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ABSTRACT 

Membrane separation is highlighted as one of the most promising approaches to 

mitigate the excessive CO2 [carbon dioxide] emission, due to its significant reduction of 

energy cost compared with many conventional separation techniques. Unfortunately, the 

separation performance of current membranes does not meet the practical CO2/N2 

[nitrogen] separation requirements. And due to the huge volume of industrial flue gas, 

membranes with exceptionally high permeability are needed for practical reasons.  

Currently, the separation mechanism of most polymeric membranes is based on 

size-sieving. However, this method is not sufficient for CO2/N2 separations due to the 

similar kinetic diameters of CO2 (3.30 Å [angstrom]) and N2 (3.64 Å). Thus, developing a 

new method based on a non-size sieving mechanism could offer a solution to the 

improvement of CO2/N2 separation efficiency.  

In this dissertation, (bicycloheptenyl) ethyl terminated polydimethylsiloxane 

(PDMSPNB) membranes were firstly studied. The developed polymer membranes show 

higher permeability and better selectivity than those of conventional PDMS 

[polydimethylsiloxane] membrane. The achieved performance (PCO2 [CO2 permeability] 

6800 Barrer and α[CO2/N2] [CO2/N2 selectivity] 14) is very promising for practical 

applications. The key to achieving this high performance is the use of an in-situ cross-

linking method of the difunctional PDMS macromonomers, which provides lightly cross-

linked membranes. By combining positron annihilation lifetime spectroscopy, broadband 

dielectric spectroscopy and gas sorption measurements, we have elucidated the key 

parameters for achieving their excellent performance. 
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In the following work, two CO2-philic groups, amidoxime (AO) and polyethylene 

oxide (PEO), were successfully incorporated into the rubbery PDMS and glassy poly(1-

trimethylsilyl-1-propyne) (PTMSP) systems. By the careful tuning of functional group 

composition, the membranes showed controlled CO2/N2 solubility selectivity. The 

combination of CO2-philic groups and highly permeable polymer matrix showed one of 

the highest CO2/N2 separation performance among all polymeric membranes. The overall 

gas separation performance (PCO2 6800 Barrer and α[CO2/N2] 19 for AO-PDMSPNB; PCO2 

3400 Barrer and α[CO2/N2] 19 for PEO-PDMSPNB; PCO2 6000 Barrer and α[CO2/N2] 17 for 

AO-PTMSP) of the highest performing membranes have exceeded/achieved the Robeson 

upper bound line. These studies provide a roadmap to enhancing gas separation 

performance in rubbery and glassy polymers by tuning gas solubility selectivity. 
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INTRODUCTION  

The climate change over the last decades has been widely discussed and the 

excessive carbon dioxide (CO2) emission is considered as one of the key contributors. 

Various technologies are under exploration to mitigate the emission, and among which the 

membrane separation is highlighted as one of the most promising approaches for 

sustainable development, due to its significant reduction of energy cost compared with 

many conventional separation techniques.  

Unfortunately, the separation performance of current membranes does not meet the 

separation efficiency for practical CO2/N2 separation. And due to the huge volume of gas 

flows coming out, membranes with exceptionally high permeability are needed for 

practical reasons. According to previous cost analysis studies, treatment cost reduction 

reaches plateau after CO2/N2 selectivity around 30 is achieved, while membranes with high 

permeability could provide continuous cost reduction due to the escalated efficiency 

treating larger amount of flue gas.  

Currently, the separation mechanism of most polymeric membranes is based on 

size-sieving. For CO2/N2 separation, due to their similar size (CO2~3.30 Å, N2~ 3.64 Å), 

the separation efficiency might not improve much if only focus on size-sieving approach. 

Thus, developing a new method based on a non-size sieving mechanism could potentially 

offer a solution to the improvement of CO2/N2 separation efficiency.  

In this dissertation, membranes based on end-cross-linked polydimethylsiloxane-

norbornene (PDMSPNB) were studied for the first time. A variety of the characterization 

techniques were performed to investigate the gas transport mechanism in the polymer 
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matrix. Later, two CO2-philic groups, amidoxime (AO) and polyethylene oxide (PEO), 

were successfully incorporated into the PDMS matrix. By the careful tuning of functional 

group composition, the membranes showed controlled CO2 solubility selectivity. The 

combination of CO2-philic groups and highly permeable PDMSPNB matrix showed one 

of the highest CO2/N2 separation performance among all polymeric membranes. This 

dissertation has the following organization. 

Introduction gives the organization of this dissertation. 

Chapter 1 gives a brief overview of the fundamental background knowledge in 

membrane separation field.  

Chapter 2 describes materials and experimental procedures employed in this work. 

This chapter includes the gas permeation test, gas sorption test, as well as other 

characterization techniques.  

Chapter 3 presents the detailed study of lightly cross-linked PDMSPNB 

membranes. The effect of cross-link density and molecular weight between cross-linked 

were investigates using a combination of gas permeation, gas sorption, positron 

annihilation lifetime spectroscopy and broadband dielectric spectroscopy measurements. 

The synthesized membranes showed significant enhancement in gas separation 

performance compared with conventional PDMS and the faster dynamics was proved to 

be the key parameter.  

Chapter 4 and 5 extend the work from Chapter 3. Two CO2-philic groups, 

amidoxime (AO) and polyethylene oxide (PEO) were successfully incorporated into the 

PDMSPNB matrix. The AO and PEO moiety were proved to enhance CO2 solubility and 
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the CO2/N2 selectivity was increased by more than 40%. Both AO-PDMSPNB and PEO-

PDMSPNB achieved above/on Robeson upper bound at the high permeability side, 

indicating their great potential to be fabricated onto the CO2/N2 separation systems. The 

CO2-polymer binding energy was also calculated and provided additional information 

detailing the gas transport mechanism inside the membranes. In Chapter 4, the amidoxime-

functionalized poly (1-trimethylsilyl-1-propyne) (AO-PTMSP) membranes was also 

described to demonstrate the fundamental study of CO2-philicity in glassy system. In 

Chapter 5, a series of urethane-rich PDMS-based polymer networks (U-PDMS-NW) with 

improved mechanical performance for gas separation was also studied.  

Conclusions and Future Work summarizes and gives future insights of the project.  
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CHAPTER I 

HISTORICAL BACKGROUND 

1.1. Major parameters of concern: Permeability and Selectivity 

In membrane gas separation field, the two major parameters of concern are permeability 

and selectivity. Permeability (PA) is written as the product of gas flux and membrane 

thickness divided by the pressure difference through the membrane1, 2: 

𝑃𝐴 =
𝑁𝐹

(𝑃0 − 𝑃1)/𝑙
 (1.1) 

where PA is the gas permeability, NF is steady state flux of gas through the membrane, p0 

is upstream (i.e. high) partial pressures, p1 is downstream (i.e. low) partial pressures, l is 

membrane thickness. The gas permeability is typically expressed in a non-SI unit, Barrer, 

which is defined as2: 

1 𝐵𝑎𝑟𝑟𝑒𝑟 = 10−10
𝑐𝑚𝑆𝑇𝑃

3 . 𝑐𝑚

𝑐𝑚2. 𝑠. 𝑐𝑚𝐻𝑔
 (1.2) 

Gas selectivity (𝛼𝐴𝐵) is defined as the ratio of permeability coefficients of any two gases. 

𝛼𝐴𝐵 =
𝑃𝐴

𝑃𝐵
 (1.3) 

where PA and PB are gas permeabilities of gas A and B. Typically gas A possesses higher 

permeability than gas B, so αA/B > 1. 
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1.2. Solution-Diffusion model 

The transport of gases through a non-porous condensed polymeric membranes is usually 

described by a solution–diffusion model.3 The solution–diffusion mechanism is considered 

to consist of three steps: (1) the adsorption or absorption of gas molecules at the upstream 

side, (2) diffusion of the gas molecules through the membrane material, and (3) desorption 

of gas molecules on the downstream side. The driving force of solution-diffusion 

mechanism is the difference between the thermodynamic activities at the feed (upstream) 

and permeate (downstream) sides, as well as the intermolecular interaction between the 

permeants and membrane materials.  

Based on solution–diffusion model, permeability is determined by both the gas solubility 

(SA) and gas diffusivity (DA):  

𝑃𝐴 = 𝑆𝐴 × 𝐷𝐴 (1.4) 

The unit of the diffusion coefficient, DA is cm2/sec. The solubility coefficient, SA, has unit 

of cm3(STP)/(cm3 polymer.atm).  

In this way, gas selectivity (𝛼𝐴𝐵) can also be separated as solubility selectivity (
𝑆𝐴

𝑆𝐵
) and 

diffusivity selectivity (
𝐷𝐴

𝐷𝐵
), 

𝛼𝐴𝐵 =
𝑃𝐴

𝑃𝐵
=

𝑆𝐴

𝑆𝐵
×

𝐷𝐴

𝐷𝐵
 (1.5) 
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1.3. Challenges in membrane gas separation field 

1.3.1 Permeability-Selectivity trade-off and Robeson upper bound  

Permeability and selectivity are traditionally evaluated using a log-log plot, which is often 

known as a "Robeson Plot." This empirical tradeoff relation was first described for a large 

database of polymers by Robeson in 1991 and updated in 2008.4, 5 From this plot, the 

inherent trade-off relation between permeability and selectivity of polymeric membranes 

can be observed in which polymers exhibiting higher permeability often show lower 

selectivity, and vice versa. Membrane performance is compared to an empirically derived 

"upper bound", which is graphically represented by a straight line passing through data 

points corresponding to the best permeabilities and selectivities observed. A representative 

Robeson plot for CO2/N2 separation is demonstrated in Figure 1.1.  

A fundamental theory describing the basis for this tradeoff was proposed by Freeman and 

the upper bound line could be described using the following equation6: 

𝛼𝐴/𝐵 = 𝛽𝐴/𝐵/𝑃𝐴

𝜆𝐴/𝐵
 (1.6) 

which indicates that as the gas permeability, PA, increases, gas selectivity value, αA/B, 

decreases. The values of fitting parameters, βA/B and λA/B, were reported for many common 

gas pairs.4, 7  

According to Freeman and Robeson, the slope of upper bound line, λA/B, is directly 

correlated to the difference between the kinetic diameters of the penetrant gas molecules, 

(dB – dA). This indicates that the slope of the upper bound is the consequence of the size-

sieving nature of the glassy polymeric materials with stiff chain, whose properties generally  
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Figure 1.1 The 2008 Robeson upper bound for CO2/N2 separation. Reproduced from 

Robeson.5 
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define the upper bound. The front factor, βA/B, was found to depend on solubility selectivity 

and the free volume.  

Based on the theoretical prediction, the most efficient way to design polymer materials 

towards upper bound is to: (1) improve solubility selectivity (2) increases in chain stiffness, 

while simultaneously increasing fractional free volume, to increase selectivity with 

minimum loss of gas permeability.  

Moreover, since the majority of high-performing gas separation materials are glassy 

polymers, an upper bound for rubbery polymer was also developed. Most rubbery polymers 

show lower gas separation performance than that of glassy polymers, leading to a decreased 

upper bound line.8  

1.3.2 High permeability   

Membranes with both high permeability and selectivity are desired for practical gas 

separation application. However, as mentioned above, the inherent trade-off relation 

between permeability and selectivity makes it difficult to obtain high performance at the 

same time. Predominant amount of current studies focuses on the enhancement of gas 

selectivity, which works well for fundamental improvement of gas separation materials. 

However, from practical point of view, the balance of permeability and selectivity should 

be met to reduce the CO2 separation/capture cost. In 2010, Merkel et al. reported the effect 

of gas selectivity and gas permeance on CO2 capture cost (Figure 1.2).9, 10 In this report, it 

was demonstrated that when CO2/N2 selectivity is at relatively low level (<30), the capture 

cost is significantly influenced by the gas selectivity. On the other hand, when the gas 

selectivity reaches a decent value (>30), its effect on capture cost becomes negligible. This  
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Figure 1.2 Selectivity on the cost of capturing 90% of the CO2 in flue gas for 

membranes with a CO2 permeance of 1000, 2000, and 4000 GPU at a fixed pressure 

ratio of 5.5. Reproduced from Merkel et al.9 
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is due to the limited pressure difference encountered in flue gas treatment. Thus, in 

practical application, simply pursuing extremely high gas selectivity does not show 

significant contribution to cost reduction. However, if a membrane exhibits high 

permeability/permeance, the carbon capture cost is likely to reduce due to the reason that 

high flux membranes require less area to treat an equal volume of gases. Therefore, the 

development of high permeability membranes should be targeted and the optimum values 

of the permeability and selectivity need to be investigated. 

1.3.3 Solubility selective versus diffusivity selective membranes  

According to solution-diffusion model, gas selectivity could be separated as two parts: 

solubility selectivity and diffusivity selectivity. The overall selectivity could be enhanced 

from either part. In membrane design, the predominant approach to improve gas 

selectivity, especially for glassy polymer membranes, is to enhance diffusivity selectivity 

by tuning the pore size, thereby increasing the membrane's size-sieving capability.11-14 

Among them, a great deal  of the studies have been performed on polymers of intrinsic 

microporosity (PIMs), 15-17 thermally rearranged (TR) polymers, 12, 13, 18 etc. Size-sieving 

approach works well for gas pairs with strongly different sizes, e.g. CH4/H2 ~3.80 Å/2.89 

Å, N2/He ~ 3.64 Å/2.60 Å. However, based on the theoretical prediction by Freeman, this 

method is not sufficient for CO2/N2 separations due to the similar kinetic diameters of 

CO2 and N2 (CO2~3.30 Å, N2~ 3.64 Å).6 Another approach, to which less attention is 

paid, is to enhance solubility selectivity.19, 20 For CO2 separation, researchers reported 

that the incorporation/blending of CO2 interactive functionalities could contribute to the 

enhanced solubility selectivity, therefore overall selectivity. For instance, a number of 
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studies on Pebax membranes, which exhibits high CO2 solubility due to the strong 

affinity of the polar ether linkages (polyethylene oxide functionality) in the structure, 

have demonstrated the potential of enhancing CO2 solubility in order to improve the CO2 

separation performance.21-25 Based on the application of acid-base interaction, some 

nitrogen-containing groups, like amine,26, 27 tetrazole28, 29 and amidoxime,30-34 are also 

used to enhance polymer-CO2 interaction. However, with the incorporation of CO2-philic 

groups, the significant loss in gas permeability is generally observed. It still remains a 

problem how to significantly enhance the gas selectivity with minimum loss of 

permeability.   

1.3.4 Physical aging 

One of the most important characteristics of a polymer is glass transition. All polymer 

materials can be supercooled below their melting temperature without crystallization, and 

instead, they go through a process called glass transition. The glass transition 

temperature, Tg, is defined as a temperature at which the material transforms from the 

liquid state to the solid state without crystallization. Physical aging is defined as physical 

change in some property of a glassy material as a function of storage time below Tg in the 

absence of external influences.35 When temperature is above Tg, the polymer is in the 

rubbery state and segments of the polymer chains are mobile; when temperature goes 

below Tg, segmental and chain structure are frozen and remain in a non-equilibrium state, 

which would lead to the frustration in chain packing and excess free volume (FV) in the 

structure. The driving towards equilibrium state will cause the decay of FV over time.36, 

37 Since for most glassy polymers, the gas transport property is significantly affected by 
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FV, the decrease of FV could lead to considerable drop of gas permeability.38 Much 

research has been performed to demonstrate the impact of physical aging on gas transport 

properties of different glassy polymer materials.39-47 One typical example is poly(1-

trimethylsilyl-1-propyne) (PTMSP).42, 48-51 It has orders of magnitude higher permeability 

than other polymers (CO2 permeability ~30000 Barrer), which could be attributed to the 

exceptionally large FFV and intersegmental gaps in the PTMSP matrix. However, due to 

the severe physical aging issue, which could cause the substantial collapse of FV, its 

permeability shows one or two orders of magnitude drop even under ambient 

environment. Yampolskii et al reported the gas transport property comparisons of initial 

and aged PTMSP (Figure 1.3). All studied gas permeabilities showed more than one 

order drop in gas permeability, while some gas selectivities increased due to finer size-

sieving capability. The overall gas separation performance reduced significantly. It was 

also reported by different groups that the aging effect and aging rate were influenced by 

various membrane parameters, e.g. membrane thickness,52, 53 aging temperature54-56 and 

vacuum.39, 42  

Much effort has been made to reduce the physical aging issue in glassy membranes, such 

as the addition of organic/inorganic fillers 57-59, copolymerization60 and cross-linking,61 

etc. However, the aging effect still cannot be removed completely. Thus, from practical 

aspect, design and synthesize polymer materials with less or none aging issue are 

required for the long-term membrane module application.  
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Figure 1.3 (a)Gas permeability and (b) selectivity of initial and aged PTMSP. Data 

reproduced from Yampolslii et al.50 
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1.4. Polydimethylsiloxane (PDMS)-based membranes 

1.4.1 General properties of PDMS  

Polydimethylsiloxane (PDMS, CAS number 63148-62-9) is a typical rubbery polymer at 

room temperature. It has flexible (Si–O) backbones and the repeating unit is(Si(CH3)2O) 

(Figure 1.4).  

Depending on different molecular weight/number of the repeating units, the general 

viscoelastic properties of the material are varied. Based on practical needs,  changes of the 

viscoelastic properties can be made by several techniques, e.g. cross-linking the polymer,62 

incorporating fillers (e.g. silicon dioxide) to the polymer network63, etc. PDMS is a non-

toxic, translucent and highly hydrophobic polymer that has no bio-accumulation. The glass 

transition temperature of PDMS is typically around −125 ◦C.64, 65 The specific gravity of 

PDMS generally ranges from 0.91 to 1.00. For PDMS with molecular weight ranged from 

10,000 to 60,000 g mol−1, it has very low dielectric constant ranging from 2.72 to 2.75 

(implying low refractive index)66. Moreover, due to its optically transparency down to 300 

nm, PDMS is used in some optical measurements.67 PDMS is a well-known biocompatible 

material. In Marois et al’s review paper, the authors discussed the hemocompatibility, 

inflammatory response, in vitro biocompatibility, and in vivo tissue reactions of PDMS.68 

Although some work still needed to be done, PDMS shows great potential to be used in 

inflammatory response, in vitro biocompatibility, and in vivo studies. Moreover, PDMS 

can be used to treat head lice on the scalp,69 in over-the-counter drugs as a carminative an 

antifoaming agent.70, 71 PDMS is added to many cooking oils as an antifoaming agent. It is  
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Figure 1.4 Chemical structure of polydimethylsiloxane (PDMS). 

