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Computational and experimental insights into
variable temperature propylene (CzHg), propane
(CzHg), and hydrogen sulfide (H,S) sorption in ultra-
high permselectivity CANAL ladder polymers
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Membranes are a promising technology for energy-efficient separations of high-value gaseous chemical
streams (e.g., hydrogen sulfide from methane or propane from propylene). Among the classes of
emerging microporous polymers, CANAL polymers have attracted significant interest because of their
selectivities and plasticization resistance for acid gas separations. In this work, a computational atomistic
system is developed for CANAL-Me-Me,F, an archetypal CANAL polymer. Computed properties (free
volume distribution, wide-angle X-ray scattering, and thermal expansion coefficients) align with
experimental results. High-pressure sorption isotherms of H,, Ny, O,, CH4 CO,, H,S, CsHg, and CsHg
were computed via grand canonical Monte Carlo and iterated Monte Carlo—molecular dynamics
simulations, demonstrating good agreement with experimental isotherms at 35 °C. H,S, CsHg, and CzHg
isotherms were further computed between temperatures of 55-190 °C, followed by extraction of dual-
mode sorption (DMS) parameters. Sorption energetics showed less exothermic Langmuir affinity for the
more polarizable gases (H,S and CzHg) in CANAL-Me-Me,F relative to PIM-1, which is ascribed to the
lack of heteroatoms in CANAL-Me-Me,F, and supported by simulations of a hypothetical nitrile-
functionalized CANAL-Me-Me,F. This study develops a computational approach that can probe the
unique nanoscale behavior of CANAL polymers and applies it to studying the thermodynamics of
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1. Introduction

Reducing energy consumption in chemical separations is an
important industrial target that can address up to 15% of global
energy use.' One potential route to achieving this goal is
transitioning from conventional thermal-based separations to
membrane-based systems, which leverage chemical potential
gradients to separate compounds based upon their size and
affinity to the membrane.?

Ladder polymers are a promising class of emerging materials
with highly rigid and contorted backbones, among which, the
best known are polymers of intrinsic microporosity (PIMs).?
These materials have inefficient chain packing, yielding inter-
connected free volume elements that allow an increase in
permeability while maintaining moderate selectivity.® Never-
theless, the out-of-equilibrium glassy structure of PIMs results
in a loss of free volume with time, decreasing their permeability
that would benefit industrial application.** Thus, significant
work has been devoted to developing microporous membranes
that can mitigate physical aging.?
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condensable gas sorption within CANAL-Me-Me,F.

In 2022, Lai et al.’® reported a class of 3D-contorted ladder
polymers made via catalytic arene-norbornene annulation
(CANAL) polymerization, comprised of fused norbornyl benzo-
cyclobutene repeat units. These CANAL polymers exhibited
molecular weights between 67 and 170 kDa, suitable for form-
ing mechanically and thermally robust gas separation
membranes. Interestingly, CANAL polymers exhibit a unique
physical aging trend that does not follow the upper bound
relationship. Instead, selectivity is greatly increased while
permeability does not suffer significantly for small molecules,
unlike the commonly observed tradeoff in other membrane
materials, including traditional PIMs.>® This aging behavior
allows for CANAL polymers to rival industrially used
membranes in selectivity while significantly surpassing them in
permeability. For example, the CANAL polymer studied in this
work, CANAL-Me-Me,F, exhibits twice the selectivity and 100
times the permeability of industrial cellulose acetate
membranes for CO,/CH, separations after 150 days of aging.’

Considering these prior promising results, this study exam-
ines sorption of gas streams containing propylene (C3Hg) and
propane (C3Hg), and hydrogen sulfide (H,S) in CANAL-Me-
Me,F. These gases were selected due to their industrial rele-
vance and the typical challenges in accessing experimental data
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for these gases. Propylene is an essential feedstock for plastic
production, but the generation of propylene, largely via thermal
cracking, also generates propane which must be removed."”*
This separation is challenging due to similar boiling points
(C3Hg: —47.62 °C, C3Hg: —42.11 °C) and van der Waals diame-
ters (CsHg: 4.0 A, C3Hg: 4.2 A) of the gases, leading to a highly
energy-intensive distillation process.”™ Hydrogen sulfide is
another component that must be removed from hydrocarbon
streams due to both its toxicity and ability to poison catalysts,
especially as lower-quality feedstocks become economically
feasible.”” Industrially mature fuel-gas sweetening relies on
either cryogenic distillation or absorption depending on the
target application (i.e., liquid or gaseous product).**'* However,
these methods must overcome enthalpies of condensation or
leverage toxic solvents during operations, respectively. These
unwanted features are not found in ~membrane
separations.**>'¢

Due to the exceptional microporosity of CANAL polymers,
which exhibit some of the highest BET surface areas of polymers
reported in literature, they are expected to exhibit high sorption
capacities despite their lack of heteroatoms.®> However, sorption
studies on olefins, paraffins, and acid gases, while highly
desirable, remain limited in the open literature.'”*®* To the best
of our knowledge, there has only been one study by Yeo et al.*®
focusing on H,S separations in CANALSs, and none focusing on
olefin/paraffin applications. Moreover, H,S-focused studies are
also limited for the archetypal PIM (PIM-1) and its
derivatives.”*** There are likely two main reasons for this lack of
H,S-focused work in the literature: (1) H,S is a highly toxic gas,
limiting capabilities in academic labs to consider these exper-
iments, and (2) gathering experimental sorption data is time
consuming, especially for gases such as H,S and condensable
hydrocarbons with high sorption capacity. Additionally, many
experimental systems are limited to temperature ranges that
may be inadequate for industrial applications. Nevertheless,
these studies are necessary to understand the thermodynamic
behavior of these complex mixtures and to evaluate their
potential in gas separations, especially as sorption selectivity
can be more indicative of membrane performance relative to
diffusion selectivity for highly sorbing gases, such as H,S-
containing mixtures."” Specifically, sorption analyses help to
characterize polymer-gas affinity, predict effects of competitive
sorption, and quantify polymer-gas energetics. As a result,
these measurements are vital tools that can be used to investi-
gate whether CANALs are a feasible materials platform for
various gas separations.

