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chain end groups in branches

increases permeability
Membrane technology for carbon capture is a critical avenue in mitigating the CO2

emissions to the atmosphere, particularly for existing fossil fuel-fired power plants.

Herein, we designed highly oxygen-rich polymers with strong CO2-philicity and

high CO2/N2 solubility selectivity. These polar groups are incorporated in short

branches with flexible ethoxy chain end groups, resulting in amorphous nature and

high CO2 permeability. Such polymers show superior CO2/N2 separation

properties better than state-of-the-art materials and above Robeson’s 2008 upper

bound.
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Context & Scale

Carbon capture and sequestration

is a critical avenue in mitigating

the CO2 emissions to the

atmosphere, particularly for

existing fossil fuel-fired power

plants. Membrane technology has

rapidly emerged as an

economically viable alternative

enabled by advanced materials

with high CO2 permeability and

high CO2/N2 selectivity due to its

small footprint and high energy

efficiency. Pilot-scale membrane

systems capturing 20 ton/day CO2

from the flue gas have been
SUMMARY

Highly polar polymers with an affinity toward CO2 are desired to achieve supe-

rior CO2/N2 separation properties for post-combustion CO2 capture from fossil

fuel-fired power plants. However, polar groups improve chain packing efficiency

and induce polymer crystallization, both decreasing gas permeability. Herein,

we report a series of highly branched amorphous polymers containing

poly(1,3-dioxolane) (PDXL) in the branches, which interacts favorably with

CO2 but not N2. The length of the branches is tuned to yield amorphous nature,

and mobile ethoxy chain end groups are introduced to provide high free volume

and thus high gas diffusivity. These ether oxygen-rich polymers exhibit unprec-

edented CO2/N2 separation properties at practical conditions for CO2 capture,

and above the separation performance limit of the state-of-the-art non-facili-

tated transport polymers. This work demonstrates that incorporating polar

groups in short branches with flexible chain ends is an effective strategy in

designing solubility-selective membrane materials with superior performance

for gas separations.
demonstrated using membranes

with CO2 permeance of 1,000–

2,000 GPU and CO2/N2 selectivity

of 25–30 at 30�C. Herein, we
report highly polar but

amorphous polymers with CO2

permeability of 1,400 Barrers and

CO2/N2 selectivity of 64 with

simulated flue gas at 70�C. If
successfully fabricated into

industrial thin film composite

membranes, these polymers may

lead to membranes with CO2/N2

separation properties more

superior than state-of-the-art

membranes, significantly

improving the efficiency of CO2

capture.
INTRODUCTION

As fossil fuels continue to serve as a major energy source, CO2 capture for utilization

and sequestration from existing fossil fuel-fired power plants remains a key

approach to mitigate CO2 emissions to the atmosphere.1,2 The current leading tech-

nology for CO2 capture from the post-combustion flue gas (containing mainly N2

and CO2) is amine absorption, which almost double the cost of power production.1,3

As an inherently energy-efficient alternative, membrane technology hasmade signif-

icant improvements in CO2 removal efficiencies in the last decade, driven by efficient

process designs3 and materials with superior CO2/N2 separation properties.4–9

However, for CO2 capture to be economically viable, membrane materials with

higher CO2 permeability and CO2/N2 selectivity at practical flue gas conditions

are sought to further improve the energy-efficient separation process.

Within the framework of the solution-diffusion mechanism, gas permeability coeffi-

cient (PA) is given by PA =DA 3 SA, whereDA is average effective diffusivity, and SA is

gas solubility. The selectivity is the ratio of their permeabilities, a combined solubility

selectivity (SA/SB) and diffusivity selectivity (DA/DB). The CO2/N2 selectivity benefits

from favorable solubility selectivity because CO2 (with a critical temperature of

