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Abstract 

The use of two different classes of covalent organic frameworks (covalent triazine and imine 

linked frameworks) as supports for molecular Ni
2+

 catalysts is presented. For COFs, a large 

concentration of N heteroatoms, either in the form of quasi bipyridine or as diiminopyridine 

moieties, allows for the coordination of NiBr2 to the scaffold of the porous polymers. When 

applied as catalysts in the oligomerization of ethylene under mild reaction conditions (15 bar, 

50 ºC), these new catalysts display an activity comparable to that of their homogeneous 

counterpart and a five fold higher selectivity to C6
+
 olefins. Accumulation of long chain 

hydrocarbons within the porosity of the COFs leads to reversible deactivation. Full activity 

and selectivity of the best catalysts can be recovered upon washing with dichlorobenzene.  

Keywords: Ethylene oligomerization, Covalent Organic Framework, Ni catalyst, 

Porous Aromatic Polymers. 
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Introduction 

α-Olefins in the C4–C20 range are of the utmost importance as they are valuable and 

versatile feedstocks and building blocks for a variety of products that people consume 

on a daily basis, i.e. detergents, plasticizers, polymers, etc. Currently oligomerization of 

ethylene is the prevalent method for the synthesis of these olefins [1].  

Existing commercial processes utilise homogeneous catalysts. The two-step Ziegler 

stoichiometric process (INEOS), the one-step Ziegler process (Chevron-Phillips (CP) 

Chemicals) and the Shell higher olefins process (SHOP) are among the most widely 

applied industrial production methods together with the Idemitsu and SABIC processes. 

The two-step and the one-step Ziegler processes use triethylaluminum as a catalyst and 

SHOP is catalysed by nickel complexes, while Idemitsu and SABIC processes use a 

combination of Zr and alkylaluminium [2]. 

At the end of 1990s new efficient homogeneous catalysts were discovered and 

subsequently extensively studied. These are diimine and iminopyridine complexes of 

nickel, cobalt or iron in combination with alkylaluminum [3-14]. Though homogeneous 

catalysts in general show better performance, the use of a heterogeneous catalysts would 

be desired from a practical point of view, as it would ease catalyst handling and 

recycling and may result in enhanced selectivities to specially interesting products such 

as C8 olefins. In this spirit, significant amount of research on heterogeneous catalysts 

has been performed in the past few decades. Among those, nickel-exchanged zeolites 

[15-24], Ni-MCM and Ni-SBA catalysts [25-33], supported NiSO4 [34-41], supported 

NiO [42-48] and nickel-exchanged silica-alumina [49-53]. The most active Ni-

exchanged zeolite [17] and silica-alumina catalysts [51] show the formation of mainly 

C4-C8 olefins, with high selectivity to butenes (circa 70%). Selectivity to higher olefins 

can be enhanced by using bigger pore materials such as Ni-MCM catalysts [30, 32]. In 

all these cases, the formation of a minor amount of C10+ olefins was also detected 

(<10%). Supported NiSO4 catalyses ethylene dimerization with selectivity to butenes of 

100% [37, 39]. In case of supported NiO, at low temperatures (20
o
C) the only products 

are butenes, in contrast, when high temperatures (150-200
o
C) and high pressures are 

used, selectivity to butenes decreases to 10-13%, while, particularly, the formation of 

C6+ is enhanced. 
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 From a design point of view, the immobilization of well optimized homogenous 

catalysts offers a number of advantages such as better selectivity control and metal 

utilization. This approach has been followed by several groups. In these works, diimine 

nickel complexes have been anchored to MCM-41 and MFS [54] and to hybrid silica 

[55], iminopyridine metal complexes have been supported on carbon nanotubes [56, 57] 

and diimine, iminopyridine, bis(imino)pyridine metal complexes have been 

immobilized into mica layered materials [58-62].  

Catalysts supported on MCM-41, MFS and carbon nanotubes show a high activity in 

the polymerization of ethylene, while hybrid silica supported catalysts selectively form 

butenes of 100%. Another interesting and unique approach is reported by Malgas-Enus 

et al., who used nickel metallodendrimers in a combination with alkylaluminum 

compound as catalyst, [63] reaching a maximum selectivity to butenes of 55%, with 

most of the other products being C22-C60 oligomers. 

Recently, molecular heterogeneous catalysts based on Ni
II
 complexes supported on 

MOF materials were developed [64-69]. Another very interesting approach has been 

reported by Dinca’s group by using a MOF support with a secondary building unit 

Scheme 1. Proposed mechanisms for ethylene oligomerization. 
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structurally homologous to a 3-mesitylpyrazolyl Ni homogeneous catalysts [69]. In 

most cases, these catalysts display high selectivities to butenes (range from 85 to 95%) 

along with the formation of polyethylene on the surface of the catalyst [68]. 