Simulations provide an important complement to experi-
ments. They can probe nanostructure relationships and
conditions inaccessible to experimental methods, and can
provide high throughput studies to identify promising candi-
dates for future experimental synthesis and studies. In an effort
to add to the presently limited literature on sour gas and olefin/
paraffin separations in high free volume polymers, we present
here a combined experimental and computational study of
C3Hg, C3Hg, and H,S sorption within CANAL-Me-Me,F.

We validate this framework by first comparing our results to
experimentally measured properties (density, wide-angle X-ray
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scattering, free volume distribution, and sorption isotherms),
followed by simulating properties that are potentially experi-
mentally inaccessible, namely sorption and associated ener-
getics for C3Hg, C3Hg, and H,S at temperatures of 35 °C, 55 °C,
125 °C, and 190 °C.

2. Background and theory

The sorption-diffusion model is commonly applied to describe
gas transport in polymeric membranes, where P is the perme-
ability, D is the effective diffusion coefficient, and S is the
effective sorption coefficient:*

P=DxS (1)

The sorption coefficient can be calculated from sorption
experiments as

S— — 2
7 (2)
where C is the concentration of gas sorbed (cmSTp3 cmpol_s) in
the membrane in equilibrium with the gas phase at fugacity f
(atm). Pure-gas sorption in glassy polymers is frequently
modeled via the dual-mode sorption (DMS) model:>*2¢

Cubf

C=kof + 110

(3)

where kp, is Henry's constant (cmgrp’ cmpo ° atm™ ), Cy is the
Langmuir capacity constant (cmgrp’ ¢mpe °), and b is the
Langmuir affinity constant (atm™'). The DMS model views
sorption in a polymer as the simple addition of sorption in
hypothetical Langmuir and Henry modes, which are said to
dominate partitioning at low and high pressures, respectively.*
The sorption selectivity («f;) for one gas over another is
defined by the ratio of their respective sorption coefficients:

S G /G
oS ==/ 4
= f,-/f/ “

Ideal sorption selectivity refers to the sorption selectivity
calculated based on the ratio of the pure-gas sorption coeffi-
cients. However, attempting to infer mixed-gas sorption from
pure-gas experiments is challenging, especially for condensable
gases, which not only preferentially exclude less condensable
gases from sorbing but also plasticize the polymer matrix."”*
One method to address this behavior is by using the adjusted
DMS model by Koros et al.,”” who extended the applicability of
the DMS model to predict mixed-gas sorption of component i in
an n-component mixture from pure-gas sorption data by
accounting for competition between penetrants for a finite
region of Langmuir sorption:

Cyy b
1+ bfi+ ... + bf,

Ci,mixed = kDLfI + [5)

As there may be multiple solutions to the DMS model with
similar goodness of fits as shown by Ricci et al.,*® extracting
physically meaningful results from the parameters requires

This journal is © The Royal Society of Chemistry 2026
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additional constraints within the optimization procedure. One
class of constraints are linear free energy relationships (LFERs)
and Van't Hoff relationships applied to the DMS fitting proce-
dure as performed by Wu et al.*

In the limit of infinite dilution, sorption can be decoupled
into Langmuir and Henry mode sorption as:

Se = l,img = So Henry + Se Langmuir = kD + CI,{ bi (6)
I=0f; '
As sorption is an equilibrium process, it can be further
described via a Gibbs free energy relationship and subsequently
separated into an entropic prefactor (S o) coupled with an
enthalpic Van't Hoff temperature dependence:

AH..
RT

Se =8Swyp exp(— (7)
where AHj; ., is the infinite dilution heat of sorption.>*-** Like-
wise, the same approach can be applied to the Henry and
Langmuir sorption modes independently to extract the heats of
Henry sorption (AHp)

AH,
kD = kD‘() CXp( — R,ZP) (8)
and Langmuir sorption (AH})
AH,
b= by exp( — R—Tb) 9

where kp, o and b, are again entropic prefactors.>**

3. Computational methods
3.1 Simulated polymerization technique

Simulating polymer structures to extract physically meaningful
property sets is challenging, primarily due to their amorphous
nature and the limited chain lengths that can be accessed with
simulations.®® Unlike crystalline and other ordered structures
(e.g., metal-organic frameworks), amorphous polymers do not
have periodic structures that can be readily compiled. Ladder
polymers and PIMs bring the additional challenge of high steric
hindrance due to their bulky structures.*® Thus, traditional
polymer building methods such as random walks, reverse
Monte Carlo (RMC), or configurational bias Monte Carlo
(CBMC) methods frequently fail to properly reduce the energy of
the system or reproduce experimentally observed steric
hindrance.**** To overcome these issues, simulated polymeri-
zation was employed here using the open-source Polymatic
polymerization algorithm and software (version 1.1).>** Briefly,
the Polymatic technique places all monomers within a simula-
tion box. Next, attempts are made to find bonding candidates
based upon distance and orientation between potential
bonding atoms. Should no candidates for polymerization be
found, molecular dynamics are employed to search for more
favorable bonding positions. Polymatic is extensively described
in literature and has been validated with multiple polymers,
including the archetypal microporous polymer, PIM-1,3%3%36-39
The standard energy minimization strategy within the Poly-
matic algorithm was employed where canonical (NVT)

This journal is © The Royal Society of Chemistry 2026
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molecular dynamics were performed every 5 polymerization
steps except for when isothermal-isobaric (NPT) molecular
dynamics were employed every 15 polymerization steps.**
Additional bonding orientation constraints were employed to
reduce unrealistic bond generation. Artificial charges of £0.3 e
were added to bonding atoms to increase bonding probability
but removed once bonding was finalized. These orientation
constraints and artificial charges are built into Polymatic and
have been used previously for PIM-1.%

3.2 Polymer relaxation

After polymerization, CANAL-Me-Me,F underwent a molecular
dynamics relaxation scheme to more closely reflect its
morphology under experimental conditions. To achieve this
result, a 21-step equilibration algorithm was used where the
pressure was stepped up in increments and then gradually
reduced (Fig. S1 and Table S1) as recommended by Abbot et al.*?
This 21-step technique was developed based on the initial work
of Theodorou and Suter and modified by Larsen et al’**
Molecular dynamics were performed with LAMMPS (version 22
Aug 2018 for pre-processing steps and version 28 Mar 2023 for
sorption isotherms).**

