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ABSTRACT: Polymers with pendant ring structures often exhibit unique gas transport
characteristics. For example, poly(perfluoro-4-methyl-2-methylene-1,3-dioxolane) (poly-
(PFMMD)) exhibits superior separation properties of He over other gases such as H2,
CH4, and N2. However, it is unclear whether the superior gas separation properties are
derived from the fluorinated nature, pendant dioxolane, or both. Herein we synthesized
poly(4-methyl-2-methylene-1,3-dioxolane) (poly(MMD), a hydrocarbon analogue of
poly(PFMMD)) by cationic ring-retained polymerization of MMD. The chemical
structure of the polymer is verified by FTIR and 1H NMR, and its physical properties
were characterized such as glass transition temperature, d-spacing, and fractional free
volume. Gas transport properties of poly(MMD) are compared with those in
poly(PFMMD) and polymers containing an ether oxygen such as cellulose triacetate
(CTA) and poly(ethylene oxide) (PEO) to derive the structure/property relationship.
The polar pendant dioxolane groups improve polymer chain packing efficiency and thus
size-sieving ability, resulting in a good separation performance of He/N2 and H2/CO2,
while the bulky −CF3 groups in poly(PFMMD) increase the FFV and gas permeability without decreasing the gas selectivity.

KEYWORDS: membranes, polymers with pendant rings, dioxolane, size-sieving ability, perfluoropolymers

1. INTRODUCTION

Polymer films with gas barrier and separation characteristics are
of interest for various industrial applications, such as plastic
packaging1,2 and membrane gas separation.3,4 For packaging
applications, polymers with low gas permeability are sought,
which often have low fractional free volume (FFV), rigid
polymer chains, and high crystallinity.1 For industrial gas
separations of CO2/CH4, He/N2, and O2/N2, membrane
polymers should exhibit high gas permeability and selectivity.
However, polymers usually derive high selectivity from their
strong size-sieving ability, which is often accompanied by low
FFV and thus low gas permeability.5−8 Therefore, under-
standing the structure−property relationship is critical to
rationally designing polymers with desired gas transport
properties.
Polymers with pendant ring structures often exhibit unique

gas transport properties.1,9−15 For example, poly(ethylene
furanoate) (PEF) shows unexpected low gas permeability,
partially because of the furan with hindered flipping;1,9

polynorbornenes exhibit high free volume because of the
disrupted chain packing and thus high gas permeability;11−15

and polystyrene in thin films (∼400 nm) demonstrates slower
permeability decrease with time than glassy polymers used for
membrane applications such as Matrimid and polysulfone.16,17

Additionally, perfluoropolymers containing pendant dioxole18

or dioxolane groups19,20 show superior gas separation properties
and govern Robeson’s upper bounds for separation of He over
other gases such as H2, CH4, N2, and CO2.

18,21 The pendant
perfluoro-dioxole and dioxolane groups disrupt polymer chain

packing and suppress crystallization. For example, as shown in
Figure 1, poly(perfluoro-4-methyl-2-methylene-1,3-dioxolane)

(poly(PFMMD)) exhibits a He permeability of 560 barrer and a
He/CH4 selectivity of 280 at 35 °C, which is beyond Robeson’s
2008 upper bound for He/CH4 separation.20 However, it is
unclear whether the superior gas separation properties are
derived from the fluorinated nature, pendant dioxolane, or both.
This work aims to elucidate the effect of the pendant

dioxolane on gas transport characteristics by synthesis and
characterization of the hydrocarbon analogue of poly-
(PFMMD), i.e., poly(4-methyl-2-methylene-1,3-dioxolane)
(poly(MMD)), as shown in Figure 1. The poly(MMD) was
synthesized by cationic ring-retained polymerization of 4-
methyl-2-methylene-1,3-dioxolane (MMD). The chemical
structure of the polymer is verified by 1H NMR and FTIR,
and physical properties were determined. Gas transport
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Figure 1. Chemical structures of poly(PFMMD) and poly(MMD).
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characteristics of poly(MMD) were determined and compared
with those in poly(PFMMD) and other polymers with similar
chemical compositions to elucidate the relationship of structure
and gas transport characteristics.