 
 

used in trace quantities in some fast food processing.72,73 PDMS possesses good mechanical 

properties. It has a shear elastic modulus between 0.1 MPa and 3 MPa,74, 75 small 

temperature variations of the physical constants,75 very low loss tangent (tan δ ˂˂ 0.00175), 

thermal stability and ease of processing,76-85 together with its relatively low cost makes it 

a promising candidate for a broad variety of applications. 

1.4.2 Gas transport properties of PDMS membranes  

Towards the need for high-performing gas separation materials, in recent years, a large 

number promising polymer material with excellent permeability have been developed, 

some of which were shown to surpass the upper bound. Among highly permeable 

polymers, the majority of the studies have been performed on glassy membranes, such as 

polymers of intrinsic microporosity (PIMs), 15-17 thermally rearranged (TR) polymers, 12, 

13, 18 etc., while less studies have been performed on highly permeable rubbery polymers.  
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PDMS is known to possess some of the highest permeabilities to various gases.86 Its 

rubbery nature allows the materials to overcome the aging issue, which is greatly beneficial 

to the practical applications. A detailed study of gas transport property of conventional 

PDMS was reported by Merkel and Freeman.64 The values are summarized in Table 1.1.  

Compare to other well-known rubbery polymers used for gas separation, e.g. poly(ethylene 

oxide) with CO2 permeability about 140 Barrer,87 PDMS typically possesses one order of 

magnitude higher CO2 permeability (3800 Barrer), which primarily originated from its 

extremely fast segmental motion that leads to high gas diffusion coefficient. However, 

rubbery polymer membranes, the liquid-like polymer matrix has poor size-sieving ability88 

and the overall selectivity is often determined by different gas solubilities in the 

membranes19, 86. The conventional PDMS has a CO2/N2 selectivity around 9.5.86 If the gas 

selectivity of PDMS-based membranes can be enhanced while maintaining its high 

permeability, the developed membrane would readily  meet the practical target in 

separation efficiency and cost.89 

Much research has been reported on the PDMS membranes in order to obtain higher 

CO2/N2 separation performance. The gas transport property of pure PDMS itself is 

influenced by various factors, e.g. cross-linking temperature,85 curing agents, 90-93, 

thickness,94 etc. For instance, according to Eq. 1.1, when calculating gas permeability, the 

thickness is generally normalized. However, researchers reported dependence of 

permeability on membrane thickness for a variety of materials.95, 96 Firpo et al reported the 

detailed study of permeability thickness dependence of PDMS membranes.94 The 

SEM/Focused Ion Beams (FIB) was used to determine the membrane thickness. 
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Table 1.1 Summary of Permeability, Solubility, and Diffusivity Parameters in 

PDMS at 35 °C. Data from Merkel et al.86 

Penetrant Permeability [Barrer] S∞ [cm3(STP)/cm3.atm] D0×106 [cm2/s] 

H2 890 ± 30 0.05 ± 0.008 140 ± 5 

O2 800 ± 20 0.18 ± 0.01 34 ± 1 

N2 400 ± 10 0.09 ± 0.008 34 ± 1 

CO2 3800 ± 70 1.29 ± 0.01 22 ± 1 

CH4 1200 ± 40 0.42 ± 0.01 22 ± 1 

C2H6 3300 ± 100 2.2 ± 0.02 11.3 ± 0.3 

C3H8 4100 ± 300 5.0 ± 0.07 5.1 ± 0.3 

CF4 200 ± 10 0.19 ± 0.01 8.0 ± 0.2 

C2F6 190 ± 10 0.33 ± 0.01 4.4 ± 0.1 

C3F8 280 ± 10 0.85 ± 0.02 2.5 ± 0.1 
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As shown in Figure 1.5, the authors claimed that gas permeability shows thickness 

dependence below tens of micrometers, while gas selectivity remains unaffected. In our 

work, in order to avoid undesired thickness effect on gas transport properties, thick 

membranes (100-200 µm) were used in all studies. 

1.4.3 Modifications of PDMS membranes  

To improve PDMS gas separation performance, various methods are reported. One simple 

method is by mixing/blending PDMS with other CO2 separation polymers. For instance, 

Reijerkerk et al reported the blending of PDMS–PEG with Pebax.97 With the PDMS-PEG 

composition ranging from 10 wt%-50 wt%, the CO2/N2 selectivity changes from 48-36. 

However, the CO2 permeability still shows about one order of magnitude decrease.  

The copolymerization also offers another route to introduce improved selectivity into 

PDMS matrix. Park et al reported the copolymerization of PDMS with polyurethanes and 

polyurethane ureas and achieved improved CO2/N2 selectivity up to 25.98 However, a huge 

drop in CO2 permeability was observed (all below 100 Barrer for high selective 

membranes). Other PDMS-based copolymer membranes were also reported by different 

groups but the performance was below upper bound.99-102  

Nowadays, much attention is paid to PDMS-based composite membranes, which typically 

consist of a polymer matrix as the bulk phase and inorganic fillers, e.g. carbon molecular 

sieves, zeolite, or nano-size particles, as the dispersed phase.103, 104 Since the composite 

membranes could combine the strengths of both polymer matrix and fillers, many of them 

were shown to surpass the upper bound. For example, Hussain et al synthesized PDMS- 
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Figure 1.5 Gas permeability and CO2/He selectivity as a function of membrane 

thickness L. Reproduced from Firpo et al.94 
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zeolite membrane and obtained a huge increase in gas permeability and moderate increase 

in gas selectivity.105 Gurr et al reported polyimide-PDMS copolymer composite 

membranes and reached CO2/N2 selectivity ~20.106 Other PDMS-based composite 

membrane used for different types of gas separation are also reported.107, 108  

While the development of mixed matrix membranes could help overcome the 

permeability/selectivity trade-off, the advancement of purely polymeric membranes, which 

serve as a selective layer, is also crucial for fundamentally cultivating the material 

potential. Thus, in this work, we target purely polymeric membranes with high 

permeability and good selectivity.  

1.5. CO2-philic functional groups 

As mentioned above, all rubbery polymers show poor diffusivity selectivity, due to their 

low FFV and little size-sieving capability. Thus, the most efficient method to escalate 

PDMS gas selectivity is to focus on higher solubility selectivity. By introducing CO2-

philic groups, the polymer-CO2 interaction could be enhanced and the dissolution of CO2 

molecules into the polymer matrix is increased. This could lead to higher CO2/N2 

selectivity in polymer materials. Since CO2 is a polar, acidic gas, the application of either 

polar and/or basic functionalities could contribute to CO2-philicity.  

Theoretical work of CO2 interaction with a variety of functional groups was done by 

different groups. For instance, Vogiatzis et al. studied the interactions between CO2 and 

N-containing organic heterocycles.109 The authors claimed that interactions occurred at 

two functional sites and via different mechanisms, which are: (a) Lewis acid–Lewis base 

interactions and (b) hydrogen bonding. Jiang et al. reported the ab initio calculations on 
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over 55 neutral molecules for CO2 affinity via binding energy (BE) CO2-philic groups.110 

Some N-containing groups, e.g. piperidine, pyrrolidine, triazole showed good BE with 

CO2 molecules. More interestingly, it was found that poly(ethylene oxide)s (PEO) 

oligomers with more than three repeating units shows excellent CO2-philicity, which 

agreed well with the good performance of PEO-based membranes for CO2/N2 separation. 

Other simulation studies were also performed and some functionalities, e.g. N,N,N’ 

TMEDA-EO,111 piperazine,112 monoethanolamine,112 amidoxime,30, 31, 34were highlighted 

as promising CO2-philic  functionalities for further experimental studies. Some 

representative functionalities and their BE values are summarized in Table 1.2.  

With the help of theoretical predictions, more research is focused on those N-containing 

and PEO-based materials for higher CO2 interaction. Du et al reported the successful 

incorporation of tetrazole(TZ) groups into the highly-permeable PIM-1 polymer.28 The 

CO2/N2 selectivity showed a factor of 2 improvement and reached ~30, while the CO2 

permeability was still around 300 Barrer. Later, thioamide-PIM-1113 and AO-PIM-132 

were also reported to significantly enhance CO2/N2 selectivity. When using AO 

modification as an example, Swaidan et al reported the AO-PIM-1 showed more than 

40% increase in CO2/N2 selectivity (24 to 35).32 Mahurin et al studied the CO2/N2 

adsorption of amidoxime grafted porous carbon framework.33 After amidoximation, the 

adsorption CO2/N2 selectivity showed 10%-100% increase. Other AO work reported also 

provides solid support that the incorporation of CO2-philic groups could help enhanced 

CO2 sorption into the materials.30, 31, 114  
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Table 1.2 Binding Energy of CO2 with different functionalities. 

Functionality Structure Binding energy (kJ/mol) 

Water110 H2O 11.5 

Methylamine  15 

Tetrazole109 

 

18 

Imidazole109 

 

19 

Tetrahydrofuran110 

 

19 

Triazole110 

 

20 

Amidoxime34 

 

20 

Me-PEO4
110 

 
36 

N,N,N’TMEDA-EO111 

 

50 

Piperazine112 
 

64 

Monoethanolamine112 
 

70 
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In Guiver et al’s recent review paper,104 many other basic functional groups, e.g. -NH2, 

F−, PO4
3−, CO3

2−, COO−, etc., were highlighted to show enhanced CO2/N2 selectivity. 

Another extensively studied functionality is PEO. Due to the polar ether linkages, it has 

strong interaction with CO2 molecules thus is an ideal candidate for CO2 separation. As 

reported by Lin and Freeman, the amorphous PEO possess CO2 permeability about 140 

Barrer and CO2/N2 selectivity about 50. A great amount of research was followed to 

explore the PEO-based materials. Some of the Pebax membranes showed great CO2/N2 

selectivity up to ~70 and demonstrated great potential for practical flue gas separation.21-

25, 115-121  

Overall, with the careful selection of CO2-philic functionality and polymer matrix, it is 

possible to significantly enhance CO2/N2 separation performance.  

1.6. Dual-mode model 

To investigate the solubility selectivity, gas sorption measurements could help to 

determine the gas solubility of different membranes. A schematic representation of gas 

sorption in polymer membranes is illustrated in Figure 1.6.122  

The sorption of polymer is typically explained by a dual-mode model,123, 124 which 

deconvolute gas sorption into equilibrium and non-equilibrium regions in a polymer 

matrix. 

𝐶 = 𝑘𝐷𝑝 +
𝐶𝐻

′ 𝑏𝑝

1 + 𝑏𝑝
 

(1.7) 

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

Henry’s law solubility parameter, which demonstrates penetrant dissolution into the 
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Figure 1.6 Schematic representation of a dual-mode sorption analysis using Eq.1.7. 
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equilibrium densified polymer matrix; C’H is called Langmuir capacity parameter, which 

demonstrates the sorption capacity of the non-equilibrium excess FV characteristic of the 

glassy state; b is the Langmuir affinity parameter, an equilibrium constant describing the 

affinity of a penetrating gas for a Langmuir site. According to the dual mode model, the 

solubility coefficient S, is writen as: 

𝑆 =
𝐶

𝑝
= 𝑘𝐷 +

𝐶𝐻
′ 𝑏

1 + 𝑏𝑝
 

(1.8) 

The solubility selectivity is determined by the ratio of solubility coefficients of two gases. 

1.7. Time lag and diffusion coefficient   

The gas permeability, P, is typically calculated using the slope of pressure rise in the 

permeating side. However, before the steady state permeation is approached, there is 

typically an interval. This is due to the finite diffusion velocity of permeants/gas 

molecules within the membranes. In the Pressure-Time curve, the intercept L between t= 

0 and the intersection for large t extrapolated back to the t-axis, provides an easy way of 

estimating diffusion coefficient (D). L is called the " time lag." A representative plot 

shown in Figure 1.7.  

The origins of the “time lag ” method were explained early by Daynes125 and Barrer.126 

The basic law of the diffusion through a membrane is the Fick’s law:  

𝐽 = −𝐷
𝜕𝑐

𝜕𝑥
 

(1.9) 

where J is the diffusion flux, and c is the concentration of the permeants at position x, D 

is diffusion coefficient.  
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Figure 1.7 Pressure rise of a polycarbonate membrane indicating the “time lag” 

before the establishment of steady state of flow into the permeating side. 
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One model to analyze Eq. 1.9 is the Frisch method. This method is based on integrating 

the transport equation once in time and twice in space, and therefore, obtaining the 

integrated flux. The method was originally derived for systems with concentration-

dependent diffusion coefficients D(c) without explicitly solving the diffusion equation. 

This method is elaborated by Rutherford127 and reviewed by Strzelewicz128 for quasi-

linear, diffusion equation: 

𝜕𝑐

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐷(𝑐)

𝜕𝑐

𝜕𝑥
] 

(1.10) 

Time lag L is given then by the formula: 

𝐿 =
∫ ∫ 𝑐𝑠(𝑧) 𝑑𝑧 𝑑𝑥

𝑙

𝑥

𝑙

0

∫ 𝐷(𝑢) 𝑑𝑢
𝑐0

0

 

(1.11) 

where cs(z) is the steady-state concentration distribution, l is membrane thickness.  

When diffusion coefficient is constant, reduces Eq.1.11 to the form: 

𝐿 =
𝑙2

6𝐷
 

(1.12) 

Thus, by knowing the time lag L and membrane thickness l, the diffusion coefficient D of 

the membrane could be estimated.  

1.8. Research objectives  

In order to treat the large volumes of industrial flue gas efficiently and cost-effectively, 

high-performing polymeric membranes with excellent CO2 permeability and decent 

CO2/N2 selectivity are in a desperate need. However, no current commercially available 

membranes could meet the practical target. Conventional glassy membranes based on 

size-sieving mechanism are inherently limited due to the similar kinetic size of CO2 and 
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N2 gas. A completely novel method based on non-size-sieving mechanism should be 

developed to break through and current limit.  

Bear that goal in mind, this work targets on the development of high-performing, 

solubility selective membranes with excellent gas permeability and good selectivity. The 

carefully tailoring of polymer matrix, the controlled incorporation of CO2-philic 

functionality and the deeper fundamental understanding will be illustrated in the 

following work.  
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CHAPTER II 

 EXPERIMENTAL TECHNIQUES 

2.1 Gas permeation measurement  

Gas permeation measurements are performed at room temperature (25 ± 1 °C) with single 

gas tests using a custom test chamber following the constant-volume variable-pressure 

method.129, 130 A schematic drawing is present in Scheme 2.1 and a photo of instrument is 

shown in Figure 2.1. In this work, all the upstream and downstream parts were purchased 

from Swagelok. The upstream pressure was measured with a Honeywell STJE 1500 psig 

pressure transducer and the downstream pressure was measured by a MKS Baratron 

626B capacitance manometer with a range of 0 to 10 torr (1.33 kPa).  

In a typical gas permeation test, the fabricated membrane is cut and mounted on a 47-mm 

brass disc with a 10-mm hole in the center. The membrane edges were sealed using 

epoxy and the permeation area was determined using the ImageJ software. The thickness 

of a membrane is measured using a digital micrometer. The membrane sample is then 

carefully placed on a piece of filter paper that provided mechanical stability and 

negligible resistance to gases. Then the entire assembly is placed in a Millipore 47-mm 

diameter filter holder for testing. A photo of membrane sample in shown in Figure 2.2. 

After loading the membrane sample into the cell, all the valves (valve 0,1,2,3) are 

switched on and the whole system is vacuumed overnight to completely degas the 

membrane sample. When the permeability of the tested sample is very high, valve 5 is 

also switched on to provide extra permeation volume on the downstream side. After  
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Scheme 2.1 Schematic drawing of a constant-volume variable-pressure apparatus 

for single gas permeability measurements (R is the regulator; P is pressure transducer; V1, V2 and V3 are extra permeation 

volumes).   
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Figure 2.1 A photo of the gas permeation instrument. 

 
 

 

Figure 2.2 A photo of a testing membrane sample. The membrane is typically 

mounted on a brass disc and the edge is sealed using epoxy. 
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degassing the sample, the valves connecting the permeation chamber to the vacuum 

pump (valve 0 and 1) are closed. A slow pressure increase in the downstream volume (i. 

e., system leak rate) is observed and recorded. After the leak test, valves 0,1,2,3 are 

closed and the valve 4 is switched on to introduce feed gas (from 0.1-2 atm) to the 

upstream side of the membrane. Then valve 2 and 3 are opened and the gas starts to 

permeate through the membrane sample. The pressure rise in the downstream volume is 

recorded by the program. Figure 2.3 demonstrates a typical pressure rise when gas 

permeates through a polymer membrane. 

According to the following equation, single gas permeabilities are calculated using the 

pressure rise data collected from the linear regime. 

𝑃𝐴 =
𝑉𝑐𝑙

𝑅𝑇𝐴𝑚∆𝑃
[(

𝑑𝑃

𝑑𝑡
)

𝑠𝑠
− (

𝑑𝑃

𝑑𝑡
)

𝑙𝑒𝑎𝑘
] 

(2.1) 

where PA is the gas permeability, Vc is the permeate volume of the instrument, l is the 

thickness of the membrane, R is the ideal gas constant, Am is the permeation area, ∆P is 

the pressure difference between the upstream and downstream, (
𝑑𝑃

𝑑𝑡
)

𝑠𝑠
 is the rate of gas 

pressure increase on the permeate side at steady state,  (
𝑑𝑃

𝑑𝑡
)

𝑠𝑠
 is the system leak rate.  