The use of molecular catalysts requires the presence of a co-catalyst, alkylaluminum in 

most cases. According to the proposed reaction mechanisms [65, 68, 70, 71] (Scheme 

1), reaction with alkylaluminum has been proposed to either promote proton abstraction 

to active metal-hydride species (A), or to generate mono (B) or dialkylated (I) metal 

adducts. In case of metal-hydride or monoalkylated metal species, the next step is the 

insertion of ethylene to form a dialkylated adduct (I). Then the formation of an alkyl-

metal intermediate (II) takes place that leads to intermediate IV after releasing butene 

through β-hydride elimination. Further inclusion of additional ethylene molecules on 

complex (II) yields to the formation of higher olefins that are finally released via β-

hydride elimination 

When looking at the reaction mechanism and at the examples summarized above, it is 

clear that prediction of the product spectrum of a given catalyst is not trivial, although, 

in general, it is proposed that stabilization of the first oligomerization product (III) at the 

surface of the catalyst is crucial in determining the “chain growth probability” of the 

process. In this line, hydrophobic supports seem to result in the production of a larger 

amount of longer olefins, while more hydrophilic supports mostly produce butenes. 

 

In light of the existing literature, we decided to explore the use of Covalent Organic 

Frameworks (COFs), more specifically, of Porous Aromatic Frameworks (PAFs), as 

potential supports for Ni ethylene oligomerization catalysts. PAFs consist only of light 

elements (C, N and H) and display a high degree of tunability, both in terms of pore size 

and surface area. In this spirit, we studied the use of two different families of PAFs: 

Covalent Triazine Frameworks (CTFs) with micro- and mesoporous structures, and a 

lamellar structured imine-linked polymer network (IL-PON). In both cases, a large 

concentration of N heteroatoms (either in the form of quasi bipyridine moieties in case 

of CTFs or in the form of diiminopyridine moieties in case of the IL-PON) within the 

porous structure of these materials allows for the direct coordination of Ni
2+

. Our results 

demonstrate that both families of solids hold great promise for the selective formation 

of C8 olefins and that deactivation of the catalysts due to the adsorption of C8-C30 

products can be easily mitigated by catalyst reactivation in dichlorobenzene.   



5 
 

Experimental section 

Materials 

1,3,5-Tris(4-aminophenyl)benzene was purchased from TCI Europe N.V. and used as 

received. All other reagents and solvents were purchased from Sigma-Aldrich and used 

as received. 

Catalysts synthesis 

Synthesis of imine-linked porous organic network (IL-PON)  

The following general procedure was followed to prepare the IL-PON support: 116 mg 

(0.858 mmol) of 2,6-pyridinedicarboxaldehyde were dissolved in 10ml of DMSO; 200 

mg (0.569 mmol) of 1,3,5-tris(4-aminophenyl)benzene were dissolved in another 10 mL 

of DMSO. Then, solutions were mixed in a round-bottom flask and 1 mL of 99.8% 

acetic acid was added. Almost immediately there was a formation of the yellow 

polymer. Polymer was subsequently washed with methanol and THF and dried at 150
o
C 

under vacuum giving 286 mg (yield based on the monomers ~90%) of a yellow powder. 

Synthesis of mesoporous and microporous Covalent Triazine Framework (meso-CTF 

and micro-CTF) 

To synthesise microCTF, a glass ampoule was charged with with 2,6-

pyridinedicarbonitrile (0.124 g, 0.96 mmol) and anhydrous ZnCl2 (0.664 g, 4.8 mmol) 

in a glovebox. For the mesoCTF, the ampoule was charged with 2,6-

pyridinedicarbonitrile  (0.041  g,  320  µmol),  4,4'-biphenyldicarbonitrile (0.131 g, 640 

µmol) and anhydrous ZnCl2 (0.664 g, 4.8 mmol). The ampoule was flame sealed and 

the mixture was heated at 500°C for 48 h and then cooled to room temperature. The 

product was consecutively washed in 5M HCl at 100
o
C, in NH4OH at 60

o
C, in H2O at 

100
o
C and then in THF at 60

o
C, each step overnight. The washing steps might  seem  

excessive , but were, as we found, required to remove ZnCl2. Finally, the powder was 

dried in vacuum at 180
o
C overnight.  



6 
 

Coordination of DME*NiBr2 

A mixture of 0.1 g of Nickel(II) bromide ethylene glycol dimethyl ether (DME*NiBr2) 

and 15 mL of THF was placed in a round-bottom flask and stirred for 5 minutes, then 

0.2 g of a polymer was added. The mixture was stirred at 67
o
C overnight and filtered. 

Afterwards, the powder was washed with 50 mL of fresh THF at 70
o
C overnight to 

remove DME. The final product was filtered and dried under vacuum at 100
o
C. 

 

Characterization Techniques 

Argon adsorption was performed on a Micromeritics ASAP 2010 gas adsorption 

analyser (stainless steel version) at -186 ºC. For the DFT calculations on the pore size 

distribution, the MicroActive v. 3.00 (Micromeritics) software package was used using 

a Argon on oxides at 87K NLDFT (Non Local Density Functional Theory) model for 

CTF based samples, using a non-negative regularization method with a factor of 

0.03160, Standard Deviation of Fit: 0.99706 cm³/g STP for micro-CTF, 0.55780 cm³/g 

STP for Ni@micro-CTF, 0.85175 cm³/g STP for meso-CTF and 0.58938 cm³/g STP for 

Ni@meso-CTF. Carbon slit pores NLDFT model was used for IL-PON based samples, 

using a non-negative regularization method with a factor of 0.20000, Standard 

Deviation of Fit: 3.35521 cm³/g STP for IL-PON, 1.23988 cm³/g STP for Ni@IL-PON. 