3.3 Simulation parameters

Two separate systems were developed. The first was a united-
atom (UA) framework defined by the General Amber Force
Field 2 (GAFF2) force field for intramolecular energies and the
Transferable Potential for Phase Equilibria United-Atom
(TraPPE-UA) force field for intermolecular energies as was
previously shown to apply well for PIMs.3*3¢-3%42748 I this UA
technique, hydrogens are coupled with their respective heavy
atoms, forming pseudoatoms. The second system was an all-
atom (AA) framework defined by the GAFF2 force field for
both inter- and intramolecular energies.** Partial charges were
generated using the restrained electrostatic potential (RESP)
approach at the HF/6-31G(d) level using the Connolly surface
algorithm in Gaussian 16 via the PyRed program.**-** To quan-
tify charges, a single repeat unit model was used, except on
bonding atoms where two joined repeat units were used instead
so that the charges on bonding atoms could be better described.
This method of using polymer periodicity has been previously
applied in charge fitting and force field parameterization as
polymers are generally too large to feasibly fit quantum-
mechanically-derived charges to the entire chain.*****® Charge
tail corrections were included up to 15 A and cross-charges were
calculated using the Lorentz-Berthelot mixing rules.”” The
particle-particle-particle mesh (PPPM or P3M) method with
a desired relative error (“accuracy”) of 10> was used to calculate
long-range Coulombic interactions.*® A Nosé-Hoover thermo-
stat and barostat®** were employed with Stermer-Verlet inte-
gration.®*** All penetrants except for H, and H,S used the GAFF2
and TraPPE-UA force fields for inter- and intramolecular
parameters, respectively. The H, force field was modeled using
the parameters of Yang and Zhong,* as suggested for use by
Barraco et al.*® The H,S force field was modeled using a modi-
fied 4-3 model originally developed by Shah et al.” Additional
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information on the H,S force field is available in Section S1.3 of
the SI.

3.4 Fixed and flexible adsorption techniques

Grand canonical Monte Carlo (GCMC) simulations were
employed to generate sorption isotherms using the Cassandra
Monte Carlo package (version 1.2.6).* GCMC holds chemical
potential (u), volume (V), and temperature (7) constant. Both
a rigid and a flexible method were employed for sorption
isotherm generation. The rigid method solely employed GCMC
with the polymer system held static throughout the run. These
rigid simulations were run for 2 000 000 MC steps with the final
one-third of the data used to calculate equilibrium averages
(Fig. S3). The flexible method employed iterative MC and MD
(MCMD), where one iteration consisted of 2 000 000 MC steps
followed by 2 ns of isothermal-isobaric MD with a 0.5 fs time-
step to allow for system relaxation. All inserted gas molecules
were intramolecularly fixed (i.e., no bending or stretching) but
were allowed to rotate and translate during MD. The 0.5 fs
timestep was used to account for this rigid adsorbate assump-
tion as reported previously.*” Each flexible isotherm was run for
at least 5 cycles at each pressure point, but cycles were
continued until they converged (Fig. S4 and S5 and Table S2). To
achieve these flexible simulations, communication between
LAMMPS and Cassandra was performed with the Python-based
pysimm package (using an in-house modified distribution of
version 1.1, both of which are open-source).®*”® The flexible
method provides a more realistic system description of
condensable gas uptake by allowing molecular rearrangement,
but it is significantly more computationally expensive than the
rigid method.

3.5 Uncertainty and error propagation

As CANAL-Me-Me,F is amorphous, five different systems were
generated independently using Polymatic. Uncertainties in
“static” properties (i.e., properties that were directly calculated
from the equilibrated polymer system, e.g., density) were
determined as the sample standard deviation between the five
replicates. Uncertainties in Monte Carlo simulations were
determined as the sample standard deviation of the fluctua-
tions within each replicate's equilibrium value, followed by
error propagation between the five replicates.”™

3.6 Gravimetric and volumetric sorption

Depending on the study, results may be reported gravimetrically
(e.g., mmol g ') or volumetrically (e.g., cmgrp® My, °) where
conversion between the two is described as follows:

3
CMmgtp

C =22414 T4 Pyl

(10)
mmo

where C is the volumetric concentration (cmSTp3 cmpof3), qis
the gravimetric loading (mmol g~ ), and ppq is the polymer
density (g cm™?). Preference between the two forms is largely
dependent on the material form factor and the experimental
techniques for measurements. For in silico studies, results have
been reported using both methods.**”*
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While both methods are reasonable, challenges arise when
attempting to compare computationalto experimental results.
Since the polymer density within the simulation may not match
that of experiment, as has been previously shown by Abott
et al.*® for PIM-1, the conversion between measurement styles
can influence comparison between simulated and experimental
results. To account for this density difference, the simulated
volumetric results reported here are scaled by the ratio of
experimental to simulated densities, effectively normalizing the
results so that they are comparable regardless of measurement
style reported. In other words, the p,, used in eqn (10) is the
experimental density, not the simulated density.

4. Experimental methods
4.1 Density measurements

CANAL-Me-Me,F films were solution cast and subject to meth-
anol treatment using the same procedure described in Lai et al.®
The density of the films was measured using a gravimetric
approach, and the area was determined using a hand-traced
polygon in Image] software (version 1.51 k).”® The thickness
across the films was measured using a Mituyo (Kanagawa,
Japan) micrometer, with an accuracy of + 1.27 um.

4.2 Free volume distribution via non-local density
functional theory (NLDFT)

BET surface areas of the CANAL-Me-Me,F polymers were
measured with an N, probe at 77 K using a Micromeritics ASAP
2020 with the same procedure as described in Lai et al.® Analysis
of free volume distributions was performed using the non-local
density functional theory (NLDFT) model for carbon slit pore
geometry using the SAIEUS software, which implements the L-
curve method for the regularization parameter, A.””

4.3 Experimental gas sorption isotherm measurements

Gas sorption isotherms for the CANAL-Me-Me,F films were
collected using an automated constant-volume pressure-decay
system from Maxwell Robotics (Austin, TX) at 35 °C. A
detailed protocol for these tests can be found in previous work
by Mizrahi Rodriguez et al.”

4.4 Thermal expansion coefficient via dynamic mechanical
analysis (DMA)

To understand the dimensional change in the CANAL-Me-Me,F
films during heating, the length of each film was continuously
measured using a single screw film clamp test experiment on
a TA Instruments (New Castle, DE) DMA 850 using a heating (30

to 140 °C) procedure with a ramp rate of 5 °C min~".

