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A series of cross-linked, free-standing oligo (ethylene oxide)-co-(polydimethylsiloxane-

norbornene) (oligo (EO)-PDMSPNB) membranes with varied composition is synthesized via 

in-situ ring-opening metathesis polymerization. These membranes show remarkably high CO2 

permeabilities (3400 Barrer) and their separation performance approaches the Robeson Upper 

Bound. The excellent permeability of these copolymer membranes provides great potential for 

real world applications where enormous volumes of gases must be separated. The gas 

transport properties of these films are found to be directly proportional to oligo (EO) content 

incorporation, which stems from the increased solubility selectivity change within the 

copolymer matrix. This work provides a systematic study of how gas separation performance 

in rubbery membranes can be enhanced by tuning the CO2-philicity of their constituent 

monomeric subunits.

1. Introduction

Climate change over the last few decades has been widely discussed and excessive 

greenhouse gas emissions, especially carbon dioxide (CO2), are considered to be key 

contributors.[1-3] Various technologies are under development to mitigate these CO2 emissions, 

and among them membrane separation is highlighted as one of the most promising approaches 

for sustainable development. This is in part due to the significantly reduced energy 

consumption associated with membrane-based separations as compared to other conventional 

separation techniques.[4-5] In order to deploy a membrane-based separation technology in post-

combustion flue gas treatment, high-performance membrane materials, i.e. high permeability 

and selectivity, are required.[6-7] Due to the limited pressure difference, cost reductions 

associated with increasing CO2/N2 selectivity reach a plateau at selectivities exceeding 30. [8] 

The recent review article published in Science by Freeman et al. also emphasized the 
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importance of high gas permeability/permeance.[9] Membranes with ever increasing 

permeability/permeance are projected to provide continuous cost reduction due to their ability 

to treat larger volumes of flue gas. 

Traditionally, many gas separations were accomplished using what is known as "size-sieving" 

membranes. However, the efficiency of CO2/N2 separations when using this traditional size-

sieving approach has strong limitations due to the similar kinetic diameters of the two primary 

gases to be separated, primarily CO2 and N2 (kinetic diameters are CO2~3.30 Å and N2~ 3.64 

Å).[10] On the other hand, the enhancement of CO2/N2 solubility selectivity via the 

introduction of CO2-philic groups into the polymer matrix is known to increase CO2/N2 

selectivity; however, the limitation of this approach is not known. A great deal of research has 

focused on poly(ethylene oxide) (PEO) functionality, which shows high affinity for 

quadrupolar CO2 molecules[11-17]. As estimated by Lin and Freeman, the CO2/N2 selectivity in 

amorphous PEO could reach 48, which exceeds the practical CO2/N2 selectivity requirement 

for flue gas treatment.[18] However, as compared to some highly permeable polymers, e.g. 

poly (1-trimethylsilyl-1-propyne), [19-22] polymers of intrinsic microporosity,[23-26] and 

poly(dimethylsiloxane) (PDMS),[27-28]  PEO shows one or two orders of magnitude lower gas 

permeability.  For example, PDMS, a typical highly permeable rubbery polymer, exhibits 

about 25 times higher CO2 permeability than that of amorphous PEO, which primarily 

originates from significantly different gas diffusivity between those two.[18, 27] Moreover, the 

undesirable semi-crystalline nature of PEO additionally reduces gas diffusivity, leading to 

further loss of gas permeability. Generally, high molecular weight PEO exhibits better 

mechanical properties, but also displays higher crystallinity and lower gas permeability. Low 

molecular weight PEO has lower crystallinity and better gas transport properties, but exists in 

liquid form and cannot be directly used as a free-standing gas separation membrane. Due to 

the inherently low permeability of PEO, regardless of molecular weight, the design of free 

standing PEO-containing membranes having high gas permeability presents a significant 
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challenge. In recent years, researchers have reported a variety of modifications of PEO-

containing materials, aiming to achieve better gas transport properties as well as acceptable 

mechanical strength.[16-17, 29-31] 

We hypothesized that a material combining the advantages of both PDMS and PEO could 

offer great advantages for high-performance gas separation membranes due to PDMS’s high 

permeability and PEO’s high selectivity for CO2 separation. The majority of current studies 

focused on polymer blends and composite membranes which possess permeabilities typically 

below 700 Barrer. From a fundamental material design aspect toward achieving a 

breakthrough of material property, the development of high-performing/highly-permeable 

polymers is imperative for further advancement of the CO2 separation technology and thus for 

the reduction of the carbon capture cost in the future. 

