
The implementation of successful methods for carbon capture and sequestration (CCS) is vital to controlling the emission of 

greenhouse gases such as carbon dioxide (CO2). These emissions have been linked to increasing global temperatures, rising sea 

levels, varying weather patterns, and changes to ecosystems and habitats.1 A major contributor to these emissions are coal and gas-

fired power plants that are necessary for sustaining the population’s current and future energy demands. In particular, coal 

combustion is believed to be responsible for approximately one-third of all current U.S. based carbon dioxide emissions, and studies 

have projected that the use of coal will continue to increase until the year 2050.2,3 To remedy this, steps toward effective CO2 capture 

are necessary.4,5,6 

Amongst the various CO2 capture methods being pursued, polymeric membranes present several advantages including a more 

passive separation mechanism, lower operating costs, and a smaller environmental footprint than rivaling amine absorption 



 

systems. However, if polymer membranes are to reach suitable performance targets for CCS, further advancements in membrane 

performance must be realized.4, 7 Unfortunately, this pursuit is frequently hindered by the inherent tradeoff relationship in which 

more selective polymers are generally less permeable, whereas more permeable polymers tend to be less selective. This behavior is 

most easily visualized on a log-log plot of pure gas permeability versus selectivity, called a Robeson Plot, wherein an upper-bound 

of membrane performance has been defined.8-9  

For most gas pairs, the highest performing membranes comprising the upper bound are glassy polymers whose selectivity values 

were traditionally thought to be determined primarily via diffusivity; however, more recent reports have shown that solubility also 

plays a key role.8, 10-13 Because CO2 and N2 are known to have similar kinetic diameters (CO2 = 3.30 Å and N2 =3.64 Å), enhancing 

polymer CO2 selectivity via diffusivity control has proven quite challenging.14 As a result, enhancing CO2 solubility is often 

hypothesized to be the most promising pathway toward meaningful advances in membrane performance. Though simple in theory, 

chemical modifications to enhance polymeric CO2 solubility often succumb to the aforementioned permeability-selectivity tradeoff, 

which highlights the need to simultaneously maintain high permeability. 

Recent efforts to address this issue have resulted in a plethora of reports in which new and/or modified polymer membranes have 

been examined for the separation of CO2 and N2 gases. Polymers that have shown notable performance include polymers of intrinsic 

microporosity (PIMs,)15-23  polyacetylenes,24-28 modified polydimethylsiloxanes,29-30 poly(ethylene oxide),31-35 and functionalized 

vinyl-added polynorbornenes (VAPNBs).36-41 Amidst these high performing polymers, noteworthy features include either rigid 

polymer backbones, which frustrate inter-chain packing, and/or Lewis basic functionalities that are hypothesized to form favorable 

interactions with gasses such as CO2.37, 42-44 

To combine the advantages of both polymer backbone rigidity and Lewis basic functionality, Sundell et al. and Long et al. each 

recently developed a class of alkoxysilyl-substituted VAPNBs for gas separation applications.41, 45-47 Prior to these reports, such 

materials were only obtained as low molecular weight oligomers, and thus not suitable for membrane formation.  However, through 

careful catalyst selection, both groups demonstrated that alkoxysilane-substituted VAPNBs could be synthesized in acceptable yields 

(> 65 %) and high molecular weights (Mn > 120 kg/mol). Thermal analyses revealed that these polymers are glassy materials with 

glass transition (Tg) and decomposition (Td) temperatures exceeding 300 °C.46 Detailed investigations revealed that gas selectivity 

in these alkoxysilyl-substituted VAPNBs is primarily dominated by solubility control, making them attractive targets for gas 

separations such as CO2/N2, C3H8/CH4, and C4H10/CH4, which contain condensable gas components.   

Having established that this class of alkoxysilyl-substituted VAPNBs are glassy polymers whose transport is primarily governed 

via solubility control,46 we hypothesized that their gas separation performance may be enhanced via the incorporation of more CO2-

philic functionalities.  Though numerous moieties are known to have favorable interactions with CO2,48-49 we were particularly 

interested in those containing ethylene glycol-like fragments. Such moieties are commonly found in poly(ethylene oxide) (PEO)31 

and its related copolymers,50-51 which often demonstrate high CO2/N2 selectivities. Therefore, in an effort to enhance the CO2 



 

solubility and overall gas separation performance of alkoxysilane-substituted VAPNBs, we herein describe the synthesis and 

systematic evaluation of polymers P1-P5 (Figure 1). 

 

Polymers P1-P5 systematically introduce CO2-philic, ethylene glycol-like moieties via the (co)polymerization of norbornyl 

monomers bearing tris-(2-methoxyethoxy)silane substituents (shown in blue in Figure 1). Therein, polymer P1 contains no 

monomers with ethylene glycol-like units, copolymers P2-P4 are comprised of increasing percentages of monomers with ethylene 

glycol-like units, and finally polymer P5 contains 100 mol% monomers bearing ethylene glycol-like moieties. The detailed evaluation 

of these polymers presented herein will demonstrate that as the mole fraction of repeat units containing these tris-(2-

methoxyethoxy)silane units increases, their gas separation performance is enhanced significantly, virtually reaching the 2008 

“Upper Bound”.8 Interestingly, this behavior overcomes the traditional permeability selectivity tradeoff relationship. Insight into the 

source of this intriguing behavior is provided through determination of individual diffusivity and solubility constants, sorption 

isotherm analysis, computational support, and mixed-gas permeation behavior. 

