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Figure S1 2D (a) and 3D (b) AFM image of PBDI membrane surface.
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Figure S2 (a) XPS overview spectrum, (b) detail C1s and N1s spectra of the PBDI 

membrane. 

The surface composition of the PBDI membrane was characterized by XPS 

(Figure S2a). The XPS spectrum shows peaks at 202, 270, 284, 399, and 532 eV, 

which are attributed to Cl2p, Cl2s, C1s, N1s, and O1s, respectively. Chlorine residues, 

which stem from BTA, might be trapped within the membrane layer during interfacial 

polymerization. The C1s spectrum deconvolution shows three peaks at 284.6, 285.9 

and 288.3 eV (Figure S2b), which are attributed to the carbon atoms within phenyl 

groups, C-N, and C=N, respectively.
1
 The deconvoluted N1s spectrum shows three 

peaks at 398.6, 400.5 and 403.0 eV (Figure S2b), which are attributed to the –N=, 

-NH-, and =NH
+
-, respectively.
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Figure S3 Arrhenius representation for the He and CH4 permeance of the PBDI 

membrane for an equimolar He/CH4 mixture at 1 bara feed pressure. 

The CH4 permeance was beyond the GC detection limit at relatively low 

temperature. The apparent permeation activation energies were determined by the 

Arrhenius relation: 

 
,

ln
1act i

i
R T

E
P a   (4) 

where ,act iE  is the apparent activation energy of component i , kJ mol
-1

, R  is 

the ideal gas constant, 8.314 J mol
-1

 K
-1

, T  is the absolute temperature, K. 

In the Henry regime (linear adsorption), the apparent permeation activation energy 

can be envisaged as the sum of diffusivity activation energy ( diffE , positive value) and 

adsorption enthalpy ( adsH , negative value).
2
 

 act diff adsE E H  (5) 

Because of the non-adsorbing property of He, its adsorption enthalpy can be 

considered as zero.
3
 The adsorption enthalpy of CH4 in benzimidazole-linked 

polymers is (-18.6)~(-21.7) kJ/mol.
4-5

 Therefore, the diffusion activation energy is 

estimated to be 21.0 kJ mol
-1

 and 46.2 kJ mol
-1

 for He and CH4, respectively, 

indicating an activated diffusion process for both He and CH4.
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Figure S4 Long-term performance of PBDI membrane for He/CH4 mixture separation, 

and effect of water vapour (3 kPa, cyan shading) and hydrocarbon (5 kPa i-butane, 

gray shading) addition. Operating conditions: 1 bara feed pressure and 100 °C, sweep 

gas argon. 

The performance was constant for ~430 h in dry He/CH4 mixture. Both He 

permeance and selectivity dropped significantly when water vapour was introduced. 

One reason is the competitive adsorption of H2O by PBDI polymers, causing blockage 

of the pathway for He diffusion; the other reason is the reduced d-spacings of hydrated 

PBDI polymers due to the hydrogen bonding with nitrogen atoms.
6
 Only 80% He 

permeance was recovered after cutting off the water vapour, indicating strong 

interaction between water and polymeric chains. In the presence of hydrocarbon 

contamination, He permeance decreased by 7% and it can be fully recovered by 

removal of the i-C4. This phenomenon is attributed to the pore entrance blockage by 

adsorption of the hydrocarbon. This full recovery excludes any physical aging.
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Figure S5 Comparison of PBDI membranes with the state of the art in He/CH4 

mixture separation in a Robeson-plot (selectivity versus permeability). The open and 

solid labels represent pure gas separation performance (ideal selectivity) and He/CH4 

mixture separation performance, respectively; the blue and red lines denote the 1991 

and 2008 Robeson’s upper bounds of polymeric membranes for He/CH4 separation.
7
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Figure S6 PXRD pattern of PBDI film species.
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Table S1. He/CH4 separation performance summary of PBDI membranes. 

Number Reaction time / h /P GPU  /   

M1 0.1 1500 1.9 

M2 0.5 51 5.4 

M3 1 34 400 

M4 3 45 1380 

The separation performance was tested in equimolar He/CH4 mixture at 100 °C and 1 bara 

feed pressure, sweep gas Ar. 
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Table S2. The data points shown in Figure 4a for He/CH4 separation. 

Polymer /Thickness m   Feed /T C  /p bara  /P GPU  /S   /   Ref 

Hyflon
 
AD60X 60.6 He or CH4 25 1 5.9 11.6 N.A. 8 

Hyflon
 
AD60X 65.2 He or CH4 25 1 7.3 157.1 N.A. 8 

Hyflon
 
AD60X 67.7 He or CH4 25 1 5.0 16.9 N.A. 8 

Hyflon
 
AD60X 68.3 He or CH4 25 1 6.7 136 N.A. 8 

Hyflon
 
AD60X 220 He or CH4 25 1 1.8 167 N.A. 8-9 

Hyflon
 
AD60X 122 He or CH4 25 1 3.0 32.9 N.A. 9-10 

Hyflon
 
AD60 0.2 He or CH4 22 3.4 2600 35 N.A. 11 

Hyflon
 
AD60X 15~150 He or CH4 25 1 22 36.7 N.A. 12 

Hyflon
 
AD80X 24.9 He or CH4 25 1 11.6 47.4 N.A. 12 

Cytop 0.2 He or CH4 22 3.4 790 130 N.A. 11 

Teflon AF 1600 15~150 He or CH4 25 1 57.4 20.6 N.A. 12 

Teflon AF 2400 15~150 He or CH4 25 1 194 6.3 N.A. 12 

Teflon AF 2400 20 He or CH4 25 3.4 180 6 N.A. 13 

Teflon AF 2400 0.16 He or CH4 22 3.4 10500 4.6 N.A. 11 

PBDI 1.73 He or CH4 100 1 46 1000 N.A. This 

work PBDI 1.73 50He/50CH4 100 1 45 N.A. 1380 
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Table S3. Physical properties of PBDI and commercial perfluoropolymers. 

Polymer /gT C  d-spacing
a
/ Å FFV Free volume size

b
/ Å Ref 

Teflon AF 1600 162 9.1 (2.3) 0.31 4.5 & 10.1 14-15 

Hyflon
 
AD80 134 8.2 (4.0, 2.3) 0.23 10.4 14, 16 

PBDI N.A. 3.4, 6.8 N.A. 4.3
b
 This work 

a
: Values correspond to the main reflection and the minor reflection (in parentheses) as 

shown in Figure S6; 
b
: Determined by positron annihilation lifetime spectroscopy 

(PALS). 
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Table S4. He/CO2 separation performance comparison between PBDI and 

perfluoropolymer membranes. 

Polymer /Thickness m  Feed /T C  /p bara  
He /P GPU  

2CO /P GPU  Ref 

Teflon AF 2400 0.2 He or CO2 22 3.4 10500 13000 11 

Hyflon
 
AD60 0.2 He or CO2 22 3.4 2600 1300 11 

Cytop 0.2 He or CO2 22 3.4 790 150 11 

PBDI 1.73 He or CO2 100 1 46 0.98 

This 

work 
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