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Abh)lymer membranes with ultrahigh CO, permeabilities and high selectivities are needed to
addfess s of the critical separation challenges related to energy and the environment, especially in
nat@al gasdpurification and post-combustion carbon capture. However, very few solution-processable,
linear polymers are known today that access these types of characteristics, and all of the known

st ieve their separation performance through the design of rigid backbone chemistries that
co taafly increase chain stiffness and interchain spacing, thereby resulting in ultramicroporosity in

sol ain-entangled films. Herein we report the separation performance of a porous polymer
obtained vi@ Ring-Opening Metathesis Polymerization (ROMP), which possesses a flexible backbone
Witheligi orinated side chains. This polymer exhibits ultrahigh CO, permeability (> 21000 Barrer)
and exceptional plasticization resistance (CO; plasticization pressure > 51 bar). Compared to traditional
polgmers of intrinsic microporosity (PIMs), the rate of physical aging is slower, especially for gases
wit ffective diameters (i.e., He, H,, and O,). This structural design strategy, coupled with
studies on fluorination, demonstrates a generalizable approach to create new polymers with flexible
nd pore-forming side chains that have unexplored promise for small molecule separations.

s are a promising platform technology for energy-efficient chemical separations.

Unlike tion processes, membranes do not require thermal regeneration, phase changes,

WY

or moving parts.™ Increasing the permeability of polymer membranes used for gas separations is

§

essential for enhancing productivity and reducing membrane areas required for large-scale gas and

vapor sep ?) Specific membrane applications include natural gas purification, hydrogen

separation ration, and CO, capture from flue gas.?*

n

Over the past decade, polymers of intrinsic microporosity (PIMs) have defined the state-of-

{

the-art fo arations.”® Their rigid and contorted backbone structures lead to excellent

U

separation ance for a variety of challenging binary separations (e.g., CO,/N,, CO,/CH,4, O,/N,,

A
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and H,/CH,).”’ Guided by the discovery that polymers of intrinsic miroporosity'”’ now called PIMs
were highly effective for gas separation,ls] researchers have sought to extend the database of
accessib#ures by designing and synthesizing ladder-type porous polymers containing more
rigid back even less conformational freedom.!® Despite the advances in backbone
rigiditygf wwains, a relatively unexplored design strategy of creating porous polymers is to
attach rigid, free-volume-generating sidechains to a flexible backbone to form a type of
”bottlebruUen Recently, some of us have found that these polymers can be highly porous as
a result th packing between rigid, non-compliant side chains.™ In addition, since rigid
macromon ntaining polymerizable units are synthesized before polymerization (Scheme 1a),
it is easie;porate a variety of unique and pre-designed functionalities into this class of

polymer a!compared to PIM-1, which mainly relies on post-polymerization functionalization.!*>**

From a tra rspective, pre-designing side-chain structures can enhance the entropic ordering
of ultramic , enabling easier access to controlled entropic selectivities that are not currently
considere he activated state theory approach used to define the current polymer upper
bound.!

It i!well-known that fluorinated polymers introduce properties such as thermal stability and
non-wettabili hich have enabled commercial applications.™ In terms of gas separation, previous

studies ha n that the introduction of fluorinated moieties in aromatic polyimides can

dramaticals increase gas permeability with little impact on permselectivity."® In

pon(organlsionaws), it was found that CO, permeability and CO,/CH, selectivity could increase

]

simultane incorporating fluorine-containing groups.[17 In all these cases, bulky

hexafluoro lidene functionality is used to contort the polymer backbone and generate free

<
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volume, thereby enhancing separation performance. Considering the synthetic versatility of using
pore-forming macromonomers, the approach presented here enables a systematic comparison for
studyinghﬁof fluorination on gas transport properties relative to that of hydrocarbon analogs
in pre-desi icropores. By doing so, a more direct deconvolution of the morphological and

eIectrorfc iﬁn ributions of fluorinated functionality on gas transport can be achieved.

—
=)

UusG

lo} unication describes the gas transport properties of two porous polymers obtained
via Ring-Op etathesis Polymerization (ROMP), which both possess flexible poly(norbornene)
backbonesfiw, gid side chains. Films of CF;-ROMP exhibited ultrahigh CO, permeability
(>210008B d exceptional plasticization resistance (CO, plasticization pressure > 51 bar). The

structures of two porous ROMP polymers are shown in Scheme 1b and are based on synthetic

proceduresublished previously.™" Side chains are made via an iterative Diels-Alder reaction, which

1

generates e of oligomers with different chain lengths (typically with 2-9 repeating units)

d

(Figure S1 and . The mixture of oligomers is directly used for ROMP polymerization. Schematic

representatio F3-ROMP are shown in Scheme 1c. Both CF;-ROMP and OMe-ROMP are readily

V]

soluble organic solvents, allowing characterization by NMR and GPC (Figure S3 and S4).