In order to obtain data with higher accuracy, it is important to insure the low pressure rise 

on the downstream side. Thus, when testing the sample with high PA, V1 and V2 will be 

used to increase the total Vc to reduce the downstream pressure increase.  

In the mixed gas permeation measurement, feed and permeate compositions were 

determined using a Buck Scientific gas chromatograph (GC) equipped with silica gel 

packed and molecular sieve 13x columns and TCD detector.  The gas mixture was 
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Figure 2.3 Pressure rise in the permeation chamber when gas permeates through a 

polymer membrane. 
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controlled using mass flow controllers (MKS Instruments). The CO2/N2 molar ratio in the 

feed gas is 1:1. 

The permeability of different gases in the mixture was calculated using the following 

equation: 

𝑃𝐴 =
𝑉𝑐𝑙

𝑅𝑇𝐴𝑚∆𝑃

𝑑𝑃𝑙

𝑑𝑡

𝑦𝐴

𝑥𝐴
  

(2.2) 

where yA is the mol fraction of component A in the permeate side, xA is the mol fraction of 

component A in the feed side.  

2.2 Isothermal gravimetric gas adsorption 

Gas sorption measurements of CO2 and N2 are performed using an Intelligent 

Gravimetric Analyzer (Hiden Analytical Limited, UK).131 The machine generally 

measures the mass uptake in membrane samples. In a typical experiment, approximately 

50 mg membrane sample is loaded into a quartz container and vacuumed to 0.003 bar at 

150 °C for 6 h to degas and dry the sample. All measurements are performed at ambient 

temperature. The mass uptake (%) is measured as a function of feed pressure up to 10 

atm to obtain the absorption isotherm.  

The raw data is reported in mass uptake [(g/g) *100%]. To convert the data to sorption 

concentration [cm3 (STP)/cm3 polymer], following calculation is applied: 

𝑐𝑚3(𝑆𝑇𝑃)

𝑐𝑚3 𝑝𝑜𝑙𝑦𝑚𝑒𝑟
=

𝑚𝑎𝑏𝑠𝑜𝑟𝑏
𝜌𝑔𝑎𝑠

⁄

𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟
𝜌𝑔𝑎𝑠

⁄
 (2.3) 
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Desorption isotherms are obtained subsequently by measuring the mass versus the 

decreasing pressure to ensure that the sorption behavior is reversible and to test the 

hysteresis effects.  

Typically, the mass uptake data is converted to volume uptake and the sorption isotherms 

are fit using Eq. 1.7. The gas solubility is calculated by Eq. 1.8.  

2.3 Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) is used to study the thermal transitions, e.g. 

melting, crystallization, and glass transition of a material. In a typical DSC measurement, 

one pan has sample in it and the other pan is always empty as the reference. During the 

measurement, both pans are heated at the same specific rate which is determined by the 

operator. Since one pan has sample the other pan doesn’t, in order to keep the same 

heating rate, the sample pan needs more heat than the reference pan. The instrument 

measures how much more heat it has to supply for the sample pan than the reference pan. 

The quantity that describes how much heat Q a sample has to take for it to increase 

temperature by one degree is called heat capacity 𝐶𝑝 = 𝑄/Δ𝑇, in which Δ𝑇 is the change 

of temperature.  

In this work, Temperature Modulated-DSC (TMDSC) is used to study the thermal 

transitions of membranes. The TMDSC can divide the total heat flow into two individual 

components, the reversing heat flow which contains information about processes such as 

glass transition and the non-reversing heat flow which includes those kinetic processes 

such as crystallization. Although a TMDSC experiment takes longer time than a 
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traditional DSC measurement, TMDSC can distinguish processes which might overlap in 

a standard DSC measurement.  

TA Instruments Q1000 with standard aluminum pans is used. Temperature-modulated 

DSC (TMDSC) measurements were performed using the following procedure: sample 

was equilibrated at 100 °C, isothermal for 5 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 100 

°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. The glass transition 

temperature (Tg) can be estimated from both the transition process in reversible heat flow 

curves and the peak position in the derivative curves.  

2.4 Broadband Dielectric Spectroscopy 

Broadband dielectric spectroscopy is a useful tool to probe molecular dynamics on a wide 

range of time scales. Generally, in a dielectric measurement, a very small perturbation 

created by a sinusoidal external electric field is applied to the sample. The dipoles within 

the sample will try to align with the external field and then relax to a new equilibrium 

state. During this process, the neighboring dipoles, bonds or groups have to rearrange, in 

this way the dielectric spectroscopy probes different polarization processes, reflecting 

important properties of the materials. Properties like molecular relaxation can be 

determined in a broad temperature and frequency range by using dielectric spectroscopy.  

In this work, Broadband dielectric spectroscopy measurements are performed by using a 

Novocontrol Concept 80 system in the frequency range of 10-2 – 107 Hz. The system has a 

ZGS active sample cell interface, an Alpha-A impedance analyzer, and a Quatro 
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Cryosystem unit for temperature control. Before measurement, the membrane samples are 

made as a circle with 8 mm diameter and placed between gold-plated electrodes. The 

system is quenched to -140 °C before the samples are placed into the cryostat to avoid the 

crystallization issues during the measurements. The experiments are performed from low 

temperature to high temperatures. Before the measurements, the sample is equilibrated at 

each temperature for 10–20 min. Detailed dielectric measurements analysis will be 

discussed in the next chapter.  

2.5 Rheology 

In order to determine cross-link density of membrane samples, small-amplitude oscillatory 

shear (SAOS) measurements of membrane samples are carried out on an AR2000ex 

rheometer (TA Instruments) with 4 mm plates parallel plate geometry. An environmental 

chamber with nitrogen as purge gas is used to control the test temperature. Prior to the 

measurement, the sample is purged for 3 h under a nitrogen atmosphere to achieve the 

equilibrium state. All the tests are performed at ambient temperature 298K with the 

frequency sweep from 0.01 to 100 Hz, where only the cross-link structure contribute to the 

obtained storage modulus. The cross-link densities of the membranes were calculated using 

the measured shear modulus,132-134 

𝑐𝑥 =
𝜌

2𝑀𝑥
=

𝐺′

2𝑅𝑇 
 (2.4) 

where cx is the moles of cross-links per unit volume, ρ is the density of cross-linked 

polymer, Mx is the number-average molecular weight of the polymer segments between 
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cross-links, G’ is the plateau value of real part of shear modulus, R is the gas constant, T is 

the temperature in Kelvin. 

2.6 Density measurement 

Density of the membrane samples could be determined by two methods: density-gradient 

column and by Archimedes Principle.  

When using density-gradient column, the standard floats with density ranging from 0.95 

g/cm3 and 1.03 g/cm3, and the accuracy to ±0.0002 g/cm3 are first added, and stay 

suspended in the column at the level where the density of reference floats is the same as 

that of the liquid. After the density floats reach stabilization status, the test membrane is 

added and allowed to descend to the different levels of the columns. A calibration chart is 

drawn to determine the densities of the membranes.  

When using Archimedes Principle,135  the density is calculated as follows:  

𝜌 =
𝑀𝐴

𝑀𝐴 − 𝑀𝐿
𝜌0 

(2.5) 

where MA is the film weight in air, and ML is the film weight in the auxiliary liquid 

(methanol), and ρ0 is the density of methanol at the temperature where the measurement 

was performed.  

2.7 Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) of the polymer membranes was conducted 

in transmission mode using a Perkin-Elmer Frontier mid-infrared FT-IR instrument. A 
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minimum of 16 scans were signal-averaged with a resolution of 4 cm-1 to obtain the final 

spectrum. The background test is performed in air.   

2.8 Thermogravimetric Analysis (TGA) 

The thermal stability of the PEO-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.  
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CHAPTER III 

EFFECT OF CROSS-LINK DENSITY ON CARBON DIOXIDE 

SEPARATION IN POLYDIMETHYLSILOXANE-NORBORNENE 

MEMBRANES 

Reproduced in part from “Effect of Cross-Link Density on Carbon Dioxide Separation in 

Polydimethylsiloxane-Norbornene Membranes” ChemSusChem 2015, 8, 3595 – 3604.  

3.1 Introduction 

The development of a new method based on a non-size sieving mechanism for gas 

separation could potentially offer a solution to the improvement of CO2/N2 separation 

efficiency. As a typical rubbery polymer at room temperature, polydimethylsiloxane 

(PDMS) is known to possess some of the highest permeabilities to various gases, e.g. the 

reported permeability is 3800 barrer for CO2, 890 barrer for H2, 400 barrer for N2, etc.86 It 

has drawn much attention also due to its good physical and mechanical properties (ductile), 

no aging issues, low cost, thermal stability and ease of processing.76-85 For CO2/N2 

separation, the reported selectivity of typical PDMS membranes is around 9.5.86 If the 

CO2/N2 selectivity of those PDMS membranes can be improved while maintaining high 

permeability, the designed membrane would meet the practical target in efficiency and 

cost.89 In PDMS-like rubbery polymer membranes, the liquid-like polymer matrix has poor 

size-sieving ability,88 thus the overall selectivity is often determined by different gas 

solubilities in the membranes.19, 86 If one compares various membranes made of PDMS 

polymer matrix, the gas solubilities should not be altered significantly, while diffusivity 
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can be tuned by controlling PDMS molecular architecture. One way to tune the gas 

diffusivity property of PDMS membranes is by introducing cross-linked networks. Many 

studies have been performed on cross-linked PDMS materials, due to their various 

applications in many fields.136-143 The performance of cross-linked PDMS materials largely 

depends on the structure of the cross-linked networks and the residual end groups in the 

bulk material and interfaces. A previous study showed that increased cross-links in the 

PDMS network results in stronger elastic resistance and the diffusivity of a penetrant 

through the membrane decreases.138 There has also been a previous study on cross-linked 

Matrimid membranes reporting the monotonous decrease of the permeability of different 

gas with the increase of cross-linking degree.144 In some other cases, Lin et al. reported in 

their study of cross-linked poly (ethylene glycol diacrylate) (XLPEGDA) that gas 

permeability and solubility were independent of cross-link density.145 Some papers even 

claimed an increase in gas permeability with the increase of cross-link density.146 However, 

more comprehensive studies on the effect of the cross-link density for gas separation in 

rubbery polymers such as PDMS-based membranes are limited, and a better level of 

understanding is necessary for further development of gas separation membranes.  

In this work, a facile membrane fabrication approach was applied for the preparation of 

PDMS-based membranes for CO2 separation with a controlled degree of cross-linking. The 

room temperature chemical cross-linking reaction of (bicycloheptenyl) ethyl terminated 

polydimethylsiloxane (PDMSPNB) via ring-opening metathesis polymerization (ROMP) 

was developed by reacting PDMSPNB with Grubbs-II catalyst in a dichloromethane 

solution and drying under argon. The cross-link density was mainly controlled by the ratio 
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of PDMSPNB to Grubbs-II catalyst and was determined by rheological measurements. The 

use of difunctional PDMS macromonomers allowed for the preparation of free-standing 

films with much lower cross-link density than conventionally reported cross-linked PDMS 

membranes. Owing to the low cross-link density, the synthesized membranes provide very 

high permeability of CO2 up to ~6800 Barrer with a good selectivity of CO2/N2~14 in 

single gas permeation measurements and show similar performance for mixed gas 

separation. The gas sorption, positron annihilation lifetime spectroscopy (PALS), and 

broadband dielectric spectroscopy (BDS) studies were carried out to provide a better 

understanding of the parameters controlling solubility and diffusivity.   

3.2 Materials and methods 

3.2.1 Materials 

(Bicycloheptenyl) ethyl terminated polydimethylsiloxane (PDMSPNB) with an average 

molecular weight range from 12,000-16,000 g/mol was purchased from Gelest Inc. 

Sylgard® 184 silicone elastomer kit was obtained from Dow Corning. The Grubbs 

Catalyst, 2nd Generation (Grubbs-II) and anhydrous dichloromethane were purchased 

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

obtained from Air Liquide. All materials were used as received.  

3.2.2 Membrane synthesis 

The scheme of the cross-linking reaction is shown in Scheme 3.1. The reaction was 

performed via ROMP of the norbornene groups on the telechelic position on PDMS.  
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Scheme 3.1. Cross-linking reaction of PDMSPNB with different catalyst ratio. 
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In a typical experiment, PDMSPNB (0.515 g, 3.68×10-5 mol) was dissolved in DCM (6 

mL) solution, while Grubbs-II catalyst (1.92 mg, 2.26×10-6 mol) was dissolved in DCM (2 

mL) separately. Then 0.5 mL of 2 mL Grubbs-II stock solution was added to the 

PDMSPNB solution and the mixture was shaken for 60 seconds before poured into a 100 

mL PTFE dish (with a diameter of 10 cm). The PTFE dish was then covered for 1 h and 

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 cross-linking reaction. The membrane 

was dried under argon atmosphere overnight and moved into a vacuum oven for three days 

to remove residual solvent completely. Finally, the cross-linked, free-standing polymer 

membrane was detached from the PTFE dish and cut into approximately 2 cm × 2 cm 

square membranes. The thickness of each membrane was determined using a micrometer. 

PDMSPNB/Grubbs-II molar ratios varied from 130/0.5 to 130/10 were used during the 

membrane casting process to control the cross-link density. All permeation measurements 

were performed within a similar time frame after curing. 

A conventional cross-linked PDMS membrane was synthesized and characterized as a 

control experiment.147 The membrane was fabricated by mixing the Sylgard® 184 silicone 

elastomer kit with the curing agent in a weight ratio of 10:1 using toluene as a solvent to 

dilute the mixture. The mixture was stirred for 15 min before casting onto a 10 cm × 10 cm 

glass plate. After 1 h curing at room temperature, the mixture was placed in an oven and 

heated for 3 h at 100 ◦C. It was then moved into the vacuum oven for three days at room 

temperature to remove residual solvent. Finally, the free-standing PDMS membrane was 

peeled off the glass substrate and cut for all the measurements carried out in this study. 
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3.2.3 Positron Annihilation Lifetime Spectroscopy (PALS) 

Positron Annihilation Lifetime Spectroscopy (PALS) is widely used to analyze the free 

volume in the membrane structure.148-150 Membranes with different cross-link densities 

were measured at room temperature, using a conventional sample-source-sample 

sandwich geometry.151 The positron source was made from a 22NaCl solution evaporated 

onto the surface of the samples. The stacked two identical membranes were wrapped by 

thin aluminum foil to generate a sample assembly. The 1.274 MeV gamma ray, indicating 

a positron emission event, and the 0.511 MeV annihilation gamma rays were detected 

using a fast scintillator (BaF2), coupled with photomultiplier tubes (PMT). Different from 

the traditional experimental setup, a double-stop setup was employed in this work.152, 153 

Data were obtained using a digital oscilloscope with a system timing resolution of 158 ps. 

3.3 Results 

3.3.1 Cross-linked PDMSPNB with varied catalyst ratio  

All membranes were formed in-situ via the cross-linking reaction of PDMSPNB with 

Grubbs-II catalyst in a PTFE dish. The as-prepared free-standing membranes showed a 

transparent, homogeneous and elastic nature with thickness ranging from 200-250 μm 

(Figure 3.1). With the change of PDMSPNB to Grubbs-II catalyst ratios, the membranes 

showed different ductility due to the difference in cross-link density. To elucidate the effect 

of the PDMSPNB to Grubbs-II catalyst molar ratio, the cross-link density was quantified 

by rheology using Eq. 2.3. The G’ values as a function of polymer/catalyst ratio are shown 

in Figure 3.2 and summarized in Table 3.1.  
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Figure 3.1 Picture of a cross-linked PDMSPNB membrane showing free-standing, 

transparent and mechanically strong properties. 
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Figure 3.2 G’ as a function of catalyst ratio for cross-linked PDMSPNB membranes. 
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Table 3.1 Plateau value of G’, molecular weight between cross-links, cross-link 

density and glass transition temperature (Tg) as a function of different 

PDMSPNB/Grubbs-II ratios. 

Sample 

code 

PDMSPNB/Grubbs-

II ratio 

G’ (MPa) 

Mx 

(103 g/mol) 

cx  

(mol/cm3) ×105 

Tg 

(K) 

A 130:0.5 0.028 86.0 

 

0.57 148 

B 130:2.5 0.036 67.1 

 

0.73 148 

C 130:1 0.059 41.2 

 

1.19 148 

D 130:1.5 0.061 39.0 

 

1.23 148 

E 130:5 0.073 33.3 

 

1.47 148 

F 130:10 0.157 15.5 

 

3.17 148 

- PDMS 0.387 6.3 

 

7.81 150 

 

 

Density values for all the membranes including the conventional PDMS were obtained 

from density-gradient column measurements (0.9730 – 0.9881 g/cm3) with an average 

value of 0.9800 g/cm3 was applied for all the calculations of Mx (eq 2.3) and the cross-link 

density. The cross-link density of the conventional cross-linked PDMS membrane was also 

determined by rheology measurements and was calculated to be 7.81 × 10-5 mol/cm3, which 

is consistent with previously reported values.86 

3.3.2 Gas transport properties of cross-linked PDMSPNB membranes 

Figure 3.3 shows a representative plot of the CO2 and N2 pressure rise, which are measured 

on the permeate side of the separation chamber in a single gas permeation test.  
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Figure 3.3 Pressure rise in the permeate chamber as CO2 and N2 diffuse through the 

PDMSPNB membrane with cx= 1.19×10-5 mol/cm3. 
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Single gas permeability values were calculated using the data collected in the linear regime 

according to equation 2.1. The selectivity was obtained by calculating the ratio of CO2 

permeability to N2 permeability.  

The permeability of each component in the gas mixture was calculated using equation 2.2.  

