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The results demonstrate that as the degree of bromination increases, both the 

number-average molecular weight (Mn) and weight-average molecular weight (Mw) 

of the polymers exhibit a downward trend, accompanied by a progressive broadening 

of the polydispersity index (PDI) from 2.22 to 4.6. This phenomenon is primarily 

driven by the highly reactive bromine radicals, which inevitably subject the polyimide 

backbone to random attacks, thereby inducing mild chain scission. This effect is 

particularly pronounced at high bromination levels (50%–100%), where the drastic 

increase in steric hindrance further elevates the probability of backbone degradation. 

Because Mn is inherently more sensitive to the low-molecular-weight fragments 

generated during this process, it declines at a faster rate than Mw, resulting in the 

observed broadening of the molecular weight distribution. Nevertheless, despite the 

unavoidable chain degradation associated with free-radical mechanisms, the Mw of 

the sample remains remarkably high at 209 kDa, even at 100% bromination. This 

robust retention of molecular weight ensures that the PI-Br polymer series maintains 

excellent mechanical stability for subsequent surface chemical cross-linking.
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Table. S1 GPC Analysis of Bromination Process

Sample Mn (Da) Mw (Da) Polydispersity Index (PDI)

Pristine PI (6FDA-DAM) 113,995 252,746 2.22

PI-Br-10% 108,814 249,029 2.29

PI-Br-30% 99,986 243,736 2.43

PI-Br-50% 87,577 235,444 2.69

PI-Br-70% 69,780 224,965 3.22

PI-Br-100% 45,454 209,612 4.6
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Ra=3.19 nm Ra=0.955 nm

Fig. S1. 3D AFM topographical images of the membrane surfaces. (a) The pristine PI-Br-70% 

precursor membrane and (b) the modified PI-Br-70%-1.5wt%TEPA membrane. Note the 

significant difference in the vertical Z-axis scales, demonstrating the topological planarization 

after surface functionalization.
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Fig. S2. Cross-sectional EDS depth profiling of the the membranes: (a) SEM image indicating the 
analysis locations from the dense layer to the porous support and (b) the variation of N and Br 
atomic concentrations.



Text S1. Evaluation of cross-linking density via gel fraction and swelling degree.

To quantitatively confirm the formation and density of the covalent cross-linking 

network induced by polyamine substitution, gel content and solvent swelling tests 

were conducted. Considering the surface-localized nature of the hollow fiber 

modification, fully bulk-cross-linked flat-sheet PI-Br-70% membranes were prepared 

as control models by prolonging the amination reaction time to ensure complete 

penetration and cross-linking.

The dried, pre-weighed membranes (Wd) were immersed in N,N-

dimethylacetamide (DMAc) at room temperature for 24 h. Subsequently, the swollen 

membranes were carefully removed, wiped with filter paper to remove excess surface 

solvent, and weighed immediately (Ws). Finally, the samples were thoroughly dried 

in a vacuum oven at 80 °C to a constant weight and weighed again (Wg).

The swelling degree (SD) and gel fraction (GF) were calculated using the 

following equations:

SD(%)=[(Ws-Wg)/Wg]×100%

GF(%)=(Wg/Wd)×100%

During the test, the pristine, un-cross-linked PI-Br-70% flat-sheet membrane 

completely dissolved in DMAc within a few minutes, demonstrating a lack of 

network structure. Conversely, the TEPA-cross-linked flat-sheet membrane 

maintained its structural integrity after 24 h of immersion. The measured gel fraction 

reached 86.5%, while the swelling degree was restricted to 15.3%. These results 

provide direct macroscopic evidence of a dense and robust interchain covalent 

network imparted by the multifunctional TEPA carriers.



Table S2 Comparison of CO2/N2 separation performance.

Membrane CO2 permeance(GPU) Test conditions CO2/N2Selectivity References

PDMS/PEI TFC-
HFs

51

25℃;0.1MPa;
Pure gas;

No 
humidification

21 [14]

Nanoconfined Ionic 
Liquid membrane

1654

70℃;1.01bar
4.2% CO2 + 

Saturated water 
vapor 

1132 [35]

TpPa-SO₃H-
DETA/COFs 

MMMs
2347

90℃；0.1MPa
10 vol% CO₂+ 
Saturated water 

vapor 

191 [51]

PSf/GO/Pebax®165
7 TFC HFMs

28

25℃;0.1MPa;
Pure gas;

No 
humidification

43 [52]

CTA/CDA HFMs 45

25℃;0.1MPa;
Pure gas;

No 
humidification

30 [53]

Poly(4-methyl-1-
pentene)(PMP)

68

25℃;0.1MPa;
Pure gas;

No 
humidification

13.5 [54]

SSMMP-
NH₂/PDMS

575

25℃;4 bar;
Pure gas;

No 
humidification

33 [55]

ZIF-8/PEI-600 3249

25℃;1 bar;
Pure gas;

No 
humidification

34 [56]

CAB-MWCNTs 377

25℃;3 bar;
Pure gas;

No 
humidificatio

13 [57]



Continued Table S2 Comparison of CO2/N2 separation performance.

Membrane CO2 permeance(GPU) Test conditions CO2/N2Selectivity References

PAN HFMs 266.2

25℃;4 bar;
Pure gas;

No 
humidificatio

4.3 [58]

ArgK-PEI/PVC 
HFMs

488
35℃;0.2 bar;

Pure gas;
humidificatio

41 [59]

MOF-COF HFMs 352
25℃;0.1 bar;

Pure gas;
humidificatio

75 [60]

PES-PDMS/TFC 
HFMs

2150

25℃;0.1MPa;
Pure gas;

No 
humidification

20 [61]

PDMS-PEG HFMs 2667
25℃;3 bar;
Pure gas;

humidificatio
21 [62]

PI-Br-70%-TEPA 
HFMs

1362
25℃;0.2MPa;

Pure gas;
humidification
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Abbreviations

The following abbreviations are used in this manuscript:

HFMs: Hollow fiber membranes

TFC: Thin-filmcomposite

PDMS: Polydimethylsiloxane

PEI: Polyethylenimine,Polyetherimide

PES: Polyethersulfone

PSF: Polyphenylsulfone

CTA: Cellulosetriacetate

GO: Grapheneoxide
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