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1. Characterization of CTF-biphenyl 

1.1. Infrared spectroscopy (IR) 

 

Figure S1. IR spectrum of CTF-biphenyl. 

 

1.2. Elemental analysis 

The final composition of CTFs strongly depends on the synthesis conditions. In the case of 

biphenyl-based CTFs, an optimal C/N ratio cannot be obtained using Friedel-Crafts synthesis, 

ionothermal synthesis or Suzuki coupling (Table S1). Only the synthesis under Brønsted acidic 

conditions shows good agreement with the theoretically calculated values. However, since the 

application of the materials for gas separation is the focus of this work, an appropriate porosity 

is of crucial importance. Since the BET-surface areas of the CTFs produced under Brønsted 

acidic conditions are generally lower [1,2], a different method must be employed. The 

ionothermal method generally produces CTFs with higher BET surface areas. The synthesis 

temperature plays a crucial role at this point. An increase in temperature leads to the generation 

of more defects, which increase the porosity but lead to a lower nitrogen content [3]. Another 

problem is the production of CTFs on a larger scale, which so far can best be solved with 

Friedel-Crafts alkylation. In a previous work, different synthesis conditions were investigated 

concerning Friedel-Crafts synthesis [4]. The use of cyanuric chloride in excess resulted in 

higher nitrogen content, but lower BET surface area. The optimal conditions for a CTF with the 

linker fluorene were transferred to the synthesis of CTF-biphenyl. A too low nitrogen content 

can be attributed to the formation of polymer chains through C-C bond formation of biphenyl 

units via the Scholl reaction [5,6], which would result in a relative reduced incorporation of 

triazine units. The remaining mass fraction can be explained by residues of aluminum species 
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from the catalyst AlCl3, as well as by an undetectable oxygen content. The C/H ratio is 

somewhat lower than theory, that is the hydrogen wt% is higher than expected. This can be due 

to the presence of adsorbed water/moisture during sample handling and storage before CHN 

analysis, as discussed in [7,8,9]. Subsequently, the adsorbed water content will also add to the 

lower than expected nitrogen wt%. 

Table S1. Elemental analysis of CTF-biphenyl and other biphenyl-based CTFs prepared by 

different synthesis methods. 

Compound Synthesis C 

[wt%] 

H 

[wt%] 

N 

[wt%] 
C/N 

ratio 

C/H 

ratio 

BET 

[m2/g] 

Ref. 

Theoreticala   82.33 3.95 13.72 6.00 20.84 - - 

CTF-

biphenyl 

Friedel-

Crafts 
71.29 3.80 6.92 10.30 18.76 940 

This 

work 

CTF- 

DCBP 
Ionothermal 84.20 2.18 5.41 15.56 38.62 2475 [10] 

CTF-2 Suzuki 69.26 4.84 9.00 7.70 14.31 
200-

400 
[11] 

CTF-2 
Brønsted 

acidic 
75.88 3.81 12.21 6.21 19.92 560 

aFor idealized structure, see Scheme 1. 

1.3. Thermogravimetric analysis (TGA) 

 

Figure S2: TGA curve of CTF-biphenyl measured under synthetic air 
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1.4. Scanning electron microscopy (SEM) 

 

Figure S3. SEM images of CTF-biphenyl. 

 

1.5. N2-sorption 

 

Figure S4. N2-sorption isotherm (a) and pore size distribution (b, by QSDFT) of CTF-biphenyl. 

1.6. CO2 and CH4 sorption 

 

Figure S5. CO2 and CH4 sorption isotherms of CTF-biphenyl at 298 K. 
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Table S2. Comparison of CO2 uptake capacities and BET-surface areas of different biphenyl-

based CTFs (1 bar, 298 K). 

CTF material Synthesis CO2 uptake 

(1 bar, 298 K) 

BET surface 

area, N2 at 77K 

[m2/g] 

Reference 

CTF-biphenyl Friedel-Crafts 1.87 mmol/ga 940 This work 

CTF-2 Brønsted acidic 1.25 mmol/g 560 
[11] 

CTF-2 Suzuki Suzuki 0.19 mmol/g 209 

Material 3 Friedel-Crafts 41 cm3/g 646 [12] 

a at 0.96 bar 

 

1.7. Ideal adsorbed solution theory (IAST)  

The CO2 and CH4 isotherms (298 K) of CTF-biphenyl were fitted with the Toth model. 

