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Abstract 

Hydrogen counts as the fuel of the future for the decarboniza<on of industry and the transport sector. A 
membrane that contains porous materials as a filler can be used for energy transforma<on to gain 
hydrogen from different gas mixtures. The variety of porous materials makes it difficult to select a specific 
one for hydrogen separa<on. Covalent Organic Frameworks (COFs) are becoming increasingly popular for 
gas separa<on processes, especially for applica<ons at high temperatures. The proper<es of a COF depend 
on the configura<on of the various building units. Especially topologies containing the assembly of a planar 
cross are suitable for the desired proper<es of large surface area in combina<on with low density and 
small pores. Data-driven evalua<on is provided to select the most promising COF features and topologies 
from the CoRE-COF database of 1242 reported COFs based on quan<fica<on using the scoring model 
approach. The result of the scoring model shows that 3D COFs on average have higher poten<al compared 
to 2D COFs. Four different normalized scores describe the configura<on with the highest poten<al. The 
simple quan<fica<on approach of the preferred proper<es enables the selec<on of a specific topology 
from 2D or 3D covalent organic frameworks and serves as an indica<on for further advantageous features 
for a selec<ve hydrogen separa<on material. 
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Scien6fic Contribu6on Statement 

This study contributes to the field of porous materials for gas separa<on by developing a simple approach 
to evalua<ng the proper<es of covalent organic frameworks (COF) to iden<fy suitable COF which have 
promising poten<als as filers in mixed matrix membranes (MMM) for hydrogen separa<on. Unlike other 
studies, this approach focuses rather on the methodology simplicity to screen the COF that does not 
require high computa<onal demand such as molecular simula<on but rather focusing on their physical 
proper<es.  

1. Introduc6on 
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An urgent need to accelerate the energy transi<on process from a fossil fuel-based economy to a 
sustainable one increases with the consequences of climate change. In this perspec<ve, the use of 
hydrogen as one of the sustainable energy carriers becomes crucial. There are several ways to produce 
hydrogen. For example, hydrogen can be produced from the steam reforming of methane, which is 
currently one of the most common ways to produce hydrogen. Another possibility is to produce hydrogen 
from biomass pyrolysis, which could also be coupled with the produc<on of other func<onal materials 
such as carbon nanotubes. Regardless of the path chosen for hydrogen produc<on, it must usually be 
followed by the process of hydrogen purifica<on, where hydrogen is separated from other gases. The 
hydrogen purifica<on process also plays an important role when considering the hydrogen transport 
process. For example, the use of natural gas pipelines could be considered as one of the most promising 
alterna<ves for the distribu<on of hydrogen. Hydrogen can be mixed with natural gas and thus a separa<on 
process is required before the final user can use purified. Another example is the transport of hydrogen 
by first conver<ng it into ammonia or methanol, which is quite aVrac<ve and promising from the point of 
view of safety and sustainability [1]. Hydrogen can be transported in form of one of the men<oned 
derivates like ammonia between various hydrogen valleys [2]. The deriva<ve can be cracked in the valley 
to release energy or hydrogen gas as needed.   However, as in the previous case, this approach also requires 
a separa<on process before the purified hydrogen can be used, since ammonia must first be cracked and 
thus separated from nitrogen. 

Hydrogen separa<on process can be carried out by various methods such as cryogenic dis<lla<on and 
pressure swing adsorp<on. The main drawback of these conven<onal technologies is their high energy 
consump<on. Membrane technology is a promising alterna<ve to replace conven<onal separa<on 
technologies. There are several advantages associated with the use of membranes for hydrogen 
separa<on, such as high separa<on performance, low carbon footprint and low energy consump<on. [3]. 
To date, most membranes used in industry are made of polymeric materials. Despite their advantages in 
terms of economics and fabrica<on, their performance is always limited by the trade-off between 
produc<vity and selec<vity, usually represented by the Robeson plot. Therefore, different strategies have 
been proposed to overcome this challenge and one of them is the construc<on of a mixed matrix 
membrane.  

