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Abstract: A novel ferrocene-based nanoporous organic polymer (FNOPs-1) for clean energy 

application has been prepared by coupling 1,1'-ferrocene-dicarboxaldehyde with melamine. The 

BET surface area and the total pore volume of FNOPs-1 are 752.4 m2/g and 1.32cm3/g, 

respectively. FNOPs-1 exhibits excellent gas storage capacity like 16.61wt% of carbon dioxide, 

3.48 wt% of methane, and 1.27 wt% of hydrogen at 273K/1.0bar.  

The dramatic increases in the amount of greenhouse gases such as CO2 and CH4 in atmosphere 

are believed to be responsible for global warming, sea level rise, and climate change. Hydrogen is 

recognized as the cleanest energy source nowadays since combustion of hydrogen has high caloric 

value and environmentally compatible byproduct. In addition, methane is the main component of 

natural gas and at present, there is a great interest in expanding its application for fueling 

automobiles because of its widely availability and its lower CO2 emission in comparison with 
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petroleum. However, a current challenge for the development of hydrogen-based and 

methane-based technology is the available materials, which can store and deliver large amount of 

hydrogen or methane near room temperature and at low pressures.1 In the past two decades, 

various porous polymers such as covalent organic frameworks (COFs),2, 3 conjugated microporous 

polymers (CMPs),4, 5 polymer with intrinsic microporosity (PIMs),6 hypercrosslinked polymers 

(HCPs),7, 8 and nanoporous organic polymers (NOPs)9-11 were developed as adsorbents for gas 

storage and gas selective separation. As an emerging solid adsorbent, NOPs has attracted 

extensive interests and hold the greatest potential for commercial use due to a series of advantages 

like high porosity, low density, and excellent stability.12-14 Recently, NOPs with functional 

building units was intensively investigated to obtain high gas storage capacity.15 

Ferrocene and its derivatives are a kind of special organic metal complexes and have extensive 

applications in the field of electric catalytic and biological sensors.16 To date, there are very few 

reports about the preparation and the application of ferrocene-based nanoporous frameworks.17, 18 

Weber and Kistan17 prepared microporous ferrocenyl Schiff base network with a BET surface area 

of 430m2/g by the coupling of 1,1'-diacetyl ferrocene with melamine. Recently, Ferrocene-based 

statistical copolymers of poly(ferrocenyl)-co-divinylbenzene produced by Kleitz et al.18 showed 

porous properties with BET surface areas ranging from 385 to 899 m2/g and hydrogen uptake of 

0.4─0.67 wt%. Ferrocene possesses a double-deck sandwich structure, which can be used as a 

rigid building unit to expanded porosity of NOPs. Therefore, it would be valuable to use ferrocene 

derivatives as a building unit for NOPs and endow NOPs with new properties and application 

prospects.  

Inspired by the above works, the strategy of ferrocene being a building unit of NOPs was 
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demonstrated. We synthesized a novel ferrocenyl nanoporous organic polymer (FNOPs-1) by the 

coupling of 1,1'-ferrocenedicarboxaldehyde and melamine in the medium of dimethyl sulfoxide 

(DMSO) at 180�, and investigated its gas uptake capacity. Scheme 1 shows the synthesis route of 

FNOP-1.  

 

Scheme 1 Synthesis route to FNOPs-1 

The synthesized FNOPs-1 was insoluble in any common organic solvent such as DMSO, 

N,N'-dimethylformamide (DMF), and tetrahydrofuran (THF), as well as in diluted HCl solution 

(~10 wt%). There was no weight loss can be found after soaked in diluted acid for 48 h, moreover, 

the BET surface area value of acid soaked FNOPs-1 was very close to that of the original 

FNOPs-1. These facts suggested that FNOPs-1 has a hypercrosslinked and physicochemical stable 

property. The thermal stability of FNOPs-1 was investigated by thermogravimetric analysis under 

air atmosphere (Fig. 1). The result indicated that FNOPs-1 remains stable up to approximately 