Table S3. Parameters for Toth fitting. 

Gas Temperature 

[K] 

Model R² Affinity 

constant K 

[1/bar] 

Maximal 

loading qmax 

[mmol/g] 

Heterogeneity 

exponent t 

CO2 298 Toth 0.9999 1.126 6.246 0.553 

CH4 298 Toth 0.9990 0.771 0.841 2.749 

The selectivity of CTF-biphenyl for a binary (50:50; v:v) mixture of the gases CO2/CH4 was 

calculated by applying the ideal adsorbed solution theory, IAST. Figure S6 depicts the CO2/CH4 

selectivity as a function of the pressure. 

 

Figure S6. IAST selectivity of CTF-biphenyl for a binary (50:50; v:v) mixture of the gases 

CO2/CH4 at 298 K. 
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2. Synthesis and characterization of [BMIm][NTf2] 

2.1. Synthesis  

[BMIm]Cl was synthesized with 1-methylimidazole (24.63 g, 0.3 mol) and 1-chlorobutane in 

equimolar proportions (27.77 g, 0.3 mol) via a microwave reaction [13]. The educts were stirred 

and treated for 1 h at 150 °C and 500 W in a microwave reactor (CEM, Mars 6). The resulting 

[BMIm]Cl was added dropwise to ice-cold ethyl acetate. After decanting, the solid [BMIm]Cl 

was dried under vacuum (yield: 47.8 g; 91 %). 1-Butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide, [BMIm][NTf2] was obtained by anion exchange. For the 

metathesis reaction, [BMIm]Cl (43.67 g, 0.25 mol) and lithium bis(trifluoromethane-

sulfonyl)imide (71.77 g, 0.25 mol) were stirred in water for 24 h. The aqueous phase was 

extracted three times with DCM (200°mL) and subsequently washed with water until the 

washing solution had a neutral pH and was chloride free (tested with 0.1 mol/L silver nitrate 

solution). After adding a tip of a spatula of activated carbon, the suspension was stirred 

overnight and then filtered through acidic aluminum oxide (67 g in a column of 3.2 cm 

diameter). The product was dried under vacuum (yield: 91.7 g; 88 %). The formation of 

[BMIm][NTf2] was confirmed by 1H-NMR and 13C-NMR (Figure S7 and Figure S8). The water 

content determined by Karl-Fischer titration (KFT) was less than 10 ppm. 
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2.2. 1H-NMR  

 

Figure S7. 1H-NMR spectrum of [BMIm][NTf2] in CDCl3. 

1H-NMR (300 MHz, CDCl3): δ = 8.66 (s, -CH3, 1H), 7.24 (p, J = 2.0 Hz, 2 x -CH, 2H), 4.10 (t, 

J = 7.5 Hz, -CH2, 2H), 3.86 (s, -CH3, 3H), 1.78 (p, J = 7.5 Hz, -CH2, 2H), 1.29 (h, J  = 7.4 Hz, 

-CH2, 2H), 0.89 (t, J  = 7.4 Hz, -CH3, 3H). 
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2.3. 13C-NMR  

 

Figure S8. 13C-NMR spectrum of [BMIm][NTf2] in CDCl3. 

13C NMR (75 MHz, CDCl3): δ = 136.06 (s, N-CH-N), 123.66 (s, CH=C), 122.24 (s, CH=C), 

117.65 (s, CF3), 49.93 (s, N-CH2-C), 36.30 (s, N-CH3), 31.90 (s, CCH2-C), 19.31 (s, CCH2-C), 

13.18 (s, C-CH3). 

 

3. Preparation and characterization of [BMIm][NTf2]@CTF-biphenyl and IL-

containing membranes 

3.1. Preparation of [BMIm][NTf2]@CTF-biphenyl 

The IL 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, [BMIm][NTf2] was 

incorporated in the pores of CTF-biphenyl by post-impregnation in analogy to the preparation 

of [BMIm][NTf2] in the pores of COF-300 [14]. [BMIm][NTf2] (1.50 g) were dissolved in 

95 mL of methanol and stirred for 4 h. CTF-biphenyl (500 mg) was slowly added while stirring. 