4.5 Materials

Chloroform (HPLC grade) and methanol (ACS reagent grade)
were purchased from Sigma Aldrich (St. Louis, MO). The
following gases were purchased from Airgas (Radnor, PA): He
(>99.999%), H, (>99.999%), N, (>99.999%), O, (>99.999%), CH,
(>99.99%), H,S (air certified standard mixture, 99.99%), C3Hg

This journal is © The Royal Society of Chemistry 2026
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(>99.0%), and C3Hg (>99.0%). CANAL-Me-Me,F polymer used
for C;Hg and C3;Hg sorption and density measurements was
purchased from Osmoses (Cambridge, MA). CANAL-Me-Me,F
polymer used for H,, O,, N,, and CH, sorption is the same
polymer as previously studied by Lai et al.®

5. Results and discussion
5.1 System validation

The chosen molecular system parameters were validated via
structural property alignment between simulated and experi-
mental systems. To make this validation, bulk density, skeletal
density, free volume distribution (FVD), and the static structure
factor of the simulated system were determined.

Bulk density is defined as

m
Poulk = 7
tot

(11)
where m is the system's total mass and V. is the system volume,
including void space. Skeletal density, pgyel, is the density of the
system with the void volume, V44, removed:

m m

Pskel = 7, = 7, 1, 12
el Vskel Vtot - Vvoid ( )

Skeletal densities were calculated using PoreBlazer (version
4.0)” with a helium probe (d = 2.60 A) and mapping via the
Connolly surface algorithm, as done previously by Abbot et al.
for PIM-1.3%%380

The experimental bulk density at room temperature of 0.96
+0.02 g cm  led to differences of 17% and 1% compared to the
bulk densities of the UA and AA frameworks at 35 °C, respec-
tively. Abbot et al.*® reported simulated bulk densities for UA
frameworks consistently lower than experimental bulk densities
for multiple polymers (PS, PMMA, PET, PC, PEI, PIM-1) when
polymerized with Polymatic, hypothetically due to difficulty in
comparing geometrically- and experimentally-derived densities,
especially for high free volume polymers, where differences are
likely amplified.

The simulated bulk density of the polymer decreases with
increasing temperature for both the UA and AA frameworks as
shown in Fig. 1. Interestingly, the slopes of the density versus

View Article Online
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temperature plots for both the UA and AA frameworks are
remarkably similar at (—2.2 £ 0.2)-10 *gem 2 K ' and (-2.3 +
0.2)-10"* gem® K ', respectively for bulk density. Free volume
theory predicts that an increase in free volume should increase
the volumetric thermal expansion coefficient, oy, defined as:*

w = L(ON _ (o)
Vo wv\er),  p\oT),

where the approximation is valid for Ap/p, < 1 (eqn S2-S5).
However, we hypothesize that our findings are due to both the UA
and AA frameworks attempting to simulate the same underlying
physical mechanisms. In other words, even though the frame-
respective geometries create different equilibrium
packing, the effect of temperature remains consistent across both
frameworks. This hypothesis is further supported by noting that
both AA®™%* and UA*® models are frequently employed to
explore the thermal behavior of amorphous polymers in both
their rubbery and glassy regimes. The “macroscopic”®® nature of
examining density as a function of temperature may obfuscate
any significant temperature-dependent differences that arise due
to free volume discrepancies between UA and AA models, which
may be occurring on a more microscopic scale. The data is also
represented as the change in fractional free volume (FFV) with
temperature in Fig. S8.

The experimental volumetric thermal expansion coefficient
was determined from the linear thermal expansion coefficient
(er) and, assuming isotropic expansion, calculated as:*

1 Ap

py AT (3)

works'

ay = 3ar, (14)
The ay for both simulated and experimental systems is shown
in Table 1. Two temperature ranges were selected for the
simulated systems: one range that better aligns with the
experimental data, and a second broader range to provide
a value with reduced error by increasing the number of data-
points used. Both experimental and simulated results fall
within the same order of magnitude and error. As one might
expect based on their similar temperature dependence, the UA
and AA systems have similar expansion coefficients. The
experimental DMA expansion data is shown in Fig. S6. While
the bulk density changes with temperature, the skeletal density

(a) 1.00 (b) 1.24
0954 %i ~H\; 122 All-Atom
& 0.90- Aletom ! f{}" 4 3= =1 | 120 % %}% _H_F } %4_}' 1- _{
io.es- § 118
go.ao- ; iﬁ“ ‘L}; 2116 United—Ator%
0.754 United-Atom %\ t %L -L; . 114 %_ ﬁi -QH—{— % %ﬁ" {‘ % -
0.70 e ? 112 —
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature (°C)

Fig. 1

Temperature (°C)

(a) Bulk and (b) skeletal densities versus temperature of simulated CANAL-Me-Me;F for all-atom (AA) and united-atom (UA) frameworks.

Dashed lines show linear regressions. Error bars represent uncertainty as the standard deviation over five independent CANAL-Me-Me,F systems.
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Table 1 Volumetric thermal expansion coefficients (ay) for simulated

and experimental systems compared to select glassy polymers

oy Temperature
System Polymer (10"-xK™) range (°C)
United-atom CANAL-Me-Me,F 2.2 +0.8 35-150

2.7 £ 0.3 15-300
All-atom CANAL-Me-Me,F 2.3 £0.6 35-150

2.4 +0.2 15-300
Experimental CANAL-Me-Me,F 1.0-2.2¢ 35-139
Experimental® Polystyrene 1.8-2.4 <Tg
Experimental®® poly(methyl 2.1 <Ty

methacrylate)

Experimental®’ Cellulose acetate 3.3 <Tg
Experimental® PIM-1 2.1 30-110

% As further explained in Section S2.1, the experimental «y was found
using a polynomial fit, creating a non-constant value. ” Reference
provided ay, thus, eqn (14) was not applied.

is nearly constant within uncertainty with temperature (skeletal
density linear regressions: (2.5 £ 0.8)-10 > gecm ®> K" and (-2
+5)-10 ®gem ? K, respectively, for UA and AA systems). This
phenomenon indicates that the increase in temperature is
increasing the void space between polymer chains with limited
effect on the skeletal structure.