240� (sharp weight loss) in air atmosphere, and the weight loss below 240℃ (0~20 wt%) was 

believed to be water and residual solvent loss due to smooth curve in the range of room 

temperature to 240℃. The strong charge transfer interactions between ferrocene and triazine rings 

were possibly responsible for its excellent thermal stability. The physicochemical and thermal 

stability of FNOPs-1 was comparable to that of other microporous polymer materials such as 

CMPs,19 HCPs,20 COFs,3 and PIMs.6 Furthermore, the thermal stability of FNOPs-1 is better than 
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that of MOFs.21 The excellent stability endows FNOPs-1 with broader application range, 

especially in a harsh environment.  

 

Fig. 1 TGA curves of FNOPs-1 under air atmosphere 

  The chemical structure of FNOPs-1 is firstly confirmed by solid-state 13C NMR spectroscopy. 

As shown in Fig.2, the spectrum shows four resonances at 113, 134, 163 and 177 ppm. The 

resonance at 113 ppm and 134 ppm can be assigned to the beta-C and the alpha-C atoms in 

ferrocene, respectively. The signal at 163ppm originates from the CH of C=N bond, which is 

slightly larger than that reported by Yaghi et al.22 We think that the withdrawing electron effect of 

ferrocene will be responsible for that. The resonance at 177ppm can be correlated to the 

quaternary carbon atoms in the melamine, and is also slightly larger than the data reported by 

Müllen et al.23 Apart from the above reason, the overlapping peaks of 163ppm and 177 ppm may 

be also the second reason for the large chemical shift.  

The chemical structure of FNOPs-1 is characterized by Fourier tansform infrared (FT-IR). The 

FT-IR spectrum of FNOPs-1 (Figure S2) exhibits a characteristic stretching vibration of C=N at 

1552 cm-1. As for the C=N stretch band, there were several different reports like 1635cm-1,24 

1620cm-1,22 and 1597cm-1.25 In the present study, we think that the bond length of C=N was 

prolonged to accommodate ferrocene with double sandwich structure to achieve the most stable 

state. The prolonged bond length induced the red shift of C=N stretch band, and the increased 
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absorbance strength in comparison with those reported in the early study.24,25 Meanwhile, the 

stretching vibration of N-H in melamine at 3300-3500 cm-1 and C=O in 1,1'-ferrocenedi- 

carboxaldehyde at 1680 cm-1 have disappeared in the spectrum of FNOPs-1. Based on these 

experimental results, it can be concluded that melamine and 1,1'-ferrocenedicarboxaldehydethe are 

successfully coupled to form an organic network. Fig. 2A shows SEM image of FNOPs-1, and 

aggregated particles with random shape and sizes of 0.8–1.1 µm can be observed. AFM image 

(Fig. 2B) displays that FNOPs-1 is of porous and amorphous structure. In comparison with the raw 

materials of melamine, broad powder X-ray diffraction pattern of FNOPs-1 is featureless, 

suggesting its amorphous nature (Figure S4).  

  

Fig. 2 SEM image of FNOPs-1  

Nitrogen physisorption measurement is performed at 77K (Fig. 3A) in order to evaluate the pore 

structure of FNOPs-1. FNOPs-1 is microporous and exhibits a reversible Type-IV profile. There 

are a rapid uptake in the range of P/Po= 0.05–0.15, indicative of numerous micropores in FNOPs-1, 

and a rapid uptake in the high pressure region (P/Po= 0.6–0.9), suggesting that there are both 

mesoporous and macroporous structure in FNOPs-1. We think the voids derived from loose 

packing of small particles can be responsible for the macropores. It should be noted that there is a 

small adsorption-desorption hysteresis loop at high pressure region, which may be originated from 

A B 
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the pore networks effect and also from the irreversible binding of nitrogen molecules to the pore 

surface. The Brunauer–Emmett–Teller surface area (SBET) of FNOPs-1 was calculated to be 752.4 

m2g-1, and the total pore volume of 1.32 cm2/g. Although the surface area is lower than those of 

most COFs2, 26 and MOFs,27, 28 the total pore volume is still higher than that of COFs,26, 29 

CMPs,30, 31 and other porous polymer materials.8, 32 

  Pore size distribution curves of FNOPs-1 are estimated from the nitrogen adsorption branch by 

the nonlocal density functional theory (NLDFT) and shown in Fig. 3B. The data show a large 

number of pores in the micropore region extending to a more significant mesopore population. 