After sonification for 1 h, the dispersion was centrifuged (4 x 5 min, 8000 rpm) and washed 

with methanol (15 mL). The product was dried at 120 °C for 24 h (yield: 510 mg).  
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3.2. Elemental analysis 

The presence of the IL in the pores of the CTF was confirmed by elemental analysis (Table S4). 

From the sulfur content of 0.86 wt% of the elemental analysis the IL content of IL@CTF was 

calculated as 5.62 wt% ([BMIm][NTf2], C10H15F6N3O4S2, M = 419.36 g/mol) by applying 

equation 1: 

𝐼𝐿 𝑤𝑡% =
𝑆 𝑤𝑡% ×𝑀(𝐼𝐿)

2 ×𝑀(𝑆)
     (1) 

Table S4. Elemental analysis of [BMIm][NTf2]@CTF-biphenyl. 

Compound C [wt%] H [wt%] N [wt%] S [wt%] 

[BMIm][NTf2]@CTF-biphenyl 67.71 3.39 6.34 0.86 

 

3.3. TGA 

TGA measurements were carried out under synthetic air to ensure that both the CTF and the 

IL@CTF composite had a thermal stability of at least 150°C and could therefore be applied as 

a filler material for membrane preparation. The measurement showed a thermal stability of 

IL@CTF up to 220 °C and confirmed the expected lower thermal stability  of the composite in 

comparison to the pure CTF [15].  

 

 

Figure S9. TGA curve of [BMIm][NTf2]@CTF-biphenyl in comparison to curves of CTF and 

IL. Measured under synthetic air. 
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3.4. N2-sorption 

N2-sorption isotherms (Figure S10a) of IL@CTF supported the incorporation of [BMIm][NTf2] 

into the pores of CTF-biphenyl through the reduction of the BET surface area from 940 m²/g to 

502 m²/g accompanied with a lowering of the total pore volume from 0.53 cm3/g to 0.26 cm3/g. 

A comparison of the pore size distributions in Figure S10b indicated that only the smaller CTF 

micropores with a pore diameter around 9 Å remained unfilled while the pores above a diameter 

of 11 Å had essentially vanished. The filling of only the larger pores is in agreement with the 

dimensions (referred to van der Waals radii) of the IL cation with a length of about 11.4 x 5.5 

x 2.8 Å and the IL anion with a length of about 10.9 x 5.1 x 4.7 Å [16]. 

 

Figure S10. N2-sorption isotherm (a) and pore size distribution (b, by QSDFT) of 

[BMIm][NTf2]@CTF-biphenyl in comparison to the pure CTF. 

 

3.5. Preparation of IL-containing membranes 

The IL/Matrimid® membranes were prepared by direct physical mixing in DCM in analogy to 

the pure Matrimid® membranes. The IL@CTF/Matrimid® MMMs were prepared according to 

the same procedure by using IL@CTF (35 mg for 8 wt%, 76 mg for 16 wt% and 126.5 mg for 

24 wt%) instead of CTF-biphenyl. As noted in the main text, the filler loadings of CTF-biphenyl 

and IL refer to the combined mass of the polymer and filler according to equation 1. For 

CTF/IL/Matrimid® MMMs 5 wt% IL (21 mg, based on 400 mg polymer) was added to the 

Matrimid® DCM solution before the first 24 h of stirring. The further procedure with the 

addition of the CTF (35 mg for 8 wt%, 76 mg for 16 wt% and 126.5 mg for 24 wt%) was as 

described above. For all membranes the solution casting and drying was carried out under the 

same conditions: The mixtures were cast into metal rings placed on a flat glass surface. In order 

to achieve a controlled evaporation of DCM, an inverted funnel, covered with a paper tissue, 
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was placed above the metal ring. When the DCM was evaporated, the membrane was cut out 

with a scalpel and dried in a vacuum oven (150 °C, 20 mbar) overnight. 

4. Characterization of membranes 

4.1. Membrane thickness 

Table S5. Average thickness of CTF-biphenyl/Matrimid®, [BMIm][NTf2]/CTF-

biphenyl/Matrimid® and [BMIm][NTf2]@CTF-biphenyl/Matrimid® MMMs. 

