chahine’s rule,49 which states that 

hydrogen uptake at 77K is about 1 wt% per 500 m2 g-1 applies 

and the adsorption is governed by the van der Waals interaction 

between H2 and the host surfaces.49 Here, with the low surface 

area of MTF-Mg, the linear adsorption curve at 77K is 

attributed to adsorption of H2 molecules mainly on the exposed 

metal sites with a much stronger interaction. To rule out a linear 

increase of uptake upon gas compression, the apparatus with an 

empty sample chamber was thoroughly calibrated at 100 atm 

prior to the test (Fig. S1). At 298K and 100 atm, the MTF-Mg 
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complex exhibits a maximum hydrogen storage capacity of 0.8 

wt%, comparable to the previously reported values of MOFs 

with exposed metals2, 4, 26 and  some of  the metal hydrazide gel 

materials.5-8 It should be noted that despite 5 folds lower metal 

loading in MTF-Mg than in the Kubas type gel materials (12.84 

vs 50-80), the excess hydrogen uptake capacity is still 

comparable to the values observed in many Kubas type 

compounds mainly due to the relatively higher exposure of Mg 

cations in the MTF-Mg. The reversibility of hydrogen storage 

in the MTF-Mg complex and the cyclic stability were 

confirmed by eight fully reversible hydrogen adsorption-

desorption cycles at 298K and 100 atm (Fig. 6b).  

To quantitatively describe the adsorption strength, the isostearic 

heat of adsorption (Qst) was derived from the measured 

isotherms at 298K and 323K (Fig.7). The results confirm the 

low coverage Qst up to 13.2 kJ mol-1 calculated from the 

Clausius-Clapeyron equation and 12 kJ mol-1 calculated from 

the Virial method, higher than the reported heats of adsorption 

for H2 in MOFs with exposed metal sites. The high Qst 

supports the strong host-H2 interaction and the high hydrogen 

storage capacity of the complex at 298K. 

 
Figure 7. Calculated isostearic heat of adsorption of H2 on MTF-Mg from the 

isotherms at 298K and 323K, using the Clausius-Clapeyron equation and Virial 

method. 

Figure 8 depicts the comparison between MTF-Mg and a set of 

H2 physisorption MOF materials with exposed metal sites. 

Clearly, MTF-Mg displays higher Qst value than the exposed 

metal site MOFs, attributed to the relatively high exposure of 

the Mg metal sites in MTF-Mg. We note that among these 

materials, the surface area of MTF-Mg is the lowest but yet the 

compound exhibits comparable gravimetric hydrogen density. 

In comparison to the exposed Mg sites in MOF-74, the extra 

framework Mg cations in the MTF-Mg complex are relatively 

more exposed and thus enable a higher excess hydrogen uptake 

at 298K and a higher Qst value. Unfortunately, the relatively 

low surface areas and the lack of complete exposure of the 

cations may prevent these materials from storing molecular 

hydrogen with a higher capacity at room temperature. 

Nevertheless, this experimental demonstration represents a new 

direction for search of better materials for hydrogen storage via 

physisorption. 

 

 
Figure 8. A comparison of excess hydrogen storage capacity, surface area and 

isosteric heat of adsorption of several exposed metal site MOFs and MTF-Mg 

materials of present work. 

Conclusions 

We have presented a facile synthesis protocol of a polymeric 

organo-magnesium complex with exposed magnesium metal 

sites for room temperature hydrogen storage via physisorption. 

The synthesized MTF-Mg complex exhibits a relatively 

moderate BET specific surface area of 137 m2 g-1, lower than 

most of contemporary hydrogen physisorption materials. 

Remarkably, owing to the high exposure of the magnesium 

metal sites, the compound exhibits a higher isosteric heat of 

adsorption of 12 kJ mol-1 than the MOF materials with exposed 

metal sites with a comparable hydrogen uptake capacity of 0.8 

wt% at 298K and 100 atm pressure. The hydrogen storage 

capacity of MTF-Mg is lower than what has been reported in 

some of the Kubas type gel materials mainly due to its lower 

number of exposed metal sites. High hydrogen capacity at 

298K is thus envisaged if the surface area can be significantly 

enhanced and more exposed metal sites can be placed in the 

polymeric compound. Nevertheless, the experimental 

demonstration of the interaction between an exposed cation and 

H2 is important for future development of more effective 

materials to store hydrogen at near ambient temperature via 

physisorption. 
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