305 K, cf. Table S1) is more condensable than N2 (with a critical temperature of

126 K). On the other hand, the CO2 molecule has a smaller kinetic diameter but

larger critical volume than N2, and therefore, diffusivity selectivity is often not a large
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value. For example, advanced materials with strong size sieving ability such as ther-

mally rearranged (TR) polymers,6 polymers of intrinsic microporosity (PIMs),7,8,10,11

graphene oxide (GO),5,12 and mixed-matrix materials (MMMs) containing metal-

organic frameworks (MOFs),13–15 do not exhibit high CO2/N2 selectivity necessary

for energy-efficient CO2 separation processes. To achieve high CO2/N2 selectivity,

a membrane must exhibit favorable interaction with CO2 to enhance the CO2/gas

solubility selectivity.16,17

Poly(ethylene oxide) (PEO)-containing materials have been the leading membrane

materials for CO2/N2 separation with a balanced high CO2 permeability and

CO2/N2 selectivity,17–19 such as block copolymers with PEO blocks (Pebax and

Polyactive),20–23 crosslinked PEO,24–30 and PEO-based nanocomposites.19,31,32

The ethylene oxide repeating units exhibit strong affinity towards CO2 but not N2

(which leads to high CO2 solubility and CO2/N2 solubility selectivity) while retaining

polymer chain flexibility and thus high CO2 diffusivity.16,17 For example, a cross-

linked PEO prepared from 30% poly(ethylene glycol) diacrylate (PEGDA with

14 EO repeating units) and 70% poly(ethylene glycol) methyl ether acrylate

(PEGMEAwith 8 EO repeating units) (PEGDA-co-PEGMEA70) exhibits a CO2 perme-

ability of 570 Barrers and CO2/N2 selectivity of 41 at 35�C, which was on the Robe-

son’s upper bound for CO2/N2 separation. However, the CO2/N2 selectivity

decreases to only 25 at a typical flue gas temperature of 60�C.16,26
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RESULTS AND DISCUSSION

Herein, we report, for the first time, a series of polymers with higher ether oxygen

content than PEO that exhibit unprecedentedly superior CO2/N2 separation proper-

ties. Figure 1A compares the computed binding energy between CO2 and oligo-

mers containing various amount of ether oxygens, including nonane, diethylene

glycol dimethyl ether (diglyme), and 2,4,7-trioxaoctane (TOO). To accurately cap-

ture both the electrostatic and van der Waals interaction between functional groups

and gas molecules, the Møller–Plesset perturbation method to the second order

(MP2) was employed with a large basis set (second generation triple-x valence basis

sets with heavy polarization or def2-TZVPP) for ab initio calculations.33

Increasing the ether oxygen content enhances the binding energy with CO2. When

the O:C ratio increases from 0 in nonane to 0.67 in TOO, the binding energy be-

comes more favorable from �9.7 kJ mol�1 to �20.7 kJ mol�1. For comparison,

the binding energy for N2 changes slightly from �5.4 kJ mol�1 to �7.5 kJ mol�1

as the O:C ratio increases from 0 to 0.67 (Figure S1), suggesting that increasing

the ether oxygen content may increase the favorable CO2/N2 solubility selectivity.

Figure 1B demonstrates that increasing the ether oxygen content in both liquids and

polymers increases the CO2/C2H6 solubility selectivity (Table S3). C2H6 is chosen as a

marker for N2 because N2 solubility is below the detection limit of the apparatus. On

the other hand, C2H6 sorption is much higher than N2 due to the higher critical tem-

perature, and both N2 and C2H6 are not expected to have specific interactions with

the liquids or polymers. For example, CO2/N2 solubility selectivity also increases

with increasing the O:C ratio in some liquids and polymers (cf. Figure S2), which is

consistent with CO2/C2H6 solubility selectivity, confirming that the C2H6 can be

used as a marker for N2 for the sorption study. Increasing the O:C ratio in liquids de-

creases their binding energy with C2H6, but the decrease is much less than that with

CO2. Therefore, we expect that poly(PDXLA) should exhibit higher CO2/N2 solubility

selectivity than PEO-based polymers.
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Figure 1. Interaction of CO2 and Ether Oxygens

(A) Optimized binding geometries between CO2 and nonane, diglyme, and TOO at the MP2/def2-TZVPP level. Bond lengths are in the unit of

angstroms. Key: C, gray; N, blue; O, red; and H, white.

(B) Effect of the ether oxygen content in solvents (at 25�C) and polymers (at 35�C) on CO2/C2H6 solubility selectivity. PE: polyethylene; PTMO:

poly(tetramethylene oxide); PPO: poly(propylene oxide). Data are also summarized in Table S2 in the Supplemental Information.