Our recent simulation work revealed that the oligo (EO) functionality exhibits strong affinity 

with CO2 molecules[32]; however, it remains challenging to fabricate a free-standing oligo 

(EO) membrane. In our previous studies, we reported in-situ ring-opening metathesis 

polymerization (ROMP) of lightly-cross-linked polydimethylsiloxane-norbornene 

(XLPDMSPNB) membranes,[28, 33] which offered a feasible approach to synthesize norbornyl-

based membranes. Herein, we apply the advantage of the ROMP technique and report for the 

first time the successful copolymerization to produce free-standing oligo (EO)-PDMSPNB 

materials with enhanced CO2/N2 separation performance. These membranes combine the 

advantages of high PDMS permeability and strong oligo (EO)-CO2 interactions. The 

utilization of oligo (EO) in the copolymer matrix prevents crystallinity to overcome the 

permeability loss, while still offering enhanced CO2 solubility. The synthesized material 

results in one of the highest CO2 permeabilities for PEO-containing membranes (3400 Barrer) 

and achieves performance that approaches the Robeson Upper Bound. 
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2. Results and Discussion 

2.1. Membrane fabrication and properties

All membranes were formed via in-situ ROMP (Scheme 1) and showed a free-standing, 

transparent, homogeneous, and elastic nature. The compositions of oligo (EO)-PDMSPNB 

membranes were confirmed using FTIR (Figure 1). For the oligo (EO) moiety, the CH2 

scissoring and CH2 asymmetric bending bands are observed at 1448 cm−1 and 1351 cm−1, 

respectively.[34-36] The absorption band located at 1110 cm−1 for the C-O-C stretching mode is 

covered by Si-CH3 symmetric deformation. For PDMS, the CH3 asymmetric deformation is 

observed at 1408 cm−1.[37] The systematic change of oligo (EO) and PDMS peaks can be 

observed in Figure 1(b). With increasing oligo (EO) feed ratio, the CH2 scissoring and CH2 

asymmetric bending peaks show an increase relative to the CH3 asymmetric deformation 

peaks of PDMS, indicating higher oligo (EO) content in the copolymer membranes.  

The membrane composition is estimated by thermogravimetric analysis (TGA) and the results 

are shown in Figure 2. The data of starting material, NB-oligo (EO) and pure XLPDMSPNB 

membranes are shown in dashed curves. The oligo (EO)-PDMSPNB copolymers demonstrate 

good thermal stability and exhibit a two-step decomposition, indicating that the PDMS and 

oligo (EO) components have different thermal stabilities. With higher oligo (EO) composition, 

the decomposition process shows a slight shift toward lower temperature. It is observed that 

over 95% of NB-oligo (EO) is decomposed at 450 °C, while it is only ~5% for PDMS moiety. 

Based on previous studies, PDMS is typically stable until around 430 °C, while PEO is likely 

to be completely decomposed at this temperature.[38-39] Thus, in this study, the oligo (EO) 

compositions are estimated from the weight percentage at the 450 °C (see the vertical dashed 

line in Figure 2), which corresponds to the onset of PDMS decomposition. The results are 

summarized in Table 1, and the sample codes correspond to wt% of NB-oligo (EO) moiety 



6

determined by TGA measurements. It can be noticed that the estimated NB-oligo (EO)/PDMS 

compositions are similar to the original feed ratio. 

The tensile properties, e.g. Young’s modulus(Et), ultimate tensile strength and elongation at 

break(ε), of oligo (EO)-PDMSPNB membranes were tested by dynamic mechanical analysis 

(DMA). The data are shown in Figure S1 and Table S1. The obtained results agree well with 

the previously reported PDMS materials.[40-41] Due to the rubbery nature of oligo (EO)-

PDMSPNB membranes, Young’s modulus values ranged from 0.15 to 0.40 MPa, while the 

elongation is around 100-200%. 

