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Competitive sorption enables the emergent phe-
nomenon of enhanced CO,-based selectivities for gas separation
membranes when using microporous polymers with primary
amines. However, strong secondary forces in these polymers
through hydrogen bonding results in low solvent solubility,
precluding standard solution processing approaches to form these
polymers into membrane films. Herein, we circumvent these
manufacturing constraints while maintaining competitive-sorption
enhancements by synthesizing eight representative microporous
poly(arylene ether)s (PAEs) with tertiary amines. High-pressure
H,S, CO,, and CH, sorption isotherms were collected for these
samples to demonstrate enhanced affinity for acid gases relative to the unfunctional control polymer. Although competitive sorption
was observed for all samples, improvements were less pronounced than for primary-amine-functional analogs. For H,S-based
separations, the benefits of competitive sorption offset decreases in selectivity due to plasticization. This detailed study helps to
elucidate the role of tertiary amines for acid gas separations in solution-processable microporous PAEs.
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embranes offer an attractive alternative to legacy
separation processes due to their energy-efficiency and

ease of operation. In fact, membranes consume up to 90% less
energy than distillation, which, if implemented broadly within
the industrial chemicals industry, could translate to an
estimated annual savings of 100 million tonnes of carbon
dioxide (CO,) emissions and $4 billion in energy cost savings.l
The application of membranes for direct CO,-based
separations is of particular interest for a sustainable future.””"
Membrane-based CO, separations are deployed in natural gas
purification today, but the market share in this application is
estimated at only about 10% when compared to more
prevalent unit operations like amine absorption.”® CO,-
based separations are urgently needed in other areas as well,
most notably carbon capture, but technology adaption has
been stubbornly slow.”~” On the contrary, a growing topic to
meet energy needs and net-zero carbon goals is purifying
biogas to make renewable natural gas (RNG). Unlike
traditional natural gas, RNG offers a carbon-neutral source of
fuel when purified from various sources like livestock waste and
landfills."” Two common impurities in RNG that must be
removed are CO, and hydrogen sulfide (H,S). These acid
gases are highly corrosive to pipelines and lower the heating
value of the fuel. Conventionally, these gases are extracted via
absorption into basic amine solutions, following techniques
previously used in natural gas purification,'"'* but amines are
toxic and volatilize, so polymer-membrane based alternatives
are appealing to avoid these issues while also adding the benefit
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of continuous operation and small physical footprint."
Polymer membranes have a well-known “upper-bound”
trade-off limit in permeability (throughput) and selectivity
(separation efficiency), which limits their use,'* but recent
advances in polymer chemistry through the discovery of
polymers of intrinsic porosity (PIMs) and related “micro-
porous” materials have pushed the limits of separation
performance, offering a potential materials solution to CO,-
based separations.'>~*°

Membranes are normally evaluated using pure-gas measure-
ments. However, these tests are often poor predictors of
performance under realistic conditions,””' where highly
interacting gases like H,S can severely plasticize the membrane
and compromise its size-sieving ability.”>*’ Conversely, the
effects of competitive sorption can be leveraged in mixtures,
whereby more polarizable gases (CO,, H,S) can exclude
supercritical ones (CH,, N,), thus enhancing selectivity
relative to pure-gas calculations.”¥*> For example, recent
work by our group has shown that primary-amine-function-
alized PIM-1 (PIM-NH,) and poly(arylene ether) (PAE-NH,)
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Figure 1. Synthetic scheme of amine-functionalized PAEs as membrane materials. The sites of functionalization are not precisely known and the
drawing is intended to be representative. The bonds labeled in red represent sites where the additional side groups in the case of P2 and P3 are
believed to attach. The detailed synthesis and characterization of each polymer can be found in the Supporting Information, and a table with the
precise number of functional groups for each polymer is presented in Table SI.