XPS measurements were performed on a K-alpha Thermo Fisher Scientific 

spectrometer using a monochromatic Al Kα X-ray source. The measurements were 

performed at ambient temperature and chamber pressure of about 10
-7

 mbar. A flood 

gun was used for charge compensation. All the spectra measured were corrected by 

setting the reference binding energy of carbon (C1s) at 285.0 ± 0.025 eV. Spectra were 

analysed using the Thermo Avantage software package, background subtraction is done 

using the setting “SMART”. From the intensity ratios, the following selectivity factors 

were used – 3.726 for Zn, 4.044 for Ni and 0.477 for N. 
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For elemental analysis, the Ni@CTF samples were analyzed by Mikroanalytisches 

Laboratorium KOLBE, (Mülheim an der Ruhr, Germany), Ni@IL-PON samples were 

analyzed using PerkinElmer Optima 5300 (torch:4300) instrument, with ICP-OES 

5300DV. CHN analysis was also performed by by Mikroanalytisches Laboratorium 

KOLBE, (Mülheim an der Ruhr, Germany) using a CHN-Analyser from Elementar 

Model Vario EL. 

Scanning electron microscopy (SEM) images were recorded using a JEOL JSM-

6010LA with a standard beam potential of 10 kV and an Everhart-Thornley detector. X-

ray microanalysis (SEM/EDX) confirmed the elemental composition in the sample by 

the scanning electron microscopy (SEM) coupled with a dispersive X-ray microanalysis 

system (EDX) with a Silicon-drift detector. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed 

in a Bruker model IFS66 spectrometer equipped with a high temperature cell with CaF2 

windows and a 633 nm laser. The spectra were registered after accumulation of 128 

scans and a resolution of 4 cm-1. A flow of helium at 10 ml/min was maintained during 

the measurements. Before collecting the spectra, the different samples were pre-treated 

in a helium flow at 393 K for 30 min. KBr was used for background. 

Thermogravimetric analysis (TGA) was performed on a Mettler Toledo 

TGA/SDTA851e equipment, where 0.011–0.02 g of samples was screened for the 

change in its mass while heated from 303 to 1273 K with a heating rate of 2 K min
-1

 

under air flow. 

The gas phase was analyzed by a CompactGC4.0 from Interscience equipped with a 

FID detector and two consecutive columns: Rt-QBond, length 14 m, diameter 0.32 mm, 

and Rt-UBond, length 10 m, diameter 0.32 mm. Liquid phase was analysed by GC 

(Agilent 7890A) equipped with a FID detector and Durabond (DB-1) column, length 30 

m, diameter 0.25 mm. 
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Transmission Electron Microscopy (TEM) analysis was performed in a JEOL JEM-

1400-Plus microscope operated at 120 keV with LaB6 emission filament.  

 

Ethylene oligomerization 

Oligomerization experiments were performed in a Parr 5000 Multi Reactor Stirrer 

System under ethylene pressure (batch conditions). The reaction vessels (autoclaves) 

have a volume of 45 mL and were stirred at 1000 rpm with suspended magnetic bars. 

Autoclaves were filled inside the glovebox with 20 mL of heptane as solvent, 1.2 mL of 

the 1M triethylaluminum solution in heptane as a co-catalyst and 20 mg of Ni@micro-

CTF, Ni@meso-CTF or Ni@IL-PON as catalyst. Before starting the reaction the air in 

lines was removed by consecutive pressurizing and depressurizing the system with He. 

Ethylene was then introduced in the autoclaves until a pressure of 15 bar was reached. 

The autoclaves were heated to the desired temperature with a heating rate of 2 °C min
-1

 

and kept at this temperature for 2 hours. After the reaction, the gas mixture was 

collected with gas-bags and the liquid-phase was separated from the catalyst. 

In every case, the spent catalyst was filtered from the reaction mixture using a Nylon 

filter with 0.45µm pore size, washed in heptane at 50 °C for 1 hour and dried overnight. 

Afterwards, fresh heptane and triethylaluminum were added to the catalyst and reaction 

repeated as described above. 