 All air-free reactions were conducted under an inert atmosphere using an MBraun glovebox 

and a dry nitrogen atmosphere. Once synthesized, monomers were degassed via freeze-pump-thaw (x3) and stored over 3 Å 

molecular sieves in the glovebox prior to use. Dicyclopentadiene, hydroquinone, and n-butyllithium (1.6 M in hexanes) were 

purchased from Acros Organics and used as received. Dichloromethane, diethyl ether, and tetrahydrofuran were purchased from 

Fisher Scientific and purified by passage through an Innovative Technologies PureSolv Solvent Purification System and degassed via 

freeze-pump-thaw (x3) prior to use. Methanol for polymer precipitation and tetrahydrofuran for film casting were used as received 

from Fisher Scientific. Alkoxyvinylsilane reagents were purchased from Gelest Inc. and used as received. The catalysts, trans-

[Ni(C6F5)2(SbPh3)2] and (η3-allyl)Pd(i-Pr3P)Cl, were synthesized according to literature52-54 and stored in the glovebox prior to use. 

LiBArF was obtained as a gift from Boulder Scientific and used as received. The monomers 5-trimethylsilyl-2-norbornene (C) and 5-

triethoxysilyl-2-norbornene (A) were prepared as previously reported.41, 55 



 

 1H NMR spectroscopy of monomers and polymers were obtained in CDCl3 using a Varian 500 MHz NMR and 

referenced to the residual solvent peak at δ = 7.26 ppm. High resolution mass spectrometry was performed by using a JEOL AccuTOF 

equipped with a DART source. Polymers were characterized using a Tosoh EcoSEC GPC using THF at 40 °C, and molecular weights 

were calculated relative to polystyrene standards. Thermal gravimetric analysis was performed using a TA Instruments Q50 with a 

ramp rate of 20 °C/minute under a N2 purge. Glass transition temperatures were determined by dynamic mechanical analysis (DMA) 

using a TA Instruments RSA G2 instrument according to the procedure described in Sundell et al.42 Briefly, film samples of a uniform 

5 mm width were mounted in a tension fixture. Samples were ramped at 3 oC/min and the axial force oscillated at 0.5% strain rate 

and 1 Hz until membrane failure was observed. The Tg was taken as the maximum of the Tan δ curve. Polymer densities were 

determined using a Mettler Toledo balance equipped with a density kit based upon Archimedes Principle. Wide-angle XRD 

measurements were performed using an Empyrean X-Ray Diffractometer from PANalytical that was equipped with a Cu Kα source 

run at 45 kV and 40 mA filtered with a nickel filter. 

 Membranes of polymers P1-P5 were solution cast from solutions ranging from 4.7-6.3 wt. % in THF. 

As an example, 0.468 g of polymer was added to 10 mL of THF and stirred until fully dissolved. The resultant solution was taken up 

by syringe and filtered through a 0.45 µm PTFE syringe filter onto either a clean glass or PTFE dish, both approximately 6 cm in 

diameter. Polymer P6 was cast using an identical procedure except using chloroform as the solvent. Glass casting dishes were used 

for polymers P1-P2 and polymer P6, whereas PTFE casting dishes were used for polymers P3-P5 due to the adhesive properties of 

those membranes to glass substrates. All casting solutions were covered with aluminum foil to slow evaporation, and the polymer 

films were removed from the substrate after slowly evaporating for 48 h. Each film was then dried in vacuo to constant weight before 

analysis. 

Polymer densities used to calculate fraction free volumes (FFVs) using the Bondi method (Eq. 1-2). 

𝐹𝐹𝑉 =  
𝑉 − 𝑉0

𝑉
                                             (1) 

𝑉0 = 1.3𝑉𝑤                                                    (2) 

Polymer d spacing was calculated using wide-angle X-ray scattering to provide the Bragg’s distance (dB) (Eq. 3) and interchain 

distance (dic) which uses a correction factor  as described in the literature56-57 (Eq. 4).

𝑑B =  
𝜆

2 𝑠𝑖𝑛 (𝜃)
                                            (3) 

 𝑑ic = 1.22𝑑B                                             (4) 

 Permeability measurements were made using a custom-built, constant-volume variable-pressure 

permeation instrument. Permeability is calculated as described by Eq. 5.58 Downstream volumes (Vd) were calculated by sequential 

Burnett expansions using He gas. Thickness (l) of polymer films were measured using a micrometer and typically ranged between 

120-200 µm. Upstream pressure (Pu) was recorded as an average for the duration of the steady-state permeation measurement. 



 

Surface area of the polymer materials were measured using ImageJ software. R = 0.278 [cm∙Hg∙cm3]/[cm3(STP)∙K]. Temperature 

was recorded as an average outside the sample cell during the course of steady-state permeation. Ideal selectivity was calculated as 

a ratio of P(CO2)/P(N2). 
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Mixed gas permeation was performed by flowing a gas mixture containing 15% CO2, 85% N2 through the permeation instrument. 