exhibit more than a 2-fold increase in CO,/CH, selectivity steps. Postpolymerization modification eliminates these draw-
when tested with gas mixtures compared to sequential pure-gas backs, and PAEs benefit from their compatibility with
experiments.”*”” This increase was attributed to the enhanced electrophilic functionalization reactions. These functionalized
gas—polymer affinity afforded by the amine functional group, polymers retain their solution-processability and form micro-
which significantly reduced methane sorption. porous-polymer films with chemical affinity for H,S and CO,.
Although the PIM- and PAE-based primary-amine-func- In designing these new polymers, we considered two
tional membranes show higher affinity for acid gases relative to structural variables that were anticipated to correlate with gas
their nitrile-functional counterparts, they are not solution- permeability and selectivity: BET surface area and the
processable in common organic solvents, thereby limiting their nitrogen-to-carbon (N/C) ratio for amine side groups.
industrial scalability. Additionally, primary amines are prone to Previously, Troger’s base-containing polyimides,” thermally
oxidative degradation through a large number of mechanistic rearranged (TR) polymers,”’ and tetraphenylethylene-based
pathways.”® Therefore, we hypothesized that installing pendant membrane materials’” have shown markedly positive correla-
tertiary amines, instead of primary amines, would improve tions between measured surface areas and CO, permeabilities.
polymer solubility and stability while retaining strong Additionally, Mizrahi Rodriguez et al. quantified that the
interactions with CO, and H,S, resulting in competition- aforementioned amine-functional PIM-NH, can increase
enhanced separation performance. To test this hypothesis, we sorption selectivity by more than a factor of 2 relative to
report the synthesis and transport properties of 8 novel unfunctionalized PIM-1.”” The BET surface area and N/C
tertiary-amine-functional polymers derived from our previously ratio per monomer can be varied through the degree of
developed PAE backbone.” functionalization, the ring size of the cyclic amines, and the
The tertiary-amine-functional PAEs were synthesized via Pd- fractional weight of nitrogen in each functional group. High
catalyzed C—O polycondensation, and subsequent postpoly- degrees of functionalization are achieved by installing 2—3
merization modifications are summarized in Figure 1. chloromethyl groups onto each repeat unit during the first step
Chloromethylation of the polymer backbone was followed by of synthesis. By varying the ring size and hybridization of cyclic
displacement of the chloride by amine-based nucleophiles to amines, we can tune the basicity of these amine groups, which
introduce a variety of functional groups, thereby forming a can be impacted by the presence of neighboring electron-
series of solution-processable microporous organic polymers. donating groups and additional resonance structures. The
These polymers (PAE-1-P1 through PAE-1-P8), which are basicity of the functional groups with different ring sizes and
synthesized from unfunctionalized PAE-1, are shown in Figure structures is summarized in Table 1 using pK, values of small
1. molecule analogs, alongside Brunauer—Emmett—Teller (BET)
Amine functional groups were chosen based on their basicity surface areas and fractional free volume (FFV) values, which
and predicted affinity for acidic gases. Amine-based PAEs will be discussed in detail in the subsequent sections.
could be synthesized directly from monomers that contain Moreover, sorption experiments were used to analyze the
amine groups. However, functional monomers often require effect of the amine groups on gas—polymer affinity relative to
multistep synthesis procedures with cumbersome purification the unfunctionalized PAE-1. To study the effect of nitrogen
3849 https://doi.org/10.1021/jacsau.4c00489
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Table 1. BET Surface Areas and FFV Values of Amine-
Functional Polymers P1—P8, along with pK, Values of the
Small Molecule Amine Analogs of Each Polymer

BET surface area (m’ g_l) FFV PK,
PAE-1 668“ 22 n/a
P1 462 12 11.2
P2 74.6 10 11.2
P3 34.6 9 11.2
P4 253 8 11.3
Ps 139 17 11.3
Pé 215 22 9.1
P7 116 16 79
P8 7.0 13 S.1

“PAE-1 surface area previously reported.*’

density, nitrogen-rich functional groups such as methylpiper-
azine, methylimidazole, and melamine were incorporated onto
the polymer backbone, providing N/C ratios as high as 0.6 per
monomer for amine side groups.