CTF-

biphenyl 

content 

[wt%] 

CTF-biphenyl/ 

Matrimid® 

[BMIm][NTf2]/ 

CTF-biphenyl/ 

Matrimid® 

[BMIm][NTf2] 

@CTF-biphenyl/ 

Matrimid® 

Average thickness 

[µm] 

8 49.5 44 44.5 

16 72.5 55 67.5 

24 75.5 68.5 72 

 

4.2. Effect of [BMIm][NTf2] as ternary component. 

In addition to the binary membrane system CTF-biphenyl/Matrimid® another binary 

IL/Matrimid® and two ternary membrane systems were prepared. The resulting 

[BMIm][NTf2]/Matrimid®, CTF-biphenyl/[BMIm][NTf2]/Matrimid® and 

[BMIm][NTf2]@CTF-biphenyl/Matrimid® MMMs will be denoted as IL/Matrimid®, 

CTF/IL/Matrimid® and IL@CTF/Matrimid® MMMs. In order to choose an adequate amount 

of the IL [BMIm][NTf2] for the ternary MMMs with CTF-biphenyl and Matrimid®, first only 

IL and Matrimid® were used to produce binary MMMs. The incorporation of 5 wt% IL into the 

Matrimid® matrix decreased the permeability but led to an increase in selectivity from 42 for 

the pure Matrimid® membrane to 49 for the composite. As the IL loading was enhanced to 10 

and 15 wt%, both selectivity and permeability decreased (Table S7). Based on this result, the 

ternary CTF/IL/Matrimid® MMMs were prepared with 5 wt% IL. In the MMM 

CTF/IL/Matrimid®, the IL was used as a filler material alongside the CTF with the expectation 

that the IL could serve as a surfactant [15]. In IL@CTF/Matrimid® the IL was encapsulated in 

the pores of the CTF to enhance the molecular sieving effect by reducing the pore size (Figure 

S10b). With the incorporation of 5 wt% IL ([BMIm][NTf2]) as the third component, the 

IL/CTF/Matrimid® MMMs with 8 and 16 wt% CTF-biphenyl showed essentially no increase 

in permeability compared to the pristine polymer with 6.8 Barrer (Figure S11a). For 24 wt% 

CTF-biphenyl the CO2 permeability was elevated to 11.1 Barrer. However, for the 
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IL/CTF/Matrimid® system, the permeabilities were lower than those of the binary 

CTF/Matrimid® MMMs, but an increase in selectivity to 50 for the 24 wt% MMM was 

observed. Based on these results, it can be assumed that no additional free volume was 

generated, but that the IL may have had a positive influence due to its good CO2 affinity 

resulting in an increased CO2/CH4 selectivity. When the IL was incorporated into the pores of 

CTF-biphenyl and then IL@CTF was added as the filler material in the IL@CTF/Matrimid® 

MMMs an improvement in CO2 permeability compared to the pristine polymer was observed. 

The CO2/CH4 selectivity was raised to 52 and 46 for the 16 and 24 wt% MMMs, respectively 

(Figure S11b) albeit at somewhat lower permeabilities than the binary CTF/Matrimid® MMMs.  

 

Figure S11. CO2 and CH4 permeabilities (P) and CO2/CH4 selectivities (α) for the pure 

Matrimid® membranes and IL/CTF-biphenyl/Matrimid® (a) and IL@CTF/Matrimid® (b) 

MMMs. 

Literature reports suggest that incorporated ILs can have different effects on membrane 

performance. COF-300, synthesized by a condensation reaction of tetrakis(4-

aminophenyl)methane and terephthalaldehyde, and the IL [BMIm][NTf2] were incorporated 

into a Pebax® 1657 matrix by Zhao et al. [BMIm][NTf2] in the pores of COF-300 could improve 

the CO2 permeability from 81.7 Barrer to 242.1 Barrer with an elevation in CO2/CH4 selectivity 

from 18.8 to 39.5 [14]. Using the same polymer and IL, Li et al. prepared MMMs with the zinc-

2-methylimidazolate framework ZIF-8 and investigated the performance with respect to 

CO2/CH4 separation. The highest CO2 permeability value was achieved with 15 wt% of ZIF-8 

in a binary MMM. The ternary system with additional [BMIm][NTf2] in the pores of the filler 

material led to a decrease in CO2 permeability, but an increase to 34.8 in CO2/CH4 selectivity 

[15]. The application of [BMIm][NTf2] and ZSM-5 in a 6FDA-TeMPD matrix led to a decrease 

in CO2 permeability from 1156 to 441 Barrer whilst the selectivity was only slightly increased 

from 18.6 to 21.1 [17]. 
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Table S6. Comparison of CO2 and CH4 permeability and CO2/CH4 selectivity for ternary 

MMMs with the IL [BMIm][NTf2].  