All single gas permeability and CO2/N2 selectivity data for PDMSPNB membranes with 

varied cross-link density as well as the conventional PDMS membrane are summarized in 

Figure 3.4 and Table 3.2. The mixed gas permeation data of sample C is included in Figure 

3.5 and Table 3.2. The updated Robeson’s upper bound for CO2/N2 with the cross-linked 

PDMSPNB in this study is shown in Figure 3.6. For comparison, the permeability and 

selectivity values of conventional cross-linked PDMS membrane is also included.  

3.3.3 Gas sorption measurements 

CO2 mass uptakes for cross-linked PDMSPNB membranes with different cross-link 

densities and conventional cross-linked PDMS were measured (Figure 3.7). Due to the low 

absorption value, the change of mass was in the 0.15% to 0.20% (0.075 to 0.1 mg) range. 

The sorption isotherms were calculated from the mass uptake. From the sorption isotherms, 

the solubility of each membrane was obtained: 

 

𝑆 ≡ 𝐶/𝑝 (3.1) 

where S is gas solubility, C is the sorption isotherm, p is the pressure.  
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Figure 3.4 (a) CO2 permeability (b) N2 permeability and (c) CO2/N2 selectivity as a 

function of cross-link density for the cross-linked PDMSPNB membranes. Open 

squares represent the results of a conventional cross-linked PDMS membrane. 

Horizontal dashed lines represent the gas permeability and selectivity value for 

conventional cross-linked PDMS, vertical dashed lines mark the sample with highest 

CO2 permeability. 
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Table 3.2 Summary of gas transport propoerties as a function of cross-link density. 

Sample code cx(mol/cm3) ×105 

CO
2
 Permeability 

(Barrer) 

N
2 

Permeability 

(Barrer) 

CO
2
/N

2
 

Selectivity 

A 0.57 4030 275 14.7 

B 0.73 4474 329 13.6 

C 1.19 6734 489 13.8 

D 1.23 5929 464 12.8 

E 1.47 5040 422 12.0 

F 3.17 3154 377 8.4 

- 7.81 (PDMS) 3545 460 7.7 

C-mixed gas 1.19 6343 434 14.6 
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Figure 3.5 Mixed gas permeability data measured by gas chromatography (GC) in 

the permeate chamber as CO2 and N2 diffuse through the PDMSPNB membrane with 

cx= 1.19×10-5 mol/cm3. The sharp peaks before t=25s relate to the injection of the gas 

into the GC and can be ignored. The N2 and CO2 peaks are noted in the figure.  
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Figure 3.6 Summary of the cross-linked PDMSPNB and conventional PDMS 

membranes in Robeson plot. 
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Figure 3.7(a) Mass uptake of CO2 (b) Sorption isotherms and (c) CO2 solubility in 

cross-linked PDMSPNB membranes. 
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It can be noted in Table 3.3 that the calculated CO2 solubility showed very small differences 

as a function of cross-link density. When compared to the conventional cross-linked PDMS 

membrane, the solubility of the cross-linked PDMSPNB membranes showed a slight 

decrease.  

3.3.4 PALS measurements 

For rubbery polymeric membranes, we expect the diffusivity to be influenced by both the 

free volume and segmental dynamics. In order to study free volume effect, PALS 

measurements were carried out. Three separate positron lifetimes are commonly observed 

in polymers. The first lifetime (τ1) indicates the positrons being annihilated in the bulk of 

the materials (< 200 ps). The second lifetime, τ2, is attributed to the positrons being  

 

Table 3.3 Summary of gas solubility and PALS results versus cross-link density. 

cx(mol/cm3)×

105 

S [cm3(STP)/ 

cm3.atm] 

Average 

Positron 

lifetime (ns) 

Pore 

diameter 

(nm) 

Average 

trapping rate 

(ns-1) 

Relative pore 

concentration 

0.57 0.86 ± 0.030 2.647 0.676 1.9664 1.00 

0.73 1.04 ± 0.053 2.751 0.691 2.6633 1.35 

1.19 1.10 ± 0.012 2.537 0.659 2.3937 1.21 

1.47 0.97 ± 0.035 2.511 0.655 3.0143 1.53 

3.17 1.03 ± 0.011 2.431 0.643 2.6459 1.34 

7.81 (PDMS) 1.25 ± 0.044 2.615 0.671 2.6794 1.36 
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annihilated in defects (300-500 ps). The third lifetime, τ3, refers to ortho-positronium (o-

Ps), a parallel spin complex of a positron and electron, which forms in low electron density 

regions of the polymer, such as free volumes, holes, interfaces, and pores. The o-Ps lifetime 

and intensity are often associated with the size and concentration of the open volume in a 

polymer, respectively. Therefore, the experimentally obtained positron lifetime was fitted 

by three exponential components. From the fitting procedure, one obtains positron lifetimes 

and intensities. The o-Ps lifetime, τ3, is typically related to the average radius of a free 

volume element, r, which is assumed to be spherical, by Tao-Eldrup model.154, 155  

𝜏3 =
1

2
(1 −

𝑟

𝑟 + ∆𝑟
+

1

2𝜋
𝑠𝑖𝑛 [2𝜋

𝑟

𝑟 + ∆𝑟
])

−1

 

  

(3.2) 

Trapping model156 is applied here to extract the average concentration of the free volume.  

𝜅2 =
𝐼2

𝐼1

[𝐼3(𝜆2 − 𝜆3) + (𝜆1 − 𝜆2)] 

𝜅3 =
𝐼3

𝐼1

[𝐼2(𝜆3 − 𝜆2) + (𝜆1 − 𝜆3)] 

(3.3) 

 

where κ2 and κ3 are positron trapping rates in the defects and free volume, annihilation rate 

λi is equal to the reciprocal lifetime τi, λ1 is the bulk annihilation rate, Ii are corresponding 

intensities and hence through the relation 

𝜅𝑖 = 𝜇𝑖𝐶𝑖 (3.4) 

where μi is the specific trapping coefficient for one trapping site, the trapping site density 

could be obtained. Assuming μ3 is the same for all of the membranes considered in this 
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study, the concentration of free volume is proportional to the trapping rate calculated by 

Eq. 3.4.  

Figure 3.8 represents the PALS data for six different membranes. It can be noticed that the 

positron lifetime did not show any significant changes with different cross-link density, 

which revealed a similar pore size inside the dense membranes to be around an average of 

0.67 nm (Table 3.3). The trapping parameters did show some fluctuations within the range 

of study, which indicated some minor changes in the pore concentration. 

3.3.5 Dynamics study by Broadband Dielectric Spectroscopy  

Dynamics of the synthesized membranes were measured using broadband dielectric 

spectroscopy. Figure 3.9 shows the representative dielectric loss spectra and their fits at -

114 °C.  

Two Havriliak-Negami (HN) functions are used to describe the main relaxation process in 

the dielectric spectrum: 

 

𝜀∗(𝜔) = 𝜀∞ +
∆𝜀1

[1 + (𝑖𝜔𝜏𝐻𝑁1)𝛼1]𝛽1
+

∆𝜀2

[1 + (𝑖𝜔𝜏𝐻𝑁2)𝛼2]𝛽2
 

(3.5) 

where *(ω) is the complex dielectric permittivity, 𝜀∞ = lim
𝜔→∞

𝜀′(𝜔) is the value of ( )   

at infinite frequency, Δ is the dielectric relaxation strength, ω = 2πf is the angular 

frequency, 𝜏𝐻𝑁 is the Havriliak-Negami relaxation time, α, β are the shape parameters.  
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Figure 3.8 Influence of cross-link density on (a) 3 and (b) trapping rate. 
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Figure 3.9(a) Dielectric loss spectra of sample C (cx =1.19×10-5 mol/cm3) at -114 °C 

(red solid symbols). Lines show the fit of the dielectric spectrum, and two relaxation 

processes are used (b) Dielectric loss peaks for the pre cross-linked PDMSPNB, 

PDMSPNB and conventional PDMS membranes at -114 °C. The peaks have been 

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

The black curves show the fits to Havriliak-Negami function. 

 



61 

 

The frequency of the ʺ maximum is used to calculate the relaxation time (max). The max 

is related to the Havriliak-Negami relaxation time 𝜏𝐻𝑁, the shape parameters  and  by 

the following equation: 

𝜏𝑚𝑎𝑥 = 𝜏𝐻𝑁 (𝑠𝑖𝑛
𝛼𝛽𝜋

2 + 2𝛽
)

1/𝛼

(𝑠𝑖𝑛
𝛼𝜋

2 + 2𝛽
)

−1/𝛼

 
(3.6) 

 

The temperature dependence of the segmental relaxation time (higher frequency peak) of 

different samples determined from the Havriliak-Negami fitting function (Eq.3.5) is 

presented in Figure 3.10. The behavior is described by the well-known Vogel-Fulcher-

Tammann (VFT) equation in the studied temperature range:  

𝜏 = 𝜏0𝑒𝑥𝑝 (
𝐵

𝑇 − 𝑇0
) 

(3.7) 

where τ0 is the infinite temperature relaxation time, T0 is the so-called VFT temperature, 

and B is a material specific parameter. 

The dynamic glass transition temperature (Tg) is usually defined at the temperature where 

the segmental relaxation time  = 100 s. By extrapolating the VFT curves to  = 100 s, a 

glass transition temperature can be estimated. The calculated Tg of all samples are shown 

in Table 3.1.  
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Figure 3.10 Temperature dependence of segmental relaxation time measured by 

broadband dielectric spectroscopy for different samples. Solid lines were fit to the 

VFT equation. The glass transition temperature (Tg) was determined by VFT 

extrapolation of the segmental relaxation time to α = 100s (log10 α =2). 
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3.4 Discussion  

3.4.1 Effect of catalyst ratio on cross-link density 

As shown in Figure 3.2 and Table 3.1, the G’ values generally increase with the higher 

catalyst ratio, while the calculated Mx values show a decreasing trend. In case of a linear 

polymer with monofunctionality, the amount of catalyst controls the resulting molecular 

weight; however, for the difunctional PDMSPNB, the catalyst ratio should control the 

cross-link density as well as the reaction kinetics. From the rheology data, a higher catalyst 

ratio resulted in a stronger shear response, because the higher catalyst ratio increased the 

numbers of cross-link junctions in the membrane, thereby generating shorter average chain 

lengths between cross-links. It is also worth mentioning that the cross-link density in the 

PDMSPNB membranes is controlled by multiple factors. The catalyst ratio is a dominant 

factor but the reaction kinetics during in-situ membrane formation could also influence the 

cross-link density. However, due to the fast reaction rate, it is difficult to kinetically control 

the formation of cross-link networks within the time range demonstrated in this study. The 

deviation of the trend for G’ vs. catalyst ratio in Figure 3.2 is likely due to a combination 

of variation of reaction kinetics and other possible factors.  

3.4.2 Gas transport properties of cross-linked PDMSPNB membranes 

The slopes of the CO2 and N2 permeabilities in Figure 3.3 clearly show much higher CO2 

permeability than that of N2. As seen in Figure 3.4(a) and 3.3(b), for cross-linked 

PDMSPNB membranes, the permeability of both the CO2 and N2 showed an increasing 

trend with the initial increase of cross-link density, and then permeability reaches a 
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maximum (cx =1.19×10-5 mol/cm3) and decreases with farther increase in cross-link 

density. The permeation of CO2 and N2 of the cross-link density 1.19×10-5 (mol/cm3) 

showed the highest flux than any other membranes in this study. From the Robeson plot 

(Figure 3.6), the cross-linked PDMSPNB membrane achieved much better CO2/N2 

separation property than the majority of polymers.4, 157 The mixed gas permeation 

measurements of sample C showed very comparable results to that of single gas 

measurements (Table 3.2), which suggests that the PDMSPNB membranes perform 

similarly well in a mixed gas permeation, which is more relevant to real industrial 

circumstances.    

Compared to conventional cross-linked PDMS, the cross-linked PDMSPNB membrane 

show higher permeability and higher selectivity, and the performance is very close to the 

Robeson upper bound. The conventional cross-linked PDMS utilizes short chains of PDMS 

as precursor and requires high cross-link density to make it a free-standing film. The use 

of difunctional macromonomer PDMSPNB in this work allowed us to prepare free-

standing films with much lower cross-link density. This membrane fabrication approach to 

prepare cross-linked membranes has revealed that tuning cross-link densities of 

PDMSPNB using these macromonomers can improve the performance of CO2/N2 

separation significantly. Our best performance membrane with cross-link density 1.19×10-

5 (mol/cm3) is approximately a factor of two improvement in CO2 permeability and CO2/N2 

selectivity over the well-studied conventional cross-linked PDMS. The excellent 

permeability and good selectivity of the cross-linked PDMSPNB membranes provides a 

promising perspective (Figure 3.4 and 3.6) for future development of membranes for CO2 



65 

 

separation. However, a deeper understanding of the physical and chemical mechanism 

behind the outstanding gas separation property is also crucial. To elucidate how cross-links 

affect the solubility and diffusivity, the study of CO2 solubility and free volume were 

carried out. 

3.4.3 Influence of gas solubility and free volume 

As described in the Introduction, researchers reported different trends of gas permeability 

change with the change of cross-link density. However, for our rubbery cross-linked 

membranes, the permeability does not follow a monotonous trend. We expected the change 

in gas permeability to be a combined effect of many factors. From the CO2 solubility 

measurements, all the tested cross-linked PDMS membranes are similar within the range 

of uncertainty (Table 3.3), which indicates that the solubility did not play a key role in the 

enhancement of permeability and selectivity for the PDMSPNB membranes. The N2 

solubility of the PDMSPNB membranes was lower than the measurable limit of the device 

and could not be measured.  

The PALS measurements show that the pore size of the PDMS was similar to that of 

PDMSPNB membranes (Table 3.3), indicating that the difference of the cross-link 

density did not influence much the pore size, which is within our expectation due to the 

use of the same polymer matrix. With the increase of cross-link density, the concentration 

of pores shows fluctuations, which could be interpreted as the small changes in the total 

free volume. However, due to the relatively large error bar, the fluctuations still lie well 

within the range of uncertainty for these measurements. 
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3.4.4 Effect of dynamics on gas permeability 

Dielectric loss peaks in Figure 3.9 shows that the α-relaxation of all the cross-linked 

samples broadened at the low frequency side compared to that of the pre cross-link 

sample. Similar results were reported for cross-linked PDMS networks 158 and other 

polymers.159 The authors ascribed the broadening of the peaks to the slowing down of 

segments in the proximity to the cross-link junction. For our end cross-linked PDMSPNB 

membranes, the mobility of the segments near the end junctions are expected to be 

restricted, which could explain the broadening of the peak at lower frequencies. It can 

also be noticed that the peak position of the conventional cross-linked PDMS membrane, 

which has much higher cross-link density than those of the PDMSPNB membranes, was 

shifted around one order in frequency. This indicates approximately ten times faster 

segmental motion in our membranes relative to conventional cross-linked PDMS at the 

studied (by dielectric spectroscopy) temperatures. However, our PDMSPNB membranes 

were only slightly cross-linked, i.e. the concentration of junctions was very small. Thus, 

compared to pre-XL sample, no apparent shift of the peak position to lower frequencies 

was observed. The pre-XL and cross-linked PDMSPNB samples did not show any 

changes in Tg (Table 3.1), indicating that although some segmental motions in cross-

linked PDMSPNB samples were restricted, the influence on average segmental relaxation 

time was not significant. However, the cross-linked PDMSPNB did show faster dynamics 

than the conventional cross-linked PDMS membranes, which in part, might explain the 

significant increase in gas permeability between these two types of membranes. To relate 

quantitatively the observed increase in gas diffusivity to change in segmental dynamics, 
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measuring the dynamics at the same ambient temperature would be ideal, while 

unfortunately PDMS segmental dynamics at T=298 K is too fast for our spectrometer. 

Despite the difference of the measured temperature range, this dynamic study indicates 

that the most significant enhancement of CO2 separation of PDMSPNB over 

conventional cross-linked PDMS should be ascribed to the much faster segmental 

dynamics despite their similar free volume. 

3.5 Conclusion 

A facile room temperature cross-linking reaction of PDMSPNB membranes was 

developed via in-situ ROMP. The resulting free-standing films were ductile and flexible, 

and could be readily fabricated to different shapes and coatings. Our membrane 

fabrication approach to preparing cross-linked PDMS has revealed that tuning cross-link 

densities of PDMS membranes using these macromonomers can improve CO2/N2 

separation significantly. The novel cross-linked PDMSPNB membranes achieved 

excellent CO2 permeability with good selectivity (a factor of two improvement in CO2 

permeability and CO2/N2 selectivity over the well-studied conventional cross-linked 

PDMS), and their performance is very close to the Robeson upper bound line. The 

unprecedented performance by a careful design of the macromolecular architecture and 

cross-link mechanism has revealed the strong potential of the rubbery polymer, PDMS, 

for gas separation. This finding can open up a new approach to enhance performance for 

gas separation and could elucidate additional factors for the gas separation mechanisms in 

rubbery polymers. To the best of our knowledge, this study is the first report to identify 

that lightly cross-linked PDMS membranes synthesized by difunctional PDMS 
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macromonomers enhance both CO2 permeability and CO2/N2 selectivity. Moreover, from 

an industrial viewpoint, according to Merkel et al.’s study,89 the cross-linked PDMSPNB 

membrane could offer the permeance of ~ 6,300 gpu if 1 μm membranes could be cast 

and coated on the gas separation media. This should allow reduction of CO2 capture cost 

to less than $20 per ton.  Although the complete quantitative level of understanding of the 

obtained results has not yet been achieved, we could ascribe the key factor to the faster 

segmental dynamics in our membranes and probably improved solubility selectivity. Our 

next goal is to incorporate CO2-philic groups into the PDMSPNB matrix, to achieve a 

better selectivity without significant loss in permeability. These findings will contribute 

to the fundamental understanding of gas transport through polymer membranes, with 

potentially broad applications. 
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CHAPTER IV 

IMPACT OF AMIDOXIME FUNCTIONALITY IN RUBBERY 

AND GLASSY POLYMERIC MEMBRANES FOR CARBON 

DIOXIDE SEPARATION 

Reproduced in part from “Impact of tuning CO2-philicity in polydimethylsiloxane-based 

membranes for carbon dioxide separation” Journal of Membrane Science 2017, 530, 213 

– 219. 