(C) Schematic illustration of the synthetic route of macromonomers (PDXLA and PDXLEA) and highly branched polymers.
While polymers with higher ether oxygen content than PEO are expected to exhibit

more outstanding CO2/N2 separation properties, highly polar polymers often easily

crystallize, suppressing gas permeability. Consequently, though the PEO-containing

materials were first reported for CO2/N2 separation in 1990,34 this work presents the

first effort in successfully designing polymers with both higher ether oxygen content

and better CO2/N2 separation performance than PEO-containing materials. Figure 1C

shows the route to synthesize amorphous, highly branched polymers derived from 1,3

dioxolane (DXL) with an O:C ratio of 0.67 (higher than 0.5 in PEO) and flexible ethoxy

chain end groups. First, a macromonomer of poly(1,3 dioxolane) acrylate (PDXLA) with

12 DXL repeating units was synthesized by cationic ring-opening polymerization of

DXL using trifluoromethanesulfonic anhydride (Tf2O) as an initiator in the presence

of 2-hydroxyethyl acrylate (HEA) as a co-initiator (cf. Figure S3).35 Themolecular weight

of the PDXLA was controlled by manipulating the molar ratio of DXL and HEA. Subse-

quently, the PDXLA was converted to PDXLEA with the ethoxy u-terminal groups

following a literature method.35,36 The final products are purified to obtain pure

PDXLA and PDXLEA. The mixtures of PDXLA and PDXLEA were photopolymerized

to yield copolymers PDXLA-co-PDXLEAxx, where xx indicates the weight percentage

of PDXLEA. In designing these copolymers, the number of DXL repeating units in the

branches was carefully controlled to avoid the crystallization that usually causes unfa-

vorable reduction of gas permeability, and the ethoxy chain end groups are intro-

duced to increase the polymer fractional free volume (FFV) and thus gas permeability.
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Figure 2. Characterization of the Macromonomers and Highly Branched Polymers

(A) 1H NMR spectra of PDXLA and PDXLEA.

(B) Differential Scanning Calorimetry (DSC) curves of the copolymers.

(C and D) Effect of copolymer composition on (C) the density-derived FFV and Tg, and (D) the radius of the free volume elements and intensity

determined by the PALS.
The structure of the macromonomers (PDXLA and PDXLEA) was analyzed by the
1H NMR spectroscopy (Figure 2A). For both macromonomers, the comparison of

resonance intensities of protons from DXL units at 3.73 and 4.73 ppm and those

of a-acryloyl protons at 5.88, 6.16, and 6.43 ppm revealed�12 DXL units per macro-

monomer. The presence of the u-hydroxyl group in PDXLA and u-ethoxy group in

PDXLEA were confirmed by mass spectroscopy (Figure S4), and 1H NMR analysis

based on the methyl protons at 1.23 ppm, respectively. Both results also confirm

the absence of amines appended to the ends of the macromonomers. The FTIR

spectra of the synthesized copolymers confirm the full conversion of the acrylate

groups (Figure S6).

Interestingly, all copolymers show gel content of >99%, indicating that the liquid

macromonomers were fully converted and the occurrence of cross-linking by a trace

amount of poly(1,3 dioxolane) diacrylate produced during the PDXLA preparation,

which is similar to the polymer prepared from polyethylene glycol acrylate with
1884 Joule 3, 1881–1894, August 21, 2019



7 EG repeating units (PEGA).26 The films have goodmechanical properties, as shown

in Figure S3. Figure 2B shows the DSC curves of the copolymers. Only one Tg is

observed for each copolymer, indicating that these copolymers with the similar

chemical composition (86–88 wt % of DXL unit) are homogenous. All copolymers

are rubbery at 35�C, as indicated by their Tg values ranging from �67�C to

�71�C. At PDXLEA contents of 50% or below, the copolymers do not crystallize dur-

ing the heating-cooling cycles. However, as PDXLEA content increases to 75 wt % or

higher, the copolymers crystallize at about �12�C (Tc) and then melt at about 22�C
(Tm). The PDXLA-co-PDXLEA75 is amorphous at 21�C, which is also confirmed by

WAXD (Figure S6). On the other hand, the polyPDXLEA (polymerized from PDXLEA)

shows an estimated crystallinity of 5 wt % at 21�C.