To better understand the polymer microstructure, the FVD
was calculated using PoreBlazer, defined as the negative deriv-
ative of the cumulative free volume, V, with respect to the probe
diameter, D:

dv (D)
dD

FVD= — (15)
The FVD is also commonly referred to as the pore size distri-
bution (PSD), including within PoreBlazer, however, FVD is
used here to distinguish the micropores within these polymers
from more classically defined porous materials. As the location
of atoms is required, this geometric FVD method is only
applicable to simulated systems. Experimental FVD determi-
nation relies on indirect methods such as NLDFT****** or
positron annihilation lifetime spectroscopy (PALS).”>*® Fig. 2a

View Article Online
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compares experimentally determined FVD via NLDFT to
geometric FVD using a helium probe (d = 2.60 A)* which reveals
significant differences between the two methods. To ensure
differences between probe size and/or temperature were not
significantly altering the geometric FVD, a nitrogen (d = 3.64
A)® probe was also considered for simulations at 77 K and 308 K
(Fig. S7). These results are in agreement with a previous study by
Kupgan et al.,** which showed NLDFT to systematically over-
predict free volume elements (FVEs) for amorphous polymers,
including PIM-1. When considering the impressive ability for
microporous organic polymers, including CANAL-Me-Me,F, to
selectivity separate gases below diameters of 4 A, it is further
evidence of FVD overprediction using NLDFT methods, as these
methods predict all FVEs to be larger than 4 A.>* Fig. 2band ¢
detail the minimum and maximum pore sizes present, taken as
the values at which 99% and 1% of the cumulative free volume
was accessible, respectively, over a 15-300 °C temperature range.
The AA framework shows a narrower FVD than the UA framework
across all temperatures. The FVD is seen to broaden with
increasing temperature—largely due to the increase in the
maximum FVE size, which increases an order of magnitude faster
than the minimum FVE size. These results agree with the density
decreasing as a function of temperature, as free volume elements
may increase in size as the polymer expands. The more uniform
minimum FVE size with increasing temperature suggests that
even though the average FVE size may increase, there remain
stochastically fluctuating pockets that maintain gas sieving
capabilities even at high temperatures.

Crystallographic data was computed using the Interactive
Structure Analysis of Amorphous and Crystalline Systems
(ISAACS) program (version 2.10).*” The static structure factor,
S(g), was used to compare against experimental wide-angle X-
ray scattering (WAXS) data from Lai et al.®> The simulated scat-
tering data reasonably follows the experimentally gathered data
with a broad amorphous halo around 1.0 A™* as shown in Fig. 3.
The d-spacing for the amorphous halo of the experimental
results is 7.1 A, while that of the UA and AA results are 6.6 A and
6.5 A, respectively. For the experimental result, the increase in
intensity as g goes to zero is not visible in the simulated static
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~ ! 923 }» H ‘H”{' { All-Atom 8 10-
s Ez.z- W o { _—j% ‘{— %—’
5 z C } T
S £ 2] E 8] i %_ _
I E 201 United-Atom E 7 {_ %{ ’{— - % %
Soafbtpbiaferyo | £o T
Y s 100 180 20 20 300 S0 0 100 1a0 200 20 300

Fig. 2

Temperature (°C)

Temperature (°C)

(a) Free volume distributions (FVDs) of CANAL-Me-Me,F from non-local density functional theory (NLDFT) via experimental N, sorption

measurements at 77 K as well as simulated geometric determination from united-atom (UA) and all-atom (AA) simulations at 35 °C using a helium
probe. Solid lines are meant to guide the eyes. Data are normalized to their maximum ordinate value. (b) Minimum and (c) maximum FVEs present
in the UA and AA CANAL-Me-Me,F frameworks across a temperature range of 15-300 °C. Dashed lines show linear regressions.
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Fig. 3 Experimental wide-angle X-ray scattering (WAXS) data (solid
line) from Lai et al.> compared with simulated static structure factors of
all-atom (dotted line) and united-atom (dashed line) CANAL-Me-Me,F
systems. Error bands represent the sample standard deviation from five
replicate polymer systems. Data are normalized to their maximum
ordinate value in the range 0.9-1.1 A~%,

structure factor and is attributed to experimental error as the
regime around and below 0.3 A™" is better suited for small-angle
X-ray scattering (SAXS).*®

5.2 Small-gas sorption isotherms

This study focuses primarily on H,S, C3Hs, and C;Hg, which are
plasticizing gases. When compared to smaller gases, such as H,

View Article Online
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and N,, these larger gases create complexities with modeling,
such as the need for additional force field parameters and
iterated MCMD. To better understand limitations specific to the
polymer model itself, sorption isotherms for fixed-framework
UA models of H,, N,, O,, and CH, were simulated at 35 °C
and compared to experimentally obtained sorption isotherms,
shown in Fig. 4. Because these smaller gases do not cause
detectable polymer plasticization, flexible frameworks do not
provide increased convergence with experimental results, as
shown explicitly in Fig. 4a and d for H, and CH,, respectively.

The simulated systems show quantitative agreement with
experimental results. Specifically, results for H,, N,, and O,
fall within error of experimental values, while results for CH,
show slight under- or overprediction depending on whether
an MC or MCMD procedure was applied. The usage of a flexible
framework increases the sorbed concentration of a gas when
compared to the rigid framework, as polymer rearrangement
within the flexible framework allows gas molecules to settle
in previously inaccessible locations. These results indicate
the ability for the CANAL-Me-Me,F model to quantitatively
model sorption using GCMC for non-plasticizing gases and
give credence to the relevance of the chosen forcefield
parameters. The ability to model experimental isotherms
agrees with previous studies that have found GCMC to be
a valuable tool for predicting sorption of non-plasticizing
gases in polyimides, porous aromatic frameworks, and
PIMs.34,100,101
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Fig.4 Comparisons of united-atom simulations and experimental (black squares) isotherms in CANAL-Me-Me;,F for (a) H,, (b) N, (c) O,, and (d)
CHy, all at 35 °C. Rigid (filled datapoints) and flexible (unfilled datapoints) isotherms were computed for H, and CH4 while only rigid isotherms
were computed for N, and O,. Fugacity was calculated via a second-order Virial expansion.®®
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5.3 Plasticizing gas sorption isotherms