2. RESULTS AND DISCUSSION
2.1. Physical Characterization of Poly(MMD). Figure 2

presents the pathway to synthesize cyclic ketene acetals and the
polymer.22,23 2-Bromomethyl-4-methyl-1,3-dioxolane

(BMMD) was first synthesized from 2-bromo-1,1-dimethoxy-
ethane, which was then converted to 4-methyl-2-methylene-1,3-
dioxolane (MMD).
Figure 3a shows the FTIR spectra of the polymerized

products from MMD using different acid solutions. The
solutions of A and B contain high acidity (i.e., 1000 ppm
BF3OEt), causing ring-opening and forming carbonyl groups
with the characteristic peak of 1720 cm−1. On the other hand,
the solution C with low acidity (100 ppm BF3OEt) does not

Figure 2. Synthesis pathway of poly(MMD) via the cationic ring-retained polymerization and the side production via the ring-opening polymerization.

Figure 3. (a) FTIR spectra of the polymerized MMD using different acid solutions. A and B acid solutions are 1000 ppm BF3OEt in isooctane and
THF, respectively. The C acid solution is 100 ppm BF3OEt in isooctane. (b) WAXD patterns of poly(MMD) and poly(PFMMD) at 21 °C.

Figure 4. (a) TGA curve and (b) DSC thermogram of the first heating cycle of poly(MMD). The heating rate was 10 °C/min under N2 flow.
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cause significant ring-opening because there is a negligible signal
at 1720 cm−1. Also, 1HNMR spectra confirm there is no peak for
the ester group, indicating very low content of ring-opening
structure. The obtained poly(MMD) has a molecular weight
and polydispersity of 15000 g/mol and 3.6, respectively,
determined by using GPC.
Figure 3b displays the WAXD pattern of poly(MMD),

confirming the amorphous nature due to the absence of sharp
peaks. Poly(MMD) shows two peaks at 2θ values of 10.7° and
18.7°, corresponding to d-spacing values of 8.3 and 4.7 Å,
respectively. In comparison, poly(PFMMD) exhibits greater d-
spacings (11 and 5.7 Å) than poly(MMD) because of the bulky
−F and −CF3 groups in poly(PFMMD).20

Figure 4a shows the TGA curve of poly(MMD) with a
degradation temperature of 180 °C, indicating its thermal
stability for typical membrane separation applications (25−50
°C). Figure 4b presents the DSC thermograms of poly(MMD).
No crystallization or melting peak is observed, indicating the
amorphous nature of the polymer, which is consistent with its
WAXD pattern. Poly(MMD) exhibits a Tg of 48 °C, indicating
that the polymer is glassy at 35 °C. By contrast, poly(MMD)
shows much lower Tg than poly(PFMMD) with a Tg of 135 °C,
polystyrene (PS with a Tg of 100 °C), and poly(methyl
methacrylate) (PMMA with a Tg of 105 °C).24 The fluorine
groups in the poly(PFMMD) appear to increase the chain
rigidity. PS has benzene rings with π−π stacking and enhanced
polymer chain rigidity, and PMMA has strong interaction
among ester groups, leading to high Tg value. The small amount
of the flexible ring-opening structure may also decrease Tg in
poly(MMD). Additionally, the relatively low molecular weight
(15000 g/mol) and high polydispersity can also contribute to
the low Tg.
2.2. Gas Permeability of Poly(MMD). Figure 5 presents

pure-gas permeability at various feed pressures in poly(MMD)

at 35 °C. For CH4 and N2, the permeability at pressures below
15 atm is not reported because their fluxes were below the
detection limit of the apparatus. The feed pressure has no effect
on H2 and He permeability, confirming that these films do not
have defects. Increasing the feed pressure increases CO2
permeability because of the plasticization, which has often
been observed for rubbery polymers.25,26 Poly(MMD) has a Tg
very close to the testing temperature. The CO2 sorption may