Figure 2C exhibits the effect of the copolymer composition on the density-derived

FFV (FFVd) and Tg. The FFVd can be estimated using FFVd = 1� 1:3rPVW , where

rP is the polymer density, and VW is the van der Waal’s volume estimated using the

group contribution method. Increasing the PDXLEA content in the copolymers

decreases the Tg and density (cf. Table S3) and increases the FFVd because of

the flexible ethoxy chain end groups,37 which should contribute to higher gas

diffusivity and thus permeability. Moreover, the PDXL-based copolymers exhibit

lower Tg than their PEO analogs. For example, the polyPDXLA (polymerized

from PDXLA) shows a Tg of �66�C, while a polymer derived from PEGA shows a

Tg of �45�C.26

Positron annihilation lifetime spectroscopy (PALS) is an effective method to deter-

mine the size and density of the free volume elements in polymers. As shown in

Figure 2D, increasing the PDXLEA content increases the density of the free volume

elements and slightly decreases the size of the free volume elements (FVE). The in-

crease in the FVE density may be caused by the increase in the flexible ethoxy chain

end groups (as indicated by the decrease in Tg), while the increased chain flexibility

may improve chain packing efficiency and thus slightly decrease the FVE diameter,

(cf. Figure S7) On the other hand, the FFV values derived from the PALS results

(FFVPALS) are independent of the copolymer composition (which differ from FFVd),

and the decreasing FVE size is different from the constant d-spacing values deter-

mined using WAXD (cf. Figure S6B) because of the different mechanisms used for

estimation. Nevertheless, the change of the free volume distribution (smaller and

more FVEs with higher PDXLEA content) from the PALS is consistent with the in-

crease in the gas permeability.

Figure 3A presents CO2 permeability and CO2/N2 selectivity in the PDXLA-co-

PDXLEA copolymers at 7.8 atm and 35�C. As the PDXLEA content increases from

0% to 75%, the CO2 permeability increases dramatically from 200 Barrers to 840 Bar-

rers while the CO2/N2 selectivity decreases from 70 to 55.With aminor crystallinity at

23�C, the polyPDXLEA exhibits lower CO2 permeability than the amorphous PDXLA-

co-PDXLEA75. To understand the effect of the copolymer composition on gas trans-

port properties, CO2 and C2H6 solubility were determined, and the results are

presented in Figures 3B and S8 and Table S4. CO2 solubility and CO2/C2H6 solubility

selectivity in these PDXL copolymers are higher than those in PEO, confirming the

enhanced affinity towards CO2 with increasing ether oxygen content.38 The CO2

solubility is almost independent of the copolymer composition because the

copolymers have almost the same polar DXL content. Therefore, the increase in

CO2 permeability with increasing the PDXLEA content in the copolymers can be

ascribed to the increase in the CO2 diffusivity. The decrease in the permeability of

poly(PDXLEA) can be ascribed to the decrease in diffusivity (caused by the
Joule 3, 1881–1894, August 21, 2019 1885
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Figure 3. Relationship of the Polymer Structure and Separation Properties

Effect of the PDXLEA content in the copolymers on pure-gas.

(A) CO2/N2 separation performance and (B) CO2 solubility and diffusivity at 35�C.
(C) Modeling of CO2 permeability and CO2/N2 selectivity using the free volume model.

(D) Comparison of CO2 solubility and CO2/C2H6 solubility selectivity at different temperatures in PDXLA-co-PDXLEA75 and PEGDA-co-PEGMEA70.

1 Barrer = 10�10 cm3 (STP) cm cm�2 s�1 cmHg�1.
immobility factor and tortuosity17), and the solubility remains almost the same

because of the low crystallinity (5 wt %).

Gas diffusivity is often related to the polymer FFV. As the gas solubility is indepen-

dent of the copolymer composition, gas permeability can be described using the

free volume model:PA = APexpð� BA=FFVdÞ, where AP is an adjustable parameter,

and BA increases with increasing the penetrant size. As shown in Figure 3C, both gas

permeability and CO2/N2 selectivity can be satisfactorily described using the model

with the BA value of 0.55 for CO2 and 0.66 for N2, which are calculated based on the

slope of the fitting lines. The larger BA value for N2 is consistent with its greater ki-

netic diameter than CO2.