For plasticizing gases (e.g., CO,, H,S, C3Hg, and C;Hyg), the
effects of fixed versus flexible framework were significant, as
exemplified in Fig. 5. For CO,, the flexible framework over-
predicted yet showed qualitative agreement with experimental
results at fugacities below 20 atm before strongly diverging.
Interestingly, for CO,, the flexible framework performed worse
than the fixed framework. The flexible framework model for H,S
underpredicted yet qualitatively aligned with the experimental
H,S isotherm at fugacities below 10 atm. For the larger C;Hg
and C;Hg hydrocarbons, quantitative agreement with experi-
mental isotherms is demonstrated at low to moderate fugacities
(<3 atm), indicating the applicability of this flexible framework.
These comparisons with experimental results highlight how the
polar molecules (CO, and H,S) show poorer alignment with
experimental results than the hydrocarbons. This result could
be due to the additional force field complexities that arise for
interparticle interactions when significant polarity is present,
amplifying the relative simplicity of force fields compared to
actual molecular electronic behavior. Therefore, even for plas-
ticizing gases, it is advisable to compare both fixed and flexible
frameworks to determine which is best for specific cases.
Previous studies that have examined CO, sorption in PIM-1
using the iterative MCMD approach have reported both
under- and overfitting, compared to experimental results.’”'**
The broad range of CO, sorption isotherms in PIM-1 is

View Article Online
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indicative of the fact that slight changes in reaction conditions,
post-treatment, and testing methods can significantly alter the
results.’ Compounding these challenges is the issue that
simulated “synthesis,” relaxation, and sorption measurements
are unable to be performed as one would do experimentally.
Thus, we emphasize that divergence from experimental results
is not unexpected given these limitations and experimental
scatter.'*®

5.4 Dual-mode sorption model

An LFER and Van't Hoff constrained DMS model has previously
been applied to CANALs and H,S sorption in glassy poly-
mers.'*?*> Here, we extend those H,S results reported at 35 °C to
35-190 °C. Sorption isotherms and their corresponding DMS
fits are shown in Fig. 6 with DMS parameters tabulated in Table
2. As the effect of Langmuir sorption decreases with increasing
temperature due to the deactivation of surface modes and the
exothermic nature of Langmuir sorption, the sorption
isotherms become more linear with increasing temperature.
Details on the DMS fitting procedure including initial guesses
and parameter bounds (Tables S4-5) are available in the SI.

In the optimization, no functional form was fit to the Lang-
muir capacity constantCy,, as it has previously been fit to both
linear'” and Van't Hoff temperature dependent models,** as
shown in eqn (16) and (17), respectively:
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Fig.5 Comparison of flexible framework united-atom simulations and experimental isotherms in CANAL-Me-MesF at 35 °C for (a) CO,, (b) HS,
(c) CsHe, and (d) CsHg. Experimental results are shown with black squares while flexible framework (MCMD) simulations are shown with colored
circles. Fixed framework united-atom simulations are shown for CO, in (a) as triangles. Fugacity was determined for CO,, CsHg and CsHg via
a second-order Virial expansion and for H,S with the Peng—Robinson equation of state.®9102193 The experimental H,S isotherm has previously

been reported in Yeo et al.*®
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Table 2 Dual-mode sorption parameters for CANAL-Me-Me,F, fit using an LFER-constrained model*®
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Fig. 6 Simulated MCMD sorption isotherms and corresponding dual-mode sorption (DMS) model fits for (a) H,S, (b) CsHg, and (c) CsHg at
temperatures of 35 °C, 55 °C, 125 °C, and 190 °C. DMS fits were restricted via linear-free energy relationships (LFERs) and Van't Hoff constraints as
implemented by Wu et al.?® Uncertainties in DMS parameters were estimated from the inverse of the Hessian of x? at the optimum, followed by
standard error propagation to determine uncertainty in concentration.”
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where «;; and @;; are fitting parameters for gas j. The DMS

results presented here allow for an analysis of the C; parameter
from the LFER-constrained DMS model across a large range of

Gas Temperature (°C) kp (cmgrp® cmpe * atm ™) Cyy (emgrp’ emypq ) b (atm™)
H,S 35 13.7 £ 0.2 87 +3 0.223 £ 0.002
55 9.9 + 0.1 54 £2 0.210 £ 0.005
125 4.12 £ 0.03 8+2 0.18 + 0.02
190 2.32 + 0.01 0.0 £ 0.5 0.16 £+ 0.03
C3Hg 35 13.5 £ 0.2 53+1 2.40 £+ 0.04
55 10.4 £ 0.1 40.5 £+ 0.4 1.60 £ 0.01
125 5.2+ 0.1 12+1 0.54 £+ 0.03
190 3.3£0.1 0.0 £ 0.7 0.26 £ 0.02
C3Hg 35 10.2 + 0.2 61+1 2.64 + 0.05
55 8.4 + 0.1 51.7 £ 0.6 1.58 £ 0.01
125 5.0 +£ 0.1 20+ 1 0.39 £+ 0.01
190 3.5£0.1 0+1 0.16 + 0.01

temperatures. As shown in Fig. 7, both models show similar
goodness-of-fit. The log-modified mean absolute percentage
error (MAPE)"® for each model is shown in Table 3, indicating
that the more applicable model in a given scenario is dependent
on the specified gas and temperature. However, when extrapo-
lating towards C; = 0 to approximate where Langmuir sorption
is no longer present, the proposed Van't Hoff relationship
significantly overpredicts the corresponding temperatures
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Fig. 7 (a) Linear and (b) Van't Hoff fits for Ch versus temperature and inverse temperature, respectively, for H,S (green squares), CsHg (red
triangles), and CsHg (blue circles). Fits are shown extrapolated to (a) Cg =0 and (b) C'H =1.
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Table 3 Log-modified mean absolute percentage error (MAPE) and extrapolated temperature where CQ = 0 for linear and CQ = 1 for Van't Hoff

fits of Ch versus temperature and inverse temperature, respectively

Linear fit Van't Hoff fit
Gas Modified MAPE (%) Ty _,(°C) Modified MAPE (%) Ty _,(°C)
H H
H,S 3.0 132 7.8 262
C;H, 2.5 150 1.7 471
C3Hj 2.4 167 0.2 1279