suppress the Tg and lead to the permeability behavior similar to
rubbery polymers.
The degree of plasticization can be determined via eq 1 by

correlating permeability (PA) and gas pressure:25

P P m p(1 )A A0= + Δ (1)

where Δp (atm) is the pressure difference across the film, PA0
(barrer) is the permeability at infinite dilution (or a feed
pressure of 0 atm), and m (atm−1) is an adjustable parameter
reflecting the opposite effect of hydrodynamic force and the
plasticization induced by the sorbed gas. The hydrostatic force
(derived from the feed gas pressure) compresses the polymer
and thus decreases the gas permeability, while the sorbed gas
swells the polymers and thus increases the gas permeability.
Positive m values suggest the dominant effect of the
plasticization, and higher positive m values suggest a greater
degree of plasticization. As shown in Figure 5, poly(MMD) has
anm value of 0.12 atm−1 for CO2, which is higher than 0.004 and
0.034 atm−1 for CO2 in rubbery poly(dimethylsiloxane)
(PDMS)25 and poly(ethylene oxide) (PEO),26 respectively.
These results indicate that the CO2 plasticization is more severe
for poly(MMD) than for PDMS and PEO, despite the glassy
nature of poly(MMD). In comparison, poly(PFMMD) shows
an m value of almost zero, indicating the absence of
plasticization at CO2 pressures below 10 atm,20 which is typical
for glassy polymers.27

Figure 6a compares pure-gas permeability between poly-
(MMD) and its perfluoropolymer analogue, poly(PFMMD).
Generally, increasing the kinetic diameter of the penetrants
decreases their permeability, which is typical behavior for glassy
polymers where the separation is dominated by the diffusivity
selectivity.
The FFV of poly(MMD)was estimated using the bulk density

(ρP) and the following equation:

VFFV 1 1.3 P Wρ= − (2)

where VW is the van der Waals volume calculated with a group
contribution method.28 Poly(PFMMD) exhibits a gas perme-
ability 10−100 times higher than that of poly(MMD) because of
the higher FFV in poly(PFMMD).5 Poly(MMD) has a density
of 1.264 g/cm3 and an FFV value of 0.095, which is much lower
than that of poly(PFMMD) (with an FFV of 0.26).20 The F
groups in the poly(PFMMD) disrupt the polymer chain packing,
leading to the higher FFV. Additionally, poly(MMD) contains a
small amount of ring-opening structure, which presumably
influences gas permeability, though the effect should not be
significant due to the low content of the ring-opening structure.
As shown in Figure 6b, these two polymers display similar

He/gas separation properties except for He/N2 because of the
two opposing effects of diffusivity selectivity and solubility
selectivity. Poly(MMD) has a lower FFV than poly(PFMMD)
and thus stronger size-sieving ability. Therefore, He/N2
selectivity (dominated by the diffusivity selectivity) is higher
in poly(MMD) than poly(PFMMD). By contrast, fluorinated
chemicals often exhibit unfavorable interactions with H2 and
CH4 because of their greater polarizability than He, leading to
higher He/H2 and He/CH4 solubility selectivity than the
hydrocarbon analogue.21,29 Though the mechanism is not fully
understood, gas molecules with greater polarizability can be
more readily polarized by the highly polar C−F bonds in the
fluorinated chemicals, leading to unfavorable interactions.29

Additionally, perfluorinated chemicals tend to have less
favorable interactions with CO2 due to lower solubility

Figure 5. Pure-gas permeability at different feed pressures in
poly(MMD) at 35 °C. The CO2 permeability was modeled by using
eq 1 with a PA0 of 0.69 barrer and m value of 0.12 atm−1.
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parameter than their hydrocarbon analogues,29 leading to lower
He/CO2 solubility selectivity, though partially fluorinated
chemicals could exhibit a high solubility parameter due to the
asymmetric substitution of F and thus high CO2 solubility.