The differential scanning calorimetry (DSC) data for oligo (EO)-PDMSPNB membranes are 

shown in Figure 3, and the glass transition temperatures (Tg) are summarized in Table 1. The 

glass transition process for PDMS can be estimated from both the transition process in 

reversible heat flow curves (Figure 3 (a)) and the peak position in the derivative curves 

(Figure 3 (b)). The glass transition process for oligo (EO) segment is masked by the PDMS 

melting process and can only be seen from the derivative curves. The Tg values for both 

PDMS (Tg,1,-124 °C) and oligo (EO) (Tg,2, around -58°C) agree well with previously reported 

data.[42-43] 

The presence of two Tg values suggests the occurrence of slight phase separation between the 

two chemical compositions. The morphology of the (oligo (EO)-PDMSPNB membrane was 

further investigated by small-angle X-ray scattering (SAXS). In Figure S2, the appearance of 

a broad peak at 0.02 Å-1 confirmed the phase separation of the two polymer components. 

However, SAXS data also indicated the lack of any long-range order in their morphology due 

to the absence of any ordered multiple peaks and the presence of the very broad first 

diffraction peak. 

For all measured samples, the crystallization and melting processes of PDMS are observed 

(Figure 3(a)). However, the PEO melting temperature is usually around 70 °C,[18, 44] which 

was not observed in DSC thermograms, indicating no measurable crystallization of oligo (EO) 
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segments. It is within our expectation that due to the use of oligo (EO) and the introduction of 

cross-linking, the crystallization is prevented in these membranes. The suppression of 

crystallization could well contribute to the improvement of gas diffusivity.

2.2. Gas transport property

Gas permeabilities and CO2/N2 selectivites of the oligo (EO)-PDMSPNB membranes are 

shown in Figure 4 and summarized in Table 1. The gas permeability measurements are 

performed under varying pressures: 0.2atm, 0.5atm, 1.0 atm and 1.5 atm and 2.0 atm. 

The gas permeability as a linear function of ∆p can be written as:

(1))1(0 PmPP 

where P0 is the permeability coefficient at ∆p=0, the slope, m, characterizes the pressure 

dependence of permeability, and ∆p is the pressure difference of upstream and downstream. 

Typically, the upstream pressure is much higher than the downstream pressure. Thus, ∆p is 

replaced by upstream feed pressure. 

The results in Figure 4 and Table 1 demonstrate that the gas permeability showed some, but 

very weak dependence on feed pressure. Compared with gas permeability obtained at high 

pressure, the P0 values always showed less than 5% difference. Consider the possible 

experimental error during the measurements, we assume that the gas permeabilities are 

independent on feed pressure in oligo (EO)-PDMSPNB membranes. The pressure-

independent gas separation performance of these membranes indicates great potential to be 

used in a variety of applications. 

It can be noticed that both CO2 and N2 permeability follow a monotonous decreasing trend 

with higher oligo (EO) content in the membranes (Figure 4 (a) and (b)). When oligo (EO) 

content is low (18%), the gas permeability is still comparable to that of XLPDMSPNB.[28] 
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After 41% oligo (EO) is incorporated, the CO2 permeability exhibits about a 65% decrease. 

This drop of gas permeability is likely due to the incorporation of oligo (EO) components, 

which provide relatively slow segmental motion/gas diffusion, as well as the use of oligo (EO) 

chains, which can form a more tightly cross-linked network, leading to further decrease of 

chain mobility/gas diffusivity. Moreover, the slight change of membrane density indicates the 

variation of chain packing efficiency/fractional free volume (FFV) in the membrane matrix. 

The higher oligo (EO) content membranes, which show slightly higher density, should 

possess decreased FFV, which could also contribute to the some decrease of gas diffusivity. 

Despite this, when compared to many previously reported PEO-containing membranes,[16-17, 

30-31] our oligo (EO)-PDMSPNB membranes show about one order of magnitude higher CO2 

permeability. For CO2/N2 selectivity, it is observed that the selectivity of oligo (EO)-18 and 

oligo (EO)-24 are lower than that of PDMSPNB. Due to the use of short chain NB-oligo (EO), 

compared to PDMSPNB without oligo (EO), the cross-link density was significantly 

increased to enable the formation a free-standing film. The higher cross-link density leads to 

decreased gas selectivity, as was reported in our previous work.[28] However, by further 

increasing oligo (EO) content, the selectivity is enhanced (Table 1). 