A series of blank experiments were also carried out: (1) in the presence of only activator 

Et3Al; (2) in the presence of only catalyst; (3) only heptane, to estimate ethylene 

solubility under chosen conditions. From the blank experiment (3), the dimensionless 

Henry solubility was calculated: 

𝐻𝑐𝑐 =  
𝐶𝑎 

𝐶𝑔
, where Ca is liquid-phase concentration and Cg is gas-phase concentration, At 

20
o
C and 15 bar of initial pressure, a value of 0.66 was found for H

cc
. 
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Selectivity (S) and total number of turnovers (TON) were calculated according to the 

following equations: 

𝑆 =
𝑛product(mol) 

𝛴𝑛product(mol)
∙ 100% 

𝑇𝑂𝑁 =
𝑛converted carbon(mol)

𝑛Ni(mol)
 

 

Results and Discussion 

With the aim of exploring the suitability of different highly stable PAFs as supports for 

the immobilization of Ni, we selected two different types of solids: type one, the so 

called IL-PON is an diiminopyridine PAF and was synthesized via the acid catalysed 

condensation of 2,6-pyridinedicarboxaldehyde and 1,3,5-tris(4-aminophenyl)benzene, 

as previously described by Zamora et al. [72] (scheme 2a).  
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Scheme 2. Synthesis of the IL-PON through polyimine condensation (a), micro-CTF (b) and meso-CTF (c) and expected 

coordination of Ni2+ to the nitrogen species in the frameworks. 

 

The second type of supports belongs to the family of Covalent Triazine Frameworks 

(CTF, see scheme 2b,c), a highly porous class of organic polymers synthesized through 

the high temperature polymerisation of nitrile containing aromatic building blocks. In 
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order to tune the final porosity of the CTF, we synthesized a purely microporous 

material based on the polymerisation of 2,6-pyridinedicarbonitrile (denoted as micro-

CTF) and a micro-mesoporous solid obtained from the condensation of 2,6-

pyridinedicarbomitrile and 4,4'-biphenyldicarbonitrile in a 1:2 ratio (denoted as meso-

CTF). Synthesis methods previously reported by our group were followed for the 

preparation of the CTF supports [73]. 

The successful imine condensation during the synthesis of IL-PON was confirmed by 

diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy (Figure 1a). 

DRIFT spectrum of the polymer shows the presence of C=N (1597 cm
-1

) and C-C=N-C 

(1287 cm
-1

) moieties, while the C-N stretching mode from the 1,3,5-tris(4-

aminophenyl)benzene precursor (1279 cm
-1

) is not present in the final solid, 

demonstrating the full polymerization of the monomers [72, 74]. 

The Argon adsorption isotherm of IL-PON (Figure 1b) displays the typical "house of 

cards" shape with a low pore volume accompanied by a relatively larger uptake at 

moderate pressures. We attribute the three different regimes in the isotherm to 

adsorption in the pore mouth of the lamellar material (P/P0<0.05), formation of several 

Ar layers on the surface of the lamellas (0.05<P/P0<0.7) and condensation of Ar in the 

interlamellar space (0.7<P/P0<0.98). [75] 
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Figure 1. (a) DRIFT spectrum of 1,3,5-tris(4-aminophenyl)benzene (blue), IL-PON (red) and Ni@IL-PON (green); (b) Argon 

adsorption isotherms at -186 ºC for IL-PON support (red) and Ni@IL-PON catalyst (blue). Close symbols correspond to the 

adsorption and open symbols to desorption branches. 

Figure 2. Argon adsorption isotherms at -186 ºC for micro-CTF support (black), Ni@micro-CTF catalyst (blue), meso-CTF support 

(red) and Ni@meso-CTF catalyst (green). Close symbols correspond to the adsorption and open symbols to desorption branches. 

In contrast, adsorption isotherms on both CTF materials (Figure 2) show the fully 

microporous nature of micro-CTF and the micro-meso porous character of meso-CTF, 

in good agreement with our previous results [73, 76]. Table 1 summarizes the main 

textural properties of the different supports and catalysts. 

Table 1. Textural properties of polymers and catalysts 

Sample name 
BET surface area / 

m
-2

g 

Pore volume 

/ cm
-3

g 

IL-PON 106 0.87 

Ni@IL-PON 86 0.34 

meso-CTF 1803 1.15 

Ni@meso-CTF 1439 0.63 

micro-CTF 930 0.54 

Ni@micro-CTF 330 0.24 

 

CHN analysis performed on the three different supports revealed the following C:H:N 

ratios: IL-PON: 82..3: 5.5: 12..2; micro-CTF: 69.7: 3.0: 27.3; meso-CTF: 87.1: 2.0: 

10.9. When compared to the expected values according to polymerization stoichiometry 

(81.2:3.9:14.9; 65.1: 2.3: 32.6; and 78.2: 3.5: 18.2), the obtained N content is circa a 

80% of the expected one for IL-PON and micro-CTF and 60% of the expected ratio for 

meso-CTF. While in case of IL-PON and micro-CTF this can be attributed to the 
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presence of solvent occluded in the pores and/or to the high temperature used for the 

formation of the CTF (see XPS characterization, vide infra), in case of meso-CTF, this 

may be an indication of a slightly different polymerization ratio between the two 

monomers used. 