However, NLDFT fails to calculate the macropore fraction at all. The pore size distribution curve 

got from BJH method (Figure S5) exhibits a lower fraction of macropore.  

  Up to now, it is still a considerable challenge for onboard storage of H2 and CH4 fuels to meet 

volumetric and gravimetric targets in automotive applications, and it is also necessary to develop 

CO2 capture and sequestration technologies for stabilizing atmospheric CO2 levels. The 

remarkable porosity of FNOPs-1 intrigues us to investigate their performance in gas storage under 

low pressure conditions. Low pressure H2, CH4, and CO2 isotherms of FNOPs-1 are provided in 

Figure 3C-E, respectively. Moderate hydrogen storage (142.5 cm3/g, 1.27 wt%) is observed for 

FNOPs-1 at 77 K/1.0 bar, and under these conditions, H2 isotherms are not fully saturated because 

of the low critical temperature of H2 (33 K).1 This data is comparable to those of many other 

reported organic polymer networks such as ILCOF-1,3 CTC-COF,33 CPF-103,1 TzF-7,15 and 

NOPs,9, 10 as well as ferrocenyl hyper-cross-linked polymer PFe,18 although the SBET of FNOPs-1 

is lower than those of the porous organic polymers. Kleitz and Morin et al.18 also demonstrated 

that small amount of ferrocenyl units could significantly increase the hydrogen adsorption 
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capacity of hyper-cross-linked polymers. A small hysteresis suggests that there is an interaction 

between H2 and the pore surface of FNOPs-1, which is possibly responsible for the excellent 

hydrogen uptake capacity of FNOPs-1.  

       

      

         

Fig. 3 Gas sorption measurements of FNOPs-1: A) N2 isotherm curves, B) pore-size distribution 

curves derived from NLDFT, C) H2, D) CO2, E) CH4, and F) Isosteric heats of adsorption of CO2 

and CH4 for FNOPs-1 at different loadings.  

  The CO2 adsorption and desorption isotherms for FNOPs-1 were collected at 273K and 298K 

and presented in Fig. 3D. FNOPs-1 exhibited a respectable CO2 uptake capacity of 16.61 wt% 

(84.6 cm3/g) at 273K/1bar and 11.18 wt% (56.9 cm3/g) at 298K/1bar, respectively. These data 
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were much higher than most of the previously reported nanoporous organic polymers with 

ultrahigh BET surface area such as BLPs (12.8wt%, 2866 m2g-1),34 TDCOF-5 (9.2 wt%, 2497 

m2g-1),35 and ILCOF-1 (6.0wt%, 2723 m2g-1) under similar condition of 273K and 1.0 bar, but are 

lower than those of CPOP-1 (21.2 wt%, 2220 m2g-1)36 and SUN-C1-sca (19.3 wt%, 830 m2g-1).37 

The characteristics for CO2 uptake on FNOPs-1 were considered to be attributed to two factors. 

The first factor is the interaction between ferrocene units and CO2 molecules, because ferrocene is 

of withdrawing electron property and carbon dioxide is electron-rich, thus enhancing the CO2 

adsorption property. The second factor is the interaction sites provided by heteroatoms in FNOPs, 

which can enhance CO2 adsorption properties through dipole-dipole interaction.38 The small 

hysteresis in the CO2 adsorption and desorption isotherms demonstrated the interaction between 

CO2 and the solid surface.  