The improvement of CO2/N2 selectivity (Figure 4 (c)) relative to the XLPDMSPNB 

membranes reveals the great potential of oligo (EO)-PDMSPNB membranes for being applied 

in a practical flue gas treatment. When plotting the permeability data on a Robeson plot 

(Figure 4(d)), the highest performing sample (oligo (EO)-34) has achieved parameters very 

close to the upper bound, indicating its advanced performance as compared with other purely 

polymeric membranes. Furthermore, these high-performing, free-standing oligo (EO)-

containing membranes can be used as is, or a gutter layer in addition to a selective layer in gas 

separation applications. 
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2.3. Gas sorption property

To further investigate the gas transport mechanism of oligo (EO)-PDMSPNB 

membranes, CO2 sorption measurements were performed and the calculated 

solubility values are presented in Figure S3 and Table 2. Generally, for most 

rubbery polymers, due to the low Langmuir sorption, their sorption behavior is 

well-described by Henry’s law. However, due to the existence of norbornyl 

junctions, which serve as a glassy domain within the polymer matrix, the Henry’s 

law fitting was slightly deviated. Thus, the dual-mode model is used to fit the 

sorption curves:[45] 

(

(2)
bp
bpCpkC H

D 


1

'

where C is the equilibrium penetrant concentration in the polymer at pressure p, kD is the 

Henry’s law solubility parameter describing penetrant dissolution into the equilibrium 

densified polymer matrix, and C’H is the Langmuir capacity parameter, which describes the 

sorption capacity of the nonequilibrium excess free volume characteristic of the glassy state. 

The Langmuir affinity parameter, b, is an equilibrium constant describing the affinity of a 

penetrant for a Langmuir site.

The fitting parameters are summarized in Table 2. For condensed rubbery films, the gas 

sorption capacity is low due to the low free volume. Thus, the amount of N2 sorption is below 

the detection limit of the instrument and not reported here. It can be noticed that higher oligo 

(EO) content in the membrane leads to increased CO2 solubility. Compared with 

XLPDMSPNB membranes, the incorporation of oligo (EO) moiety contributed to about 30% 

increase of CO2 solubility. In Table 2, the kD value generally increases with oligo (EO) 

incorporation, providing solid support that the incorporation of CO2-philic oligo (EO) groups 
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contribute to higher CO2 dissolution into the polymer matrix. The decrease of C’H (which 

reflects the sorption by FFV) parameter is likely due to the higher membrane density, which 

leads to the slight drop of FFV. Although the N2 sorption cannot be measured, we expect that 

the decrease of C’H value with more oligo (EO) in the polymer matrix should reduce the N2 

Langmuir sorption, and the non N2-philic oligo (EO) moiety cannot compensate the solubility 

by increasing kD value. Thus, the lower N2 sorption should result in the enhancement of 

overall CO2/N2 solubility selectivity. However, after 34% oligo (EO) amount is reached, no 

further change of selectivity is observed with the increase of oligo (EO) content. Feng et al 

and Reijerkerk et al also reported the plateauing behavior of CO2/N2 selectivity with high 

PEO content in their studies.[16, 46] Based on their explanation and the gas separation 

performance of our membranes, we expect that when oligo (EO) composition is lower than 

34%, the gas selectivity is predominantly influenced by solubility selectivity. After the oligo 

(EO) incorporation of 34% is reached, the CO2 solubility becomes saturated, which is likely 

due to the plasticization effect that become considerable within membrane matrix, leading to 

no further change of gas selectivity with more oligo (EO) content. 

Based on the gas transport property, the newly-designed oligo (EO)-PDMSPNB membranes 

provide solid evidence that the combination of fast PDMSPNB dynamics and strong oligo 

(EO)-CO2 interaction contribute to an enhanced performance compared to both PDMS and 

oligo (EO). More fundamental studies will be performed to further disentangle the complex 

interaction between polymer and gas molecules on the surface and in the bulk. 