Ni
2+

 was coordinated to the diiminopyridine and quasi bipyridine moities of the support 

materials by excess impregnation of Nickel(II) bromide ethylene glycol dimethyl ether 

(DME*NiBr2) under mild conditions. Upon a one-step impregnation, Ni loadings of 4.7, 

2.8 and 2.8 wt % were obtained for Ni@IL-PON, Ni@micro-CTF and Ni@meso-CTF, 

respectively. These loadings correspond to molar N:Ni ratios of 10, 40 and 16, 

respectively and demonstrate that in all cases not all potential coordination sites are 

occupied by Ni. 

TEM micrographs of the different catalysts (see supplementary information file) reveal 

the expected lamellar structure of IL-PON and a good dispersion of Ni (note that no 

metal nanoparticles could be observed in any of the samples). On the other hand, the 

three polymers seem to macroscopically result from the agglomeration of small (10-50 

nm) primary particles. 

Thermogravimetric analysis (TGA) under air atmosphere (see figure 8) shows that all 

catalysts are stable up to 400
o
C under oxidizing conditions, with all samples presenting 

only a small weight loss under 100
o
C attributed to the loss of remaining solvent and 

moisture. The presence of Zn from the synthesis of meso-CTF is clear from the larger 

residue found on the TGA analysis of the fresh catalyst and from the XPS analysis 

below. 

Coordination of Ni
2+

 leads to a decrease in surface area for all catalysts (see figures 1 

and 2 and table 1), with a much bigger impact on micro-CTF, where a 65% of the 
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available porosity is lost after incorporation of a 2.8 wt% of Ni. In contrast, only a loss 

of a 20 % is observed for the bigger pore CTF material upon introduction of a similar 

amount of Ni and for the IL-PON upon coordination of a 4.7 wt% of Ni. These results 

are in good agreement with the expected accessibility of each support: in case of micro-

CTF, addition of the relatively bulky NiBr2 moieties would produce the blockage of part 

of the porosity, while addition of mesopores already mitigates this effect in meso-CTF. 

On the other hand, with most surface being available as external surface for the IL-

PON, the effect on final textural properties is even smaller. The available external 

surface together with the fact that all N atoms from the framework can engage in 

coordination explain the higher metal loading achieved for IL-PON.  

In order to study the coordination of Ni
2+

 to the frameworks, X-ray photoelectron 

spectroscopy (XPS) (Figures 3-5) was performed before and after Ni
2+

 impregnation. Table 2 

shows the relative surface content of N, Zn and Ni for all samples. One can see that the Ni:N 

ratio on the surface is much higher for Ni@micro-CTF compared to Ni@IL-PON and 

Ni@meso-CTF. It indicates that micro-CTF is less accessible for Ni compared to IL-PON and 

meso-CTF, in good agreement with the data from adsorption measurements. XPS shows the 

presence of residual Zn on the surface of CTF samples, coming from ZnCl2 used as catalyst 

for CTF synthesis. Introduction of Ni leads to further decrease of Zn surface content, and its 

amount can be considered insignificant compared to the surface content of Ni after 

coordination. 

Table 2. Relative content of Ni and Zn in different catalysts 

Sample IZn2p/IN1s INi2p/IN1s 

Ni@IL-PON - 0.31 

micro-CTF 0.06 - 

Ni@micro-CTF 0.06 0.54 

meso-CTF 0.15 - 
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Ni@meso-CTF 0.08 0.25 

According to the synthesis procedure, Ni can be either chemically coordinated to N functional 

sites of the framework or remain on the surface and in the pores as non-coordinated 

complexes or clusters. In order to reveal the chemical state of Ni in the catalysts, high 

resolution spectra of N1s and Ni2p line were analysed. Fig. 3 shows Ni2p spectra for all 

samples after Ni introduction. All spectra represent the line shape typical for Ni
2+

 compounds, 

however, binding energies of the main Ni2p3/2 peak are different: 855.3 eV for Ni@IL-PON 

and 856.1 eV for Ni@CTF samples. These binding energies definitely do not correspond to 

Ni(II) oxide NiO (main peak at 853.7 eV), but are in the range of typical values for most of 

Ni-O and Ni-N complexes [77].  

845 850 855 860 865 870 875 880 885

856.0

Binding Energy / eV

 Ni@IL-PON

 Ni@micro-CTF

 Ni@meso-CTF

855.3

 

Figure 3. Ni2p XPS spectra of Ni@IL-PON, Ni@micro-CTF and Ni@meso-CTF catlysts. 

Fig. 4 shows N1s line of IL-PON before and after introduction of Ni. The main peak of N1s 

line with binding energy of about 398.6 eV is clearly shifted to a higher binding energy (399.3 

eV), indicating the donation of electron density from N atoms, something normally observed 

upon coordination of N-containing groups to metal ions [78]. Additional peaks of N1s line of 
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IL-PON with higher binding energy (400.1 eV, 401.8 eV) disappear after Ni coordination, 

that let us attribute it to unreacted monomer and other non-framework species removed during 

the process of Ni introduction and washing.  