Figure 3D exhibits the effect of temperature on CO2 solubility and CO2/C2H6 solubility

selectivity in PDXLA-co-PDXLEA75. Increasing the temperature decreases the CO2

solubility and has minimal effect on the CO2/C2H6 solubility selectivity. At all
1886 Joule 3, 1881–1894, August 21, 2019



temperatures, the DXL-based copolymer shows higher CO2 solubility and CO2/C2H6

solubility selectivity than its PEO analog, PEGDA-co-PEGMEA70,26 which further con-

firms that higher ether oxygen content increases CO2/light gas solubility selectivity.

The PDXLDA-co-PDXLEA75 exhibits the best combination of high CO2 permeability

and CO2/N2 selectivity at 35�C, and thus, it is further evaluated at simulated flue gas

conditions containing water vapor at higher temperatures. Figures 4A and 4B show

the dependence of CO2 and N2 permeability on the CO2 partial pressure of the feed

gas at 35�C, 50�C, and 70�C with three CO2/N2 mixtures (10:90, 20:80, and 50:50).

Both gas permeability (with an uncertainty of z10%) and mixed-gas CO2/N2 selec-

tivity (Figure 4C) are independent of the CO2 partial pressure because of the low

CO2 partial pressures available in the flue gas.

The effect of water vapor on the mixed-gas separation properties and long-term sta-

bility of PDXLA-co-PDXLEA75 are investigated at 70�C, a typical flue gas condition

after desulfurization units. As shown in Figure 4D, the polymer is initially tested using

a dry gas mixture (20% CO2/80% N2) at 7.8 atm for 8 h. Then 0.42 mol % water vapor

is introduced in the feed, which decreases CO2 permeability from 1,700 Barrers to

1,400 Barrers, and N2 permeability from 36 Barrers to 22 Barrers, while the

CO2/N2 selectivity increases from 47 to 64. The hydrophilic PDXLA-co-PDXLEA75

can absorb water (50 wt % relative to the dry film with liquid water at z21�C), which
increases the film thickness and decreases the apparent permeability for CO2 and

N2, though the absorbed H2O plasticizes the polymer. However, the amount of wa-

ter sorbed and thickness increase cannot be determined in situ with the partial water

pressure of 0.00328 atm in the feed and near 0 on the permeate side. Therefore,

apparent gas permeability is calculated using the dry film thickness. The apparent

CO2 permeability decreases less than the apparent N2 permeability, increasing

the CO2/N2 selectivity, presumably because the water absorbed may promote the

interactions between the ether oxygen and CO2. However, the detailed mechanism

is not clear, and it is beyond the scope of this study to elucidate such interactions.

The polymer exhibits stable separation properties for 88 h in the presence of water

vapor (with 6% decrease in the selectivity, which is within the uncertainty), and long-

term tests up to 1 month with real flue gas need to be performed to demonstrate the

membrane stability in practical conditions.

Figure 4E compares the pure-gas CO2/N2 separation performance at various tem-

peratures (35�C, 50�C, and 70�C) of PDXLA-co-PDXLEA75 with non-facilitated trans-

port materials in Robeson’s upper bounds.39 Membrane materials are often subject

to a permeability/selectivity tradeoff, i.e., materials with higher permeability tend to

exhibit lower selectivity.9 The upper bound indicates the highest selectivity achiev-

able for any possible CO2 permeability and is temperature-dependent.40 The

PDXLA-co-PDXLEA75 is significantly above the upper bound, especially at higher

temperatures. When compared with the current leading PEGDA-co-PEGMEA70

for CO2/N2 separation, the PDXLA-co-PDXLEA75 exhibits much more superior

CO2/N2 separation properties at temperatures relevant to the flue gas (50�C–70�C).