A mixed matrix membrane (MMM) is a membrane composed of at least two different materials: polymers 
and fillers. The former acts as a con<nuous phase while the laVer acts as a discrete phase. The 
incorpora<on of fillers into the polymer matrix is then expected to increase the separa<on performance 
of polymer membranes and thus exceed the upper limit. To date, various fillers such as zeolite, graphene 
oxide, metal organic frameworks (MOF) and covalent organic frameworks (COF) have been inves<gated 
for the prepara<on of MMM for hydrogen separa<on [4]. Among all these possibili<es, COF may be one 
of the most promising fillers because of their customizable architecture and high porosity, they are built 
by covalent bonding and thus have beVer framework stability [5] making COFs favorable fillers for 
processes with high temperatures stable requirements [6]. 

Data based analysis or machine learning have been used in various studies to select MOFs with a specific 
target or for a specific applica<on [7]. Despite promising poten<al of COF, there are only a few studies 
using COF as fillers in MMM for hydrogen separa<on. One of the main reasons for this lack of studies may 
be due to the large number of COFs that have been reported, which is clearly reflected by the number of 
COFs published in the last decade [8].  This makes it difficult to ra<onally select the COF to be used as fillers 
in MMM. This study aims to provide preliminary evalua<ons of the COF that have high poten<al to be used 
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as fillers in MMM. For the evalua<on criteria of the COF, there are three proper<es that will be evaluated 
in this study, namely the gravimetric surface area, the pore size, and the density of each COF. The three 
proper<es are chosen because they can represent different influences on the gas separa<on performance, 
such as adsorp<on and interac<on ability, geometric separa<on ability, and increasing free volume [9,10]. 
The unitless scores of these parameters quan<fy the COFs based on grouped proper<es such as topology 
to evaluate the hypothe<cal hydrogen separa<on performance, which can be used as a guideline to 
evaluate their suitability as fillers in MMM used for hydrogen separa<on. Scoring is commonly in 
management to evaluate unrelated characteris<cs as a suppor<ng tool to find the most promising op<on. 
This study aims to show that simple methods can also be established in engineering or materials science. 
For example MolScore proves that normalized scoring with values between 0 and 1 enable the comparison 
of mul<ple parameters [11].  

1. Materials and methods 

2.1 Dataset and Approach 
 The data used in this study was obtained from the CoRE COF database. The dataset includes all published 
COFs with their name, topology, type, reference, simulated or measured surface area, pore limi<ng 
diameter (PLD), largest cavity diameter (LCD), density, void frac<on and func<onal volume of each material 
[12]. To learn from previously published COFs, materials must be reported to a database that stores the 
data in a standardized way that allows comparison of individual proper<es and features. Upda<ng the 
data-driven evalua<on with new materials shows different results due to changes in scores. Evalua<on of 
the data-driven output by researchers results in simulated materials that are used for various purposes in 
the applica<on. The next step is to physically synthesize the selected COF. Adjustments and op<miza<ons 
during synthesis can result in different crystallinity and therefore different proper<es compared to the 
ideal simulated ones. Analysis of the physical COF in combina<on with op<mized synthesis condi<ons [13], 
leads to new Covalent Organic Frameworks that can be evaluated in the following analysis approach (see 
figure 1).  

Figure 1: Circular process with the use of data-driven evalua9on 

Previous simula<ons from Koc University have shown that hypothe<cal COFs that do not match the kine<c 
diameter of hydrogen are promising materials for hydrogen purifica<on processes [14].  
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2.2 Scoring model 
In general, a scoring model comprises of three essen<al elements: input variables, scoring algorithms, and 
scoring outputs [15]. Input variables are the data points which are then processed using various scoring 
algorithms, which are developed based on mathema<cal models, to produce scores as the output. 