A retentate stream was added and the flow was metered to maintain less than 1% stage-cut (i.e. retentate flow was greater than 100 

times faster than permeation rate). The permeate composition was sampled using a Shimadzu GC 2014 and the mixed gas 

permeability was calculated according to Eq. 6, where 𝑥𝑑  and 𝑥𝑢 are mole fractions of the specified gas in the upstream and 

downstream, respectively. Upstream fugacity (𝑓𝑢) was calculated using the Peng-Robinson equation of state, and used instead of 

upstream pressure to account for gas phase non-idealities at elevated pressures. Mixed gas selectivity was calculated as the ratio of 

permeabilities 
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 A membrane’s permeability is the product of its diffusivity and 

solubility coefficients, as is described in Eq. 7. To determine individual diffusivity and solubility coefficients, sorption isotherms were 

measured for each membrane using a dual-volume dual-transducer pressure decay instrument. Concentrations were calculated as 

described by Koros,59 and fitting parameters were obtained using a nonlinear regression fit of the obtained sorption isotherm 

following Eq. 8. Uncertainty of sorption isotherm measurements was estimated by propagation of error as outlined by Bevington.60 

Solubility coefficients were then calculated using these parameters as pressure → 0 atm. With both P and S measured directly, 

diffusivity constants were determined algebraically using Eq. 7.  

𝑃 = 𝐷 𝑥 𝑆                                                         (7) 
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 To a 50 mL glass pressure tube equipped with stir bar was added 

vinyltris(2-methoxyethoxy)silane (20.00 g, 71.33 mmol), dicyclopentadiene (4.49 g, 33.97 mmol), and hydroquinone (0.010 g, 

catalytic). The pressure tube was sealed and heated to 180 °C for 12 h. After cooling, the mixture was purified by successive 

distillations at reduced pressure (0.3 torr, 132-138 °C) to yield 3.63 g of the desired monomer (30.9 % yield) as a mixture of endo:exo 

isomers (endo:exo = 62:38). 1H NMR (CDCl3, 293 K, endo isomer): δ (ppm) = 6.06 (1H, m), 5.87 (1H, m), 3.88 (6H, t), 3.46 (6H, t), 

3.33 (12H, s), 2.89 (1H, s), 2.87 (1H, s), 1.75 (1H, m), 1.33-1.02 (3H, m), 0.48 (1H, ddd) 13C NMR (CDCl3, 293 K, endo/exo mixture): 



 

δ (ppm) = 137.65, 135.36, 134.65, 133.73, 73.70, 73.68, 62.13, 61.89, 58.87, 58.85, 50.70, 46.96, 44.12, 42.71, 42.43, 42.12, 26.87, 

26.17, 20.59, 20.05 HRMScalc C16H30O6Si (H+ adduct) = 347.1890 m/z HRMSexpt C16H30O6Si (H+ adduct) = 347.1889 m/z. 

 All polymerizations for polymers P1-P5 were ran under air free conditions in an MBraun 

glovebox using trans-[Ni(C6F5)2(SbPh3)2] as the vinyl-addition catalyst and dry/degassed DCM as the solvent. In a typical 

polymerization, the catalyst trans-[Ni(C6F5)2(SbPh3)2] (5 µmol) was added to 5 mmol of total monomer in DCM (2 mL). The 

polymerizations were stirred for 24 hours before being diluted with additional DCM (10 mL) and precipitated into 250 mL of non-

solvent. The non-solvents used included either methanol, acetonitrile, or hexanes depending on the feed ratio of the monomers used. 

Methanol was used for polymers P1-P2, acetonitrile cooled to -78 oC was used for polymer P3, and hexanes was used for polymers 

P4-P5.  The precipitated polymers were isolated by vacuum filtration and dried in-vacuo to constant weight. 

 Under air free conditions in an MBraun glovebox, the catalyst (η3-

allyl)Pd(i-Pr3P)Cl (5 µmol), activator LiBArF (5 µmol), and toluene (0.5 mL) were combined and stirred for 20 minutes. In a separate 

vial, monomer C (5 mmol) was dissolved in toluene (1.5 mL), and the resultant solution was added to the now activated catalyst 

solution.  The polymerization was stirred for 24 hours then diluted with additional toluene (10 mL) and precipitated into 250 mL of 

methanol. The resultant polymer P6 was isolated by filtration, then redissolved and stirred with activated carbon before being 

filtered through a neutral alumina plug. The filtrate containing polymer P6 was then re-precipitated into methanol, isolated by 

vacuum filtration, and dried in-vacuo to constant weight. 

Quantum chemical calculations were performed to elucidate the atomistic effects between individual 

repeat units of polymers P1, P5, and P6, and the respective gases (CO2 and N2). To evaluate the strength and behavior of the 

interactions, monomer-monomer and monomer-gas interactions were calculated using density functional theory (DFT). Due to the 

high flexibility of the side chains of monomers A and B, many competitive conformations were considered since conventional DFT 

geometry optimizations may converge to local minima on the potential energy surface (PES). Therefore, molecular dynamics (MD) 

simulations were performed to scan the conformational space, providing sufficiently stable starting conformations which were 

further optimized with DFT. 