BET surface areas of the amine-functionalized polymers
were calculated according to commonly used fitting criteria®*
and are presented in Table 1, with the corresponding
isotherms shown in Figure S2. Relative to the unfunctionalized
control, functionalization results in a decrease in BET surface
area for all samples. These features likely relate to stronger
interchain interactions from the addition of polar heteroatoms
and from the size of the appended moieties. Specifically, the
hydrogen on the unfunctionalized control has a van der Waals
volume of 3.35 cm® mol™!, while the moieties on the
functionalized polymers range from 45.0 cm® mol™" for PS
to 189 cm® mol™! for P8, as calculated using the Monte Carlo
simulation procedure outlined in the updated group
contribution method by Wu et al.** A list of van der Waals
volumes for all amine side groups can be found in Table S2,
and corresponding densities and fractional free volume (FFV)
values are shown in Table S3. Thus, functionalization of the
chloromethylated polymers with large cyclic amines such as
piperidine can occupy additional free volume and decrease the
intrinsic porosity. Nevertheless, all polymers retained meas-
urable surface areas, which to the best of our knowledge, is not
reported for any poly(ether)s without free-volume-generating
structural units. We also measured the d-spacing of each
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polymer by wide-angle X-ray scattering (WAXS), revealing
similar characteristic patterns but a few salient differences in
polymer packing, which will be discussed later (Figure S3).
Interestingly, functional group size had a very weak negative
correlation with BET surface area (R* = 0.250), as can be
observed in Figure S4a. In fact, a wide range of BET surface
areas were measured for polymers with the smallest tertiary
amine moieties. For example, the piperidinyl moiety in P1 has
a molar volume of 61.9 cm® mol™" and a BET surface area of
462 m” ¢!, while the pyrrolidinyl moiety in P4 has a molar
volume of 58.4 cm® mol™" and a BET surface area of only 25.3
m?® g, These findings demonstrate the difficulty of using the
size of a functional moiety to predict the nascent packing
structure of a glassy polymer, even for polymers with identical
backbones. However, for a higher degree of functionalization
with identical chemical moieties, a trend can be gleaned by
comparing P2 and P3, whereby BET surface area does
decrease, albeit slightly. We further note that the validity of
BET as a technique for quantifying accessible surface area in
glassy polymers has been a matter of debate,”**” so our results
indicate the need to avoid overinterpretation of BET surface
areas when identifying good microporous polymers for
membrane applications. Similar to BET surface area, functional
group size has an even weaker negative correlation with FFV
(R* = 0.151), as can be observed in Figure S4b (with
corresponding discussion). A parity semilog plot between FFV
and pure-gas CO, permeability (Figure SS) is also provided,
showing another weak correlation (R* = 0.154) between the
two values. Therefore, direct analysis of permeability is
required to map out how trends in permeability correlate
with these tertiary-amine-functional polymers.
Thermogravimetric analysis (TGA) was performed to
evaluate the thermal degradation temperatures (T,;) of the
polymers. Results, shown in Figure S6 and Table S4, indicate
excellent thermal stability, with degradation temperatures
higher than 300 °C for all samples. No glass transition
temperatures (Tg) were observed for any of the polymers from
differential scanning calorimetry (DSC) analysis, suggesting
that the ultraglassy nature of these structures precludes long-
range cooperative chain motion before the onset of high-
temperature degradation. Although rare for conventional
polymers and many rigid engineering thermoplastics, the lack
of an observable T, below the degradation temperature is
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Figure 2. Separation performance in mixed-gas (half-filled stars) and pure-gas (filled stars) conditions for (a) binary (50:50 CO,/CHj at 2.2 bar)
and (b) ternary (20:20:60 H,S/CO,/CH, at 8 bar). Relevant upper-bound trendlines and pure-gas results from prior literature studies (gray

. o 14,43-46
circles) are shown for comparison.'**~*

The pure-gas data point for P8 in a binary mixture was calculated using CH, permeability at fcyy, = 4.7

bar instead of 1.1 bar due to the flux detection limit in the permeation system. PSf is polysulfone, TB-BisA-PC is tetrabromo bisphenol A
polycarbonate, and CA-2.45 is cellulose acetate with 2.45% degree of acetylation. Arrows connect identical samples for pure- and mixed-gas tests.
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common for microporous polymers, unless measuring the T,
through specialized ultrafast scanning calorimetry techniques.’
In fact, various types of PIMs, includin% PIM-1,'%% Troger’s
base- and triptycene-based polymers,'®*" thermally rearranged
polyimides,*’ ROMP materials,"”* and CANAL polymers,* all
lack an observable T, below Ty when using standard DSC
techniques. Therefore, the polymer family presented here
should be categorized within this small but intriguing structural
subclass of polymers that are of significant interest to the
membrane field. Of similar importance, their high thermal
stability suggests that functional PAEs may be stable in a
diverse array of processing and reactivation conditions
anticipated for industrial applications.