 In this study three different parameters of the COF are used as the input variables, namely the gravimetric 
surface area, the density and the pore size. The gravimetric surface area can be correlated with the gas 
adsorp<on performance of the COF since in general, higher surface area leads to higher gas adsorp<on 
capacity. Meanwhile, the density parameter can be associated with the porosity that gives an indica<on 
of the unoccupied space inside the material [16]. This could then be related to the permeability 
improvement of polymeric membranes when such COF are incorporated into polymeric matrices. Finally, 
the pore size parameter is related to the ability of the COF to perform molecular sieving for hydrogen 
separa<on, which could improve the hydrogen selec<vity of the resul<ng MMM. In addi<on, it should be 
noted that the input variables used in this study do not consider the func<onal groups that can be 
incorporated within the COF. The selected three main characteris<cs of the COF (e.g., surface area, density, 
and pre-size) are already sufficient to provide a preliminary evalua<on of the COF that could be used as 
fillers in MMM for hydrogen separa<on. This contributes to simplifica<on without sacrificing the 
effec<veness of this approach.  

First, we analyze the output score based on the combina<on of the gravimetric surface area and the 
density of the COF. The gravimetric surface area represents the interac<on of the material with the gas 
molecules as well as the adsorbing performance. The density represents the porosity that gives an 
indica<on of unoccupied space or free volume inside the material [16]. The result of this combina<on 
represents a material with high free volume and high interac<on between gas molecules and framework. 
This value is normalized using the min-max normaliza<on against the ideal condi<on, where the highest 
surface area in combina<on with the lowest reported density and pore size is targeted [17]. The output 
score for this combina<on analysis is given as the density score (DS) which is the result of the mul<plica<on 
product of the normalized SBet, represen<ng the gravimetric surface area, with the normalized inverse of 
density, represen<ng the unoccupied space. 

A mul<plica<on by 10 results in values between 0 and 10, where 0 represents a non-porous material and 
10 an ideal material for both features. The higher the value, the closer the combina<on comes to the ideal. 
Equa<on 1 shows the calcula<on of DS: 

𝑫𝒆𝒏𝒔𝒊𝒕𝒚	𝑺𝒄𝒐𝒓𝒆	(𝑫𝑺) =

	
𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝐴𝑟𝑒𝑎 8𝑆𝐵𝑒𝑡	𝑖𝑛𝑚2𝑔 @

𝑀𝑎𝑥. 		𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝐴𝑟𝑒𝑎	 8𝑖𝑛𝑚2𝑔 @
	 ∗ E1 − 	

𝐷𝑒𝑛𝑠𝑖𝑡𝑦	 K𝑖𝑛 𝑔
𝑐𝑚3M

𝑀𝑎𝑥. 		𝐷𝑒𝑛𝑠𝑖𝑡𝑦 K𝑖𝑛 𝑔
𝑐𝑚3M

N ∗ 10	 (1) 

The second analysis is carried out by combining the surface area parameter and pore size. Assuming a 
large diameter can form channels where the gas molecules can penetrate through in a strait way, smaller 
channels and micropores are advantageous [18]. The combina<on of both parameters represents a 
material with a high accessible surface area in the form of small pores. The equa<on to calculate the TS is 
then given in equa<on 2: 
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𝑻𝒐𝒑𝒐𝒍𝒐𝒈𝒚	𝑺𝒄𝒐𝒓𝒆	(𝑻𝑺) =

	
𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝐴𝑟𝑒𝑎 8𝑆𝐵𝑒𝑡	𝑖𝑛𝑚2𝑔 @

𝑀𝑎𝑥. 		𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝐴𝑟𝑒𝑎	 8𝑖𝑛𝑚2𝑔 @
	 ∗ 	 T1 −

𝑃𝑜𝑟𝑒	𝑆𝑖𝑧𝑒	𝐿𝐶𝐷	[𝑖𝑛	𝑛𝑚]
𝑀𝑎𝑥. 		𝑃𝑜𝑟𝑒	𝑆𝑖𝑧𝑒[𝑖𝑛	𝑛𝑚]\

∗ 10	 (2) 