The pre-casting CF;-ROMP and OMe-ROMP powder showed significant microporosity via N,

I

adsorption is rms at 77 K, with a Brunauer—Emmett-Teller (BET) surface area of 700 m* g™ and

146 m* g ively (Figure S6). Solution casting from chloroform led to optically clear films

O

(Figure S9)Uitable for gas permeation studies.

¢

Aut
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Flexible backbone

Uniform conformation for side chains

Flexible backbone
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Flexible backbone

Mixed conformations for side chains
I

Scheme eralized synthetic procedure for CF;-ROMP and OMe-ROMP b) Molecular

structures of PIMs, CF;-ROMP, and OMe-ROMP c) Schematic representation of CF;-ROMP with 5

repeating units orm conformation or mixed conformations for side chains).
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Th‘ﬁas se'aration performance of CF;-ROMP, OMe-ROMP, and PIM-1 are shown in Figure 1

and Table e permeation experiments, films were first soaked in ethanol for 48 h, dried at
ambient c 24 h, and then degassed in full vacuum for 8 h at 35 °C to remove residual
H I

solvent, asSonfirmed by TGA (Figure $10)."® The effect of different treatment conditions and film
history we@ also Wavestigated (Section 7, ESI). The magnitude of gas permeability for CF;-ROMP and

OMe-ROMP_followed the order of CO,>H,>0,>He>CH,;>N,, indicating a strong solubility

oG

contributio eation (Figure S11a). CF;-ROMP exhibited exceptionally high gas permeabilities

across all gases teSted, notably for CO, (~21300 Barrer) and H, (~8300 Barrer) for the non-aged film.

Gl

These gas ilities were about 60 to 200% higher than the non-aged PIM-1 film under the

1

same etha ent and testing conditions, which makes CF;-ROMP the third most permeable

linear ultrg ‘m rous polymer reported to date, behind PTMSP and PIM-TMN-Trip reported by

d

Rose et esult, CF;-ROMP surpassed the 2008 Robeson upper bound for H,/CH, after

physical agin was above the 1991 Robeson upper bound for all other gas pairs investigated

In OMe-ROMP exhibited significantly lower gas permeabilities compared to CFs-

ROMP anut higher permselectivities (Figure 1 and S11d). These striking differences in
transport p ies are notable because CF;-ROMP and OMe-ROMP are structurally very similar
with thﬁ)tion being the -CF; versus -OMe functionality. Quantitatively, gas permeabilities
are 7-10 igher, depending on the gas, for the CF;-ROMP. This difference in performance can be

rationalized b; t;smgher BET surface area of CF;-ROMP arising from the random configuration of

CFs- and O stituted side chains. The pendant -CF; group is bulkier and stiffer than -OMe,

This article is protected by copyright. All rights reserved.
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which hinders interchain packing and reduces intrachain rotational freedom, thus leading to higher

porosity. Fluorine-containing moieties are also known to have high solubilities for light gases, which

t

D

could subs tly increase permeabilities in the framework of the solution-diffusion model.!24 It

may be t tion of these two effects that leads to the significant increase in gas

permeaﬁli es, similar to trends reported for certain polyimides and polycarbonates.m] Molecular

mechanics simulations suggest side chain bending into “pocket-shapes” are a potentially pseudo-

Cli

stable con n (Section 4, ESI). We also hypothesize that the pendant -CF; groups may form

localized fllorife-fich domains between side chain segments as a result of the curvature of the side

S

chain in 3 e 1c). However, the stereochemistry of Diels-Alder reaction during side chain

U

formation ered and hence there is a distribution of the shape and size of the pockets.

()]
—
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n¥plots of CF;-ROMP, OMe-ROMP, and PIM-1 for a) CO,/CH, b) H,/CH, c) H,/N, gas

pairs as a ﬁ of physical aging time. Black and gray lines represent 2008 and 1991 upper

bounds, re

PIM-EA-TBR2) PIM-Trip-TB, 3) PIM-TMN-SBI, 4) PIM-TMN-Trip-TB 5) PIM-TMN-Trip.