A similar, but less pronounced, behaviour is observed in case of micro-CTF and meso-CTF 

species. N1s lines of CTF samples consist of three peaks. First peak with binding energy of 

398.2 eV in case of meso-CTF and 398.4 eV in case of micro-CTF corresponds to pyridinic N 

species of the framework. Peaks at higher binding energy (399.8 and 401 eV), corresponding 

to partial framework decomposition due to high temperature treatment (pyrrolic and 

quaternary N species, respectively) [78, 79]. Introduction of Ni shifts the first peak to higher 

binding energy: this shift is very small in case of micro-CTF (0.2 eV) and more obvious in 

case of meso-CTF (0.4 eV). For both samples the binding energy of pyridinic N1s peak 

becomes equal to 398.6 eV after coordination of Ni. No shift is observed for peaks with 

binding energy of 399.8 and 401 eV, indicating preferential coordination of Ni to pyridinic N 

species within the CTF. However, the observed shifts are small compared to the one observed 

in case of IL-PON samples. This might indicate weaker coordination of the Ni
2+

 ions in case 

of the CTF materials. 

394 396 398 400 402 404 406 408 410

 Ni@IL-PON

Binding Energy / eV

399.3

401.8

400.1

 IL-PON
398.6

 

Figure 4. N1s XPS spectra of pristine IL-PON polymer and Ni@IL-PON catalyst. 
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394 396 398 400 402 404 406 408

402.8

401.1

399.8

398.6

 Ni@micro-CTF

Binding Energy / eV

403.0

400.9

399.8

 micro-CTF398.4

 

Figure 5. N1s XPS spectra of pristine micro-CTF and Ni@micro-CTF catalyst. 
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Figure 6. N1s XPS spectra of pristine meso-CTF and Ni@meso-CTF catalyst.  

A possible explanation for this effect could be attributed to the difference between N-

containing coordination cites of CTFs and IL-PON. IL-PON contains pincer-like diimino-

pyridinic groups in its structure that afford strong coordination of metal ions with its three 

nitrogen atoms. CTFs contain 6-membered triazino-pyridinic rings with 6 nitrogen atoms 

inside the ring (see figure 2), but size of the ring will be too large for Ni
2+

 ion in this case, so 

it would probably be coordinated only to two nitrogen atoms of six, leading to a weaker 

complex. 
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The catalytic performance in ethylene oligomerization of the different PAF based 

catalysts was studied in batch mode at 50
o
C under initial ethylene pressure of 15 bar in 

heptane using 20 mg of catalyst and Et3Al as co-catalyst. When the pressure in the 

reactor reached 15 bar, reactors were switched to a batch mode and stirring of the 

mixtures started. Due to the stirring, part of ethylene dissolves in heptane and pressure 

drops to about 8 bar. Reactor loading and all manipulations with reaction mixtures were 

carried out under inert atmosphere to avoid decomposition of Et3Al. 

Table 2 shows the total number of turnovers achieved by each catalyst based on the 

analyzed amount of liquid and gaseous products along with the selectivity to C4, C6 and 

C6+ olefins. While blank experiments performed with only Et3Al or PAF catalyst did not 

result in any conversion of ethylene, the combination of the solid catalyst and the 

homogenous co-catalyst was active. The obtained total number of turnovers is lower 

than reported for the homogeneous counterpart ((bpy)NiBr2) under similar reaction 

conditions and time on stream [68], but for every PAF based catalyst at 50 ºC, the 

selectivity to higher olefins is 5 times larger than that of the homogeneous one and 3 

times bigger for experiments performed with the Ni@IL-PON catalyst at room 

temperature. 

Table 3. Ethylene oligomerization catalysed by Ni containing catalysts.a 

Entry Catalyst 
Selectivity, % 

TON
b,c

 
C4= C6= C8= C10+ 

0[68] (bpy)NiBr2 (2.8µmol) 90 10 0 2240±100 

1 Ni@IL-PON (16 µmol) 58 20 15 7 370±60 

2 Ni@micro-CTF (9.6 µmol) 59 9 29 3 252±6 

3 Ni@meso-CTF (9.6 µmol) 54 17 17 12 301±50 

4 Ni@meso-CTF (9.6 µmol)
d
 68 15 10 7 269 

5 Ni@IL-PON-RT (16 µmol)
e
 70 14 10 6 561±30 

[a] Reaction were carried out in a batch mode at 50oC, with 15 bar of initial pressure of ethylene, heptane as a 

solvent, 20 mg of catalyst, 1.2 mmol of Et3Al as an activator. [b] TON were calculated as the moles of carbon 

converted/moles of Ni, after 2 hours of reaction. The amounts of products formed were calculated from GC-FID 

analysis of the reaction mixture. This number does not include the possible formation of alkenes bigger than C20. [c] 
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The value is given as average of two experiments. [d] 0.7 mmol of Et3Al (Al/Ni = 70), one run. [e] Experiments were 

performed at 25oC. 

Although small increases (i.e. 5 or 10 points) in selectivity to higher olefins have been 

reported upon immobilization of similar homogeneous systems [80], the ones found 

here are remarkable. When comparing the COF based catalysts with each other, in spite 

of the small differences found in number of turnovers, these results are in good 

agreement with the textural properties of the solids: on one hand, Ni@IL-PON, in spite 

of containing the highest amount of Ni, displays the highest activity per atom of metal, 

followed by the mesoporous material and with Ni@micro-CTF being the least active. 