Initial structures were generated with the OPLS-AA force field61 in a periodic box at 200K in the NVT ensemble with a Nose-Hoover 

thermostat using a 1.0 ps time-constant and a 1.0 fs time-step. LigParGen62 was used for the generation of the force-field input, and 

all simulations were performed with the LAMMPS63 software package. 10,000 time-steps were evaluated followed by a geometry 

optimization with respect to the force field to produce initial structures for DFT (Figure 2). Thirty conformations were considered 

for every monomer, monomer-CO2, monomer-N2, and monomer-monomer structures. 

 



 

 

Figure 2. Flowchart of the automated conformational space search. 

 

All DFT calculations were performed using the TURBOMOLE64 7.2 program package with the PBE065 functional, def2-TZVPP66 

basis set and Grimme’s “D3” dispersion correction67 with the Becke-Johnson damping function.68 An ultrafine grid was used for 

integral evaluation and geometry optimizations were performed with tight convergence criteria. The resolution-of-identity was used 

in the computation of two electron integrals. Frequency calculations were performed on the most stable conformations to ensure 

they are minima on the PES. Interaction energies (ΔΕΑΒ) between two structures A and B were calculated using Eq. 9: 

∆𝐸𝐴𝐵 = 𝐸𝐴𝐵 − 𝐸𝐴 − 𝐸𝐵                               (9)  

where EAB represents the energy of the interacting super-system, and EA and EB represent the energies of the isolated systems.

Monomers A, B, and C were synthesized via Diels-Alder reaction of cyclopentadiene and the corresponding alkoxyvinylsilane 

derivative following standard procedures.41, 55 Each monomer was isolated as a clear liquid in moderate yield (30-60 %), and 

subsequently purified via successive vacuum distillations at reduced pressure until >99% purity was achieved, as determined via 

gas chromatography. Each monomer was characterized using 1H NMR spectroscopy and high-resolution mass spectrometry (see 

Supporting Information). The endo:exo ratios for monomers A, B, and C were each determined using 1H NMR spectroscopy and found 

to be 65:35, 62:38, and 38:62, respectively. 

Monomers A and B were each homopolymerized using Cat1 to yield poly(5-triethoxysilyl-2-norbornene) (P1) and poly(5-tris(2-

methoxy-ethoxy)silyl-norbornene (P5), respectively (Figure 3, top). Three random copolymers containing increasing ratios of 

monomers A:B were also synthesized (P2-P4) so that membrane performance could be tracked as a direct function of monomer 

incorporation ratio (A:B). To benchmark the gas separation performance of these polymers relative to other known membranes, we 

also synthesized the siliane-containing VAPNB P6. Polymer P6 has been extensively studied by Yampolskii et al. and is known to 

exhibit high permeability and modest selectivity for gases such as CO2.55  Monomer C was readily polymerized using Cat2, producing 

high molecular weight polymer P6 that was cast into durable membranes for subsequent testing.53-54  
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As shown in Table 1, the polymerization yield for P1-P5 decreased as the molar ratio of A:B was decreased (71 → 44%); however, 

both molecular weight (Mn = 115–176 kg/mol) and dispersity (Đ = 1.47–1.93) remained relatively consistent (Table 1, entries 1-

5). For copolymers P2-P4, 1H NMR spectroscopy was used to confirm the incorporated monomer ratio (A:B) by comparing 

resonances at 3.86 and 1.32 ppm, which correspond to protons in the ethyl pendant groups of monomer A, to resonances at 4.00, 

3.64, and 3.63 ppm, which correspond to the ethylene and terminal methoxy group of monomer B. In each case, the actual 

comonomer ratios favored higher incorporation of monomer A than was targeted in the feed (Table 1, entries 2-4). We hypothesize 

that this is due to a slower incorporation rate of monomer B due to its increased steric bulk, as compared to monomer A. Lastly, 

polymer P6 was synthesized in 61% yield and achieved a molecular weight of 63 kg/mol (Table 1, entry 6). 

 



 

 

Alkoxysilyl-functionalized VAPNBs P1-P5 and alkylsilyl-substituted VAPNB P6 exhibit excellent solubility in many common 

organic solvents. Membranes of polymers P1-P5 were solution cast from THF solutions to produce homogeneous films that typically 

ranged from 100-200 µm in thickness. Membranes of polymer P6 were cast from chloroform solutions, which was found to be an 

ideal casting solvent for this polymer. Dynamic mechanical analysis (DMA) revealed that polymers P1-P5 are all high glass transition 

temperature, glassy polymers (Tg = 307–338 °C) (Table 2, entries 1-5), which is a typical trait of many previously reported VAPNBs, 

such as polymer P6 that has a reported Tg of 373 °C (Table 2, entry 6).  

Wide-angle x-ray scattering data for membranes P1-P5 displayed only amorphous halos, confirming that these glassy materials 

have no crystallinity (see supporting information). Interchain spacing calculated from those measurements show that polymers P1-

P5 only vary by a few angstroms, indicating that their chain-packing remains relatively consistent across the polymer series The 

density of polymers P1-P5 were measured using Archimedes’ Principle, and those values used to estimate their fractional free 

volume (FFV) using the Bondi Method (Table 2, entries 1-5). The density of polymers P1-P5 generally increases as the mole fraction 

of incorporated monomer B is increased (density = 1.088 – 1.155); however, FFV estimation did not reveal any clear trends between 

monomer incorporation ratio (A:B) and free volume elements within these dense films. Perhaps most interestingly, the densities of 

alkoxysilane-substituted membranes P1-P5 were consistently higher than trimethylsilyl-substituted P6 (~1.1 versus 0.88 g/cm3) 

and their estimated FFV values were significantly lower (~0.165 versus 0.275) (Table 2, entries 1-6).  