compared to the linear fit. The linear fits predict there to be
a loss of Langmuir sorption between 132-167 °C, as is reflected
in the sorption isotherms of Fig. 6 where the sorption isotherms
at 190 °C exhibit negligible Langmuir contribution. As the Van't
Hoff relationship does not allow for determination at Cj, = 0,
results are reported for Cj; = 1. This Van't Hoff fit does not
predict loss of Langmuir sorption until between 262-1279 °C.
This broad range illustrates the limitations of using phenome-
nological models for material property predictions and
corroborates conclusions by Koros and Paul'”” and Koros et al.**
who determined that while the Van't Hoff fit is “convenient,” it
lacks theoretical justification. The linear fit, they argued, can be
better related to the free volume within the polymer below its
glass transition temperature and subsequent vanishing at the
glass transition temperature. A comprehensive study of Xe
sorption and '*°Xe NMR using poly(p-phenylene oxide) sup-
ported the observation that a linear extrapolation of Cj; to zero
corroborates well with the location of the Ty, where Cy is ex-
pected to become negligible.'” However, extrapolations in this
work do not identify a clear T, that can be identified experi-
mentally, as CANAL polymers do not have a detectable T, prior
to thermal degradation at ~450 °C.

5.5 Sorption energetics

To better understand polymer-gas affinity between CANAL-Me-
Me,F and C3;He, C3Hg, and H,S, as well as to understand how
these results differ from the archetypal microporous polymer,
PIM-1, the thermodynamics of sorption were analyzed via the
DMS model. The same LFER-constrained model as detailed
above for CANAL-Me-Me,F was used for PIM-1. The DMS
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Fig. 8

parameters for H,S in PIM-1 were computed from the isotherms
of Dean et al.”> The DMS parameters for C;Hg and C;Hg in PIM-1
were computed from the isotherms of Li et al.**® These param-
eters are reported in Table S7. We note that when using an
unconstrained DMS optimization, sorption energetics in PIM-1
can lead to significantly different values and trends (Table S9),
thus, efforts to constrain parameters to physically-relevant
trends are vital to reliable  structure-property
relationships.

Langmuir sorption, as shown in Fig. 8a and Table S6, is
responsible for over 55% of infinite dilution sorption at 35 °C
for H,S and over 90% for the two hydrocarbons. By 125 °C,

however, these values decrease to between 25% and 65%,

more

indicating the stronger temperature dependence of Langmuir
sorption compared to Henry sorption. As shown in Fig. 8b, the
sorption coefficient at infinite dilution, S, of H,S in PIM-1 has
alarger contribution from the Langmuir mode than CANAL-Me-
Me,F. This result correlates with the lower plasticization pres-
sure of CANALSs." The significantly lower S.. for H,S in CANAL-
Me-Me,F was expected due to the degree of linearity exhibited in
the isotherms shown in Fig. 6a.

As detailed explicitly in Table 4, the trends in heats of
sorption differ between CANAL-Me-Me,F and PIM-1. Analysis of
the energetics of infinite dilution sorption for the two hydro-
carbons showed that in PIM-1, C3He was significantly more
exothermic than C;Hg (AHg w,cn, AHg o c 1,

—20 kJ mol ) while in CANAL-Me-Me,F, the two terms were
nearly within uncertainty of each other (= 1 k] mol™"). These
differences in energetics between the two hydrocarbons are
most significantly due to partitioning within the Langmuir

(b) |l CANAL-Me-Me,F
Il PIM-1

35°C

o
3
L

Sw,Langmuir/sw

o
o
1

0.5-
H,S

C3Hg

CsHe

(a) Sorption coefficient at infinite dilution (Ss) for H,S, CsHg, and CsHg in CANAL-Me-Me,F at temperatures of 35 °C, 55 °C, 125 °C, and

190 °C. Uncertainty is propagated from uncertainty in the DMS parameters and shown as the combined uncertainty of both Langmuir and Henry
modes. (b) Percent contribution of S, from the Langmuir mode for CANAL-Me-Me,F and PIM-1, compared for H,S, CsHg and CzHg at 35 °C.

PIM-1 parameters were fit using previously published isotherms. 2211
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Table 4 Heats of infinite dilution (AHs ), Henry (AHp), and Langmuir sorption (AH,,) for H,S, CsHe, and CzHg in CANAL-Me-Me,F and PIM-122110

Polymer Gas AHs, .. (k] mol™) AHp, (k] mol ™) AH,, (k] mol ™)

CANAL-Me-Me,F H,S —20.5 + 0.2 —13.6 £ 0.1 —2+1
C3Hg —29.0 £ 0.3 —10.9 £ 0.3 —17.0 £ 0.8
C;Hy —30.0 £ 0.3 —82+04 —21.7 £ 0.6

PIM-1 H,S —27.2+0.2 —17.0 £ 0.3 —23.2 £ 0.2
C;H, —37.9+ 0.7 —22.1+0.1 —33.5+0.3
C;3Hg —18.0 £ 0.7 —22.0 £ 0.6 —12.2 £ 0.6

regime, as differences in AHp between C3Hg and C3;Hg were

within 3 k] mol " for both polymers. 4

The differences seen in the energetics of surface sorption of 0.

C;Hg and C;Hg between CANAL-Me-Me,F and PIM-1 are T’:

hypothesized to be due to the heteroatoms within PIM-1 that are g -4

not present in CANAL-Me-Me,F. Propylene is more polarizable 2

than propane, leading to potentially stronger interactions T -8

between the nitrile functionality in PIM-1 and the m-bond in z

propylene.”* While no other studies on propylene sorption in z 12\ Elns

CANALs have been performed, this effect can be likened to how 16 = gs:a

increased side group polarity in PIM-1 (e.g., conversion of nitrile Sl

groups to primary amines), increases the sorption selectivity of AHs o AHp AHy

propylene over propane.*** To further support the polarizability
hypothesis, sorption simulations as described previously were
conducted on a hypothetical CANAL-Me-Me,F-like polymer with
two methyl groups per repeat unit substituted for nitrile groups
(CANAL-Me-Me,F-CN), as shown in Fig. 9. As shown in Fig. 10,
the Langmuir energetics of propylene were made more
exothermic relative to propane while the Henry energetics
remained similar. Details on the computational modeling of
CANAL-Me-Me,F-CN are available in Section S1.5 and DMS
parameters are available in Table S8.