Reproduced in part from “Gas separation mechanism of CO2 selective Amidoxime-poly(1-

trimethylsilyl-1-propyne) membranes” Polymer Chemistry 2017,8, 3341-3350.  

4.1 Introduction 

In Chapter 3, we demonstrated the cross-linked PDMSPNB matrix with excellent CO2 

permeability and decent CO2/N2 selectivity. However, the gas separation performance has 

still not achieved Robeson upper bound. The major drawback of PDMS-based membranes 

is their relatively low CO2/N2 selectivity.64, 160 In order to obtain high-performing materials 

to meet the required performance for practical deployment, the selectivity of PDMSPNB 

membranes needs to be further improved.  

A common approach to improve gas selectivity is to enhance diffusivity selectivity by 

tuning the pore size, thereby increasing the membrane's size-sieving capability.11-14 

However, this method is not sufficient for CO2/N2 separations due to the similar kinetic 

diameters of CO2 and N2 (CO2~3.30 Å, N2~ 3.64 Å). Another approach, to which less 

attention has been paid, is to enhance solubility selectivity.19, 20 For instance, a number of 
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studies on Pebax membranes, which exhibits high CO2 solubility due to the strong affinity 

of the polar ether linkages in the structure, have demonstrated the potential of enhancing 

CO2 solubility in order to improve the CO2 separation performance.21-25 Thus, our strategy 

focuses on the incorporation of CO2-philic groups into the polymer matrix, thereby tuning 

the CO2/N2 solubility selectivity. Among the various CO2-philic groups that have been 

reported,28-33, 114, 161-163 we choose to evaluate the incorporation of amidoximes (AO) within 

PDMS matrix for CO2 separation.30  

Moreover, in this chapter, another polymer matrix is also discussed. Most study in this 

dissertation focuses on the development of rubbery, high permeable PDMS-based 

membranes. However, in the membrane gas separation field, glassy membranes also play 

an important role. For instance, poly(1-trimethylsilyl-1-propyne) (PTMSP),157 polymers 

of intrinsic microporosity (PIMs), 15-17 thermally rearranged (TR) polymers, 12, 13, 18 etc., 

are well-known high-performing glassy materials. Among them, PTMSP is known to be 

one of the most permeable polymer (CO2 permeability~ 29,000 Barrer) which owns 

orders of magnitude higher permeability than other polymers.  The high permeability is 

attributed to the exceptionally large free volume and large intersegmental gaps in the 

polymer matrix.164 However, the rather low gas selectivity is one of the major drawbacks 

that limits its deployment in various applications.  

Researchers have reported the enhancement of CO2 selectivity by introducing CO2-philic 

groups in glassy systems. Du et al. reported the successful incorporation of tetrazole(TZ) 

groups into the highly-permeable PIM-1 polymer,28 and the CO2/N2 selectivity showed a 

factor of 2 improvement and reached ~30, Later, thioamide-PIM-1113, AO-PIM-1165, 
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PIMCO1-CO15-50166, Carboxylated167, 168, etc. were also reported to significantly enhance 

CO2/N2 permeability.  

Moreover, much research has been reported to modify PTMSP to obtain enhanced gas 

separation performance. Freeman et al. reported highly-loaded titanium oxide (TiO2) 

nanoparticle-filled PTMSP that showed higher light gas permeability than neat PTMSP.169 

Hill et al. studied that addition of fumed silica nanoparticle (FS) to PTMSP matrix 

facilitates the diffusion of  CH4 significantly (~180%  higher than that of untreated 

polymer).170 However, the gas solubility in these composite membrane was unaffected by 

the addition of nanoparticles. Moreover, Buhr et al. investigated the gas transport 

properties of poly(1-trimethylsilyl-1-propyne)-block-poly(4-methyl-2-pentyne) (PTMSP-

b-PMP) block copolymers. They showed rather high permeability (1100 Barrer for CH4, 

20000 Barrer for C4H10).
171 PTMSP grafted PDMS also showed enhanced permselectivity 

of ethanol.172  However, few research groups have conducted studies on tuning the CO2-

philicity of PTMSP matrix.  

Herein, we introduce an efficient method to prepare novel AO-PDMSPNB and AO-

PTMSP membranes for CO2/N2 separation. The synthesized membranes exhibit a 

systematic increase in CO2/N2 selectivity and improved overall performance in CO2/N2 

separation comparing with that of neat PDMSPNB and PTMSP membranes. The 

separation performance of the best membranes has achieved above/on the Robeson upper 

bound. Key parameters for tuning the gas transport properties are discussed based on 

calculated CO2-AO complex binding energies, CO2 sorption measurements and fractional 

free volume (FFV) estimations. 
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4.2 Materials and methods 

4.2.1 Materials 

(Bicycloheptenyl)ethyl terminated polydimethylsiloxanes (PDMSNB) with weight-

average molecular weights ranging from 12,000-16,000 g/mol were purchased from 

Gelest Inc. Grubbs catalyst, 2nd generation (Grubbs-II), dicyclopentadiene, fumaronitrile, 

hydroxylamine solution (50 wt. % aqueous solution) and anhydrous dichloromethane 

(DCM) were purchased from Sigma-Aldrich. Nitrogen and carbon dioxide gases (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 are reported in ppm downfield 

from tetramethylsilane. CDCl3 was used as the solvent for all NMR samples. Elemental 

analyses were performed by Galbraith Laboratories, Inc.  

4.2.2 Synthesis of bicyclo[2.2.1]hept-5-ene-2,3 dicarbonitrile 

(dicyanonorbornene, diCyNb)  

Dicyclopentadiene (7.2 g, 54.4 mmol) and fumaronitrile (9.3 g, 108.8 mmol, 2.2 equiv.) 

were added to a 300 mL round bottom flask with stir bar. The mixture was heated at 190 

°C under an inert atmosphere. After 48 h, the product-diCyNb (5.30 g, 72% approx. yield) 

was isolated from the product mixture by distillation. 1 H NMR (400 MHZ, CDCl3): δ= 6.18 

(m, 2H, -CH=CH-); 3.23-3.20 (m, 2H, -CH-CN); 3.07(t, 1H, 3J23 = 7.9,    =CH-CH<); 2.38 

(m, 1H, =CH-CH<); 1.44-1.54 (m, 2H, >CH2). 
13C NMR (100 MHZ, CDCl3):  δ=136.55 (-
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CH=CH-); 134.70 (-CH=CH-); 119.45 (-CH-CN); 119.07 (-CH-CN); 47.44 (=CH-CH<); 

46.30(=CH-CH<); 45.46(>CH2); 33.64 (-CH-CN); 33.41 (-CH-CN). 

4.2.3 PDMSPNB-co-PdiCyNb precursor synthesis and post-modification 

The precursor membranes were synthesized via the in-situ ring-opening metathesis 

polymerization (ROMP) of PDMSNB and dicyanonorbornene (diCyNb) (Scheme 4.1). In 

a typical process, PDMSNB (375 mg, 2.68×10-5 mol) and diCyNb (125 mg, 8.68×10-4 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 

72 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 

functionalization or testing.     

The PDMSPNB-co-PdiCyNb membranes were synthesized with varying feed 

compositions of diCyNb ranging from 10 to 30 wt%. No uniform membranes with diCyNb 

feed contents higher than 30 wt% were successfully made due to the heterogeneity between 

two components in PDMSPNB-co-PdiCyNb. From elemental analysis results, the ratio of 

diCyNb:PDMSNB incorporated in the copolymer membrane was lower than the feed ratio. 

For example, at 25 wt% feed contents only produced about 17 wt% composition. 
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Scheme 4.1. ROMP reaction of the diCyNb-PDMSPNB membrane and post-

modification. 
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The gas permeability of PDMSPNB-co-PdiCyNb membranes were tested and the CO2/N2 

selectivity was calculated. Due to the optimum balance of CO2 permeability and CO2/N2 

selectivity obtained in the permeation data of PDMSPNB-co-PdiCyNb membranes, the 

precursor with 25 wt% feed of diCyNb was selected for use in further experiments.  

Each batch of amidoxime-PDMSPNB membranes were functionalized from one specific 

PDMSPNB-co-PdiCyNb membrane, which was cut into small pieces and treated for 

amidoximation. In a typical amidoximation experiment, 0.1g of cross-linked PDMSPNB-

co-PdiCyNb membrane was added to methanol (10 mL), followed by the addition of 

hydroxylamine solution (0.12g, 1.82 mmol, 3 equiv). The mixture was placed in a 56 °C 

oil bath. A control experiment using only methanol but without hydroxylamine was also 

performed and the results showed no CN group conversion and extended cross-link density 

(Figure 4.1). By varying the amidoximation time from 6 h to 48 h, membranes with varied 

amidoximation extent were obtained. The membranes were then washed with methanol 

and DI water several times and dried in a vacuum oven for another 3 days at room 

temperature. The thickness of the membranes ranged from 100-130 μm. The density of all 

the membranes were obtained from density-gradient column measurements (0.9780-

0.9840 g/cm3) and the estimated fractional free volume using Bondi’s method173 ranged 

from 0.190-0.195, which is comparable with previously reported data.174 The resulting 

membranes were cut into approximately 2 cm × 2 cm squares for permeation measurement. 

The as-prepared membranes were labeled as “AO-amidoxime time (h).” For example, AO-

12-PDMSPNB is the membrane with 12 h amidoximation. The compositions of the 

membranes were determined by elemental analysis.    
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Figure 4.1. Pressure rise of cross-linked PDMSPNB-co-PdiCyNb membrane (a) 

before and (b) after methanol treatment.   
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4.2.4 AO-PTMSP membrane fabrication 

The synthetic route of AO-PTMSP is demonstrated in Scheme 4.2. For detailed synthesis 

procedures, please see Polymer Chemistry 2017,8, 3341-3350. Membranes were prepared 

using solution casting method. In a typical example, a solution of AO-PTMSP (0.2 g) was 

prepared in toluene (15 mL) at a concentration of 1.5 wt% and was dispersed onto a PTFE 

dish (with a diameter of 6 cm) after filtration using a 0.45 μm PTFE filter. The 

homogeneous and clear membrane was then formed by slow evaporation of the solvent in 

an isolating container at ambient temperature after two days. All the resulting membranes 

had thicknesses of 70-90 μm and were soaked in methanol to remove residual solvent and 

prevent the aging effect. Each membrane was removed from the methanol solvent and dried 

in air for 24 h prior to any measurements.  

 

 

 

Scheme 4.2. The synthetic scheme of AO-PTMSP. 
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4.2.5 AO-PDMSPNB Membrane Characterizations  

Temperature-modulated DSC (TMDSC) measurements were performed using the 

following procedure: sample was equilibrated at 100 °C, isothermal for 5 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 100 °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. 

Representative curves of AO-PDMSPNB membranes are presented in Figure 4.2, in which 

the inset shows the derivative curves of the heat flow change. The glass transition 

temperature (Tg) can be estimated from both the transition process in reversible heat flow 

curves and the peak position in the derivative curves. In all AO-PDMSPNB membranes, 

only one Tg for PDMS and crystallization at higher temperature (not shown) are observed. 

The data reveal no changes in Tg (Tg of all samples are -125°C) for AO-PDMSPNB 

membranes with different amounts of AO groups.  

4.2.6 Calculation of binding energies 

CO2 affinities were estimated by calculated binding energies (BE) between CO2 and 

polymer units. Structures of complexes and monomers were optimized at the RI-

MP2/def2-TZVPP level with the Turbomole 6.5 software package.175 We have shown 

that weak interactions between CO2 and dipolar molecules can be reproduced accurately 

at this level.110 Basis set superposition error (BSSE) was further corrected for reported 

BEs with counterpoise correction. 
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Figure 4.2 DSC curves for AO-PDMSPNB membranes illustrating the glass transition 

step. Inset is the derivative of reversible heat flow change. All curves have been shifted 

vertically to illustrate the systematic change of the peak shape and position. 
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4.2.7 Fractional free volume (FFV) estimation 

The FFV of the membranes was estimated using the following group contribution method,  

𝐹𝐹𝑉 =
𝑉 − 𝑉0

𝑉
 

(4.1) 

where V is the specific volume of the AO-PTMSP polymer obtained from density 

measurements at the temperature of interest; V0 is the specific occupied volume at 0 K, 

which was estimated as 1.3 times the van der Waals volume calculated using Bondi’s group 

contribution method.176, 177 

4.3 Results 

4.3.1 Determination of AO-PDMSPNB membrane compositions  

The compositions of the PDMSPNB-co-PdiCyNb and AO-PDMSPNB membranes were 

determined using a combination of FTIR spectroscopy and elemental analysis. The IR 

spectra of AO-PDMSPNB series membranes are shown in Figure 4.3. It can be noticed that 

the band associated with the C≡N group at 2250 cm-1 disappears with the conversion to AO 

groups. The broad bands in the region of 3000–3500 cm-1 represent the N-H and O-H 

stretching vibration while the band at 1660 cm-1 represents the C=N stretch vibration.178, 

179 These peaks confirm the conversion from CN groups to AO groups. The band at 1260 

cm-1 is related to the Si-CH3 symmetric deformation180, 181 in the PDMS matrix, which 

remains constant during the amidoximation. 

The conversion percentage of the CN group is calculated from the change of the integrated 

area of the CN peak (2250 cm-1) relative to the Si-CH3 symmetric deformation peak (1260 

cm-1).  
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Figure 4.3 FTIR spectra of AO-PDMSPNB series membranes. Inset: change of CN 

peaks at 2250 cm-1. All spectra have been shifted vertically to illustrate the systematic 

changes of the peak. 
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The calculation results are shown in Figure 4.4 and Table 4.1. Moreover, Table 4.2 shows 

the amount of linear and cyclo-AO composition in the polymer membranes. The 

conversion of the CN groups increases with increasing amidoximation time and reached a 

plateau after 24 h. Previous studies reported an amidoximation time around 20 h to reach 

the plateau32, 114, 182, which is consistent with our results. The post-modification of the 

hydrophobic cross-linked membranes may limit diffusion and penetration of the 

hydroxylamine through the membrane matrix,183 thus resulting in slightly less than 100% 

conversion. No further measurements of the 48 h sample were taken due to its similarity to 

the 24 h sample. 

4.3.2 Gas transport properties of AO-PDMSPNB membranes  

To study the effects of amidoximation on gas separation performance, each membrane was 

tested using the constant-volume variable-pressure gas flux method. All the membranes 

show much higher CO2 permeability than that of N2. The results of the single-gas 

permeability and CO2/N2 selectivity values are summarized in Table 4.3 and Figure 4.5. 

As seen in Figure 4.5a and 4.5b, for AO-PDMSPNB membranes, the CO2 and N2 

permeabilities show a monotonic decrease with increasing AO conversion. The CO2/N2 

selectivity increases as a function of AO content, but reaches a maximum at ~39% 

conversion, and further increase in AO conversion results in decreased selectivity (Figure 

4.5c). When these values are plotted on a 2008 Robeson plot (Figure 4.6), the highest 

performing membrane, AO-12-PDMSPNB has exceeded the Robeson upper bound, 

showing great enhancement as compared with the majority of the membranes.    
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Figure 4.4 Red circles represent the conversion of CN groups in AO-PDMSPNB series 

calculated from FTIR mode at 2250 cm-1. Blue squares represent the increase of 

Nitrogen wt% calculated from elemental analysis. 

 
 

Table 4.1 Summary of elemental analysis and FTIR calculation results. 

AO 

time(h) 

Carbon wt% Nitrogen wt% 

Nitrogen/Carbon 

ratio % 

Nitrogen% 

increase 

CN % 

conversion  

0 42.01 ±0.07 3.27 ±0.10 7.79 ±0.23 0 0 

6 39.49 ±0.65 3.42 ±0.10 8.65 ±0.10 11.2 ±2.0 15.8 ±1.0 

12 39.48 ±0.61 3.96 ±0.13 10.16 ±0.31 30.5 ±0.2 38.9 ±2.8 

24 38.67 ±0.04 4.10 ±0.02 10.60 ±0.04 36.3 ±3.5 82.6 ±5.4 

48 38.40 4.03 10.50 38.9 86.7 
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Table 4.2 Summary of AO vs cyclo-AO amount in two series AO-PDMS membranes. 

Sample code CN conversion (%) AO amount (%) Cyclo-AO amount (%) 

AO-0-PDMSPNB 0 
0 0 

AO-6-PDMSPNB 15.8 ±1.0 
6.6 ±3.0 9.2 ±2.0 

AO-12-PDMSPNB 38.9 ±2.8 
22.0 ±2.4 16.9 ±5.2 

AO-24-PDMSPNB 82.6 ±5.4 
0 82.6 ±5.4 

 

 

 

Table 4.3 Summary of gas permeability and CO2/N2 selectivity for prepared samples. 