The third combina<on analysis the combina<on of the density and pore size. This score describes the 
distribu<on of a small pore size with respect to the porosity of the material. A high score is representa<ve 
of a light atomic structure that forms small pores. For efficient use in a MMM the aim is to divide the free 
volume into the smallest possible pores. The equa<on 3 shows the formula to calculate the DPS score: 

𝑫𝒆𝒏𝒔𝒆	𝑷𝒐𝒓𝒆	𝑺𝒄𝒐𝒓𝒆	(𝑫𝑷𝑺) =

E1 − 	
𝐷𝑒𝑛𝑠𝑖𝑡𝑦	 K𝑖𝑛 𝑔

𝑐𝑚3M

𝑀𝑎𝑥. 		𝐷𝑒𝑛𝑠𝑖𝑡𝑦 K𝑖𝑛 𝑔
𝑐𝑚3M

N 	 ∗ 	 T1 −
𝑃𝑜𝑟𝑒	𝑆𝑖𝑧𝑒	𝐿𝐶𝐷	[𝑖𝑛	𝑛𝑚]
𝑀𝑎𝑥. 		𝑃𝑜𝑟𝑒	𝑆𝑖𝑧𝑒	[𝑖𝑛	𝑛𝑚]\ ∗ 10	

(3) 

The last formula combines all three features. In addi<on, the normalized features are weight, to manage 
the influence of the property on the gas separa<on performance. 

 𝑺𝒄𝒐𝒓𝒆	𝑪𝒐𝒎𝒃𝒊	(𝑺𝑪) = 

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎛ 0.5 ∗

𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝐴𝑟𝑒𝑎 =𝑆𝐵𝑒𝑡	𝑖𝑛𝑚2𝑔 E

𝑀𝑎𝑥. 		𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝐴𝑟𝑒𝑎	 =𝑖𝑛𝑚2𝑔 E
+

0.3 ∗ 	 J1 −
𝑃𝑜𝑟𝑒	𝑆𝑖𝑧𝑒	𝐿𝐶𝐷	[𝑖𝑛	𝑛𝑚]
𝑀𝑎𝑥. 		𝑃𝑜𝑟𝑒	𝑆𝑖𝑧𝑒	[𝑖𝑛	𝑛𝑚]U +

0.2 ∗ V1 − 	
𝐷𝑒𝑛𝑠𝑖𝑡𝑦	 Y𝑖𝑛 𝑔

𝑐𝑚3Z

𝑀𝑎𝑥. 	𝐷𝑒𝑛𝑠𝑖𝑡𝑦 Y𝑖𝑛 𝑔
𝑐𝑚3Z

[
⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎞

∗ 10 (4) 

 

The influence of the Surface Area represents the interac<on between gas molecule and framework; 
therefore, the gravimetric surface area influences the SC with 50%. Represen<ng the Knudsen Effect and 
respec<ng the kine<c diameter of hydrogen the pore size weighs in with 30%. The density of the material 
represents the unoccupied volume that provides free volume to take the poten<al permea<on into 
account.  

All scores are equivalent to rankings where 0 is the least and 10 the highest score. The quan<fica<on allows 
to rank the COFs based on different combina<ons of features. Furthermore, comparison between different 
similari<es like stacking of 2D-COFs or interpenetrated 3D-frameworks can be quan<fied. 

3. Results and Discussions 

3.1 Comparison of Density, Topology and Dense Pore Score 
First, based on the maximum values of materials in the COF database the maximum boundary values for 
the surface area, the density and the pore size are defined as 10.000 m2/g, 2 g/cm3 and 10 nm, respec<vely. 
In this study, COF with higher surface area, low density and small pore size are preferable. COF with high 
surface area might be beneficial to increase the gas interac<on to the framework resul<ng in higher 
selec<vity [19]. Meanwhile, COF with low density property is preferable since it is directly related to the 
material porosity and represents both the void frac<on and the func<onal volume [21]. As in the case of 
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gravimetric surface area, COF with lower density is preferable since it correlates with their high porosity 
and thus could contribute to increasing the MMM gas permeability. Meanwhile, with respect to the pore 
size, a small pore of around 0.289 nm is preferable, due to the kine<c size of hydrogen [22]. In this case, 
choosing COF with small pore size might then contribute to enhancing the MMM hydrogen gas selec<vity.  