The utility of the amine-functionalized PAEs for biogas
purification was evaluated through binary (CO,/CH,) and
ternary (H,S/CO,/CH,) pure- and mixed-gas permeation
experiments. The results of these tests are plotted against the
corresponding upper-bound trendlines'***~** in Figure 2.
Most notably, all samples exhibit slight increases in
permselectivity in the mixed-gas binary tests relative to the
pure-gas tests, illustrating potential competition enhancements,
although these improvements are far less significant than for
primary-amine-functional PIMs and PAEs. For example, P1
had a 31% improvement in CO,/CH, selectivity when tested
with a mixture compared to the pure-gas calculation. Similar
findings are reported for nonaminated microporous polymers
such as PAE-5,>* PIM-1,>"*" and PAE-CN.*” However,
primary amines, such as PIM-NH,, exhibit an 11-fold increase
in selectivity for a similar comparison.”” The unfunctionalized
control sample, PAE-1, was also tested for reference. PAE-1
only showed a 6% increase in CO,/CH, selectivity. Note also
that the corresponding pure-gas data point in the binary CO,/
CH, mixture for P8 was evaluated at a higher pressure than
that of the other samples because CH, flux was below the
system detection limit at fcy, = 1.1 bar. The pure-gas data

point shown for P8 in Figure 2a was calculated using CH,
permeability at fcy, = 4.7 bar, which is the same value used for

calculating the corresponding pure-gas data point in the
combined-acid-gas upper-bound plot.

Figure 2a indicates that none of the PAEs that exhibit
observable selectivity boosts (P1 and P2) lose significant
permeability for CO, in the presence of CH, demonstrating
the theoretically expected result that CH, is selectively
excluded from the polymer while the co-permeation of CO,
is relatively unaffected. Conversely, in the H,S/CO,/CH,
mixture, the presence of two acidic gases competing with
one another reduces membrane permeability for each gas, as
illustrated by the leftward trajectory on the upper-bound plot
in Figure 2b. This reduction in CO, and H,S permeability is
not accompanied by a boost in combined-acid-gas selectivity.
Therefore, CO,, H,S, and CH, all co-permeate less readily
through the membrane film compared to when they permeate
independently, and the CH, permeability does not decrease
sufficiently in the ternary mixture to further boost the overall
permselectivity. As will be discussed, this lack of selectivity
enhancement is likely attributed to a decrease in diffusion
selectivity brought on by H,S-induced plasticization.

The limited pure- to mixed-gas selectivity improvement and
the aforementioned plasticization effect of H,S on membrane
separation performance can be examined by analyzing the
change in CO,/CH, selectivity between the single component,
binary and ternary cases. Figure 3 highlights these changes.

3851

16 ° ?
°
= °
T 14 =
5 1 Y . °
3 ® ¢ ternary 4
) °
3 ° LA | $§ °
124 ® [ ]
°
o ®
°
10] @ pure-gas
P1 P2 P4 P5 P7 PAE-1

Figure 3. CO,/CH, selectivity in binary (50:50 CO,/CH, at 2.2 bar)
and ternary (20:20:60 H,S/CO,/CH, at 8 bar) mixtures as well as
corresponding calculated pure-gas selectivity (fcp, = fco, = 1.1 bar).

First, CO,/CH, selectivity generally increases between the
pure-gas calculations to the binary tests, demonstrating the role
of competitive sorption when plasticization is minimal. Next,
comparing the binary to the ternary tests, the reduction in
selectivity becomes apparent across all samples. These findings
are partially affected by the competition between H,S and
CO,, whereby CO, is slightly excluded by H,S and vice versa,
and H,S-induced plasticization likely reduces permselectivity
in these polymers by diminishing size-sieving ability.
Specifically, in the membranes where the combined acid-gas
selectivity decreases most significantly when comparing pure-
and mixed-gas performance (P7 and P8), CH, permeability
remains roughly unchanged between pure- and mixed-gas
conditions. This finding suggests that H,S-induced polymer
dilation, while not enough to significantly increase CH,
permeability, still likely occurs in these membranes to a larger
degree than in the other materials, where CH, permeability
decreases in all cases (see Tables S5 and S6 for all permeability
data). Furthermore, tertiary amines do not contain hydrogen
bond donors, and hence their structures are less stable than
those with strong secondary forces. Additionally, the series of
samples in this study do not contain cross-links, which are
known to mitigate plasticization effects.**™>° Harrigan et al.
were able to show stable CO,/CH, selectivity in both binary
and ternary mixtures with cross-linked PEG membranes, and
they attributed this stability to enhanced plasticization
resistance afforded by reduced chain mobility.”" Therefore,
even highly flexible and low-Tg polymers, like the aforemen-
tioned PEG-based polymers, can be modified to induce
stability to plasticization.”> The polymers in this study,
conversely, are still susceptible to plasticization despite their
rigid structure. The high uptake of H,S during operating
conditions likely exacerbates plasticization effects in these
samples, indicating that linear microporous polymers are still
susceptible to these effects if not modified to add strong
secondary forces or cross-links into the structures.