29,30

Therefore, because of the compromised higher solubility
selectivity and lower diffusivity selectivity, poly(PFMMD)
exhibits the selectivity of He over H2, CH4, and CO2, similar
to poly(MMD).
2.3. Gas Solubility andDiffusivity of Poly(MMD). Figure

7 presents the sorption isotherms of CH4, CO2, and C2H6 at 35

°C in poly(MMD), which can be modeled by using Henry’s
law.18,31 The Langmuir sorption seems to be negligible because
the Langmuir sorption capacity is proportional to the value of
(Tg − T),32 which is only 13 K in this study.
The gas solubility (SA, cm

3 (STP)/(cm3 atm)) is calculated
via eq 3:

S C p/A A A= (3)

where CA (cm
3 (STP)/cm3 polymer) is the concentration of the

gas dissolved in the polymer and pA (atm) is the equilibrium
pressure. Gas solubility data are also recorded in Table 1. The
CO2 solubility in poly(MMD) is higher than the CH4 solubility,
and it is similar to the C2H6 solubility because of their similar
critical temperature (31 °C for CO2 and 32 °C for C2H6).
Table 1 compares the FFV, CO2 permeability, and CO2/gas

selectivity in representative hydrocarbon polymers and their
fluoropolymer analogues. Generally, hydrocarbon polymers
exhibit a lower FFV than their fluoropolymer analogues and
thus a lower gas permeability but higher CO2/N2 selectivity.
As shown in Table 1, poly(MMD) exhibits a CO2 solubility

similar to poly(PFMMD) and a lower FFV than poly-
(PFMMD), indicating that CO2 has more favorable interaction
with poly(MMD) than poly(PFMMD). Because of the less
electronegativity of hydrogen than fluorine, the ether oxygen in
hydrocarbons exhibits a stronger Lewis basicity than fluorinated
ethers to interact with Lewis acids such as CO2. For example,
diethyl ether ((CH3CH2)2O) is a stronger Lewis base than
bis(2,2,2-trifluoroethyl) ether ((CF3CH2)2O).

37 Additionally,

Figure 6. (a) Pure-gas permeability and (b) He/gas selectivity in poly(MMD) and poly(PFMMD) at 8.0 atm and 35 °C.

Figure 7. Sorption isotherms of CH4, CO2, and C2H6 in poly(MMD) at
35 °C. The linear lines are drawn based on Henry’s law (eq 3).

Table 1. FFV, CO2 Solubility, CO2/CH4 Solubility Selectivity, and CO2/Gas Separation Properties at 35 °C in Amorphous Phase
Hydrocarbon and Fluorinated Polymers

polymersa FFV PCO2
SCO2

SCO2
/SCH4

PCO2
/PCH4

PCO2
/PN2

poly(MMD) 0.095 1.3 1.3 4.5 30 28
poly(PFMMD)20 0.226 58 1.4 2.9 29 7.5
PE29 0.191 38 0.45 2.2 4.3 13
PTFE29 0.215 11.5 0.92 3.7 15 8.2
PP24 0.184c33 37b 21b

PHFPd34 0.276 383 4.8 3.8 16 8.0
PS35 0.177 12.4 1.1 2.9 16 23
PPFSd 36 0.169 50 6.4 6.4 9.8 8.5

aPolyethylene (PE),29 polypropylene (PP),24 polystyrene (PS),35 polytetrafluoroethylene (PTFE),29 polyhexafluoropropylene (PHFP),34 and
polypentafluorostyrene (PPFS).36 bCalculated based on a PP with 50% crystallinity at 30 °C.24 cEstimated from an amorphous atactic PP with a
density of 0.860 g/cm3.33 dGas permeability and selectivity at 22 °C.
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poly(MMD) shows a higher CO2/CH4 solubility selectivity
than poly(PFMMD), though poly(PFMMD) has unfavorable
interaction with CH4.