Figure 4F compares the CO2/N2 separation performance of PDXLA-co-PDXLEA75 at

70�C with the state-of-the-art non-facilitated transport membrane materials,

and data are presented in Table S6. PDXLA-co-PDXLEA75 shows the best combined

CO2 permeability and CO2/N2 selectivity among these materials. Additionally, most

materials shown in the figure are pure-gas data at 25�C –35�C, and the CO2/N2 sep-

aration performancemay deteriorate with flue gas at 60�C –70�C and in the presence

of water vapor.
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Figure 4. Superior CO2/N2 Separation Performance in PDXLA-co-PDXLEA75

(A–C) Effect of the temperature and CO2 feed partial pressure on (A) CO2 permeability, (B) N2 permeability, and (C) CO2/N2 selectivity. The lines are to

guide the eye.

(D) Long-term stability in dry and humidified conditions with CO2:N2 of 20:80 at 70�C for 96 h.

(E) Pure-gas CO2/N2 separation performance in the Robeson’s upper bounds at 35�C (black), 50�C (blue), and 70�C (red).

(F) Comparison of PDXLA-co-PDXLEA75 with the state-of-the-art non-facilitated transport materials for CO2/N2 separation, including

polymers,7,10,27,44,52–55 MMMs,19,28,32,56–58 and inorganic materials.59
Table S5 shows that the PDXLA-co-PDXLEA75 exhibits CO2/N2 separation proper-

ties comparable with some of the facilitated transport membranes, which may

have CO2 permeability of 4,763 Barrers and CO2/N2 selectivity of 86 in the presence

of water vapor.41–43 However, their separation properties deteriorate as the water is
1888 Joule 3, 1881–1894, August 21, 2019



usually more permeable than CO2 and can be easily removed from the feed in the

membrane modules.43 The management of the water remains a great challenge

for these membranes to be practically viable. On the other hand, the PDXL-based

polymers are easier to implement than these facilitated transport membranes or

the aforementioned inorganic or hybrid membranes. The preparation of industrial

membranes, product scale-up, and module fabrication using pure polymers have

been widely practiced, creating substantial engineering know-how across the mem-

brane industry.

In summary, this work of molecularly engineered poly(1,3 dioxolane) presents the first

effort in successfully designing polymers with both higher ether oxygen content and bet-

ter CO2/N2 separation performance than PEO-containing materials, despite extensive

studies of the PEO-containing materials for CO2/N2 separation. Incorporating these

high ether oxygen-rich groups in the short branches successfully prohibits crystallization,

and introducing flexible chain endgroups increases the free volume. Themixed-gas sep-

aration performance is stable in the presence of water vapor for more than 88 h at 70�C.
In contrastwith conventional polymer designs aiming to improve size-sieving ability, har-

nessing interactions between functional polymers and gas can be a fruitful strategy to

achieve robust and superior gas separation properties. These materials also exhibit su-

perior CO2/H2 separation properties (cf. Figure S9). The next step to move these mate-

rials beyond the laboratory is to prepare thin film composite membranes and perform

field tests using real flue gas or syngas.

EXPERIMENTAL PROCEDURES

Synthesis

Anhydrous 1,3-dioxolane (99.8%, containing 75 ppm BHT as an inhibitor) was first

distilled over calcium hydride (CaH2) and then dried by sodium wire under N2 pro-

tection until a deep blue color persisted after adding benzophenone. Dichlorome-

thane (DCM, R99.5%, containing 50 ppm amylene as a stabilizer) was distilled

over CaH2 for 24 h and then sealed under N2 protection.

In a typical experiment of PDXLA synthesis, 50 g (0.67 mol) of 1,3-dioxolane was dis-

solved in 50 ml DCM in a 250 ml three-neck flask under a N2 environment. 50 ml tri-

fluoromethane sulfonic anhydride (Tf2O) was first mixed with 10ml of 2-hydroxyethyl

acrylate (HEA) and then added into the flask, which was allowed to react at 21�C for

12 h. The living chain transfer reaction was terminated by introducing excess triethyl-

amine to neutralize the acid, and the solution was stirred for another 30 min. Next,

the solvents and un-reacted 1,3-dioxolane, HEA, and Tf2O were removed by vac-

uum. The remaining mixture of PDXLA and salt was then diluted in diethyl ether

and extracted with distilled water at least three times. The obtained PDXLA-water

solution was vacuumed for 2 days and desiccated over anhydrous magnesium sul-

fate and then filtered. Finally, PDXLA with high molecular weight was precipitated

from the solution at �30�C. The precipitate was dried under vacuum at 21�C until

no weight loss was observed. The molecular weight of PDXLA can be controlled

by adjusting the ratio of the initiator (Tf2O), co-initiator (HEA), and monomer (DXL).