Although rarely reported in the open literature, the
reduction in CO,/CH, selectivity exhibited by our materials
is consistent with trends reported for other glassy polymer
membranes evaluated for separation of H,S-based mixtures’
and highlights the need for plasticization resistance against
aggressive feed conditions. Of note, the partial fugacities of
CO, and CH, in the binary case (fcy, = fco, = 1.1 bar) are

slightly different than those in the ternary case (fcy, = 4.7 bar,
fco, = L5 bar). To investigate if partial pressure played a
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Figure 4. H,S (triangles), CO, (squares), and CH,, (circles) pure-gas sorption isotherms with DMS model fits (solid lines) and mixed-gas sorption
predictions (dashed lines) for (a) PAE-1, (b) P1, and (c) P4 in a 20:20:60 H,S/CO,/CH, mixture at 35 °C. Starred red data points are used for
sorption selectivity predictions in Figure Sa. Note that sorption data obtained beyond 6 atm were used for determining model fits and predictions,

and the full isotherms can be found in Figure S7.

significant role in our results, we performed binary experiments
for CO,/CH, mixtures with fco = 1.5 bar and fy, = 4.7 bar

for both PAE-1 and PS. The selectivity of both PAE-1 (13 +
1) and PS (13 + 1) were within experimental error of the
selectivities found for these same materials in a 50/50 binary
mixture at 2.2 total bar (13 + 1 and 14 + 1 for PAE-1 and PS5,
respectively), suggesting that our comparisons are reasonable
to support our proposed interpretation. Indeed, other
researchers have reported that mixture selectivity in micro-
porous polymers changes by less than 15% for more significant
compositional and pressure sweeps of CO, and CH,
mixtures.””*** For example, Swaidan et al. found that CO,/
CH, selectivity in AO-PIM-1 only decreased from 23 to 20
over an 8-bar CO, partial pressure sweep in a 50:50 mixture.”*
Hence, the comparison of selectivities in Figure 3 is
appropriate given the limited dependence of binary selectivity
on partial fugacity.

To connect materials separation performance in Figure 2 to
transport theory, high-pressure sorption isotherms of H,S,
CO,, and CH, at 35 °C were collected for PAE-1, P1, and P4
in order to evaluate the role of competitive sorption on the
resultant mixed-gas separation performance in both binary
(CO,/CH,) and ternary (H,S/CO,/CH,) mixtures. These
specific materials were chosen in order to compare sorption
results in cases where the permselectivity enhancement was
largely absent (P4) and where it was present (P1). PAE-1 was
selected to serve as the control material. Sorption in glassy
polymf;rsS 6is often described by the dual-mode sorption (DMS)
model™”
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Ciy b

Ciue = kpf + ———
i,pure D,lf; 1+blf;

(1)
where C; is the concentration of gas i in the polymer (cmgpp’
cmy ), kp; is the Henry’s law constant (cmgrp® cmy”
atm™'), Cy; is the Langmuir sorption capacity (cmgrp’
cmpof3), b; is the Langmuir affinity constant (atm™'), and f;
is the equilibrium fugacity (atm). Although the first term of eq
1 represents the population of gases dissolved in the
hypothetical Henry’s mode of the polymer, the second term
in the equation describes the population of gases sorbed in the
nonequilibrium Langmuir mode. With regard to this study, all
pure-gas sorption isotherms were fitted using a high-precision
MATLAB optimization method developed by Wu et al,”” as
was done in our previous work.’® With the fitted DMS
parameters, which are shown in Tables S7—S9, we then used
an extension of the DMS model to predict mixed-gas sorption
isotherms, which are exceedingly difficult to measure
experimentally.””*® This extension is shown below®'

Ciy bf
L+ bf +bf + by, 2)

where i is the component of interest and j and k are other gases
in the mixture. The resultant fitted pure-gas isotherms and
predicted mixed-gas sorption isotherms for a ternary (20:20:60
H,S/CO,/CH, at 8 bar) mixture can be found in Figure 4.
As can be gleaned from Figure 4, the uptake of all three
gases predictably drops in the presence of a mixture due to the