  In order to understand these observations, the coverage-dependent isosteric heats of CO2 

adsorption (Qst) for FNOPs-1 were calculated from the CO2 adsorption branches at 273K and 

298K by the Virial method39 (Figure S6A). As shown in Fig. 3F, the adsorption enthalpy is 32.8 

KJ/mol at the onset of adsorption, indicating a strong CO2-FNOPs-1 interaction, and gradually 

decreases to 16.37 KJ/mol with increasing the adsorption amount to 3.77 mmol/g. The value 

exceeds those reported for similar porous polymers like imine-linked COFs (18.3 KJ/mol)3 and 

CPOP-1(27KJ/mol),36 and is comparable to those of the functionalized porous polymers such as 

CMP-1-COOH (32.6 kJ/mol),40 PPN-6-SO3H (30.4 kJ/mol) and PPN-6- SO3Li (35.7 kJ/mol).41 

However, it is should be noted that the value of adsorption heat remain much below the energy of 

the chemical bond, suggesting the strong physisorption, which is desirable for CO2 release.  

  The CH4 isotherms at 273K and 298K are shown in Fig. 3E. The methane uptake of FNOPs-1 
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increases with an increase in the pressure, and achieves 3.48 wt% (2.17 mmol/g) at 273K/1bar and 

2.21 wt% (1.38 mmol/g) at 298K/1bar, respectively. Obviously, the CH4 adsorption has not 

reached saturation in the given pressure range, suggesting that the higher storage can be achieved 

under higher pressure. The gravimetric uptakes at low pressure for FNOPs-1 is higher than those 

reported for SNU-C1 (0.67mmol/g),37 and ILCOF-1 (0.9wt%),3 and even MOFs (NU-135, ~0.95 

mmol/g),42 but is considerably lower than those of COFs and MOFs obtained at high pressure.1, 42, 

43 The isosteric heats of CH4 adsorption (Qst) for FNOPs-1 were also calculated by the Virial 

method (Figure S6B). At zero-coverage, the Qst value for CH4 uptake is calculated to be 16.35 

KJ/mol, which is similar to those reported for various nanoporous organic polymers.42, 44, 45 The 

Qst value is lower than that for CO2 adsorption, indicative of weaker adsorbate-adsorbent 

interaction in relative to CO2. However, as shown in Fig.3F, the values first decrease, and then 

increase with an increase in the adsorption amount. The increasing heat of adsorption indicates the 

presence of methane-methane attractions.  

  The CO2/CH4 adsorption selectivity calculated from the slopes of the isotherms21 reach up to 

6.15 at 273 K (Figure S7A), which is slightly higher than the corresponding values of MOFs21 and 

COFs.46 The excellent CO2/CH4 selectivity of FNOPs-1 can be attributed to the stronger 

interaction with CO2 molecule than CH4. The value is reduced to 3.44 (Figure S7B) with an 

increase in the temperature at 298K.  

Conclusions 

  In summary, we demonstrated that novel ferrocene-based nanoporous organic polymers 

(FNOPs-1) has been prepared by coupling 1,1'-ferrocene-dicarboxaldehyde with melamine, and 

ferrocene was successfully introduced into the network as a building unit. FNOPs-1 exhibited 
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excellent physicochemical and thermal stability, and had a moderate specific surface area (752.4 

m2g-1) and a respectable pore volume (1.32 cm2/g). Because ferrocene is of withdrawing electron 

property, FNOPs-1 displayed excellent CO2 storage capacity (16.61 wt% at 273K/1bar and 11.18 

wt% at 298K/1bar), and moderate H2 and CH4 uptake at low pressure. The above results suggested 

that using 1,1'-ferrocene-dicarboxaldehyde as a building unit was a valuable methodology for 

expanding the porosity of nanoporous organic networks. The present study indicates that the 

ferrocenyl nanoporous network is a promising candidate as an adsorbent for clean energy 

application.  
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