3. Conclusion

In conclusion, we have synthesized oligo (EO)-PDMSPNB membranes by using an in-situ 

ROMP technique. All prepared membranes exhibit significantly higher CO2 permeability than 

previously reported PEO-containing membranes. The highest performing membrane with 

34% oligo (EO) content, exhibiting CO2 permeability ~3400 Barrer and CO2/N2 selectivity 
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~19, has achieved performance very close to the Robeson upper bound, and its highly 

permeable nature could potentially benefit practical flue gas separation. The oligo (EO) 

content was found to significantly influence gas separation performance, which has been 

attributed to controlling CO2 solubility within the copolymer matrix. Furthermore, these 

results demonstrate that by carefully tuning the oligo (EO)/PDMS composition, it is possible 

to significantly increase CO2/N2 selectivity with a small loss in permeability. The versatility 

of the ROMP technique allows us to incorporate various CO2-philic groups into the PDMS 

matrix, providing tunable gas separation performance for future development. These findings 

provide strong support to practical CO2 separation material development, as well as fostering 

fundamental understanding of the gas separation process using polymer membranes.

4. Experimental Section

Materials: (Bicycloheptenyl) ethyl terminated polydimethylsiloxane (PDMSNB) with a 

weight-average molecular weight range from 12,000-16,000 g/mol was purchased from 

Gelest Inc. trans-5-Norbornene-2,3-dicarbonyl chloride (NB-COCl), Poly(ethylene glycol) 

methyl ether (oligo (EO)), Pyridine, 4-(Dimethylamino)pyridine (DMAP), Grubbs catalyst, 

2nd generation (Grubbs-II), Tetrahydrofuran (THF) and anhydrous dichloromethane (DCM) 

were purchased from Sigma-Aldrich. Nitrogen and carbon dioxide gas cylinders (99.99% 

purity) were obtained from Air Liquide. All chemicals were used as received. All 1H and 13C 

NMR spectra were collected using a Bruker ADVANCE III spectrometer operating at 400 

MHz for 1H and 100 MHz for 13C. Chemical shifts were reported in ppm downfield from 

tertamethylsilane. CDCl3 (deuterated chloroform) was used as the solvent for all NMR 

samples.    

Synthesis of norbornene- oligo (ethylene oxide) (NB- oligo (EO)): The NB-oligo (EO) 

monomers were prepared by adding 2.5 equivalents of pyridine (45.65 mmol, 3.68 mL) via 
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syringe into a flask equipped with 1 equivalent (18.26 mmol) NB-COCl, 0.05 equivalent 

(0.913 mmol) DMAP, 2 equivalents (36.52 mmol) oligo (EO), and 100 mL dry THF cooled in 

an ice bath. The reaction was stirred under argon for 72h at 40 °C. The pyridine salts were 

filtered out and remaining pyridine was removed by rotary evaporation as an azeotrope with 

n-heptane. The yield of the reaction was in 80%-90% range, all monomers are yellow to 

orange viscous liquids. 1H NMR (CDCl3, 400 MHz): 6.24 ppm (bs, 1H, CH=CH), 6.04 (bs, 

1H, CH=CH), 4.30-4.10 (m, 4H, C=O(O)CH2), 3.79-3.56 (m, 8H, CH2OCH2), 3.52 (m, 4H, 

CH2OCH3), 3.40 (t, 1H, nb), 3.35 (bs, 6H, OCH3), 3.26 (bs, 1H, nb), 3.12 (bs, 1H, nb), 2.71 (d, 

1H, nb), 1.59 (d, 1H, nb), 1.42 (d, 1H, nb). 

Oligo (EO)-PDMSPNB membrane fabrication: The oligo (EO)-PDMSPNB membranes 

were synthesized via the in-situ ring-opening metathesis polymerization (ROMP) of 

PDMSNB and NB-oligo (EO) (Scheme 1). In a typical process, PDMSNB (300 mg, 2.14×10-5 

mol) and NB-oligo (EO) (200 mg, 3.07×10-4 mol) were dissolved in DCM (6 mL). In a 

separate vial, Grubbs-II catalyst (10 mg, 1.18×10-5 mol) was dissolved in DCM (2 mL). Then 

1 mL of the Grubbs-II catalyst stock solution was added to the monomer solution and shaken 

for 60 s before being poured into a 100 mL PTFE dish (with a diameter of 10 cm). The PTFE 

dish was covered with aluminum foil for 24 h in which the in-situ cross-linked membrane was 

formed. A mixture of ethyl vinyl ether (2 mL) in DCM (6 mL) was added to the film to 

terminate the metathesis reaction. The membrane was dried under argon atmosphere 

overnight and moved to a vacuum oven for 3 days to remove residual solvent. Finally, the 

cross-linked free-standing polymer membrane was detached from the PTFE dish and cut into 

pieces for further testing. Membranes with NB-oligo (EO) feed ratio ranged from 20 wt% to 

50 wt% were synthesized. The membrane thickness ranged from 140-170 µm. 