CO,/CH

4 g

Ma

C

v.1224 Filled purple squares represent other highly permeable PIMs reported: 1)

[9,25]

o PIM-1, CF;-ROMP exhibited moderately lower selectivities for the gas pairs

nd H,/N,. Diffusivity-selectivity and solubility-selectivity is presented in Figure S19

and S21. According to Figure 2, S13 and S14, the solubility-selectivity of CF;-ROMP is close to that of

PIM-1 wh
difference
lower diffusivi
stereoc

homoge

M diffusivity-selectivity is lower for the majority of gas pairs. Considering the
ize distribution between two polymers (Figure S6), we hypothesize that the

-selectivity of CF;-ROMP is most likely caused by polydispersity in length and

the side chains. Given this hypothesis, diffusivity-selectivity may be improved by

ength of side chains and devising systems that do not have structural variances as

a result of the steriochemistry of the Diels-Alder reaction used in the side chain synthesis.

<
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Figure 2. a n coefficient plotted against effective diameter squared for CF;-ROMP, OMe-
ROMP, an t 1 h aging after liquid ethanol soaking for 48 h, air-drying for 24 h, and

subjecting Bo full vacuum for 8 h at 35 °C. The steepness of the slope indicates molecular sieving
capabilitie lecular sieving capabilities decrease in the following order: -OMe > PIM-1 > -CFs.

b) Solubility*€o ent of N,, O,, CH,4, and CO, in polymers as a function of critical temperature.

=

In addition to evaluating performance relative to the upper bounds, determining the effects

of penetrahd plasticization is an important concern in membrane-based gas separations.[zs]
Exposure ¢ @ ranes to strongly interacting gases such as CO, at high pressures can reduce
permselectivi result of sorption-induced swelling.””? Thus, membranes that maintain stable
perforﬂﬁhigh CO,feed pressures are desirable. In Figure 3a, CF;-ROMP, OMe-ROMP and
PIM-1 weré subjected to CO, feed pressure up to 51 bar. Of note, CO, permeabilities of CF;-ROMP

decreased monotSicaIIy up to 51 bar even when using fugacity to account for non-idealities (Figure

$25). T%veals that the plasticization pressure point, above which permeability starts to

This article is protected by copyright. All rights reserved.
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increase, was not reached under the conditions considered for these experiments. PIMs and many
other non-crosslinked porous polymers exhibit plasticization pressure points at significantly lower
pressuresiHB and Table S2), but the non-crosslinked CF;-ROMP and OMe-ROMP have
[28,29]

plasticizati points more characteristic to those of chemically-crosslinked polyimides.

Moreovgr,“w en the CO, feed pressure was gradually decreased, the hysteresis induced by

[

conditioningup t 51 bar was ~35% of the original CO, permeability. OMe-ROMP shows similar anti-
plasticizati ior with plasticization pressure points > 51 bar, but the hysteresis (~50%) is
slightly him CF;-ROMP. As a comparison, the plasticization pressure point for PIM-1 when
tested und al conditions was ~27 bar, and it shows a significantly larger hysteresis effect (up
to 95% inc ermeability) when CO, feed pressure is released. These results indicate that the
interchain ghesive energy for ROMPs is larger than that of PIM-1. This feature may originate from
both a flu interaction between -CF; moieties and a greater rigidity-promoting “physical
interlocking@b en side chains typical of both ROMPs. Such an interpretation is in agreement
with tPE Swaidan et al., wherein interchain rigidity contributed to CO, plasticization
resista o urther investigate the plasticization resistance of CF;-ROMP, 50:50 vol.% CO,/CH,

mixed-gas iermeation experiments were run, and the details can be found in Section 11 of the ESI.

It i nown that the relaxation of non-equilibrium free volume elements in PIMs
proceeds ra the first ~10 days after swelling in a non-solvent (e.g., alcohols).?" To evaluate

such behagr in the samples considered here, physical aging of CF;-ROMP, OMe-ROMP, and PIM-1

was mowas permeation measurements and wide-angle X-ray scattering (WAXS) for 2000

h. Figure 3E Elsp,s helium permeability as a function of the time, and it is clear that CF;-ROMP,

OMe-ROMP, anE:M-l age at different rates. For smaller gases like He, H,, and O,, CF;-ROMP aged

This article is protected by copyright. All rights reserved.
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the slowest among samples considered, while OMe-ROMP aged the fastest with PIM-1 displaying

intermediate behavior (Figure S17). Notably, the aging rate of CF;-ROMP is significantly lower than

t

that of state-of-the-art PIMs, although the alcohol treatment was slight different (ethanol vs.

methanol). ance, helium permeability decreased by ~45 % after 1000 h aging for PIM-

TMN—Trﬁ, ereas CF;-ROMP only decreased by ~10 %. Moreover, the CF;-ROMP films considered

1

here are thipnegthan PIM-TMN-Trip (119 um vs. 192 um), and physical aging is accelerated for

C

thinner fil 33l g8y larger molecules like CO,, N,, and CH,, there was no significant difference in

aging ratestbetWedh the three polymers compared in this work (Figure S17a). These findings suggest

$

that using ility as a proxy for assessing aging rates instead of diffusion is a limitation for

more stro

U

Ing components that also have significant solubility contributions to permeability.