We analyze the correla<on between the DS, TS and DPS represen<ng the favorable proper<es based on 
the distribu<on in the Figure 2. In the three figures, we split the result based on the COF main morphology, 
namely 2D and 3D, which are colored in blue or yellow, respec<vely, to gain a deeper understanding of the 
impact of different COF morphology on each score. Figure 2A shows the correla<on between DS and TS. 

The rela<on between the two scores DS and TS tends to show a linear correla<on with an increasing 
variance as either the DS or TS gets higher. However, the non-straight linearity, for example at a DS of 6, 
shows that the scores do not directly correlate to each other influenced by the pore size effec<ng the TS. 
Only 27 COFs reach scores above 6 in both scores. Aier splijng the data set based on the dimension into 
2D and 3D materials, the first trend indicates that 3D-COFs in general show higher poten<al based on the 
twenty materials in the targeted area represen<ng 13% of the 3D data points, even though there exist 
seven 2D-Frameworks with equally high scores that are in the same area of figure 2A. The seven data 
points represen<ng only 0.6 % of the 2D data are closer to each other and trend to show a linear 
correla<on. The devia<on of the twenty 3D COFs expresses more flexibility when it comes to designing a 
favorable structure. In general, the 3D COFs show poten<al to reach higher scores, but the researcher 
must differen<ate in the selec<on due to the higher variance. 

We then analyze the correla<on in figure 2B and 2C, between the DS and DPS as well as TS and DPS, 
respec<vely. In Comparison to the rela<on of the two other scores the DPS shows a non-linear trend. The 
DPS values increase exponen<ally at DS and TS scores between 0 and 1. COFs with a DS or TS score 
between one and two show a high DPS but a low DS and TS. The highest value of with a high point at DS 
and TS around 2 followed by decreasing DS and TS with increasing DPS. Due to the opposite ra<o, the 
course of the curve shows that the database does not include materials with high DPS as well as high DS 
or TS. Therefore, it looks like COFs with high values for all three scores cannot be manufactured. In figure 
2B and 2C the target area can be defined by a line between the maximum scores of 10. The line depicts 
the border of possible and physically impossible materials. The area with no reported materials in both 
figures point out that the individual desired targets are contradictory. In conclusion a high DS or TS results 
in a low DPS, if the Density or Topology Score is above 2. Because of the rela<on between DPS and the 
other scores, an ideal material, which meets all desired requirements, has not been reported yet and may 
not exist. For the selec<on of one specific material respec<ng a combina<on of the three favorable 
proper<es the Score Combi (SC) is introduced. Both COF types are evaluated individually in terms of 
dimension based on the SC. 
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Figure 2: Comparison of A Density and Topology Score, B Density and Dense Pore Score, and C Topology and 
Dense Pore Score 

3.2 2D Covalent Organic Framework 
Aier analyzing the general trend of TS, DS and DPS, we further analyze the results based on the COF 
morphology which will be ini<alized by discussing the 2D COF in this sec<on. The analysis is carried out 
based on the variety of different topologies of 2D COF which describes the possible configura<ons of 
different geometric building unit [23].  