Sample code CN conversion (%)  PCO
2
 (Barrer) PN

2 
(Barrer) 

CO
2
/N

2
 

Selectivity 

AO-0-PDMSPNB 0 10500 ±2400 1540 ±110 6.8 ±1.2 

AO-6-PDMSPNB 15.8 ±1.0 7600 ±1200 670 ±210 11.3 ±2.1 

AO-12-PDMSPNB 38.9 ±2.8 6800 ±1200 360 ±90 18.8 ±2.2 

AO-24-PDMSPNB 82.6 ±5.4 4800 ±1300 320 ±80 15.0 ±0.2 

 PDMSPNB160 - 6734 489 13.8 
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Figure 4.5 (a) CO2 permeability, (b) N2 permeability, and (c) CO2/N2 selectivity versus 

degree of CN group conversion (%) for the AO-PDMSPNB membranes. 
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Figure 4.6 Summary of the AO series membranes (measured at 25 °C) as a function 

of amidoximation time in 2008 Robeson plot. The conventional PDMS64, 

PDMSPNB160 and AO-PIM-132 data are from references. The averaged permeability 

values are used and the error bar is not included. 
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BE calculations (Figure 4.7) show that the conversion of CN groups to AO groups 

(Figure 4.7a to Figure 4.7b, 4.7c) leads to an approximately 45% increase in the BE, 

which should lead to an increase in CO2 solubility. Interestingly, the cyclo-AO structure 

(Figure 4.7d), which typically forms during the amidoximation reaction184-186, shows 

weaker BE than AO groups (Figure 4.7b, 4.7c). Thus, the conversion from the AO 

structure to the cyclo-AO structure is expected to result in a slight decrease in CO2 

solubility due to the decrease of the BE from about -20 kJ/mol to -17 kJ/mol.  

4.3.3 Gas transport properties of AO-PTMSP membranes 

The composition of AO-PTMSP membranes are determined by a combination of NMR 

and TGA measurements. The data is present in Table 4.4. The grafting yield of AO 

functionality is ranged from 8% to 31%.   

 

 
 

 

Figure 4.7 Summary of the calculated structure and binding energy (BE) for CO2-CN 

and CO2-AO complexes. 
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Table 4.4 General characterization of AO-PTMSP. 

Sample  
Grafting yield (%) 

AO functionality 
(mmol/g) 

Td (°C)* 

NMR TGA 

PTMSP - - - 341 

AO-8-PTMSP 7.9 11.3 0.71 218 

AO-20-PTMSP 20.0 20.5 1.43 206 

AO-31-PTMSP 31.5 30.9 2.67 200 

 * Reported as the temperature at ∼5% weight loss. 

 

The effect of AO grafting on gas permeation properties was investigated by evaluating the 

membrane permeability using the constant-volume variable-pressure gas flux method. The 

results for gas permeability and CO2/N2 selectivity values are summarized in Table 4.5 and 

Figure 4.8. Generally, the reported CO2/N2 separation performance of PTMSP membranes 

ranges from a CO2 permeability from 20000 - 35000 Barrer and CO2/N2 selectivity from 

3.5 - 11, due to different testing conditions and the aging effect of samples.157, 169, 187-189 

Our measured gas permeability of neat PTMSP (CO2 permeability 30000 Barrer and 

CO2/N2 selectivity 3.5) is comparable to those previously reported data. With the higher 

incorporation of AO moiety, the permeability of both CO2 and N2 show a monotonic 

decrease, while the CO2/N2 selectivity increases as a function of AO grafting content. 

When these values are plotted on a 2008 Robeson plot (Figure 4.9), the highest performing 

AO-31-PTMSP, has achieved very close to the Robeson upper bound.  
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Table 4.5 Summary of density, FFV and gas transport properties for AO-PTMSP. 

Sample code Density (g/cm3) FFV 

Permeability 
(Barrer) α (PCO2/PN2) 

CO2 N2 

PTMSP 0.79 0.25 30000 8600 3.5 

AO-8-PTMSP 0.84 0.21 20000 3300 6.1 

AO-20-PTMSP 0.90 0.16 6500 480 13.5 

AO-31-PTMSP 0.96 0.11 6000 350 17.2 
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Figure 4.8 (a) CO2 permeability, (b) N2 permeability and (c) CO2/N2 selectivity versus 

grafting ratio (mol%) for the AO-PTMSP membranes. 
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Figure 4.9 Summary of the AO-PTMSP membranes in a 2008 Robeson plot. 
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4.3.4 Impact of amidoximation on gas diffusivity in AO-PTMSP 

membranes  

The effect of AO group incorporation into PTMSP membranes on gas diffusivity was 

investigated by evaluating density, FFV, and gas permeability, and the results are 

summarized in Table 4.5.  The measured density and FFV of neat PTMSP are 0.79 g/cm3 

and 0.25, respectively, which are consistent with previously reported values.
187 With 

higher AO incorporation, the density increased while FFV showed a monotonic decrease. 

For example, AO-31-PTMSP, the membrane with the highest incorporation of AO at 

31%, showed an increase in density (~20%) and decrease of FFV (~50%). Meanwhile, 

both CO2 and N2 permeabilities showed a decreasing trend with higher AO content 

 

4.3.5 Effect of amidoximation on gas solubility in AO-PTMSP 

membranes  

The sorption isotherms for both CO2 and N2 in AO-PTMSP membranes are depicted in 

Figure 4.10. The sorption isotherms are described by the dual-mode model and the fitting 

parameters are summarized in Table 4.6. For each polymer, the fitting parameters kD and 

b (Eq. 1.6) were constrained to a range which correlated to the critical temperature of 

permeating gas.188 The neat PTMSP data is consistent with reported values.164, 188-190 A 

slight variability of sorption data compared with previously reported values is likely from 

the film preparation process and processing history of the sample.191, 192 
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Figure 4.10 (a) CO2 and (b) N2 sorption isotherms for AO-PTMSP membranes. The 

solid curves show the fits to the dual-mode sorption model. 
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Table 4.6 Summary of dual-mode model parameters, gas solubility and solubility 

selectivity for AO-PTMSP membranes. 

Sample code 

kD C’H b S 

[
𝑐𝑚3(𝑆𝑇𝑃)

𝑐𝑚3 𝑎𝑡𝑚
] α[SA/SB] [

𝑐𝑚3(𝑆𝑇𝑃)

𝑐𝑚3 𝑎𝑡𝑚
] [

𝑐𝑚3(𝑆𝑇𝑃)

𝑐𝑚3 
] [𝑎𝑡𝑚−1] 

CO2 N2 CO2 N2 CO2 N2 CO2 N2 

PTMSP 2.71 0.01 66 22 0.094 0.050 8.49 1.07 7.9 

AO-8-PTMSP 3.06 0.02 61 20 0.088 0.050 8.09 0.98 8.3 

AO-20-PTMSP 3.10 0.01 43 14 0.095 0.050 6.86 0.68 10.0 

AO-31-PTMSP 4.64 0.01 5 3 0.080 0.050 5.02 0.15 32.4 

 

4.4 Discussion  

4.4.1 AO-PDMSPNB Membrane characterization 

As illustrated in Scheme 4.1, the CN group can be converted into three different AO 

structures within the polymer matrix. Thus, it is of high importance to determine the actual 

compositions of each structure. When one CN group is converted to an AO group, one 

extra nitrogen atom is gained, which should result in a 100% increase in nitrogen wt% for 

the film. However, the elemental analysis results show a lower value than what was 

expected for 100% weight increase, which is attributed to the subsequent conversion of 

some di-AO groups to the cyclo-AO analogue.179, 184, 185 The formation of a cyclo-AO 

group from two AO groups results in the loss of one equivalent nitrogen atom. In other 

words, if two CN groups are converted to one cyclo-AO group, only 50% extra nitrogen 

amount is gained. Therefore, by monitoring the nitrogen increase via elemental analysis 
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(Table 4.1), the amount of the cyclo-AO structure present in the matrix can be estimated 

(Table 4.2). The full conversion of CN groups to cyclo-AO groups in AO-24-PDMSPNB 

membranes should result in about 41% increase of nitrogen wt%, while the data showed a 

slightly lower value. Considering the experimental and fit errors, the value is within the 

range of uncertainty, and the majority of CN groups in AO-24-PDMSPNB membranes 

should be converted to cyclo-AO groups.   

As shown in Figure 4.2, the Tg values obtained from DSC do not show any changes, and 

are consistent with our previously reported XLPDMSPNB membranes160. Although the 

conversion from CN groups to AO groups introduces sterically bulky functional groups as 

well as H-bonding, the overall influence on the averaged segmental dynamics in the PDMS 

matrix is negligible, which we attribute to PDMS being the major component within the 

polymer matrix. Thus, the observed changes in gas permeability are not related to changes 

in polymer segmental dynamics.  

4.4.2 Impact of amidoximation on gas permeability of AO-PDMSPNB 

Generally, with higher diCyNb content in the precursor, gas permeability increases, while 

the CO2/N2 selectivity showed a decreasing trend. The gas transport property data of 

membranes with 10, 25, and 30% diCyNb is summarized in Table 4.7. Due to the optimum 

balance of CO2 permeability and CO2/N2 selectivity obtained in the permeation data of 

PDMSPNB-co-PdiCyNb membranes, AO-25 was selected for use in further experiments. 

It is reported that with the formation of AO groups, the intermolecular hydrogen bonding 

can be stacked up between the structures.30, 193  
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Table 4.7 Summary of gas permeability and CO2/N2 selectivity as a function of 

diCyNb Feed wt%. 

diCyNb Feed wt% 

CO
2
 Permeability 

(Barrer) 

N
2 

Permeability 

(Barrer) 

CO
2
/N

2
 Selectivity 

10 5537 571 9.7 

25 12563 1586 7.9 

30 15084 2743 5.5 

 

 

The H-bond rich structure can result in significant reduction of the gas diffusivity,20, 194 

which explains the monotonic decrease in gas permeability with the conversion from CN 

to AO groups (Figure 4.5a, 4.5b). Several reported studies on CO2 separation and capture 

have achieved enhanced selectivity of CO2over other gas pairs with the addition of AO 

groups.30-33, 114 In this study, the increase of CO2/N2 selectivity from AO-0-PDMSPNB to 

AO-12-PDMSPNB (Figure 4.5c) agrees well with the enhanced performance by the 

addition of CO2-philic AO groups. However, the observed maximum in CO2/N2 selectivity 

was not expected and requires a separate explanation. 

The BE calculations of these complexes (Figure 4.7) can elucidate the different 

performance in gas transport properties of AO-PDMS membranes. The increase in BE 

upon the conversion of the CN groups to AO groups is likely the source of the observed 

increase in CO2/N2 selectivity (Figure 4.7 (a)-(c)). When CN conversion is less than 39% 

(AO-12-PDMSPNB), the enhanced CO2 solubility partly compensates the loss of gas 

diffusivity caused by H-bonding. This is the major reason why the CO2 permeability 
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decreases less than that of N2, although they have a similar kinetic size. When the CN 

conversion is higher than 39%, the cyclo-AO structures become dominant in the polymer 

matrix (Figure 4.7c to Figure 4.7d), which results in decreasing BE to -17 KJ/mol (~15%) 

and corresponding decrease in CO2/N2 selectivity from AO-12-PDMSPNB to AO-24-

PDMSPNB. Therefore, a decrease in CO2-philicity with cyclization of AO groups is most 

likely a major reason for the decrease of selectivity at higher CN conversion. Thus, the CN 

conversion to various AOs structures should be carefully tuned in order to explore the 

optimum range. 

4.4.3 Effect of AO functionality on diffusivity of AO-PTMSP 

As shown in Table 4.5, the incorporation of AO groups resulted in a decrease of FFV and 

gas permeabilities. This is like due to the reason that the bulkier AO group contributes to 

occupying excess free volume. Moreover, the formation of intermolecular H-bonding 

between the AO structures could also hinder gas diffusion, leading to a decrease of gas 

permeability in AO-PTMSP membranes. Despite the decrease of gas permeability, the 

CO2/N2 selectivity demonstrates a five-fold increase. The enhancement of CO2 selectivity 

by AO incorporation is attributed to the higher CO2 affinity30, 31, 33, 114, 165, and it is further 

examined by sorption measurements. 

4.4.4 Effect of AO functionality on solubility of AO-PTMSP 

The high sorption efficiency in PTMSP polymers is typically attributed to their high FFV 

and microporosity.164 For AO functionalized membranes, the decrease of gas sorption 

capability is expected due to the reduction of FFV. In Table 4.6, when comparing the 
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Henry’s law parameter, kD, an increasing trend with higher AO content is observed. More 

than 70% increase is achieved from neat PTMSP to AO-31-PTMSP. Typically, kD 

describes penetrant dissolution into the densified equilibrium regions of a polymer matrix. 

For membranes with no gas-polymer interaction, kD is generally related to the critical 

temperature of permeating gas. In our study, the kD values of CO2 and N2 in pure PTMSP 

are comparable with previously reported data. However, the AO-PTMSP membranes show 

much higher CO2 kD values than that of PTMSP. The high CO2 kD values clearly indicate 

that the dissolution of CO2 into the polymer are significantly enhanced, which should 

originate from the strengthened CO2-polymer interaction/philicity by the presence of the 

AO moiety. On the other hand, the Langmuir capacity parameter, C’H, represents the 

maximum number of penetrant molecules that can be accommodated in the excess free 

volume of a glassy polymer. With functionalizing PTMSP to AO-PTMSP membranes in 

C’H showed a decreasing trend, clearly reflecting the decreased amount of gas absorbed 

via Langmuir sorption. The amidoximation of the PTMSP matrix causes a great reduction 

of FFV, therefore it imparts a deleterious effect on Langmuir sorption.  

The solubility selectivity could be calculated using the following equation188: 

𝛼[𝑆𝐴 𝑆𝐵⁄ ] =
[(𝐶2 − 𝐶1)/(𝑃2 − 𝑃1)]𝐴

[(𝐶2 − 𝐶1)/(𝑃2 − 𝑃1)]𝐵
 

(4.2) 

where 𝛼[𝑆𝐴 𝑆𝐵⁄ ] are solubility selectivity, C the penetrant concentrations, p the pressure. 

When P2-P1=0, the solubility can be calculated as: 

lim
∆𝑝→0

(
𝐶2 − 𝐶1

𝑝2 − 𝑝1
) = 𝑘𝐷 +

𝐶𝐻
′ 𝑏

(1 + 𝑏𝑝)2
 

(4.3) 
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The calculated solubility values for all AO-PTMSP membranes are summarized in Table 

4.6. When considering the overall CO2 sorption (Henry’s law plus Langmuir), it is higher 

(~40%) in the pure PTMSP than in AO-31-PTMSP. However, the Langmuir sorption 

becomes the predominant factor for N2 sorption due to the relative low kD values for all 

PTMSP samples. The N2 sorption of AO-31-PTMSP shows significant (~85%) decrease 

compared with pure PTMSP. Overall, when focusing on the sorption capability, although 

both CO2 and N2 sorption capacity show decreases to some extent, the decreasing 

percentage in N2 is much higher than in CO2. Thus, the overall solubility selectivity 

shows a four-fold enhancement after amidoximation.  

4.4.5 Importance of tuning gas solubility 

Our results clearly demonstrate that tuning the CO2-philicity of PDMS-based and 

PTMSP-based membranes indeed improves CO2/N2 selectivity. It is of great fundamental 

interest to understand the optimum range of CO2 BE, in which a balance of increased 

selectivity with the decrease in diffusivity should be met. More specifically, if the BE is 

too low, the membrane could not offer high enough gas solubility, while if the BE is too 

high, the strong CO2 affinity may cause capture of the CO2 molecule within the 

membranes and a strong reduction in its diffusivity and overall efficiency of the CO2 

separation. It is of great importance to study the correlation between BE and CO2 

separation performance, while simultaneously investigating other factors such as polymer 

dynamics and H-bonding, in order to develop a roadmap to design and synthesize high 

performance CO2 separation membranes in the future. 
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4.5 Conclusion 

In this chapter, we first showed the successful incorporation of CO2-philic amidoxime 

groups into the PDMS matrix by using an in-situ ROMP technique, followed by a post-

polymerization modification. Moreover, AO-PTMSP membranes were synthesized via 

hydrosilylation, followed by amidoximation reaction. The degree of amidoximation was 

found to significantly alter gas separation performance in both systems, which has been 

attributed to CO2 binding affinity and H-bonding within the AO functionalities. 

Furthermore, these results demonstrate that by careful tuning of the CO2-philicity of 

polymer membranes, it is possible to significantly increase CO2/N2 selectivity with a 

minimum loss in permeability. The highest performing membranes (AO-12-PDMSPNB 

and AO-31-PTMSP) shows significantly enhanced performance relative to previously 

reported pristine PDMSPNB and PTMSP membranes. These significant gains allowed 

AO-12-PDMSPNB and AO-31-PTMSP to exceed/achieve the Robeson upper bound at 

very high permeability (6800 Barrer and 6000 Barrer, respectively), which is critical for 

practical applications in treating the enormous amount of flue gases generated by power 

plants. This systematic report provides strong evidence detailing how AO content 

influences gas transport properties in polymer membranes. These findings provide a path 

to future CO2 separation material development, as well as fostering fundamental 

understanding of the gas separation process using polymer membranes.  
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CHAPTER V 

EFFECT OF POLY(ETHYLENE OXIDE) FUNCTIONALITY IN 

POLY(DIMETHYLSILOXANE) MEMBRANES FOR CARBON 

DIOXIDE SEPARATION 

Reproduced in part from “Highly-permeable Poly(ethylene oxide)-co-

Poly(dimethylsiloxane) Membranes for Carbon Dioxide Separation” Advanced 

Sustainable Systems, submitted.   

Reproduced in part from “Robust and Elastic Polymer Membranes with Tunable Properties 

for Gas Separation” ACS Applied Materials & Interfaces, 2017, 9, 26483-26491.  

 

5.1 Introduction 

In Chapter 4, the amidoxime (AO) functionality was successfully incorporated into the 

PDMS and PTMSP membranes, and the synthesized materials showed significantly 

enhanced CO2/N2 solubility selectivity and improved gas separation performance. In this 

chapter, another CO2-philic group, poly(ethylene oxide)(PEO), will be discussed.  