In a typical experiment of PDXLEA synthesis, 22 mmol of PDXLA was dissolved in

anhydrous DCM (50 ml) in a 250 ml round flask covered by an aluminum foil with a

condenser. 22 mmol Ag2O and 0.5 g 4A molecular sieves were finely ground and

heated in a vacuum in the dark at 100�C for 2 h and then added to the flask. After

a homogeneous solution was observed, 79 mmol of ethyl iodide was added to the

mixture. After the solution was refluxed with a vigorous stirring for 2 days, additional

50 mmol ethyl iodide, 0.5 g 4A molecular sieves and 10 mmol Ag2O were added,
Joule 3, 1881–1894, August 21, 2019 1889



and the solution was refluxed for another 3 days. The PDXLEA product was obtained

by vacuum filtration and rinsing by CH2Cl2 for 3 times before drying by rotation

evaporation. For future practical applications, the synthesis route will be optimized

by using environmentally friendly chemicals.

Pre-polymerization solutions were prepared by mixing PDXLA and PDXLEA at the

desired weight ratio and 0.1 wt % HCPK as an initiator at 21�C.44 The homogeneous so-

lution was then sandwiched between two quartz plates, which were separated by

spacers to control the film thickness. The solution was polymerized by exposure to UV

light of 365 nm wavelength at 3.0 mW cm�2 for 120 s in an Ultraviolet Crosslinker

(CX-2000, Ultra-Violet Products Ltd, Upland, CA, US). The obtained solid film (Figure S5)

was removed from the quartz plates and left in the water to extract the unreactedmono-

mer or low molecular weight polymer. The film thickness was measured using a digital

micrometer (Starrett 2900, The L.S. Starrett Co.,MA). Typically, the films had thicknesses

ranging from 150 to 250 mm with a variation ofG5 mm for each film.
Characterization
1H Nuclear Magnetic Resonance (NMR) was used to elucidate chemical structures for

the PDXLA and PDXLEA, which were dissolved in CDCl3 at 5–10 wt %. NMR spectra

were recorded on a Varian Inova-500 spectrometer operating at 500 MHz.

For PDXLA, the assignment of NMR chemical shift peaks is as follows: 1H NMR

(500 MHz, Chloroform-d, d): 7.2, 6.43 (d, 1H; CH2=CH), 6.16 (m, 1H; CH2=CH),

5.88 (d, 1H; CH2=CH), 4.30 (d, 2H; COOCH2), 3.81 (t, 2H; CH2O), 4.73 (s, 2nH;

(CH2OCH2CH2O)n), and 3.73 (s, 4nH; (CH2OCH2CH2O)n). The number of repeat

units of CH2OCH2CH2O in PDXLA, n, can be determined by the ratio of the integral

for the peak at 4.73 to 6.43. Therefore, the molecular weight of PDXLDA can be

calculated as follows:

Mn =

�
Intergral d4:73

23 Intergral d6:43

�
3 74+ 116: (Equation 1)

When PDXLA was converted to PDXLEA, the hydroxyl groups were substituted by

ethyl ether groups, which have the triplet peak at d 1.25.45

The molecular weight and polydispersity of the macromonomers were analyzed us-

ing electrospray ionization (ESI) LC-MS. The macromonomer was dissolved in

CH2Cl2 at 20 mg ml�1, which was analyzed using a Thermo Finnigan LCQ ion trap

mass spectrometer (Thermo Finnigan, San Jose, CA, USA).

Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR)

spectra were recorded on a vertex 70 Burker spectrometer (Billerica, MA, US). A total

of 100 scans at a resolution of 4.0 cm�1 were performed at 21�C. The density of the

freestanding films was determined using a density measurement kit (Mettler Toledo

XS64) and an auxiliary liquid of decane. The uncertainty of density is determined us-

ing an error propagation method.

r=
MA

MA �MB
rL; (Equation 2)

where MA and MB are the weight of the sample in air and decane, respectively, rL
represents the density of decane.