First, as presented in Table 1, around 88% of all reported 2D COF are in hcb topology which represents the 
forma<on of hexagonal pore channels. Even though it cons<tutes the majority of 2D COF, iIt seems that 
the COF with this topology is not the best op<on to be used as fillers in MMM used for hydrogen 
separa<on. This can be reflected through its SC score which could be considered as average in comparison 
to other 2D COF topologies. For example, 2D COF with sql topology with a square geometry exhibits higher 
average scores compared to 2D COF with hcb topology. The sql 2D COF are synthesized by combining a 
planar cross monomer containing four func<onal groups with a linear unit containing two func<onal 
groups. Among the various examples of 2D COF with hcb topology, both TAPP-BDP and CCOF-2 exhibit the 
highest poten<al. The former, which is reported to be used for photocatalysis [24], reaches the SC score 
of more than 7. Meanwhile, the laVer reaches SC score above 8, which is the highest individual score out 
of the 2D COFs. Another case can also be seen in 2D COF with fxt topology, where a double wall forms the 
main pores. For the forma<on of the pores a double number of atoms stabilize the mesopores. The 
mesopores enable a high void frac<on. However, pores with more than 2 nm in combina<on with a low 
density are not suitable for the targeted applica<on. 

Table 1. Average TS, DS, DPS and SC of 2D COFs based on their topologies 

Topology Topology 
Score 

Density 
Score 

Dense Pore 
Score 

Score 
Combi Reported materials 

3D 3,67 3,98 3,63 6,36 143 
2D 1,68 1,57 5,36 4,86 1099 

htb 2,30 2,06 5,31 5,25 2 
bex 1,90 1,51 5,35 5,06 5 
sql 1,87 1,68 5,22 5,02 260 

kgm 1,73 1,84 5,71 4,88 41 
mtf 1,59 1,10 5,13 4,84 2 
fes 1,50 1,27 5,41 4,82 6 
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hcb 1,62 1,53 5,39 4,81 770 
hxl 1,53 1,07 5,17 4,77 5 
tri 1,50 1,05 5,19 4,76 1 

kgd 1,09 0,73 5,03 4,50 5 
fxt 1,19 1,32 6,13 4,40 2 

Grand Total 1,91 1,85 5,16 5,03 1242 
 

In addi<on to the evalua<on of the 2D COF topology, we analyze the results based on the different stacking 
configura<ons exis<ng in the 2D COF. In general, the stacking in 2D COF can be classified either as AA or 
AB stacking. AA stacking means that the layers of the 2D-COF sheets are directly aligned on top of each 
other, with atoms or molecules in each layer posi<oned exactly above those in the layer below. AB 
stacking refers to layers arranged that the atoms or molecules of the second layer fit into the gaps of the 
first layer, resul<ng in an offset stacking [25]. The result of the analysis based on the 2D COF stacking is 
depicted in the Figure 3. As can be expected, shiied AB-stacked materials reach slightly higher Density, 
Topology Scores and a higher Score Combina<on compared to the AA alterna<ve. The slight shii of one 
layer enables the surface area to increase. The stability of the structure increases too [26]. In contrast a 
high Dense Pore Score prefers AA-stacked COFs. The space between the layers decreases in AB-Stacking. 
This forma<on reaches higher packed density, resul<ng in a worse DPS while the maximum pore size stays 
the same. The data is supplemented by another column in which the form of stacking is manually entered. 
Only COFs with reported entries of AA and AB of the same material are considered. 

 

Figure 3: Influence of AA- and AB-Stacking on all four scores 

3.3 3D Covalent Organic Framework 
Aier analyzing the 2D COF, we con<nue the analysis on the 3D COF with the same approach. As in the 
case of the 2D COF, the scores in the 3D COF are also grouped based on the COF topologies and the result 
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is presented in the Table 2. As has been previously men<oned, in general, COFs with 3D morphology 
achieve higher scores compared with their 2D COF counterpart which might be contributed from the 
establishment of the interconnec<ons within the 3D COF frameworks that enables to use the third 
dimension as void frac<on. The impact on the surface area and density improves the scores compared to 
2D COF, as reflected in higher DS and TS. The increasing number of op<ons to connect different building 
units do not show a specific trend and tend to vary depending on the topology of the 3D COF. Compared 
to the posi<ve impact, a high DPS results in a low score combina<on like in 2D stacked COF. It follows that 
the DPS influences the combined score SC nega<vely.  