Due to its polar nature, PEO shows high affinity for quadrupolar CO2 molecules23, 25, 195-

199. As estimated by Lin and Freeman, the CO2/N2 selectivity in amorphous PEO could 

reach 48, which far exceeds the practical CO2/N2 selectivity requirement for flue gas 

treatment.200 However, as compared to some highly permeable polymers, e.g. poly (1-

trimethylsilyl-1-propyne),48, 57, 189 polymers of intrinsic microporosity,15, 201-203 

poly(dimethylsiloxane) (PDMS),64, 160  PEO shows one or two orders of magnitude lower 
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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. 64, 200 

Moreover, the undesirable semi-crystalline nature of PEO at room temperature additionally 

reduces gas diffusivity, leading to a further loss of gas permeability. Generally, high 

molecular weight PEO exhibits better mechanical properties, but higher crystallinity and 

lower gas permeability. Low molecular weight PEO shows a lower crystallinity and better 

gas transport properties, but exists in liquid form and cannot be directly used as a free-

standing gas separation membranes. Due to inherently low permeability of PEO of either 

molecular weight, the design of free standing PEO-containing membranes owning high gas 

permeability is challenging. Researchers reported a variety of modifications of PEO-

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

mechanical strength. Recently, various highly-permeable PEO-containing materials have 

been reported by different researchers.104, 198, 199, 204, 205 Some combination of PDMS and 

PEO could potentially offer great advantages in high-performance gas separation 

membranes due to PDMS’s high permeability and PEO’s high selectivity for CO2 

separation. The majority of previous studies on PEO-PDMS systems focus on the polymer 

blend. The permeability of such membranes is usually under 700 Barrer. From practical 

aspect, the development of high permeable materials is required to further reduce the 

capture cost.  

In Chapter 3, we reported lightly cross-linked polydimethylsiloxane-norbornene 

(XLPDMSPNB) membranes that exhibit excellent CO2 permeability (~6800 Barrer). This 
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is due to the significantly lower cross-link density which offers much faster dynamics, 

and thus contributing to the increased gas diffusivity.34, 160 Moreover, our previous 

simulation data reveal that the EO functionality could offer high binding energy with CO2 

molecules.110 Herein, we report the successful copolymerization to produce PEO-PDMS 

materials with enhanced CO2/N2 separation performance, combining the advantage of 

fast PDMS dynamics and strong EO-CO2 interactions. The utilization of short chain PEO 

in the copolymer matrix helps to overcome the crystallinity issue, while the cross-linking 

technique provides free-standing films. By the careful alternation of PEO versus PDMS 

composition, the membranes showed controlled CO2 solubility. The combination of CO2-

philic PEO groups and highly permeable PDMSPNB matrix results in one of the highest 

CO2 permeabilities in PEO-containing films (3400 Barrer) and achieves performance 

very close to the Robeson upper bound.  

Moreover, in this chapter, another route to synthesize cross-linked PEO-PDMS membranes 

will also be discussed. In our previously chapters, the reported PDMS-based membranes 

were synthesized via the in-situ ROMP reaction. The versatility of the ROMP technique 

allowed us to incorporate various CO2-philic groups into the PDMS matrix, providing 

tunable gas separation performance for membrane development.  

Currently, chemical cross-linking via urea/urethane units is also widely used due to its 

facile mechanism.206 In conventional poly-condensation technique, the reaction typically 

occurs between amine terminated pre-polymers and urea functionality.207 However, the 

reaction kinetics is relatively slow. Herein, we report a series of urethane-rich PDMS-based 

polymer membranes (U-PDMS) formed by the reaction between the amine-terminated 
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PDMS and multifunctional isocyanate cross-linker. The novel membrane material exhibits 

the advantages of fast processing, in-situ film formation and absence of by-products. 

Modifying the molecular weights of the PDMS chain provides an efficient way to tune 

both cross-link density and physical interactions, which showed huge influence on gas 

diffusivity. Moreover, the successfuls incorporation of PEO moiety into the U-PDMS 

matrix offered a factor of 3 increase of CO2/N2 selectivity.  

5.2 Materials and methods 

5.2.1 Materials 

(Bicycloheptenyl) ethyl terminated polydimethylsiloxane (PDMSNB) with a weight-

average molecular weight ranged 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 (PEO), 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.  

Aminopropyl-terminated polydimethylsiloxane with labeled molecular weight (Mn) of 

900g/mol, 1600g/mol, 3000g/mol, 5000g/mol and 30000g/mol were obtained from Gelest, 
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Inc and used directly. Poly(oxyethylene bis(amine)), Mw=1000 g/mol from Alfa Aesar was 

dried under vacuum prior to use. Poly(hexamethylene diisocyanate) was obtained from 

Sigma-Aldrich. 

5.2.2 Synthesis of norbornene- poly (ethylene oxide) (NB-PEO) 

The NB-PEO monomers were prepared by adding 2.5 equivalents of pyridine (45.65 mmol, 

3.68 mL) via 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) PEO-OH, 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). 

5.2.3 PEO-PDMSPNB membrane fabrication 

The PEO-PDMSPNB membranes were synthesized via the in-situ ring-opening metathesis 

polymerization (ROMP) of PDMSNB and NB-PEO (Scheme 5.1). In a typical process, 

PDMSNB (300 mg, 2.14×10-5 mol) and NB-PEO (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 
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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. The membrane 

thickness is ranged from 140-170 µm. 

5.2.4 U-PDMS Membrane preparation  

The cross-link network is formed via isocyanate-amine ([NCO]-[NH2]) reaction. For 

detailed synthesis and characterization procedures, please see “A Robust and Elastic 

Polymer Membrane with Tunable Properties for Gas Separation” ACS Applied Materials 

& Interfaces, submitted.  

The synthetic route of U-PDMS is demonstrated in Scheme 5.2. PDMS with 5 different 

molecular weight (MW), 900g/mol, 1600g/mol, 3000g/mol, 5000g/mol and 30000g/mol, 

were used for membrane fabrication. And the membrane sample was named as U-MW-

PDMS. For example, a U-0.9K-PDMS membrane is synthesized using PDMS with 900 

MW. The molecular weight between cross-links (Mx) and cross-link density is estimated 

from rheology data.  
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Scheme 5.1 Synthesis of NB-PEO and ROMP reaction of the PEO-PDMSPNB 

membranes. 
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Scheme 5.2 Illustration of urethane-rich PDMS-based network (U-PDMS).
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5.2.5 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 test. 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. 

5.2.6 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was performed using a Thermo Scientific Model 

K-Alpha XPS instrument. The instrument uses a monochromated, micro-focusing, Al Kα 

X-ray source (1486.6 eV) with a variable spot size (30-400 µm).  Analyses of all samples 

were conducted with a 400 µm X-ray spot size for maximum signal and to obtain an 

average surface composition over the largest possible area. The instrument has a 

hemispherical electron energy analyzer equipped with a 128 multi-channel detector system. 

The base pressure in the analysis chamber is typically 210-9 mbar or lower. Samples were 

prepared for analysis by attaching them to the sample holder with metal clips. Wide energy 

range survey spectra (0-1350 eV) are acquired for qualitative and quantitative analysis 

using an analyzer pass energy of 200 eV. For assessing the chemical bonding of identified 

elements, narrow energy range core level spectra were acquired with an analyzer pass 

energy of 25 eV. Charging was reduced by using a charge neutralization system that uses 

a combination of low energy electrons and low energy argon ions for optimum charge 

compensation. The typical pressure in the analysis chamber with the flood gun operating 

was 2 x 10-7 mbar. The scanning condition for all measurements was as follows: 100 
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ms/step, 0.1 eV/step and 30 sweeps. Data were collected and partially processed using the 

Thermo Scientific Advantage XPS software package (v 4.61). Further detailed analysis 

was done using CasaXPS (v 2.3.16 PR 1.6). 

5.3 Results and discussion 

5.3.1 General characterization of PEO-PDMSPNB membranes 

The compositions of PEO-PDMSPNB membranes were determined using FTIR (Figure 

5.1). For the PEO moiety, the CH2 scissoring and CH2 asymmetric bending bands are 

observed at 1448 cm−1 and 1351 cm−1, respectively.208-210 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−1.181 The systematic 

change of PEO and PDMS peaks can be observed in Figure 5.1(b). With increasing PEO 

feed ratio, the CH2 scissoring and CH2 asymmetric bending peaks show an increase 

relative to the CH3 asymmetric deformation peaks of PDMS, indicating higher PEO 

content in the copolymer membranes. 

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

elongation at break(ε), of PEO-PDMSPNB membranes were tested by Dynamic 

Mechanical Analysis (DMA). The data are shown in Figure 5.2 and Table 5.1. The 

obtained results agree well with the previously reported PDMS materials.211, 212 Due to 

the rubbery nature of PEO-PDMSPNB membranes, Young’s modulus values are ranged 

from 0.15 to 0.40 MPa, while the elongation is around 100-200%. 
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Figure 5.1 (a) FTIR spectra of PEO-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 PEO and CH3 asymmetric 

deformation peaks of PDMS. 
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Figure 5.2 Tensile property of PEO-PDMSPNB membranes. 

 

 

Table 5.1 Tensile test data of PEO-PDMSPNB membranes. 

Sample Et(MPa) Ultimate tensile strength (MPa) ε (%) 

PEO-22 0.21 0.20 97.9 

PEO-29 0.39 0.13 118.2 

PEO-39 0.14 0.17 113.6 

PEO-48 0.37 0.21 202.3 
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The differential scanning calorimetry (DSC) data for PEO-PDMSPNB membranes are 

present in Figure 5.3, and the glass transition temperatures (Tg) are summarized in Table 

5.2. The glass transition process for PDMS can be estimated from both the transition 

process in reversible heat flow curves (Figure 5.3 (a)) and the peak position in the 

derivative curves (Figure 5.3 (b)). The glass transition process for PEO 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 PEO (Tg,2, around -58°C) agree well with 

previously reported data.213, 214  

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

two chemical compositions. The morphology of the PEO-PDMS membrane was further 

investigated by Small-Angle X-ray Scattering (SAXS) measurement (Figure 5.4). The 

appearance of a broad peak at 0.02 Å-1 confirms the phase separation of the two polymer 

components. However, SAXS data also indicate the lack of long-range order in their 

morphology due to no presence of ordered multiple peaks and the formation of the very 

broad first diffraction peak. 

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

observed (Figure 5.3 (a)). However, the PEO melting temperature is usually around 70 

°C,200, 215 which was not observed in DSC thermograms, indicating no measurable 

crystallization of PEO segments. This is likely due to the use of short chain PEO (4 

repeating units), as well as the introduction of cross-linking, which prevent the polymer 

chains from forming an ordered crystalline region. The suppression of crystallization 

could well contribute to the improvement of gas diffusivity. 
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Figure 5.3. (a) DSC curves for PEO-PDMSPNB membranes. All curves have been 

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

Reversible heat flow curve of PEO-50 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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Table 5.2 Summary of density, membrane composition, glass transition temperature and gas transport properties for 

PEO-PDMSPNB samples. 

Sample* 
Density 

(g/cm3) 

Tg,1 

(°C) 

Tg,2 

(°C) 

P0 [Barrer] CO
2
/N

2
 

selectivity 

m×103 [1/atm] 

CO2 N2 CO2 N2 

XLPDMSPNB160 0.98 -125 - 6700 490 13.8 - 

PEO-22 0.98 -124 -53 6200 ± 70 770 ± 10 8.1 ± 0.2 18.5 ± 0.1 19.0 ± 0.3 

PEO-29 1.01 -124 -54 4600 ± 60 370 ± 10 12.4 ± 0.2 9.0 ± 0.1 28.6 ± 0.5 

PEO-39 1.04 -124 -57 3400 ± 20 180 ± 10 18.8 ± 0.4 20.9 ± 0.1 15.0 ± 0.8 

PEO-48 1.06 -124 -58 2300 ± 30 120 ± 5 19.2 ± 0.5 -17.4 ± 0.1 -20.1 ± 1.3 

*Membrane composition determined using TGA.  
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Figure 5.4 SAXS profile of the PEO-48 membrane. 

 

 

 

 

 

 

 



116 

 

The thermogravimetric analysis (TGA) results for PEO-PDMSPNB membranes are 

shown in Figure 5.5. The PEO-PDMSPNB copolymers show good thermal stability and 

exhibit a two-step decomposition, indicating that the PDMS and PEO components have 

different thermal stabilities. With higher PEO composition, the decomposition process 

shows a slight shift toward lower temperature. Based on previous studies, PDMS is 

typically stable until around 430 °C, while PEO is likely to be completely decomposed at 

this temperature.216, 217 In this study, the PEO compositions are estimated from the weight 

percentage at second onset temperature (460 °C) and are summarized in Table 5.2. It is 

shown that the estimated PEO/PDMS composition is similar with the original feed ratio.  

The compositions of the PEO-PDMSPNB membranes were also investigated using X-ray 

photoelectron spectroscopy (XPS), 218 and representative spectra are shown in Figure 5.6. 

The main C-C bonding peak at 284.4 eV, the C-O peak located at 286.1 eV and small O-

C=O peak observed at 288.8 eV originate from the PEONB moiety.  The Si 2p 3/2 peak 

at 101.8 eV and Si 2p 1/2 peak at 102.3 eV represent the Si atom response in PDMS. The 

molar ratio of the two components was determined by the ratio of the integrated peak 

areas of Si and C-O peaks. As shown in Table 5.3, the comparison of PEO composition 

determined using TGA and XPS is presented. Although showing the same trend, the 

value of PEO content obtained from two measurements show some discrepancy. Taken 

into account that XPS is a surface-sensitive technique that probes the chemical 

composition at a depth of only a few nanometers from the surface, and the composition in 

this surface layer might differ from that in the bulk, the TGA data is used to determine 

the PEO content in the membranes. 
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Figure 5.5 TGA curves of PEO-PDMSPNB membranes. Dashed line indicates the 

onset temperature of PDMS decomposition. 
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Figure 5.6 X-ray photoelectron spectra of PEO-PDMSPNB membranes. Fitting 

results for each component are shown in lines. 
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Figure 5.6 continued 
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Figure 5.6 continued 
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Figure 5.6 continued 
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Table 5.3 Comparison of PEO content obtained from TGA and XPS. 

NB-PEO feed ratio (%) Wt% residue at 460 °C XPS composition (%) 

20 22 10 

30 29 14 

40 39 23 

50 48 30 

 

 

 

5.3.2 Cross-link density of U-PDMS membranes 

As illustrated in Scheme 5.2, the cross-linked membranes were synthesized via the 

isocyanate-amine ([NCO]-[NH2]) reaction. A fixed molar ratio of reactive groups 

(isocyanate: amine = 1.05:1) was utilized. A decrease of polymer density with higher 

PDMS MW was observed, which was likely originated from the decrease of weight 

composition of the poly(hexamethylene diisocyanate) (ρ=1.12 g/cm3) in the cross-link 

matrix. 

To investigate the effect of PDMS MW, cross-link density of the polymer membranes was 

calculated via the following equation:134  

𝑐𝑥 =
2𝜌

3𝑀𝑥
=

2𝐺′

3𝑅𝑇 
 

(5.1) 

where cx is the moles of cross-links per unit volume, ρ is the density of cross-linked 

polymer, Mx is the number-average molecular weight of the polymer segments between 

cross-links, G’ is the plateau value of real part of shear modulus, R is the gas constant, T is 

the temperature in Kelvin. 
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The plateau value of the real part of the shear modulus (G’) is shown in Figure 5.7 and 

summarized in Table 5.4. It is observed that the G’ value generally decreases with higher 

PDMS MW, whereas the calculated Mx values show an increasing trend. Due to the use of 

a fixed isocyanate/amine ratio, low MW PDMS tends to form tighter and denser cross-link 

networks in the membrane. Thus, much stronger shear response is observed in low MW 

PDMS membranes. 

5.3.3 Gas transport properties of PEO-PDMSPNB membranes 

Gas permeabilities and CO2/N2 selectivites of the PEO-PDMSPNB membranes are 

shown in Figure 5.8 and summarized in Table 5.2. The gas permeability measurements 

are performed under different pressure: 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: 

𝑃 = 𝑃0(1 + 𝑚∆𝑝) (5.2) 

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. Thus, 

∆p is replaced by upstream feed pressure.  

The results in Figure 5.8 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 PEO-PDMSPNB membranes.  
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Figure 5.7 Storage modulus of the U-PDMS-NW measured from rheometer. 

 
 

Table 5.4 Combined basic analysis of U-PDMS-NW derived from PDMS with 

different molecular weights. 

Sample 

Density 

(g/cm3) 

G’ (Pa) Mx (g/mol) 

Cross-link density 

(mol/cm3) 

U-0.9K-PDMS 1.028 4.6×107 0.06×103 1.21×10-2 

U-1.6K-PDMS 1.023 1.5×106 1.60×103 4.01×10-4 

U-3.0K-PDMS 1.001 6.7×105 3.68×103 1.77×10-4 

U-5.0K-PDMS 0.996 3.2×105 7.71×103 8.50×10-5 

U-30K-PDMS 0.983 1.3×105 1.90×104 3.40×10-6 
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Figure 5.8 (a) CO2 permeability, (b) N2 permeability, and (c) CO2/N2 selectivity versus degree of CN group conversion (%) 

for the AO-PDMSPNB membranes. (d) Summary of the PEO-PDMSPNB membranes as a function of PEO content in a 

Robeson plot. 



127 

 

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

trend with higher PEO content in the membranes (Figure 5.8 (a) and (b)). When PEO 

content is low (22%), the gas permeability is still comparable to that of XLPDMSPNB.160 

After 48% PEO is incorporated, the CO2 permeability exhibits about a 65% decrease. 