18,20,29 For other polymers without ether
oxygen groups, the hydrocarbon polymers (such as PE, PP, and
PS) exhibit lower CO2/CH4 solubility selectivity than their
fluoro analogues because of the hydrocarbon phobicity in the
fluoropolymers.
Table 2 compares the gas solubility in poly(MMD) and other

polymers containing ether or ester oxygen groups. Cellulose

triacetate (CTA) exhibits the highest CO2 solubility because of
the glassy nature and Langmuir sorption sites available (as
evidenced by its high FFV). Generally, the CO2/CH4 and CO2/
C2H6 solubility selectivity increases with increasing the O:C
ratio in the polymers due to the CO2-philic nature of the ether/
ester oxygen groups.38−40 This trend is also consistent with the
solubility parameter of the polymers (δP).

28 The δP value
approaches the δ of CO2 (21.8 MPa0.5) with increasing the O:C
ratio, decreasing the Flory−Huggins parameter and increasing
the CO2 solubility.

38 As CH4 has a δ value of only 11.6 MPa0.5,
the increase in the δP value of the polymers increases the Flory−
Huggins parameter, decreasing the CH4 solubility and
increasing the CO2/CH4 solubility selectivity. XLPPG shows

different behavior because the methyl substitution increases the
FFV and thus gas solubility.
The gas diffusivity (DA, cm

2/s) in polymers is often calculated
based on the solution-diffusion mechanism:

D P S/A A A= (4)

Poly(MMD) shows a CO2 diffusivity of 4.2 × 10−9 cm2/s at 8.0
atm and 35 °C, which is lower than poly(PFMMD) at 8.0 atm
and 35 °C (3.2 × 10−7 cm2/s) because of the lower FFV in
poly(MMD). However, poly(PFMMD) exhibits a higher CO2/
CH4 diffusivity selectivity (9.8) than poly(MMD) (4.7) because
of the higher Tg (or polymer chain rigidity) in poly(PFMMD).
Generally, increasing the polymer chain rigidity increases the
CO2/CH4 diffusivity selectivity. Additionally, the free volume
size and distribution in poly(PFMMD) may facilitate the CO2
diffusion while discriminating the CH4 diffusion, which,
however, cannot be directly determined in these polymers.

2.4. Gas Separation Performance of Poly(MMD). Figure
8 compares gas separation properties of poly(MMD) and
poly(PFMMD) in Robeson’s 2008 upper bound plots for He/
N2 and H2/CO2 separation.8 The gas permselectivity of
poly(MMD) lies among other hydrocarbon-based polymers
while poly(PFMMD) exhibits superior separation properties
close to or above the upper bounds. Poly(MMD) displays higher
He/N2 and H2/CO2 selectivity but lower He and H2
permeability than poly(PFMMD) because poly(MMD) has a
lower FFV and stronger size sieving ability than poly(PFMMD).

3. EXPERIMENTAL SECTION
3.1. Materials. Chemicals were procured from Sigma-Aldrich

Corporation (St. Louis, MO), including 1,2-propanediol (97%), 2-
bromo-1,1-dimethoxyethane (97%), Dowex 50WX8, anhydrous
sodium sulfate (99%), Aliquat 336, tetrahydrofuran (THF, 99.9%),
potassium tert-butoxide (98%), pentane (99%), pyridine-d5 (99.5%),
boron trifluoride etherate (BF3OEt), isooctane (99.8%), 7 N NH3 in
methanol, dimethylformamide (HPLC grade), and chloroform-d
(99.8%). Compressed gases of C2H6, N2, H2, and He (with a purity
of 99.999%) and CH4 and CO2 (with a purity of 99.9%) were provided
by Airgas, Inc. (Buffalo, NY).