N

Pr dies have shown that the introduction of fluorinated moieties can suppress

physical agihg matic polyimides.®*** In the case at hand, despite its higher BET surface area,

d

the agi 3-ROMP was considerably lower than that of OMe-ROMP for gases with smaller

effective dia . The WAXS of CF;-ROMP displays a decrease in scattering intensity only over the

larger d-spacing regime during physical aging, whereas OMe-ROMP exhibited a decrease in

scattering @ftensity across the entire d-spacing range (Figure S22). This trend suggests that subtle

[

differences er chemistry for a similar polymer design may result in multiple, complex aging

O

pathways. uced aging rate for CF;-ROMP compared to OMe-ROMP likely results from a

stability of @F;-ROMP to contraction of smaller free volume elements (Figure S15 and S16).

i

Aut
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Figure 3. a ticization study and b) hysteresis induced by conditioning of the film at 51 bar of

O

CO, for CFs- P, OMe-ROMP, and PIM-1. c) Physical aging study of helium by monitoring

permeability over time for CF;-ROMP, OMe-ROMP, and PIM-1 between 1 and 2000 h after liquid

1

ethanol
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In summary, this communication demonstrates a versatile approach to achieve ultrahigh CO,
permeabilities and selective size-sieving behavior for gas-phase separations by using pore-forming
side chahd to flexible polymer backbones. Pendent -CF; groups enhance gas permeability
and reduc ing compared to their -OMe counterparts. The different performance metrics
asa fun&iio—pendent groups on the side chain reveal that these features can be used to tailor gas
separation perfogmance. Outstanding plasticization resistance is a common feature for both of the
ROMP pol resented, indicating that this new structural design may provide a material
platform twmally address challenges with plasticization. Moreover, CF;-ROMP exhibited a

reduction gl aging rate compared to PIM-1 even though it is characterized by significantly
r

higher int meabilities. The formation of porous polymers based on flexible backbones and
rigid free glume promoting side chains represents a promising new platform of materials for

addressing ntal limitations in current design strategies for membrane materials.

Synthesis of Porous ROMP polymers: Synthetic procedures for CF;-ROMP and OMe-ROMP

have been MIy reported by Zhao and He et al.*"!

M M nd Gas Transport Properties: The 3D structure of CF;-ROMP is optimized using

the MMEfield as implemented in Avogadro 1.2.0.

Mrt Properties: Self-standing films of CF;-ROMP, OMe-ROMP, and PIM-1 were

prepared by slo aporation of a 3 wt % polymer solution in chloroform using a flat aluminum Petri

dish. The as—castf m was soaked in liquid ethanol before testing gas permeability and WAXS. TGA

This article is protected by copyright. All rights reserved.
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analysis was performed to ensure the complete removal of residual solvents from the films and to
determine their thermal stability. The thicknesses of CF;-ROMP, OMe-ROMP, and PIM-1 films, as
measungital micrometer, were 119 um, 160 um, and 119 um, respectively. Permeability
was meas °C with a fixed-volume variable-pressure Maxwell Robotics automated
permeaﬂow from the slope of the curve (p, t) in the steady-state region after 6 times the
time lag (9)y Prgssure was measured with a MKS transducer (Model 622C, 10 Torr limit). The
diffusion cu, D, was determined by applying the time-lag method: D = [?/66 where [ is the
film thickm solubility coefficient, §, was determined in the framework of the solution-
a

diffusion :ereé‘ = P/D. Aging experiments were systematically performed on samples

subjected me treatment and storage conditions, experiencing the same history for up to

2000 h. CC!—induced plasticization experiments were performed by pressurizing samples up to 51

bar and de ing down to 1 bar to evaluate the hysteresis.
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TOC text
A porous p % eaturing a flexible backbone and rigid, fluorinated side-chains is prepared via
Ring-Openifig Meiathesis Polymerization (ROMP). This polymer exhibits ultrahigh CO, permeability
(>2100 exceptional plasticization resistance (CO,-induced plasticization pressure > 51
bar). By g ing ultramicroporosity through pre-designed side chains instead of the polymer
backbone, ing new design strategy is presented for gas-separation membranes.

Flexible backbone

<
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