Continuous 

phase 

Filler IL 

 

P CO2 

[Barrer] 

S CO2/CH4 Reference 

Pebax® 1657a - - 81.7 18.8 

[14] Pebax® 1657a 
COF-300 

7 wt% 
- 109.4 24.4 

Pebax® 1657a 
COF-300 

7 wt% 

[BMIm][NTf2] 

3.8 wt%@COF 
242.1 28 

Pebax® 1657b - - 72.5 18.1 

[15] Pebax® 1657b 
ZIF-81 

15 wt% 
- (129)* (19.5)* 

Pebax® 1657b 
ZIF-81 

15 wt% 

[BMIm][NTf2] 

16.5 wt%@ZIF 
104.9 34.8 

6FDA-

TeMPDd,2 
- - 1156 ± 96 18.6 ± 0.3 

[18] 
6FDA-

TeMPDd,2 
- 

[BMIm][NTf2] 

10 ± 1 wt% 
412 ± 67 23.9 ± 1.5 

6FDA-

TeMPDe,2 

ZSM-53 

15 wt% 

[BMIm][NTf2] 

9 wt% 
441 ± 17 21.1 ± 0.2 [17] 

*information obtained from graph amixed-gas CO2/CH4 (30/70 vol%); 1 bar feed pressure; 30 °C bsingle gas; 1 

bar feed pressure; 25 °C cequimolar mixed-gas CO2/CH4; 6 bar feed pressure; 30°C dsingle gas; upstream 

pressure 75–77 cmHg; 35 °C esingle gas; upstream pressure 10 atm; 35 °C; 1zeolitic 

imidazolate framework; 2polyimide derived from 4,4-hexa-fluoroisopropylidenediphtalicanhydride 

(6FDA)/2,3,5,6-tetramethyl-1,4-phenylenediamine(TeMPD); 3zeolite socony mobil 

 

In our CTF/Matrimid® membrane systems with IL as the ternary component, an improvement 

in both permeability and selectivity over the neat polymer could be achieved, but the binary 

CTF/Matrimid® MMMs still exhibited the best overall performance, when economic and 

environmental aspects are considered in addition to CO2/CH4 gas separation performance (IL 

is usually more expensive and not environmentally friendly due to the high fluorine 

content).The incorporation of ILs in MMMs is still largely empirical and further in-depth 

understanding on its polymer compatibility and its role is needed for a more knowledge-based 

approach. 
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In summary, two ternary CTF MMMs with the IL [BMIm][NTf2] were prepared for the first 

time. The comparison to the binary CTF/Matrimid® MMMs, indicated that the incorporation of 

an IL as ternary component may not be beneficial for every MMM system. 

We decided not to present the three MMM systems with IL in the manuscript because there is 

no clear improvement in membrane performance. The often-expected effect of ILs to increase 

membrane performance did not occur. We are critical of the incorporation in this case and can 

say that IL is not necessarily beneficial. Our first consideration was not to describe the IL 

MMMs, but we feel that the mention of not so successful experiments is an added value to shed 

light on certain topics from a different angle. 

 

4.3. Cross-section SEM images of ternary MMMs 

 

Figure S12. Cross-section SEM images of 8 wt%, 16 wt% and 24 wt% CTF in 

CTF/IL/Matrimid® MMM (with 5 wt% IL). 

 

Figure S13. Cross-section SEM images of 8 wt%, 16 wt% and 24 wt% IL@CTF in 

IL@CTF/Matrimid® MMMs. 
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4.4. Gas permeabilities (P) and mixed-gas selectivity factors (α)  

Table S7. Gas permeabilities (P) and mixed-gas selectivity factors (α) of 

[BMIm][NTf2]/Matrimid® MMMs.a 

IL [BMIm][NTf2] 

[wt%] 

P 

CO2 [Barrer] 

 

P 

CH4 [Barrer] 

 

α 

CO2/CH4 

 

5 5.5 ± 0.1 0.11 ± 0.01 49 ± 1 

10 4.3 ± 0.2 0.11 ± 0.01 37 ± 1 

15 3.7 ± 0.1 0.11 ± 0.01 34 ± 1 

aThe errors for the permeability (P) and for the selectivity (α) were taken from the range of two 

measurements. 