This drop of gas permeability is likely due to the incorporation of PEO components, 

which provide relatively slow CO2 diffusion, as well as the short NB-PEO chains, which 

can form a more tightly cross-linked network, leading to the 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 PEO 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,198, 199, 204, 205 our PEO-PDMSPNB membranes still show about one order of 

magnitude higher CO2 permeability. For CO2/N2 selectivity, it is observed that the 

selectivity of PEO-22 and PEO 29 is lower than that of PDMSPNB. Due to the use of 

short chain NB-PEO, we have to significantly increase the cross-link density to form a 

free-standing film. The higher cross-link density could lead to a decrease in gas 

selectivity.160 However, with the further increase of PEO content, the selectivity is 

enhanced. The improvement of CO2/N2 selectivity (Figure 5.8 (c)) relative to the 

XLPDMSPNB membranes reveals the great potential of PEO-PDMSPNB membranes for 

being applied in a practical flue gas treatment. When plotting the permeability data on a 

Robeson plot (Figure 5.8(d)), the highest performing sample (PEO-39) has achieved 
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parameters very close to the upper bound, indicating its advanced performance as 

compared with other purely polymeric membranes.  

5.3.4 Gas transport property of U-PDMS membranes  

To study the effect of PDMS MW on gas separation performance, each membrane was 

tested using the constant-volume variable-pressure gas flux method. All the membranes 

show much higher CO2 permeability than that of N2. The results of the permeability and 

gas selectivity values are summarized in Figure 5.9 and Table 5.5. It can be noticed that all 

gas permeabilities showed a monotonous increase with higher PDMS MW. As 

demonstrated in Table 5.4, compared with U-0.9K-PDMS, the cross-link density of U-

30K-PDMS showed about 4 orders of magnitude decrease. It is reported in our previous 

work that, the denser cross-link network could significantly slow down the segmental 

dynamics of the PDMS matrix.65 For rubbery polymers like PDMS, due to their low gas 

solubility, the gas permeability is predominantly determined by gas diffusivity (i.e. 

dynamics). Thus, with higher MW/lower cross-link density, the gas permeability increased. 

Moreover, it was reported that the intermolecular H-bonding could be formed within 

urethane junctions, leading to a further decrease of gas diffusivity.20, 194, 207  

The CO2/N2 selectivity of U-PDMS showed a slight decrease with higher PDMS MW, 

while the CO2/CH4 selectivity remained similar. For rubbery polymers, due to their poor 

size-sieving capability, 88 the selectivity is typically determined by solubility selectivity. 

Because of the same PDMS material utilized in this study, it was within our expectation 

that the selectivity remained unchanged.  
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Figure 5.9 Gas permeability (CO2, N2 and CH4) of the U-PDMS membranes as a 

function of the PDMS MW. Inset is the gas selectivity (α[PCO2/PN2]) of U-PDMS.  
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Table 5.5 Summary of gas transport property of U-PDMS membranes. 

Sample 

Permeability [Barrer] 

α [CO2/N2] α [CO2/CH4] 

CO2 N2 CH4 

U-0.9K-PDMS 710±40 48±12 156±12 14.8±0.3 4.6±0.3 

U-1.6K-PDMS 1500±25 110±3 360±2 13.6±0.2 4.1±0.1 

U-3K-PDMS 3000±50 240±5 770±15 12.5±0.1 3.9±0.1 

U-5K-PDMS 3600±20 290±4 1000±20 12.4±0.1 3.6±0.1 

U-30K-PDMS 4400±60 350±5  1200±50 12.3±0.2 3.6±0.2 

U-PEO21-PDMS 500±10 32±1 109±3 15.6±0.2 4.6±0.2 

U-PEO36-PDMS 390±5 13.1±0.7 62±2 30.0±1.6 6.3±0.2 

U-PEO58-PDMS 111±1 2.7±0.1 6.9±0.1 41.4±0.6 15.9±0.2 
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5.3.5 Gas sorption measurements of PEO-PDMSPNB membranes 

To further investigate the gas transport mechanism of PEO-PDMSPNB membranes, CO2 

sorption measurements were performed and the calculated solubility values are presented 

in Figure 5.10 and Table 5.6. Generally, for rubbery polymers, due to the low Langmuir 

sorption, the sorption behavior can be well-described by Henry’s law. However, due to the 

existence of norbornene junctions, which serve as glassy domain in the polymer matrix, 

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

sorption curves.123  

The fitting parameters are summarized in Table 5.6. 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 PEO content in the membrane leads to increased CO2 solubility. Compared with 

XLPDMSPNB membranes, the incorporation of PEO moiety contributed to about 30% 

increase of CO2 solubility. In Table 5.6, the kD value generally increases with PEO 

incorporation, providing solid support that the incorporation of CO2-philic PEO groups 

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 PEO in the polymer matrix should reduce 

the N2 Langmuir sorption, and the non N2-philic PEO 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 39% PEO amount is  



132 

 

0 2 4 6 8 10 12
0

5

10

15

 

 

 PEO-22

 PEO-29

 PEO-39

 PEO-48
c

m
3
 C

O
2
/c

m
3
 P

o
ly

m
e

r

Pressure (atm)
 

Figure 5.10 CO2 sorption isotherms for PEO-PDMSPNB membranes. The solid 

curves show the fits to the dual-mode sorption model. 

 

 

Table 5.6 Summary of dual-mode model parameters and CO2 solubility for PEO-

PDMSPNB membranes. 

Sample code 

kD C’H b S 

[
𝑐𝑚3(𝑆𝑇𝑃)

𝑐𝑚3 𝑎𝑡𝑚
] [

𝑐𝑚3(𝑆𝑇𝑃)

𝑐𝑚3 𝑎𝑡𝑚
] [

𝑐𝑚3(𝑆𝑇𝑃)

𝑐𝑚3 
] [𝑎𝑡𝑚−1] 

PEO-22 0.78 4.55 0.1 1.16 

PEO-29 0.91 3.50 0.1 1.20 

PEO-39 1.06 2.44 0.1 1.26 

PEO-48 1.07 2.32 0.1 1.27 

XLPDMSPNB160 - - - 0.9-1.0 
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reached, no further change of selectivity is observed with the increase of PEO content. 

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

with high PEO content in their studies.97, 198 Based on their explanation and the gas 

separation performance of our membranes, we expect that when PEO composition is 

lower than 39%, the gas selectivity is predominantly influenced by solubility selectivity. 

After the PEO incorporation of 39% is reached, the CO2 solubility saturates due to the 

intrinsically limited PEO sorption capability. This could be likely attributed to 

plasticization effect within membrane matrix, which leads to no further change of gas 

selectivity with more PEO content. 

5.3.6 Impact of PEO functionality in U-PDMS membranes 

Although showing higher permeability, the CO2/N2 selectivity of U-PDMS membranes 

(~14) are still below practical requirements. Thus, the PEO functionality is incorporated 

into the U-0.9K-PDMS matrix via the same isocyanate-amine reaction. By varying the 

feed ratio, membranes with PEO wt% from 21%-58% are synthesized. The gas transport 

property of U-PEO-PDMS membranes and Robeson plot are demonstrated in Figure 5.11 

and summarized in Table 5.5. With higher PEO content, the gas permeability shows a 

decreasing trend, which agrees well with the PEO-PDMSPNB membranes discussed 

before. When PEO wt% reaches 58%, all gas permeabilities show more than 85% 

decrease. For N2 and CH4, the permeabilities demonstrate about 95% drop compared to 

U-0.9K-PDMS (0 wt% PEO). The major reason for permeability reduction is likely the 

much slower diffusivity in PEO moiety. Moreover, the incorporation of short-chain PEO 

could form tighter cross-link networks, therefore further reducing the gas diffusivity.  
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Figure 5.11 Gas transport properties of the U-PEO-PDMS membranes as a function of PEO wt%. 
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Despite the huge drop in gas permeability, with the incorporation of PEO functionality, 

both CO2/N2 and CO2/CH4 selectivity show a factor of 3 increase. As mentioned before, 

the CO2-philic, polar PEO groups could enhance the polymer-CO2 interaction, thus 

increasing the dissolution of CO2 into the polymer materials and increase solubility 

selectivity. Compared with PEO-PDMSPNB membranes, the highest performing U-

PEO58-PDMS membrane showed a factor of 2 increase of CO2/N2 selectivity (41 versus 

19). This is likely due to the large increase of PEO wt% in the membrane matrix. Based 

on our calculation, the highest PEO content PEO-PDMSPNB membrane contains about 

48 wt% of NB-PEO moiety. However, the PEO functionality only makes up about 70 

wt% of NB-PEO. Thus, the actual PEO content in PEO-PDMSPNB membrane is about 

34 wt%, which is much lower than that in PEO58-PDMS membrane. In both membrane 

matrices, the PEO moiety performs as the CO2-interactive segments, which contributes to 

the enhanced CO2/N2 solubility selectivity. The significant difference of PEO amount 

leads to the large discrepancy in gas selectivity. Moreover, based on our simulation study, 

longer PEO chains, which offer additional ether oxygen linkages for CO2 interaction, 

showed higher CO2 binding energies than shorter chain PEO. The poly(oxyethylene 

bis(amine)) used for U-PDMS membranes has ~22 EO units, which is much longer than 

4EO oligomer used for PEO-PDMSPNB membranes. This also in part contributed to the 

increase of CO2/N2 selectivity in U-PDMS membranes.  

5.4 Conclusion 

In conclusion, we have synthesized two series of PEO-containing PDMS membranes: 

PEO-PDMSPNB and U-PEO-PDMS. Most of synthesized membranes exhibit 
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significantly higher CO2 permeability than previously reported PEO-containing 

membranes. The highest performing PEO-PDMSPNB membrane with 39% PEO content, 

exhibiting CO2 permeability ~3400 Barrer and CO2/N2 selectivity ~19, has achieved 

performance very close to the Robeson upper bound, and its highly permeable nature 

could potentially benefit practical flue gas separation. The U-PEO58-PDMS membrane 

exhibits the CO2/N2 selectivity of 41, which has already met the practical requirements 

for flue gas treatment.  

The PEO 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 careful tuning of the PEO/PDMS 

composition, it is possible to significantly increase CO2/N2 selectivity with a small loss in 

permeability. 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. 
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CONCLUSIONS AND FUTURE WORK 

Conclusions 

Membrane separation is highlighted as one of the most promising approaches to mitigate 

the excessive CO2 emission, due to its significant reduction of energy cost compared with 

many conventional separation techniques. Unfortunately, the separation performance of 

current membranes does not meet the practical CO2/N2 separation requirements. And 

because of the huge volume of industrial flue gas emission, membranes with high 

permeability are needed for practical reasons.  

Currently, the separation mechanism of most polymeric membranes is based on size-

sieving. However, this method is not sufficient for CO2/N2 separations due to the similar 

kinetic diameters of CO2 (3.30 Å) and N2 (3.64 Å). Thus, developing a new method based 

on a non-size sieving mechanism could offer a solution to the improvement of CO2/N2 

separation efficiency.  

In this study, we focused on the development of high-performing polymer materials, as 

well as fostering fundamental understanding in the gas separation field. Two polymer 

systems, the rubbery PDMS and glassy PTMSP, and two CO2-philic functionalities, AO 

and PEO, were investigated. The main experiments performed were the gas permeation 

test, gas sorption test, along with a variety of polymer characterization techniques. By 

carefully tuning of membrane composition and detailed analysis of experimental data, we 

were able to demonstrate how the tuning of solubility selectivity could help enhance 

CO2/N2 separation performance. 
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Firstly, the lightly cross-linked PDMSPNB membranes was developed via the in-situ 

ROMP. The novel cross-linked PDMSPNB membranes achieved excellent CO2 

permeability with good selectivity (a factor of two improvement in CO2 permeability and 

CO2/N2 selectivity over the well-studied conventional cross-linked PDMS), and their 

performance is very close to the Robeson upper bound line. The unprecedented 

performance by a careful design of the macromolecular architecture and cross-link 

mechanism has revealed the strong potential of the rubbery polymer, PDMS, for gas 

separation. The key factor to the improved performance was ascribed to the much faster 

segmental dynamics in our membranes.  

In the following work, different functionalities with high CO2 affinity were incorporated 

into the polymer systems. Among the various CO2-philic groups that have been reported, 

we chose AO group. The effect of AO incorporation was examined in two different 

polymer systems: PDMS and PTMSP. The degree of amidoximation was found to 

significantly alter gas separation performance in both rubbery and glassy systems, which 

has been attributed to CO2 binding affinity and H-bonding within the AO functionalities. 

The highest performing membranes (AO-12-PDMSPNB and AO-31-PTMSP) showed 

significantly enhanced performance relative to our earlier studied PDMSPNB and PTMSP 

membranes. These significant gains allowed AO-12-PDMSPNB and AO-31-PTMSP to 

exceed/achieve the Robeson upper bound at very high permeability (6800 Barrer and 6000 

Barrer, respectively), which is critical for practical applications in treating the enormous 

amount of flue gases generated by power plants. 
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Lastly, to further investigate the effect of CO2-philic groups on the gas separation 

performance, two series of PEO-containing PDMS membranes: PEO-PDMSPNB and U-

PEO-PDMS, were studied. The fabricated membranes exhibit significantly higher CO2 

permeability than previously reported PEO-containing membranes. The highest 

performing PEO-PDMSPNB membrane with 39% PEO content, exhibiting CO2 

permeability ~3400 Barrer and CO2/N2 selectivity ~19, has achieved performance very 

close to the Robeson upper bound. The U-PEO58-PDMS membrane achieved the CO2/N2 

selectivity of 41, which has already met the practical requirements for flue gas treatment.  

The PEO content was found to significantly influence gas separation performance, which 

has been attributed to controlling CO2 solubility within the copolymer matrix.  

Overall, our findings on these novel membranes could open up a new approach to enhance 

performance for gas separation and could elucidate additional factors for the gas separation 

mechanisms in the field. Moreover, from an industrial viewpoint, according to Merkel et 

al.’s study,89 our membranes could offer the permeance of thousands of GPU if thin 

membranes could be cast and coated on the gas separation media. This should allow 

reduction of CO2 capture cost to less than $20 per ton. 

Future work 

PEO-PDMS membranes via Thiol-ene click reaction 

As shown in Chapter 5, PEO-PDMS membranes exhibit huge potential for practical CO2 

separation application. Thus, developing a facile and efficient route to synthesize PEO-

PDMS membranes could lead to great improvement of membrane performance.  
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Among a variety of synthetic techniques, the thiol-ene click route was selected. The thiol-

ene reaction is happened via the hydrothiolation of a carbon-carbon double bond. They are 

widely used in various cross-linking reaction due to their advanced properties, e.g. facile 

and fast synthetic strategies, versatility in different reaction solvents/conditions, well-

defined reaction products, etc.219-221 In our proposed experiments, a series of PEO-PDMS 

copolymer membranes will be synthesized via the thiol-ene reaction. 

As shown in the following scheme, the mercaptopropyl methyl siloxane (SMS-992) is used 

to provide “thiol” functionality, and the cross-linked network is formed by the reaction of 

SMS-992 and acryloxy terminated ethyleneoxide dimethylsiloxane-ethyleneoxide 

copolymer (DBE-U22). By tuning the PEO-(DBE-U22) composition, we expect to observe 

the systematical change of thermal, mechanical and gas transport properties of the thiol-

ene membranes. In our preliminary experiments, all the membranes were formed via in-

situ thiol-ene cross-linking and the reactions were finished in 3 minutes. The copolymer 

membrane with 75 mol% PEO content showed CO2 permeability ~ 960 Barrer and CO2/N2 

selectivity of 39, which has already achieved above the Robeson upper bound. In the future 

study, in order to obtain the highest performing membrane, the effect of various 

parameters, e.g., membrane composition, synthetic procedures, initiator amount will be 

investigated in detail.   
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Synthetic mechanism of PEO-PDMS cross-linked membranes via Thiol-ene reaction.  
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Development of polymer-composite membranes 

To overcome the trade-off relation between permeability and selectivity, a variety of fillers 

are added to the polymer matrix to fabricate the composite membranes. In current studies, 

two types of fillers, porous and nonporous fillers, are used for different purposes. The 

typical porous fillers include: carbon molecular sieves, zeolites, zeolite imidazole 

frameworks (ZIFs), metal organic frameworks (MOFs), porous organic cages (POCs) and 

carbon nanotubes (CNTs). Nonporous fillers include: titanium dioxide (TiO2), silica 

(SiO2), polyhedral oligomeric silsesquioxane (POSS), magnesium oxide (MgO), 

calixarenes and nanohydrogels (NHs).  

By the addition of fillers into the polymer matrix, the gas transport property is influenced 

from three aspects: (1) the chain packing capability is tuned and the free volume of the 

polymer is changed, (2) some fillers contains CO2-philic functionality, which could help 

increase CO2 solubility in the membrane matrix, (3) some fillers are functionalized to 

possess CO2-reactive carriers to facilitate the transport of CO2 molecules.104  

In the proposed experiments, a variety of fillers, e.g. silica nanoparticles, POSS particles, 

MOFs and other custom-synthesized fillers, will be added into the polymer membranes. In 

our preliminary studies, the incorporation of 10 wt% silica nanoparticles (Nissan 

Chemicals, 40nm) contributed to a factor of 2 increase of CO2 permeability in 

XLPDMSPNB membranes. In the following study, the filler type, membrane composition 

and synthetic method will be discussed and we expect to observe a further increase of both 

gas permeability and selectivity in designed materials. 
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Incorporation of CO2-philic Ionic liquids  

By the carefully design of chemical structures, Ionic liquids (ILs) could provide a unique 

and desirable physicochemical properties such as low volatility, strong CO2 interaction, 

and high CO2/gas selectivity. Various ILs have been developed for gas separation 

applications, including imidazolium-based ILs, amino acid-based ILs, protic ILs and  

amine-based ILs. It was reported that the performance of ILs are influenced by different 

factors, e.g. viscosity, cation size, molar volume and density. Currently, poly(ionic liquid) 

membranes (PILMs), supported ionic liquid membranes (SILMs), poly(ionic liquid)-ionic 

liquid composite membranes, ion-gel membranes and polymer-ionic liquid composite 

membranes have been reported for the CO2 separation purposes.222, 223 In our proposed 

experiments, ILs with strong CO2 binding energy/affinity will be blended/coated with high 

permeable polymers to further enhance gas selectivity. The selection of ILs, membrane 

composition and synthetic route will be investigated.  
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