Ci,mixed = kD,ifi +
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Figure 5. (a) Pure-gas CO,/CH, (orange bars) and H,S/CH, (purple bars) sorption selectivities (ais/j) and modeled mixed-gas CO,/CH, (dark
brown and patterned bars) and H,S/CH, (dark purple and patterned bars) sorption selectivities for PAE-1, P1, and P4 in a 20:20:60 H,S/CO,/
CH,, mixture. (b) Pure-gas CO,/CH, (orange bars) and H,S/CH, (purple bars) permselectivities (a})/j) and measured mixed-gas CO,/CH, (dark
brown and patterned bars) and H,S/CH, (dark purple and patterned bars) permselectivities for PAE-1, P1, and P4 in a 20:20:60 H,S/CO,/CH,

mixture.

exclusion of competing species in the sorbed phase. Thus,
modeling within the framework of the dual-mode model
enables a comparison for how the sorption selectivity changes
between the pure- and mixed-gas scenarios. Extending this
analysis to the sorption—diffusion model, permselectivity (a};)
can be represented as the product of diffusion selectivity (a;);)
and sorption selectivity (a,-s/}-):

E_DS _|D|_|[S|_ » $
ai/j_E_E_ ol s~ i7j X Qg

j 7% ) J (3)
Using the predicted sorption selectivity enhancement
determined with eq 2, we can calculate the extent to which
sorption selectivity drives the permselectivity increase that
occurs when testing in a mixture, assuming the diffusion
selectivity remains constant. A summary of both pure- and
mixed-gas sorption selectivities and permselectivities are
presented in Figure S.

For CO,/CH, separation in the ternary mixture, the
sorption selectivities remain relatively constant, with the
permselectivities seeing a slight decrease. This decrease can
be interpreted as a result of the competition between H,S and
CO, as well as the plasticization induced by the presence of
H,S, which likely reduces CO,/CH, diffusion selectivity and
thus overall permselectivity. These slight decreases in
permselectivity, in addition to the relatively constant sorption
selectivities, are very similar to those exhibited by the nitrile-
functional PIM-1 and PAE-CN from our previous study,”’
suggesting that the tertiary amine might interact with CO, in a
similar manner than does the nitrile. Future energetics analysis
using variable-temperature sorption isotherms are necessary to
substantiate this claim.

Regarding H,S/CH, separation, the relative increases in
sorption selectivity appear to align more closely with the
measured permselectivity increases, suggesting that this
separation is driven by sorption effects, as has been noted in
the literature for glassy polymers,”” such as chemically
modified polynorbornenes and polyimicles.53 However, when
comparing the tertiary-amine-functional P1 and P4 to the
unfunctionalized PAE-1, it appears that the enhanced H,S
affinity shown in the sorption isotherms in Figures 4 and S7,
which can be attributed to the amine group, does not fully
translate to enhanced H,S-based mixed-gas separation
performance. The mixed-gas H,S/CH, permselectivity of P4
is only 54% higher than that of PAE-1, and the permselectivity

of P1 is only 15% higher. Both of these results are
accompanied by decreases in acid-gas permeability. Addition-
ally, the predicted pure- to mixed-gas increases in H,S/CH,
sorption selectivity for each selected polymer (37% for PAE-1,
18% for P1, and 43% for P4, respectively) are all slightly higher
than the measured permselectivity increases (23, 12, and 27%,
respectively). As previously mentioned, it is worth noting that
competition between H,S and co-permeating CO, also
contributes to a reduced H,S/CH, selectivity given the weak
ability of CO, to exclude some H,S. However, given that the
fitted Langmuir affinity parameter for H,S is substantially
higher than that for CO, in each polymer, it seems that a
diminished H,S/CH, diffusion selectivity brought on by the
aforementioned plasticizing behavior of H,S is likely a larger
driver in reducing the overall permselectivity.