 



 

aMeasured using dynamic mechanical analysis. bDetermined using Archimedes’ Principle. cEstimated using the Bondi Method. dData 

from literature.45, 55   

 

To test our hypothesis that adding more CO2-philic functionalities to alkoxysilane-substituted VAPNBs will enhance CO2/N2 

separation performance, we measured ideal permeability and selectivity for membranes of P1-P5 using the constant-volume 

variable-pressure gas flux method. As shown in Table 3, CO2 permeability decreases from 936.6 to 754.8 Barrer (~19%) as the 

monomer incorporation ratio of A:B decreases along the series P1 to P5, respectively (Table 3, entries 1 and 5). In contrast, N2 

permeability decreases much more substantially (57.3 to 20.7 Barrer), which represents a ~64% decrease in N2 permeability as the 

mole fraction of incorporated monomer B is increased. The amalgamation of this minimal decrease in CO2 permeability, but 

significant decrease in N2 permeability, results in P5 having a CO2/N2 selectivity of 36.7, which is approximately a 124% increase in 

selectivity as compared to polymer P1, which does not contain any monomers bearing ethylene glycol-like moieties.  

 

Comparing the ideal permeability and selectivity of alkoxysilane-derived polymer P5 to that of the previously reported 

trimethylsilyl-substituted P6, P5 is an order of magnitude less permeable, but is ~174% more selective. This performance places 

membrane P5 amongst the highest performing polymer membranes for the separation of CO2 from N2 and is perhaps best viewed 

visually in Figure 4, where the data for the polymer series P1-P5 is plotted relative to the 2008 upper bound for CO2/N2 separation 



 

performance. Furthermore, Figure 4 highlights that the polymer series P1-P5 defies the traditional permeability-selectivity tradeoff, 

and moves vertically towards the upper bound rather than parallel to it as the polymer composition is systematically changed to 

contain more ethylene glycol-like units.8 

Encouraged by these results, we sought to further investigate the source of polymers P1-P5’s promising behavior. As described in 

Eq. 2, permeability (P) is the product of a membrane’s concentration-averaged, effective diffusion coefficient (D) and solubility 

coefficient (S). To determine each of these coefficients, each membrane’s pure gas solubility was measured using the 

algebraically using the equation D = P/S

From this data, we observed that alkoxysilane-substituted polymers P1-P5 all have similar diffusion coefficients for CO2, as well 

as for N2, and exhibit relatively small diffusivity selectivity values (D(CO2)/D(N2) = 1.54 – 1.89)  (Table 4, entries 1-5). Therefore, 

this indicated that these membranes must primarily separate via solubility selectivity as their exceptional CO2/N2 selectivity cannot 

be explained via diffusivity values alone. Analysis of both CO2 and N2 solubility coefficient values indeed confirm this and reveal 

solubility selectivity values ranging from S(CO2)/S(N2) = 10.1-19.3 for polymers P1-P5, respectively (Table 4, entries 1-5). This 

increasing trend in solubility selectivity directly follows the increasing molar ratio of 5-tris(2-methoxyethoxy)silyl-2-norbornene 

units across this series of homo- and copolymers. Lastly, these results can be compared to silane-substituted polymer P6, which has 

a similar diffusivity selectivity (D(CO2)/D(N2) = 1.92), and significantly lower solubility selectivity (S(CO2)/S(N2) = 6.97) (Table 4, 

entry 6). We hypothesize that this is likely attributed to P6’s much higher fractional free volume (Table 2, entry 6), which can also 

be observed by its significantly higher diffusivity constants for both CO2 and N2 gases.     



 

  

 

Figure 5.  CO2 sorption isotherms for polymers P1-P5 at 35 oC.  Polymers P1-P3 were fit using the dual-mode model (Eq. 8), whereas 

polymers P4-P5 were fit linearly to provide the highest possible correlation coefficient. 
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aDiffusion coefficients (D) were determined algebraically using the equation D = P/S. bSolubility coefficient (S) were measured using 

the dual-volume pressure decay method and reported as pressure approaches 0. cNot applicable as these isotherms were fit linearly. 

 

Perhaps even more intriguing, though the solubility selectivity of polymers P1-P5 increased as the concentration of CO2-phillic 

ethylene glycol units were increased, all CO2 solubility coefficients remained relatively constant (S = 2.31-1.64 

cm3∙[STP]/(cm3∙atm)) (Table 4, entries 1-5). This observation directly argued against our initial hypothesis that by adding these 

presumably CO2-philic ethylene glycol-based substituents (like found in P5), that their CO2 solubility should be enhanced. In contrast, 

the data shows that the enhanced CO2/N2 selectivity of polymer P5 (S = 0.085 cm3∙[STP]/(cm3∙atm)) arises primarily from its 

dramatically decreased N2 solubility, relative to P1 (S = 0.228 cm3∙[STP]/(cm3∙atm)).  