3.2. Synthesis of Poly(MMD). As shown in Figure 2, 2-
bromomethyl-4-methyl-1,3-dioxolane (BMMD) was first prepared by
adding 1,2-propanediol (50 g, 0.657 mol), 2-bromo-1,1-dimethoxy-
ethane (111.06 g, 0.657 mol), and hydrogen form Dowex 50WX8 (1.5
g) into a flask with Claisen distillation unit. The mixture was allowed to

Table 2. Comparison of the FFV, δ, CO2 Solubility (cm
3

(STP)/(cm3 atm)), and CO2/Gas Solubility Selectivity at 35
°C in Poly(MMD) and Other Ether Oxygen-Containing
Polymers

polymersa
O:C
ratio FFV

δb

(MPa0.5) SCO2
SCO2

/SCH4
SCO2

/SC2H6

poly(MMD) 0.4 0.095 14.3 1.3 4.5 1.1
CTA41,42 0.57 0.215 16.3 5.3 8.2 2.4
PTMO39 c 0.25 17.0 1.1 6.5 1.0
XLPPG43 0.33 0.160 15.4 1.3 6.2 1.3
XLPEG44 0.5 0.117 19.8 1.4 11 2.7

aPoly(tetramethylene oxide) (PTMO), cross-linked poly(propylene
glycol) diacrylate (XLPPG),43 and cross-linked poly(ethylene glycol)
diacrylate (XLPEG).44 Infinite dilution solubility is used for these
polymers. The solubility value is reported for 8.0 atm for poly(MMD)
and 10 atm for CTA. bThe solubility parameter (δ) is calculated
based on the small group contribution method.24 cThe gas solubility is
estimated from that in Pebax using an additive model.39

Figure 8.Comparison of poly(MMD) and poly(PFMMD) with the state-of-the-art materials in 2008 Robeson’s upper bound plots for the separation
of (a) He/N2 and (b) H2/CO2 at 25−35 °C. Each gray triangle represents the separation properties of polymers reported in the literature.8
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react at 90 °C for 12 h while removing the byproduct of methanol. The
BMMD was fractionated at 86−87 °C and 28 Torr and washed with
water to remove the residual 1,2-propanediol before drying with
sodium sulfate. 1H NMR (CDCl3, 500 MHz): δ for trans: 1.22 (m, 3H,
methyl), 3.3 (m, 2H, −CH2Br), 3.40 (m,1H, H(cis to methyl)(C-5)),
3.93 (m, 1H, H(trans to methyl)(C-5)), 4.14 (m, 1 H, H(C-4)), 5.03
(m, 1H, (C-5)). δ for cis: 1.18 (m, 3H,methyl), 3.26 (m, 2H,−CH2Br),
3.36 (m,1H, H(cis to methyl)(C-5)), 4.07 (m, 1H, H(trans to
methyl)(C-5)), 4.22 (m, 1 H, H(C-4)), 5.15 (m, 1H, (C-5)). The
trans/cis ratio was calculated as 0.81 based on the 1H NMR spectra.
Second, to synthesize 4-methyl-2-methylene-1,3-dioxolane (MMD),

BMMD (18.13 g, 0.1 mol) and Aliquat 336 (0.80 g) were added to a
flask cooled with an ice bath. THF saturated with potassium tert-
butoxide was gradually added. After 1 h, themixture was stirred at 22 °C
for 12 h. After an extraction using pentane, the produced MMD was
heated to 40 °C at 1 atm under argon protection to remove pentane and
then under vacuum to remove the residual THF. The obtained MMD
(6.05 g) was fractionated at 45 °C and 10 Torr. Pyridine-d5 was used for
1H NMR to avoid the polymerization of MMD. 1H NMR (pyridine-d5,
500 MHz): δ 1.20 (d, 3H, methyl), 3.42 (s, 2H, terminal olefinic
protons), 3.67 (m, 1H, H(C-5) cis to methyl), 4.21 (m, 1H, H(C-5)
trans to methyl), and 4.46 (m, 1H, CH3CH<).