Fourier transform infrared spectroscopy (FT-IR): FT-IR was conducted using a Nicolet 

iS50 FT-IR spectrometer equipped with a deuterated triglycine sulfate (DTGS) detector. A 
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minimum of 128 scans were signal-averaged to obtain the final spectrum. An open-air 

measurement was used for the background.

Dynamic Mechanical Analysis (DMA): DMA tests were performed using a TA Q800 

Instrument. Films were cut into approximately (6.0 × 5.0 × 0.1) mm specimens for tensile 

tests. All samples were elongated until failure/break with a constant strain rate (10%/min) at 

25 oC. The modulus was determined using the 1% secant method to the minimize error. 

Differential scanning calorimetry (DSC): Differential scanning calorimetry (DSC) 

measurements were performed under argon atmosphere using a TA Instruments Q1000 with 

aluminum hermetic pans. Temperature-modulated DSC (TMDSC) measurements were 

performed using the following procedure: sample was equilibrated at 120 °C, isothermal for 

10 min to erase the thermal history, and then cooled to −160 °C at 3 °C/min with a 

modulation of ±1 °C/min, and then heated to 120 °C. The glass transition temperature (Tg) 

value was taken as the midpoint of the transition step in the heating process of the reversible 

heat flow signals. 

Thermogravimetric Analysis (TGA): The thermal stability of the oligo (EO)-PDMSPNB 

membranes was examined using a TA Instruments Q-50 TGA. About 10 mg sample was 

placed in the platinum pan and equilibrated at room temperature. TGA measurements were 

conducted from room temperature to 800 °C under a nitrogen atmosphere at a rate of 20 

K/min.  

Gas permeability measurements: The permeation measurements were performed at room 

temperature with single gas tests using a custom test chamber following the constant-volume 

variable-pressure method under 5 different pressures: 0.2, 0.5, 1.0, 1.5 and 2.0 atm. Before 

loading, the membrane sample was mounted using a 47 mm non-porous aluminum tape disc 

with a hole (10 mm diameter) cut in the center and sealed with epoxy (Devcon). The mounted 
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membrane sample was then placed on a highly porous stainless-steel support, which was for 

mechanical stability and shows negligible resistance to gases, and the entire assembly was 

installed into the test chamber. The chamber was evacuated with a mechanical pump to a base 

pressure of 20 mTorr. The membrane was allowed to remain in the test chamber overnight to 

fully degas the solvent residue and reach a steady base pressure. All permeability data are 

based on duplicate measurements on two different samples and the average value was 

reported. 

Gas solubility measurement: Low-pressure CO2 solubility measurements were acquired 

using an Intelligent Gravimetric Analyzer (Hiden Analytical Limited, UK). In a typical 

experiment, approximately 50 mg of a particular membrane sample was loaded into a quartz 

container and evacuated to 0.003 bar for 6 h at 150 ◦C to degas and dry the sample. All 

measurements were performed at room temperature. The mass uptake (corrected for 

buoyancy) was then measured as a function of pressure up to a final pressure of 1 atm to 

obtain the absorption isotherm. Desorption isotherms were subsequently acquired by 

measuring the mass as a function of decreasing pressure to ensure that the solubility behavior 

was reversible and to test for the hysteresis effects.
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Scheme 1. Synthesis of NB-oligo (EO) and ROMP reaction of the oligo (EO)-co-PDMSPNB 
membranes.
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Figure 1. (a) FTIR spectra of oligo (EO)-PDMSPNB membranes and (b) zoomed in spectra 

(1300 cm-1 to 1600 cm-1) demonstrating the systematical change of CH2 scissoring and CH2 

asymmetric bending peaks of oligo (EO) and CH3 asymmetric deformation peaks of PDMS.  
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Figure 2. TGA curves of oligo (EO)-PDMSPNB membranes. Data of NB-oligo (EO) and 

pure XLPDMSPNB membranes are shown in dashed curves. Vertical dashed line indicates 

the onset temperature of PDMS decomposition.  
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Figure 3. (a) DSC curves for oligo (EO)-PDMSPNB membranes. All curves have been 

shifted vertically to illustrate the systematic change of the peak shape and position. (b) 