Though elucidation of P1-P5’s individual diffusion and solubility coefficients provided essential insight, the fundamental 

intricacies of polymers P1-P5’s promising gas separation performance were still unclear. Unique features of these solubility selective 

polymers included their relatively similar CO2 solubility coefficients and their dramatically decreasing N2 solubility coefficients as 

the molar incorporation ratio of monomers containing ethylene glycol-like units was increased. Furthermore, polymers P1-P5 each 

displayed either linear or nearly linear sorption isotherms (Figures 5-6, and Figures S3-S4 of the supporting information), which to 

the best of the author’s knowledge has not been observed for other high Tg glassy polymers.  To better understand this unique 

behavior, sorption isotherm fits were used to extract the Henry’s Law dependent dissolution (kd) and Langmuir contributions 

(where C’H is the Langmuir capacity parameter, and b is the Langmuir affinity parameter), to gas sorption as described by Eq. 8.  



 

 

Analysis of these individual Henry’s Law and Langmuir contributions to CO2 sorption revealed several interesting trends for 

alkoxysilane-substituted polymers P1-P5. The Henry’s Law contributions remained relatively constant for polymers P1-P5 (kd = 

1.50-1.74), and are similar to that obtained for polymer P6 (kd = 1.82) (Table 4). In contrast, Langmuir contributions to CO2 sorption 

in polymers P1-P3 exhibited a sharply decreasing trend in Langmuir capacity (C’H = 5.02 → 1.34), whereas polymers P4-P5 exhibited 

no Langmuir contribution at all, and were fit linearly to provide the highest possible correlation factor (R2). This lack of Langmuir 

capacity is in stark contrast to polymer P6, which displays a Langmuir capacity of C’H = 45.5 (Table 4, entry 6), which is an order of 

magnitude higher than those observed for P1-P3. Because polymers P1-P5’s Langmuir contributions to sorption (C’Hb) are virtually 

nonexistent, they display CO2 sorption behavior that is primarily dominated by dissolution of CO2 into the densified polymer matrix 

(Henry’s Law dissolution) rather than into non-equilibrium excess free volume elements, which is atypical for glassy polymers. This 

also provides potential mechanistic rationale as to why P1-P5’s CO2 sorption isotherms (Figure 5) and solubility coefficients are 

virtually constant.  

In contrast to the relatively constant Henry’s Law contributions (kd) to CO2 sorption observed for polymers P1-P5, a steadily 

decreasing trend in kd was observed for N2 solubility (kd = 0.171 → 0.085) (Table 4, entries 1-5). This decreasing trend directly 

corresponds to the increasing selectivity of polymers P1-P5 and their increasing percentage of incorporated monomers containing 

ethylene glycol-like moieties (0 to 100%). Similarly, a decreasing trend in the N2 Langmuir capacity of polymers P1 and P2 was also 

observed (C’H = 0.364 → 0.032), while polymers P3-P5 were fit linearly and no Langmuir components observed (Table 4, entries 1-

5).  

Upon considering the trends observed for both CO2 and N2 sorption, as well as their corresponding Henry’s Law and Langmuir 

contributions, a few conclusions can be drawn. First, as the incorporated percentage of 5-tris(2-methoxyethoxy)-2-norbornene 

monomeric units in the polymer backbone is increased from 0 to 100% (P1→P5), a corresponding decrease in the Langmuir 

component (C’Hb) is observed. This is evidenced by the exceedingly linear nature of their CO2 and N2 sorption isotherms (Figures 

5-6), and as previously stated, is highly unusual for high Tg glassy polymers. Second, though the CO2 solubility coefficients for 

polymers P1-P5 were relatively similar, the sharp decrease in N2 solubility coefficients is the dominant factor in the superior CO2/N2 

pure gas selectivity of polymer P5. Further analysis revealed that the decreasing S(N2) values observed as 5-tris(2-methoxyethoxy)-

2-norbornene monomer content is increased, can be attributed to the sharply decreasing solubility of N2 within the densified matrix 

of the polymeric material (Henry’s Law dissolution) and essentially nonexistent Langmuir contribution. This behavior is particularly 

intriguing and could be thought of as an N2-phobic effect; however, explanations as to why such monomeric units might diminish 

the dissolution of a non-interacting, inert gas were unclear from our experimental investigations. 

To better understand this unusual phenomenon, we performed electronic structure theory computations to aid in an explanation 

of polymer P5’s enhanced CO2/N2 selectivity in comparison to P1. Because experimental results showed that gas solubility within 

polymers P1-P5 is primarily dominated by Henry’s Law dissolution, both polymer-gas and polymer-polymer interactions are known 

to play key roles in gas diffusion.69-71 To study these interactions, saturated monomers A and B were used as small molecule 

surrogates for polymers P1 and P5, respectively, and monomer-gas and monomer-monomer interactions were computed.72-74 



 

 

In regards to monomer-gas interactions, monomers A and B each contain silyl ether groups that interact favorably with CO2 via 

both dispersion and induction forces. More specifically, the electron rich silyl ether oxygen atoms were shown to interact with the 

electron deficient carbon of CO2, while the two oxygen atoms of CO2 form weak hydrogen bonds with the adjacent hydrogen atoms 

within the monomers. The computed interaction energies for monomer A-CO2 (ΔΕ1-CO2) and monomer B-CO2 (ΔΕ2-CO2) are -4.1 and -

6.1 kcal/mol, respectively, whereas the interaction energy for monomer C that lacks any silyl ether groups is about roughly half (-

2.3 kcal/mol). The most stable conformation of the B-CO2 super-system is shown in Figure 7 in which both the silyl ether and ethereal 

oxygen atoms were found to interact with CO2, presumably leading to its more favorable ΔΕ2-CO2 value. Monomers A, B, and C each 

showed only weak interactions with N2 of -2.3, -1.9, and -1.6 kcal/mol, respectively. 