The most common three-dimensional organic configura<on is the diamond. 55% of the 3D COF data are 
reported in dia topology, characterized by tetrahedral linkage connected in a diamond-like arrangement. 
Table 2 shows the dia-group averages in the lower half of topologies. The variance of DS, TS and DPS for 
the dia group is more balance around values of 3 to 4 than in topologies with higher SC.  Other topologies 
with a high TS like cut, Ph and pts have in common that they contain a planar cross building unit. For the 
design of the desired proper<es, this building unit shows more poten<al. From each of the top three 
topologies only one or two simulated COFs are reported resul<ng in less evidence for a general trend. The 
group with the highest SC and more than three reported materials is the Ph topology. These COFs are 
formed by linking trigonal-planar and square-planar building units. The dihedral angles below 90° result in 
a highly crystalline structure with significant porosity and surface area [27]. 

 

Table 2. Average TS, DS, DPS and SC of 3D COFs based on their topologies 

Topology Topology 
Score 

Density 
Score 

Dense Pore 
Score 

Score 
Combi Reported materials 

3D 3,67 3,98 3,63 6,36 143 
cut 5,69 6,56 2,50 7,79 1 
lvt 5,66 6,26 2,66 7,72 1 

hea 5,36 6,67 2,55 7,68 2 
fjh 5,25 6,47 2,65 7,60 3 
bcu 5,43 5,77 2,91 7,51 3 
tbo 4,27 7,57 1,96 7,48 4 
tty 5,34 5,29 3,12 7,38 1 
pcb 4,85 5,55 3,34 7,23 2 
ffc 4,00 6,80 2,52 7,19 5 
pts 4,78 5,39 2,83 7,14 7 
ctn 4,88 4,66 3,55 7,07 8 
sqc 4,96 4,26 3,09 6,94 3 
stp 3,94 5,40 3,39 6,81 7 
acs 3,61 3,08 4,46 6,20 1 
bor 3,24 3,47 4,17 6,08 5 
dia 3,30 3,27 3,78 6,02 79 
ceq 2,94 2,71 5,03 5,79 2 
spn 2,62 3,28 5,52 5,73 1 
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soc 2,62 2,35 5,41 5,66 3 
ljh 2,17 1,51 4,89 5,21 1 
scu 1,87 1,53 5,43 5,11 2 
ion 1,07 0,68 5,06 4,45 1 
hcb 0,66 0,29 3,97 4,12 1 
2D 1,68 1,57 5,36 4,86 1099 

Grand Total 1,91 1,85 5,16 5,03 1242 
 

In addi<on to the COF topology, we also discuss the result in the 3D COF based on the interpenetrated 
structure of the framework whose result is presented in the Figure 4. Interpenetra<on in COF framework 
refers to a structure where mul<ple independent networks are interwoven within a single material. In the 
context of COFs, this means that two or more dis<nct frameworks are intertwined, crea<ng a more 
complex and stable structure. The numbers in the Figure 4 show the level of interpenetra<on, 1 stands for 
non-fold interpenetrated. This interpenetra<on can enhance the mechanical strength, stability, and 
func<onal proper<es of the material [28]. In general, two- or three interpenetrated 3D-COFs show higher 
scores to non- or higher-fold-interpenetrated op<ons of the same type of material. Figure 4 shows that 3-
fold interpenetrated materials are the most promising COFs on average.  The material with the highest 
individual SC above 8.5 belongs to the dia topology, a two-fold interpenetrated 3D-Sp COF containing a 
hindered rota<on tetrahedral monomer [29].  