Reversible heat flow curve of oligo (EO)-41 membrane. Inset is the derivative of reversible 

heat flow change. The Tg is determined from both the transition process in reversible heat 

flow curves and the peak position in the derivative curves. 
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Figure 4. (a) CO2 permeability, (b) N2 permeability, (c) CO2/N2 selectivity for PEO-

PDMSPNB membranes, and (d) Summary of the oligo (EO)-PDMSPNB membranes as a 

function of oligo (EO) content in a Robeson plot.  

Table 1. Summary of density, membrane composition, glass transition temperature and gas 
transport properties for oligo (EO)-PDMSPNB samples. 

P0 [Barrer] m b)×103 [1/atm]
Samplea)

Density 

(g/cm3)

Tg,1 

(°C)

Tg,2 

(°C)
CO2 N2

CO
2
/N

2

selectivity CO2 N2

XLPDMSPNB[28] 0.98 -125 - 6700 490 13.8 -

oligo (EO)-18 0.98 -124 -53 6200 ± 70 770 ± 10 8.1 ± 0.2 18.5 ± 0.1 19.0 ± 0.3

oligo (EO)-24 1.01 -124 -54 4600 ± 60 370 ± 10 12.4 ± 0.2 9.0 ± 0.1 28.6 ± 0.5

oligo (EO)-34 1.04 -124 -57 3400 ± 20 180 ± 10 18.8 ± 0.4 20.9 ± 0.1 15.0 ± 0.8

oligo (EO)-41 1.06 -124 -58 2300 ± 30 120 ± 5 19.2 ± 0.5 -17.4 ± 0.1 -20.1 ± 1.3

a) NB-oligo (EO) wt% determined by TGA measurements; b) slope of pressure dependence of 

permeability
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Table 2. Summary of dual-mode model parameters and CO2 solubility for oligo (EO)-

PDMSPNB membranes.

kD C’H b

Sample code [𝑐𝑚3(𝑆𝑇𝑃)

𝑐𝑚3 𝑎𝑡𝑚 ] [𝑐𝑚3(𝑆𝑇𝑃)

𝑐𝑚3 ] [𝑎𝑡𝑚 ‒ 1]
S

[𝑐𝑚3(𝑆𝑇𝑃)

𝑐𝑚3 𝑎𝑡𝑚 ]
oligo (EO)-18 0.78 4.55 0.1 1.16

oligo (EO)-24 0.91 3.50 0.1 1.20

oligo (EO)-34 1.06 2.44 0.1 1.26

oligo (EO)-41 1.07 2.32 0.1 1.27

XLPDMSPNB[28] - - - 0.9-1.0

The table of contents entry:

A series of cross-linked oligo (ethylene oxide)-co-(polydimethylsiloxane-norbornene) 
membranes with varied composition is synthesized. These membranes show remarkably high 
CO2 permeabilities (3400 Barrer) and their separation performance approaches the Robeson 
Upper Bound. The gas transport properties are found to be directly proportional to oligo (EO) 
content incorporation, which stems from the increased solubility selectivity change within the 
copolymer matrix.

Keyword: membrane gas separation, CO2-philic, oligo (ethylene oxide), 
polydimethylsiloxane, high permeability
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Figure S1. Tensile properties of oligo (EO)-PDMSPNB membranes. 

Table S1. Tensile test data for PEO-PDMSPNB membranes. 

Sample
Young’s modulus 

Et(MPa)

Ultimate tensile 

strength (MPa)

Elongation at break

ε (%)

oligo (EO)-18 0.21 0.20 97.9

oligo (EO)-24 0.39 0.13 118.2

oligo (EO)-34 0.14 0.17 113.6

oligo (EO)-41 0.37 0.21 202.3
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Figure S2. SAXS profile of the oligo (EO)-41 membrane.
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Figure S3. CO2 sorption isotherms for oligo (EO)-PDMSPNB membranes. The solid curves 

show the fits to the dual-mode sorption model.  