Interestingly, the high value of the predicted H,S/CH,
sorption selectivity for P1 in Figure Sa implies that the
corresponding H,S/CH, diffusion selectivity in the mixed-gas
experiment is less than 1. This result is unexpected since H,S
has a smaller kinetic diameter than CH,. There are a few
possible reasons for this finding. First, we acknowledge the
ongoing debate in the literature about the quality of fitting
mixed-gas sorption behavior from DMS parameters, which
admittedly decreases our confidence in drawing mechanistic
conclusions from these small differences.’® Second, we note
the role of hindered diffusion for strongly sorbing functional
groups in microporous polymers. It is well-known that the
transport diffusivity of CO, in PIM-NH, is reduced due to the
strong sorption of CO, in the polymer.””*”* Although tertiary
amines have weaker interactions, it is possible that the small
but inverted diffusion selectivity we are reporting here is a
result of H,S having more strongly hindered diffusion than
CH, in these mixtures. Indeed, more significant trends for
inverted diffusion selectivity have been observed for PIM-NH,
and PAE-NH, for H,S/CH, separations.*”*® The inversion in
diffusion selectivity does not occur for P4 (1.1 diffusion
selectivity), and while this inversion does indeed occur in PAE-
1, it is not as significant as in P1 (0.75 vs 0.5 diffusion
selectivity, respectively). Notably, both PAE-1 and P4 have
lower H,S sorption than P1 (cf., Figure S7) despite PAE-1
exhibiting higher FFV and BET surface area. Thus, it is
possible that diffusion selectivity in these strongly sorbing
mixtures inverts at a certain threshold of sorption energetics.
This potential co-dependency between sorption and diffusion
provides a fascinating topic of future study within the
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Figure 6. (a) Pure-gas CO,/CH, (orange bars) sorption selectivities (a%oz/CH) and modeled mixed-gas CO,/CH, (dark brown and patterned
bars) sorption selectivities for PAE-1, P1, and P, in a 50:50 CO,/CH, mixture. (b) Pure-gas CO,/CH, (orange bars) permselectivities (a¢o,/cp,)
and measured mixed-gas CO,/CH, (dark brown and patterned bars) permselectivities for PAE-1, P1, and P4 in a 50:50 CO,/CH, mixture.

sorption—diffusion model. For gas separations, correcting
transport diffusivities to thermodynamically corrected diffusiv-
ities is rare, and there are opportunities to leverage insights
from the Darken Equation and the Maxwell—Stefan framework
to better understand the fundamentals of complex mixture
separations for microporous polymers that contain functional
groups that have strong affinity to gas species.””*®

For the binary (50:50 CO,/CH,) tests at 2.2 bar, we
performed the same mixed-gas prediction analyses as above.
These results are summarized in Figure 6. For this comparison,
we can see that there is a correlation between the predicted
sorption selectivity enhancement and the measured boost in
permselectivity, especially when compared to the opposite
trend that was shown for CO,/CH, selectivity in the ternary
mixtures of Figure 5. For example, the predicted sorption
selectivity increase in P1 is 20%, while the observed
permselectivity increase in the binary mixture is 31%. As
opposed to the ternary tests, which were conducted at 8 bar
total pressure with H,S included in the mixture, the binary
experiments were performed at 2.2 bar, which should make
plasticization effects much less observable. CO, also sorbs less
strongly than H,S in these polymers. As a result, the sorption
enhancements are preserved in the mixed-gas permeation
experiments, leading to permselectivity increases that mirror
those of the sorption selectivity.

In conclusion, we have synthesized eight tertiary-amine-
functional porous PAEs for acid-gas separations and inves-
tigated the effects of competitive sorption on their mixed-gas
separation performance in binary (CO,/CH,) and ternary
(H,S/CO,/CH,) mixtures. Through chloromethylation and
nucleophilic substitution, a variety of amine side groups can be
easily installed, producing polymers that are fully solution-
processable and have good physical stability. Through DMS
modeling and mixed-gas sorption predictions, we observed that
the effects of competitive sorption are beneficial for both the
binary and ternary mixtures. However, improvements in
permselectivity are more easily realized in the binary case
than in the ternary case, which we attribute to the confounding
impact of H,S-induced plasticization in the ternary mixtures
with high H,S concentration, which can lower diffusion
selectivity. Nevertheless, beneficial improvements from com-
petitive sorption can offset negative declines in diffusion
selectivity from plasticization in the ternary mixture case. Our
synthetic approach provides a generalizable strategy to
incorporate processable tertiary amines into microporous
polymer membranes for the removal of acidic gases, and we

further demonstrated how sorption analyses and mixed-gas
sorption predictions can be used to better understand the role
of chemical functionality in the separation performance of this
unique subclass of PAEs.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00489.

Detailed synthesis and characterization data; also
available are sorption isotherms, dual-mode fitting
analyses, and complete permeability data (PDF)
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