 

 
Figure 4: The effect of fold-interpenetra9on in 3D-COFs on all four scores 
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Lastly, we also analyze the result of the 3D COF based on the number of the func<onal groups of the 
building blocks and the result is presented in the Figure 5. Compared to planar 2D-COFs the third 
dimension offers more op<ons for combina<on and an increasing number of func<onal groups of the 
building units. In Figure 5, the the colour represents the sum of the func<onal groups and forms the 
number of monomer combina<on. For example, in the case of dia, it represents [4 + 2], a monomer with 
4 func<onal groups reacts with the partner monomer of 2 func<onal groups. Since mul<ple configura<on 
op<ons are possible in 3D space, the sum of the func<onal groups contained of both monomer building 
units forming the framework increases up to 12 in case of [8 + 4]-combina<on. The trend shows that as 
the number of func<onal groups increases, the SC tents also to increase. Excep<ons like for the scu 
topology refute this. This means that selected highly interconnected frameworks show a high poten<al for 
hydrogen separa<on. The most well-known synthesis for 3D-COFs is the Schiff-based reac<on, a primary 
amine reacts with a primary aldehyde to generate a covalent -C=N- bonding and water. With every imine 
connec<on there is a chance of a cis- or trans- configura<on. A favorable trans-imine generates a linear 
connec<on resul<ng in higher crystallinity. With every interconnec<on the chance of forming cis-imine 
products increases affec<ng the crystallinity of the final material [30]. Therefore, the number of monomer 
combina<ons can also be seen as degree of complexity for the crystalliza<on process. A high value means 
high complexity for the synthesis. The lowest number of reac<ng func<onal groups is 5. A value of 4 would 
represent a polymer chain. The number represents the difficulty of manufacturing a high crystallin COF. A 
high number represents high interconnec<on inside the framework. 

 

Figure 5: Ranking of Score Combi and Sum of func9onal groups in 3D COFs 

A higher number of reac<ng func<onal groups of the monomers tend to reach higher scores. However, 
the number of reported materials containing a monomer combina<on higher than nine reac<ng func<onal 
groups by polycondensa<on reac<on is limited to twenty-five reported COFs that are meanly only 
simulated ones. One idea to achieve higher interconnec<on is to add one func<onal group to the monomer 
building unit. This effect can also be described as “cantella<on” reported on Metal Organic Frameworks in 
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2020 [31] and can also be considered for COF synthesis. Instead of a para-func<onal group that is aligned 
straight, the meta or ortho-monomer can be used to increase the score. The change also doubles the 
number of func<onal groups for one monomer building unit. 

4. Conclusion 
This study has shown that the scoring model method can be used as a simple effec<ve tool for the 
preliminary evalua<on of COF that can be used as fillers in MMM for hydrogen separa<on. In this case, 
the scoring model allows to find the trends of COF based on the important parameters for gas separa<on 
processes, namely surface area, density and pore size. Our evalua<on study then showed that, in 
general, 3D COF could be more promising as fillers in MMM for hydrogen separa<on than their 2D 
counterparts. This is because their interconnec<on enables the forma<on of frameworks with higher 
surface area, lower density and smaller pore size. In par<cular, the 3D COF built with planar cross 
building unit, high interconnec<vity and with interpenetrated framework are desirable to be used as 
fillers in MMM for hydrogen separa<on. This can be exemplified as in the case of 3D COF with cut or Ph 
topology. However, this does not exclude the fact that some of the 2D COF may also be promising to be 
used as fillers in the MMM for hydrogen separa<on. For example, the evalua<on results of 2D COF show 
that planar cross-linked monomers as in sql topology have a high poten<al in the form of AB stacking, 
which can be beneficial to increase the hydrogen selec<vity in MMM due to the reduc<on of the pore 
aperture of the COF.  

Although this simple approach is remarkably effec<ve, its effec<veness is highly dependent on the input 
variables. The CoRE-COF database needs to be updated regularly. Unfortunately, the dataset does not 
contain COFs reported in the last five years, and several 3D topologies are represented by only one 
material in the available dataset, so the trends shown by only one data point must be evaluated cri<cally. 
Nevertheless, we have successfully demonstrated in this study that this simple tool can be effec<vely 
used as a preliminary evalua<on tool for the judicious selec<on of COF as fillers in MMM for hydrogen 
separa<on. 
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