To understand the relative stability of the gas interactions in the polymer, we needed to also calculate the monomer-monomer 

interaction energies (ΔΕ1-1, ΔΕ5-5 and ΔΕ6-6), which could then be compared to the monomer-gas energies. By comparing these values, 

we are able to provide insight into the relative energy barrier for perturbing the monomer-monomer intermolecular interactions by 

a particular gas. It is expected that a lower energy difference (ΔΔΕ) between monomer-monomer and monomer-gas interactions 

correlates to easier Henry’s Law dissolution of the gas molecule within the polymer matrix and therefore higher solubility values. 

The computed ΔΔΕ barriers are reported in Figure 8 in which monomer C has the lowest values of 4.6 kcal and 5.2 kcal/mol for CO2 

and N2, respectively. This agrees well with experimental findings that show that P6 has the greatest solubility for both gases, but 

because both the CO2 and N2 barriers are almost identical, P6 provides the lowest solubility selectivity. 

                                                              

Figure 7. The most stable conformation for B-CO2 contains favorable interactions between the two oxygen atoms of B and the 

electron-deficient carbon of CO2. CCO2-O2 atom distances below 3.0 Å are shown. 



 

 

 

Figure 8. ΔΔΕ values for monomers A, B, and C with CO2 and N2. 

  

The monomer-monomer interaction energies for two monomer A’s (ΔΕ1-1) and two monomer B’s (ΔΕ2-2) were calculated to be -

10.7 and -12.6 kcal/mol, respectively. Though the interaction energy between two monomer B’s is clearly stronger, monomer B also 

interacts with CO2 more strongly. As a result, both monomers A and B have very similar ΔΔΕ barriers for CO2 of 6.6 and 6.4 kcal/mol, 

respectively, which agrees perfectly with the experimental observation that Henry’s Law dissolution of CO2 into both polymers P5 

and P1 are essentially equal (Table 4, entries 1 and 5). In contrast, the ΔΔE values for monomers A/B and N2 showed a more 

substantial difference of 8.4 and 10.7 kcal/mol, respectively. This result suggests that the Henry’s Law dissolution of N2 into polymer 

P5 (signified by monomer B) is far more difficult than dissolution into polymer P1 (signified by monomer A), and that P5 should 

have a significantly decreased N2 solubility coefficient relative to P1. These DFT results are in perfect agreement with their 

experimentally determined solubility coefficients for P1 and P5, and therefore corroborate the greatly increased CO2 selectivity 

observed for polymer P5, which occurs without a substantial loss in overall CO2 permeability. 

Having observed these exceptionally small or nonexistent degrees of Langmuir sorption in conjunction with slightly lower CO2 

sorption values, we collected mixed gas permeation data (Table 5) to complement our ideal gas permeation numbers. High pressure 

mixed gas permeation tests provide a more realistic perspective on membrane performance. For instance, membrane selectivities 

can suffer from deleterious CO2 induced plasticization, which is increased by large degrees of CO2 sorption. Furthermore, competitive 

sorption, whereby both gases compete for Langmuir sorption sites, can reduce CO2 permeability due to the effective decrease in 

solubility. Considering the unique sorption behavior of VAPNBs P1-P5, the potential effects of plasticization and competitive sorption 

are particularly interesting.  
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In general, the mixed gas permeation results showed that CO2 permeabilities and CO2/N2 selectivities are reduced under mixed 

gas feeds for polymers P1-P5 (Table 5, Figure 9). Specifically, CO2 permeabilities are reduced by 32-46% under 800 psi binary mixed 

gas conditions compared with pure gas values at 2 atm. This decrease in permeability could be consistent with the Langmuir 

contribution of the dual mode sorption model, which states that gas solubility is reduced as Langmuir sorption sites are filled at 

higher pressures;75 however, pure gas sorption experiments demonstrated that several of these glassy polymers have little Langmuir 

sorption capacity (C’H ). It follows that competitive sorption is not significant for P4 and P5 which exhibited entirely linear sorption 

isotherms for both CO2 and N2. These polymers behave more like rubbers in that sorption follows exclusively, or almost exclusively, 

Henry’s Law. In this case, individual gas solubilities are independent of other components present.75 However, mixed and pure gas 

permeabilities may also differ even in rubbery membranes. Yeom et. al. described a “coupling effect” that decreased solubility 

coefficients of PDMS when exposed to 15:85 binary mixture of CO2:N2 leading to decreased permeability coefficients.76 Additional 

groups reported similar accounts of “negative coupling” in other rubbery polymer systems.77 The exact mechanism for this behavior 

has not been detailed, but it demonstrates a possible rationale for the lower permeabilities exhibited by the VAPNBs presented in 

the current study in the absence of competitive sorption effects.  