The free volume in the copolymers can also be determined using Positron Annihila-

tion Lifetime Spectroscopy (PALS). The lifetime of the positrons (t3, ns) and intensity
1890 Joule 3, 1881–1894, August 21, 2019



(I3) are related to the size and density of the free volume elements, respectively. Spe-

cifically, the radii of free volume elements (r, Å) can be related to t3 using the Tao-

Eldrup equation:

t3 =
1

2

�
1� r

r + 1:656
+

1

2p
sin

�
2pr

r + 1:656

���1

: (Equation 3)

The free volume of polymers (FFVPALS, %) can be estimated using the following

equation:46,47

FFVPALS =C
4

3
r3I3; (Equation 4)

where C is an empirical constant (0.0018 nm�3). To confirm that the hydroxyl groups

do not inhibit positrons, we collected a minimum of 5 files of data and did not

observe any changes over time, indicating the absence of the inhibition.

Wide-angle X-ray diffraction (WAXD) patterns were obtained using an Ultima IV

X-ray diffractometer (Rigaku Corporation, Tokyo, JP) with CuKa radiation (1.54 Å)

at a scanning range of 10�–70� and 1� min�1. Thermal transitions of the polymers

were determined using Differential Scanning Calorimetry (DSC, Q2000, TA Instru-

ments, New Castle, DE). Samples were scanned from -90�C to 100�C at 10�C
min�1 under a dry N2 flow of 50 ml min�1.

d=
l

2sinq
(Equation 5)

The water uptake of the polymer was measured by immersing the dry film in water for

24 h. The weight difference between the dry and wet film is the water sorbed, and the

ratio of the sorbed water to the dry polymer is the water uptake of the films.

The weight percentage of the crystallinity (wc) of the copolymers can be estimated

using the following equation:

wc =
DHm � DHc

DHfusion
; (Equation 6)

where DHm (J g�1) is the enthalpy of melting, DHc (J g�1) is the enthalpy of crystal-

lization, and DHfusion (J g�1) is the enthalpy of fusion (or melting) for perfect ethyle-

neoxymethylene oxide crystals. DHfusion was estimated to be 209.2 J g�1.48

Gas Transport Properties Measurement

Pressurized gases of CO2 and C2H6 with a purity of 99.9%were purchased from Jack-

son Welding and Gas Products (Rochester, NY). Gas solubility in the polymers was

determined using a dual-volume and dual-transducer system based on the pressure

decay method. The equilibrium C2H6 pressure ranged from 0.1 to 8 bar (or activities

from 0.0023 to 0.19 with the saturation pressure of 43 bar at 35�C). The C2H6 activity

was kept below 0.2 to avoid any damage to the samples, and there was no visual

change of the samples after exposure to the high-pressure C2H6. Similar stability

has also been observed for crosslinked PEO, which was also exposure to C2H6 at ac-

tivities as high as 0.36.49 The uncertainty of gas solubility is less than 10% estimated

using an error propagation method.50 Pure-gas permeability was determined using

a constant-volume and variable-pressure system.51 Pressurized gases of CO2 and N2

with a purity of 99.9% were purchased from Jackson Welding and Gas Products.

Mixed-gas permeability was determined using a constant-pressure and variable-vol-

ume method. Binary mixtures were prepared by in-line mixing of pure CO2 and N2

streams at desired flow rates obtained using mass flow controllers (SmartTrak 100,
Joule 3, 1881–1894, August 21, 2019 1891



Sierra Instruments Inc., CA). The permeate was swept using helium at flow rates

controlled by a mass flow controller. The composition of each stream was analyzed

by 3000 Micro GC gas analyzer (Inficon Inc., Syracuse, NY, US). Mixed-gas perme-

ability is calculated using the following equation:51

PA =
xASl

xsweepA
�
p2;A � p1;A

� (Equation 7)

where xA and xsweep are the mole fraction of gas A and sweep gas (helium in this

study) in the sweep-out stream, respectively, l is the film thickness, A is the film

area, and S is the flow rate of the sweep gas. P2,A and P1,A are the partial pressure

of gas A on the feed and permeate side, respectively.

The feed gas was passed through a bubbler containing water at 25�C before

entering the permeation cell. The water vapor pressure is assumed to be its satura-

tion pressure at 25�C (0.033 atm) or 0.42 mol % at a feed pressure of 7.8 atm.
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