Similar to the previously described differences in Langmuir
sorption of C;Hg in CANAL-Me-Me,F and PIM-1, H,S, as a polar
molecule, demonstrates more exothermic Langmuir sorption in
PIM-1 (AHp, = —23 kJ mol ') than in CANAL-Me-Me,F (=
—2 kJ mol™"). As also shown in Fig. 10, the Langmuir energetics
of H,S are more exothermic in CANAL-Me-Me,F-CN than in
CANAL-Me-Me,F. Due to overlapping uncertainties between
these energetic differences in H,S and non-polar C;Hg, however,
these results are less conclusive than those of C;Hg described
above.

Interestingly, AHp, values for all three gases in CANAL-Me-
Me,F are less exothermic than those obtained for the same
gases in PIM-1. This result aligns with a previous finding that
differences in sorption in the Henry's mode were strongly

CANAL-Me-Me,F

This journal is © The Royal Society of Chemistry 2026

CANAL-Me-Me,F-CN

Fig. 9 Structures of CANAL-Me-Me,F, CANAL-Me-Me,F-CN, and PIM-1. Note that the CANAL-Me-Me,F-CN structure is hypothetical.

Fig.10 Difference in heats of sorption between CANAL-Me-Me,F-CN
(AHcN) and CANAL-Me-MeyF (AH) for infinite dilution, Henry, and
Langmuir sorption from constrained DMS optimization routines.

influenced by polymer backbone and less so on specific func-
tionality.” In further agreement is that AHp, values between
CANAL-Me-Me,F and CANAL-Me-Me,F-CN are within uncer-
tainties of each other.

5.6 Mixed-gas sorption

To investigate the ability for CANAL-Me-Me,F to perform the
industrially relevant propylene/propane separation, the mixed-
gas DMS model was applied. A 70/30 molar ratio of propylene/
propane was chosen as a balance between typical hydrocarbon
stream composition from catalytic cracking (>80 mol%
propylene) and from propane dehydrogenation (50 mol%
propylene)."**11*

The effect of the mixed-gas DMS model on the sorption
isotherms of C3;Hs and C3;Hg at 35 °C is shown in Fig. 11a,
yielding the characteristic decrease in Langmuir capacity with
unchanged sorption effects of the Henry mode, as expected
from the mixed-gas model formulation. The mixed-gas selec-
tivities in CANAL-Me-Me,F (asme/cans = Sc,n,/Sc,u,) are shown
in Fig. 11b. Due to significant uncertainties in the selectivities,

CN

PIM-1
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Fig. 11 (a) Dual-mode sorption (DMS) isotherms for CsHg and C3Hg in CANAL-Me-Me,F for pure-gas (solid lines) and mixed-gas (dashed lines)

for a 70/30 molar mixture of CsHg/C3sHg at 35 °C versus the fugacity of

each component. DMS fits were restricted via linear-free energy rela-

tionships (LFERs) as implemented by Wu et al.?° (b) Mixed-gas sorption selectivity of a 70/30 molar mixture of CsHg/CsHg in CANAL-Me-Me,F at
35 °C and 190 °C versus the combined fugacity of both penetrants. (c) Mixed-gas sorption selectivity of a 70/30 molar mixture of CzsHg/CsHg in

CANAL-Me-Me,F and PIM-1 at 35 °C versus the combined fugacity of

both penetrants. Data for CANAL-Me-Me,F is from simulated MCMD

isotherms. Data for PIM-1 is from the recomputed isotherms of Li et al.**®

the effect of increasing temperature on selectivity from 35 °C to
190 °C cannot be definitively stated.

Comparison of the propylene/propane sorption selectivity
between CANAL-Me-Me,F and PIM-1 at 35 °C is shown in
Fig. 11c. CANAL-Me-Me,F has a sorption selectivity below one
for the majority of the fugacity range studied, while PIM-1 has
a sorption selectivity near one. As the Langmuir mode becomes
saturated with increasing fugacity, the potential surface sorp-
tion differences between the two polymers as examined previ-
ously decrease in importance, and the propylene/propane
selectivities in CANAL-Me-Me,F and PIM-1 trend towards each
other.

6. Conclusions

This study establishes an atomistic computational framework
for CANAL polymers, which was validated against experimental
data including density, free volume distribution (FVD), wide-
angle X-ray scattering (WAXS), and sorption isotherms.
Furthermore, a significant focus was placed on simulating the
sorption and corresponding energetics of H,S, C3Hg, and C;Hg,
which are difficult to evaluate experimentally. While non-
plasticizing gases were quantitatively modeled via GCMC,
highly condensable gases—particularly the C;H¢ and C3Hg
hydrocarbons—required an iterative MCMD approach. These
results support the use of MCMD simulations as a predictive
tool, especially for time-intensive sorption studies and those
with hazardous gases. Application of the dual-mode sorption
(DMS) model over a broad range of temperatures from 35 °C to
190 °C for H,S, C;Hg, and C;Hg within CANAL-Me-Me,F
revealed the significant characteristic Langmuir-mode contri-
bution to sorption at lower temperatures and pressures. By
190 °C, sorption isotherms were nearly linear and characterized
by the Henry mode. The higher Langmuir affinities for the
hydrocarbons relative to H,S in the purely hydrocarbon CANAL
emphasizes how sorption in the CANAL polymer is largely
driven by van der Waals interactions. Langmuir energetics were
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more exothermic for H,S and C;Hg in PIM-1 than in CANAL-Me-
Me,F, potentially due to specific gas-polymer interactions made
feasible through the nitrile group present in PIM-1, which was
supported by simulations of a hypothetical nitrile-
functionalized CANAL-Me-Me,F. Overall, this work advances
the understanding of condensable gas sorption in high free
volume heteroatom-free ladder polymers. The microstructural
and multi-temperature sorption analyses performed within this
study suggest that increasing size-sieving through CANAL
backbone modification can be quantified via geometric FVDs,
aromaticity can be leveraged to favor Langmuir sorption of
polarizable penetrants, and temperature can be used to signif-
icantly modulate the contribution of Langmuir sorption within
CANALs. By validating an atomistic simulation system for
CANAL-Me-Me,F, we provide a foundation for extending
computational studies to other CANAL polymers. When used in
conjunction with experiments, these simulations enable a more
complete characterization of sorption behavior and support the
rational design of membrane materials for complex gas
separations.
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