These results suggest a link between active site accessibility and catalytic performance, 

with the small pore material most likely suffering from internal diffusion limitations and 

from the fact that not all Ni has been coordinated to the N moieties (vide supra). On the 

other hand, clear differences are found in terms of selectivities: while Ni@IL-PON 

displays a product distribution close to a classical ASF polymerization, with selectivity 

decreasing with the number of carbons in the olefin, the Ni@micro-CTF sample shows 

higher selectivities to C8= than to C6=. A similar trend, although less prominent, is found 

for Ni@meso-CTF. We rationalize these results on the basis of re-adsorption of 

products due to a slower diffusion in the micropores of both CTFs, leading to further 

oligomerizations. In this way, C4= formed in the external surface of the particles would 

directly desorb, while those olefins forming inside the narrow micropores will suffer 

subsequent reactions leading to higher hydrocarbons. This effect is less important in 

case of the micro-meso catalysts, where diffusion of products will be faster than in case 

of micro-CTF.  

Table 4. Comparison of reported catalytic activity of heterogeneous catalysts for ethylene oligomerization. 

Entry Catalyst T, 
o
C P, bar Al/Ni Ni, wt% 

SC4, 

% 

SC6+, 

% 
Reference 

1 Ni@IL-PON 50 15 70 4.7 58 42 This study 

2 Ni@micro-CTF 50 15 100 2.84 59 41 This study 
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3 Ni@meso-CTF 50 15 100 2.83 54 46 This study 

4 Ni@meso-CTF 50 15 70 2.83 68 32 This study 

5 Ni@IL-PON-RT 25 15 100 4.7 70 30 This study 

6 Ni@MIL101 25 30 70 2 95 5 [65] 

7 Ni@MOF 5 15 70 27.7 89.1 10.9 [64] 

8 NU-1000-bpy-NiCl2
a
 21 15 70 2.7 93 7 [68] 

9 Ni@MixMOF 40 20 100 1.17 92.7 7.3 [66] 

11 Ni-MFU 50 15 100 10 85.2 14.8 [69] 

12 Ni(N,N)/MCM-41 25 12 5 3.5 84 5.8 [81] 

13 Ni(P,P)@silica 60 10 250 n.a. 54 45 [82] 

a Pressure was kept constant at 15 bar during the reaction. 

When compared to the literature (see table 4 and references [64-68, 81, 82]), the 

selectivity of the PAF based catalysts to medium chain olefins is higher than those 

reported for other systems based either on MOFs or silica based supports. With this 

comparison, one should keep in mind that experiments here reported were performed at 

slightly higher temperatures (50 vs. 20-25 °C) than in most of the references listed in 

table 3. We intentionally chose a slightly higher temperature than that commonly used 

in order to have a better control over reaction conditions. 

It is indeed well known that the rate of the -H elimination displays the lowest 

activation energy and may become the rate limiting step at higher temperatures  (see 

Figure 6.1), leading to higher selectivities to C6+ olefins and to lower overall reaction 

rates. [83] However, even for those cases where similar reaction temperatures were used 

(table 4 entries 9, 11 and 13) the selectivity shown by the PAF based catalysts to longer 

hydrocarbons is striking. In the same line, experiments performed with the Ni@IL-PON 

at room temperature (table 4, entry 5) display at least a three-fold increase in selectivity 

to C6+ compared to other systems. Only in case of the wide pore silica Ni phosphine 

immobilized catalyst in entry 13, similarly low selectivities to C4= have been reported, 
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even when these expensive P containing ligands are known to promote the formation of 

longer hydrocarbons [80].  

The results presented so far demonstrate that the chosen PAFs display catalytic 

performances in terms of activity not far from their homogenous counterparts and 

selectivities to more interesting olefins (C8+) higher than for most homo and 

heterogeneous catalysts reported to date based on Ni-pyridine systems. We attribute this 

change in selectivity to the higher affinity of the fully organic PAF supports for the 

reaction products, that may lead to a higher surface concentration of olefins and 

therefore to higher chances for multiple oligomerization reactions.  

In order to further explore the catalytic stability of these new systems, we studied their 

re-use in consecutive catalytic runs. Recyclability experiments were performed after 

recovering the used catalyst via filtration and washing in heptane at 50°C for 1 hour 

followed by overnight drying. 

Figure 7 shows the changes observed in activity and selectivity over 5 consecutive runs 

for all catalysts, while detailed changes in selectivity after each run are given in the 

supplementary information file.  
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Figure 7. (a) Catalytic activity in ethylene oligomerization reaction vs. number of cycles and change of selectivity vs. cycle for 

Ni@IL-PON (experiments performed at room temperature) (purple), Ni@IL-PON at (green), Ni@micro-CTF (red) and Ni@meso-

CTF (blue): (b) 1st cycle, (c) 5th cycle. Reaction conditions: 20 mL of heptane as solvent, 1.2 mL of 1M triethylaluminum solution in 

heptane as a co-catalyst and 20 mg of catalyst. T = 50 ºC; reaction time = 2 h; P0=15 bar; autoclave volume = 45 mL. 