13C NMR (pyridine-d5,
500 MHz): δ 17.56 (methyl), 53.33 (terminal olefinic carbon), 71.54
(−CH2−), 74.25 (CH3CH<), and 164.32(C-2).
Finally, to prepare poly(MMD), an acidic solution was used for

cationic polymerization of MMD. Three different acid solutions with
different strengths of acidity were used including A (1000 ppm BF3OEt
in isooctane), B (1000 ppm BF3OEt in THF), and C (100 ppmBF3OEt
in isooctane). MMD (1 g) was added to a 50 mL flask and cooled to
−20 °C under argon protection. Five milliliters of acid solution was
added, and 2 min later, 7 N NH3 in methanol (1 mL) was added to
quench the reaction. The polymer was precipitated by adding isooctane
(10mL) and then separated by centrifugation. The product was washed
with isooctane twice and then dried at 80 °C under vacuum for ≈10 h.
The yield of the product obtained by using the acid solution C was 40%.
1H NMR (CDCl3, 500 MHz): δ 1.228 (d, 3H, methyl), 2.281 (s, 2H,
methylene bridge in backbone), 3.394 (m, 1H, H(C-5) cis to methyl),
3.965 (m, 1H, H(C-5) trans to methyl), and 4.235 (m, 1H, CH3CH⟨).
3.3. Characterization of Physical Properties. 1H NMR spectra

of poly(MMD) were collected by using a Varian Inova-500
spectrometer at 500 MHz and chloroform-d. A gel permeation
chromatograph (GPC) with a Viscotek system and a VE-3580 RI
detector was used to determine the molecular weight and polydispersity
of the polymers.
Freestanding films of poly(MMD) were prepared by solution

casting. First, poly(MMD) was dissolved in THF, and a desired amount
of solution was used to cast films with a thickness of ∼80 μm. Second,
the obtained samples were dried at 22 °C under vacuum for ≈10 h and
then at 80 °C to remove the residual TFH.
The density of the poly(MMD) film was calculated from the weight

and volume.29 An Accu-Pyc II 1340 gas pycnometer (Micromeritics
Instrument Corporation, Norcross, GA) was used to measure the
polymer volume with helium as the replacement gas. As He has
negligible sorption by the polymer, the apparent volume can be
determined. The derived bulk density (ρP) was used to estimate the
polymer FFV via eq 2.
A thermogravimetric analyzer (TGA, TA Instruments, New Castle,

DE) was used to determine thermal stability of poly(MMD) at 10 °C/
min and 100 mL/min N2. Thermal transitions of poly(MMD) were
determined by using a differential scanning calorimeter (DSC Q2000,
TA Instruments) at 10 °C/min and 50 mL/min N2, and the Tg was
obtained by usingUniversal Analysis 2000 software. AnUltima IV X-ray
diffractometer (Rigaku Corporation, Tokyo, JP) with Cu Kα radiation
(1.54 Å) was used to obtain WAXD patterns from 5° to 50° at 0.5°/
min.
3.4. Determination of Pure-Gas Permeability and Solubility.

Pure-gas permeability was measured by using a constant-volume and
variable-pressure apparatus at 35 °C.20,45 The gas permeability (PA) has
a unit of barrer, where 1 barrer = 10−10 cm3 (STP) cm/(cm2 s cmHg).
Pure-gas sorption was measured by using a dual-volume and dual-

transducer apparatus at 35 °C.26,45 The values of permeability and
solubility have an estimated uncertainty of≈10% calculated by using an
error propagation analysis method.46

4. CONCLUSION
We synthesized poly(MMD) containing pendant dioxolane and
thoroughly characterized its structure and gas transport
characteristics. This polymer shows very low FFV (0.095),
leading to low gas permeability, strong size-sieving ability, and
high selectivity of several gas pairs such as He/N2, H2/CO2, and
He/CH4. Poly(MMD) shows lower FFV and permeability than
its perfluoropolymer analogue, poly(PFMMD), and comparable
gas selectivity, suggesting that the bulky−F and−CF3 groups in
the poly(PFMMD) increase the FFV and gas permeability
without decreasing the size-sieving ability. When compared with
polymers containing ether oxygen groups such as CTA, PTMO,
XLPPG, and XLPEG, poly(MMD) shows comparable CO2
solubility but lower CO2/CH4 solubility selectivity than
expected based on its O:C ratio. The pendant dioxolane groups
can effectively improve the polymer chain packing and increase
Tg, increasing the size-sieving ability and decreasing gas
permeability.
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