 

Table S8. Gas permeabilities (P) and mixed-gas selectivity factors (α) of the ternary 

IL/CTF/Matrimid® and IL@CTF/Matrimid® MMMs.a 

aThe errors for the permeability (P) and for the selectivity (α) were taken from the range of two 

measurements. 

  

CTF-

biphenyl 

[wt%] 

IL 

[wt%] 

combined filler 

[wt%] 

P 

CO2 [Barrer] 

P 

CH4 [Barrer] 

α  

CO2/CH4 

 IL/CTF/Matrimid®    

8 5 12 6.8 ± 0.2 0.15 ± 0.01 45 ± 2 

16 5 20 7.3 ± 0.1 0.16 ± 0.01 44 ± 1  

24 5 27 11.1 ± 0.2 0.22 ± 0.02 50 ± 3 

 IL@CTF/Matrimid®    

7.6 0.48 8 7.6 ± 0.3 0.17 ± 0.01 43 ± 2 

15.2 1.05 16 12.0 ± 0.2 0.23 ± 0.01 52 ± 1 

23.0 1.74 24 12.0 ± 0.6 0.26 ± 0.01 46 ± 2 
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4.5. Comparison of binary MMMs with literature  

Table S9. Comparison of CO2 permeability and CO2/CH4 selectivity for COFs/CTFs as porous 

filler materials in different polymer MMMs. 

Filler Filler 

content 

[wt%] 

Matrix P 

CO2 [Barrer] 
 

CO2/CH4 

Ref. 

- - Matrimid 6.8 ± 0.1a 30.5± 0.6a 

[19] ACOF-11 8 
Matrimid 

9.6 ± 1.0a 31.9 ± 0.8a 

 16 15.3 ± 0.7a 32.4 ± 1.8a 

- - PIM-13 3672b 10.6b 

[20] 
SNW-12 10 PIM-13 7553b 13.5b 

- - Pebax 1657 53c 17c 
[21] 

CTPP4 0.025 Pebax 1657 73c 25c 

- - PIM-13 5800d 11.5d 

[22] FCTF-1 2 
PIM-13 

7300d 16.6d 

 5 9400d 14.8d 

- - Matrimid 6.8 ± 0.3e 42 ± 1e 

This 

work 
CTF-

biphenyl 

8 

Matrimid 

12.0 ± 0.2e 43 ± 1e 

16 15.1 ± 0.2e 44 ± 1e 

24 15.4 ± 0.5e 44 ± 1e 

- - PSF5 5.4 ± 0.0e 28 ± 2e 

[4] 

CTF-

fluorene 

8 

PSF5 

6.6 ± 0.3e 32 ± 2e 

16 8.8 ± 0.3e 29 ± 0e 

24 12.8 ± 0.1e 30 ± 3e 

- - Matrimid 6.8 ± 0.3e 42 ± 1e 

CTF-

fluorene 

8 

Matrimid 

9.2 ± 0.4e 43 ± 1e 

16 12.6 ± 0.1e 45 ± 1e 

24 17.8 ± 0.3e 44 ± 2e 

- - PSF5 7.3 ± 0.2f 21 ± 3f 

[23] 
CTF-1 

8 

PSF5 

9.2 ± 0.6f 21 ± 3f 

16 10.7 ± 0.6f 21 ± 3f 

24 12.7 ± 0.8f 22 ± 3f 
aMixed gas; 308 K; feed pressure 4 bar; bSingle gas; 303 K; feed pressure 2 bar; cSingle gas; 293 K; feed 

pressure 4 bar; dSingle gas; 303 K; feed pressure 1 atm; eMixed gas; 298 K; feed pressure 4 bar; fSingle gas; 

298 K; feed pressure 3 bar; 1azine-linked covalent organic framework; 2Schiff base network; 3polymer of 

intrinsic microporosity; 4porous covalent triazine piperazine polymer; 5polysulfone 
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