 

          



 

 

 Plasticization in glassy polymers commonly leads to reduced selectivities and increased permeabilities. From Figure 9, it can be 

seen that the selectivity for each VAPNB remains unchanged as the feed pressure increases from 200 to 800 psi, signifying little to 

no plasticization. The extent of plasticization of glassy polymers is primarily dependent on the polymer chain rigidity (Tg) and 

activity of plasticizing species in the feed.78 The VAPNBs P1-P5 are unique glassy polymers, containing rigid backbones (and 

therefore high Tg) and low free volume which contribute to the observed plasticization resistance. While other examples of high Tg 

polymers with plasticization resistance exist, such as certain polyimides and polymers of intrinsic microporosity which have shown 

this resistance at CO2 fugacities greater than 100 psi, it is still a somewhat uncommon trait in materials with high CO2 uptake.79-82 

The Fox equation (Eq. 10) can be used to quantify the effect of diluents on the chain rigidity of membranes in mixed gas feeds, i.e. 

plasticization,78 

            
1

Tg,m
=

wP

Tg,P
+

wd

Tg,d
                     (10)

where 𝑤𝑃 and 𝑤𝑑 are the weight fractions of pure polymer and diluent respectively, and Tg,m, Tg,p, and Tg,d are the glass transition 

temperatures of the polymer/diluent mixture, the pure polymer, and the CO2 diluent (Tg of 108 K),  respectively.78 Tg,m was calculated 

for P1-P5 using pure gas solubility data from Table 4 and polymer densities and polymer Tg’s from Table 2. The values of Tg,m ranged 

from 278 °C to 268 °C for P1-P5 (values given in table S1).  Given that the membranes are still well under their glass transition 

temperatures in the mixed gas feed, plasticization effects are negligible. The solubility of CO2 in mixed gas may be lower due to the 

coupling effect, so the calculated Tg,m’s may be underestimating the true Tg,m’s. While the CO2/N2 selectivity drops 44% under high 

pressure mixed gas feeds compared to pure gas, plasticization is not the cause. Since plasticization and competitive sorption effects 

are not present in these polymer systems, it is hypothesized that the drop in selectivity under mixed gas conditions is due to the 

reduced solubility of CO2 as a result of negative coupling. 

 Figure 10 represents the mixed gas data in terms of quantities relative to polymer P1. Despite the lower CO2/N2 selectivity 

observed in mixed gas compared to pure gas, the relative mixed gas selectivities follow a remarkably similar trend to the relative 

pure gas selectivity. As in pure gas, the mixed gas selectivity increases as 5-tris(2-methoxyethoxy)-2-norbornene content increases. 

Figure 10, bottom shows that both CO2 and N2 permeabilities decrease with increasing 5-tris(2-methoxyethoxy)-2-norbornene 

content, but the N2 permeability decreases to a greater extent. This behavior was predicted in pure gas permeation tests as well as 

pure gas sorption experiments that showed the benefit in these ethylene glycol containing VAPNBs is their N2-phobicity. Pure gas 

relative solubility coefficients are also included to show that permeability decreases are directly related to losses in gas solubility 

within the polymers. 



 

 

         

A series of VAPNBs (P1-P5) were designed and synthesized in which CO2-philic, ethylene glycol-like units were systematically 

introduced via the monomer 5-tris(2-methoxyethoxy)-2-norbornene (B). Pure gas permeation testing revealed that as the molar 

ratio of B:A is increased, CO2/N2 selectivity is increased substantially with the highest performing membrane (P5) effectively 

reaching the 2008 Upper Bound (PCO2 = 754.8 Barrer and αCO2/N2 = 36.7). Though it was initially hypothesized that selectivity would 

be enhanced via increased CO2 sorption, data clearly shows that the enhanced selectivity of P5 results from its drastically decreased 

N2 solubility. Such behavior has been referred to as N2-phobicity in the literature.83  

Sorption isotherm analysis revealed that polymers P1-P3 have minimal Langmuir contributions to CO2 and N2 sorption, whereas 

polymers P4-P5 have no Langmuir contributions at all. To the best of the author’s knowledge, the absence of any Langmuir 

contribution to sorption is remarkably rare for such high Tg, glassy polymers. To better understand the cause of this behavior and 

the enhanced selectivity of polymers P2-P5, computational chemistry was employed. These calculations suggest that the increased 

CO2/N2 selectivity of polymers P2-P5 may result due to increased polymer-polymer and polymer-CO2 associative interactions that 

arise from the incorporation of monomer B, but negligible increase in polymer-N2 interactions. 

Lastly, mixed gas permeation tests were performed to obtain permeability values closer to what could realistically be expected. In 

so doing, not only were such values obtained, but the capability of these alkoxysilane substituted membranes to separate mixed gas 

streams at high pressures (up to 800 psi) with minimal to no deleterious plasticization effects was observed. We attribute this 

behavior to the fact that our highest performing polymers (P4-P5) show no Langmuir contributions to sorption, seemingly sorbing 



 

 

gases based purely on Henry’s Law dissolution into their densified matrix, which as previously mentioned, has not yet been reported 

for high Tg glassy polymer membranes. 
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