 

Going from the first to fifth cycle selectivity to butenes rises up and reaches values over 

80%, while the formation of C8=+ oligomers becomes negligible for all samples. 

Surprisingly, both in terms of activity and selectivity, the microporous CTF catalyst is 

the one that suffers the smallest decline. A decrease in selectivity to longer 

hydrocarbons along with a clear drop in catalytic activity after the first reaction cycle 

can be rationalized on the basis of pore blocking by either the co-catalyst or by the 

retention of ethylene oligomers within the porosity of the material. In order to quantify 

the effect of both processes, we performed a thermogravimetric analysis of the spent 

catalysts after one reaction cycle. TGA analysis of spent catalysts (Figure 8) confirms 

the presence of an additional inorganic residue (attributed to a mixture of Al2O3 and 
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NiO upon calcination) and the presence of carbon deposits that are combusted at circa 

300 ºC, prior to the decomposition of the organic frameworks, pointing to the presence 

additional olefins adsorbed within the porous scaffolds. 

 

 Figure 8. TGA analysis in air of fresh and spent catalysts after one reaction cycle. Heating rate = 2 ºC min
-1
 

 

From figure 8, it is clear that the mesoporous CTF and IL-PON contain a bigger amount 

of adsorbed olefins. Hence, the lower decrease in activity and selectivity of the micro-

CTF can be explained by the lower formation of long hydrocarbons within the porosity 

of the material, most likely due to the fact that most reaction takes place at the surface 

of the catalyst’s particles. On the other hand, although Ni@meso-CTF seems to 

accumulate a minor amount of Al species, no clear correlation between this 

accumulation and the observed deactivation can be drawn at this point.   

With the aim of fully recycling these catalysts and having in mind that the observed 

deactivation is mostly due to the formation of long chain olefins non soluble in heptane, 

we performed additional experiments by recycling the catalysts with an intermediate 

washing step using dichlorobenzene instead of heptane. The choice of the solvent was 

based on the much higher solubility of long chain olefins on the aromatic solvent. When 

using this procedure (Figure 9), both mesoporous PAF based catalysts (IL-PON and 

meso-CTF) fully recover their initial activity, while the smaller pore Ni@micro-CTF 

still presents a drop in activity similar to that shown after washing with heptane. On the 

other hand, Ni@IL-PON and Ni@micro-CTF display a slightly higher selectivity to C4 
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olefins while Ni@meso-CTF exhibits a similar product distribution as during the first 

cycle. GC analysis of the 1,2-dichlorobenzene used in the washing step demonstrated 

the presence of olefins up to C30 for all three catalysts. These results demonstrate that 

the main reason for deactivation is strong adsorption of long chain olefins within the 

porosity of the different catalysts, but also infers that adsorption of the Al activator may 

play a role in the observed lower selectivities of Ni@IL-PON and Ni@micro-CTF after 

recycling. Current efforts are focused on the inclusion of an activator function within 

these scaffolds with the objective of developing a truly heterogeneous catalyst that does 

not require the use of alkylaluminum in solution. 

 

Figure 9. a) Effect of catalyst reactivation conditions on catalytic activity expressed as number of turnovers (TON) after 2 hours 

of reaction. b) Olefin selectivity after catalyst re-activation with 1,2-dichlorobenzene. Reaction conditions: 20 mL of heptane as 

solvent, 1.2 mL of 1M triethylaluminum solution in heptane as a co-catalyst and 20 mg of catalyst. T = 50 ºC; reaction time = 2 h; 

P0=15 bar; autoclave volume = 45 mL. 

 

Conclusions 

In summary, we have explored the use of two different classes of covalent organic 

frameworks (covalent triazine and imine linked frameworks) as supports for molecular 

Ni
2+

 catalysts. A thorough XPS analysis of these materials demonstrates that the large 

concentration of N heteroatoms, either in the form of quasi bipyridine moieties or as 

diiminopyridine moieties, allows for the coordination of NiBr2 to the scaffold of the 

porous polymers. Electronic effects of coordination seem to be stronger in case of the 
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IL-PON. This fact together with the sheet like morphology of this material render 

catalysts with a higher concentration of Ni and activities, per atom of Ni, higher than 

those found for the CTF based materials. Textural properties of the support have been 

shown to play a key role in product distribution, with meso-CTF and IL-PON 

displaying a higher selectivity to long chain olefins and a larger degree of deactivation 

due to the accumulation of long olefins on the catalyst under reaction conditions. Full 

activity of the mesoporous catalysts can be recovered upon thorough washing with 

dichlorobenzene.  

Our results demonstrate that porous aromatic frameworks hold great promise as catalyst 

supports: the outstanding stability and rich design tunability of these materials, along 

with the possibility of including additional heteroatoms for the coordination of metals 

and their intrinsic hydrophobic nature render PAFs as ideal supports for the 

heterogenization of molecular complexes. 
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