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To address global environmental challenges and support the transition of energy systems, the study of
CO, capture and separation is at the forefront of scientific research. Utilizing membranes based on
polymers of intrinsic microporosity (PIMs) for CO, separation presents a promising approach. However,
the mechanisms of CO, separation in PIMs are not fully understood. In this study, an isobaric model
combined with molecular dynamics (MD) simulation was used to explore the adsorptive and diffusive
behaviors of CO, and N, in PIM membranes. We elucidated the gas separation mechanism by analyzing
three critical aspects: microporous structure, adsorptive selectivity, and diffusive selectivity. The findings
reveal that PIM membranes exhibit advantageous separation characteristics due to their large Brunauer—
Emmett-Teller (BET) surface areas and Pore Limiting Diameters (PLDs) that are more compatible with
the size of CO, molecules. Additionally, the difference in solvation free energy and diffusion rates
between the two gases within the membranes significantly contributes to their selectivity. Specifically,
CO, diffuses within the membrane primarily through a hopping mechanism supplemented by diffusive

Received 4th December 2024, motion, whereas N, relies mainly on diffusion with less hopping. Since dissolution often takes prece-

Accepted 20th February 2025 dence over diffusion in the separation process, it can sometimes lead to less effective diffusion for gas
DOI: 10.1039/d4cp04588b molecules. Moreover, the simulation results indicate that the diffusion behavior of the CO,/N, mixture in

PIM membranes is governed by a solubility-driven separation mechanism. This work provides a theoreti-
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1 Introduction

As industrial activities have intensified, the increase in CO,
emissions has brought numerous environmental challenges,
including a rise in global temperatures and strengthening of
the greenhouse effect." Notably, this includes sea level rise® and
ocean acidification.’ Capturing and storing carbon dioxide
from industrial and power generation processes can signifi-
cantly reduce greenhouse gas emissions in the atmosphere,
thereby helping to limit the rise in global average temperatures.
For many countries, the separation and capture of CO,
represent a crucial technological approach to achieving the
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cal foundation for understanding gas transport and separation mechanisms in PIM membranes.

greenhouse gas emission reduction targets stipulated by the
Paris Agreement.

Polymer membrane separation is regarded as an effective
method for CO, separation. Among all polymer materials, PIMs
stand out due to their unique microporous structures. The rigid
and contorted skeletons of PIMs hinder chain packing in the
solid state, creating significant free volume. These features
endow PIMs with superior separation properties compared to
traditional polymers,*™® particularly for separating CO, from
other gases such as N,, H,, or CH,.

Due to their outstanding performance, PIMs have estab-
lished the upper bounds for nearly all gas separations,”®
making them a focal point of research in recent years. Since
the development of the original PIM-1 prototype, numerous
PIMs and their derivatives have been created.”'® However, a
significant limitation of membrane-based gas separations is
the well-known trade-off between permeability and selectivity,
which results in performance upper bounds.'! Despite promis-
ing advancements, designing highly selective PIMs remains a
challenge. Yong et al.'> were the first to report on the gas
separation performance of CO,/CH, using mixed matrix mem-
branes composed of PIM-1 and Matrimid. Since then, PIM-1
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has been modified through various techniques aimed at increas-
ing the pore volume and enhancing gas selectivity. These modi-
fications include cyano group post-treatment (such as conversion
to carboxylic groups,’®'* sulfonamides,"” tetrazoles,'®'” or
amidoxime'®), cross-linking,"*>' copolymerization,** develop-
ment of mixed matrix membranes,”*® and the design of
specific monomer units.”*> Rodriguez et al.>* reported that
at 2 atm, amine-functionalized PIM-1 (PIM-NH2) showed a
significant increase in selectivity for CO,/N, mixtures compared
to pure gases. Recent research by Lai et al.>* introduced a novel
class of carbon-hydrogen ladder polymers that offer both
higher selectivity and greater permeability than other mem-
branes in the separation of various industrially relevant gas
mixtures while maintaining desirable mechanical and thermal
properties in the corresponding films. Unlike traditional PIM
membranes, these new polymers opt for more rigid, less
flexible bridged-ring structures over highly flexible spirocyclic
ones (Fig. 1a). Such PIM membranes promise a combination of
mechanical robustness and superior separation efficiency.
Experimental conjectures suggest that different hydrocarbon
ladder configurations significantly affect chain arrangement
and the distribution and connectivity of free volume. Although
gas adsorption isotherms and X-ray scattering experiments are
commonly used to characterize the porosity of microporous
materials, these techniques struggle to capture interactions and
relationships at the molecular or atomic level, which are crucial
for overcoming separation diffusion bottlenecks. Therefore,
employing molecular simulation techniques to reveal the gas
separation mechanism of PIM membranes is essential for
designing new types of membranes.

Molecular simulation is a powerful tool for studying adsorp-
tive materials, offering insights into ideal systems and condi-
tions that are experimentally unattainable. For instance, Fang
et al®® conducted simulations on gas permeation through
membranes made of intrinsic microporous polymers (PIM-1
and PIM-7). They discovered that nitrile groups in the polymers’
base structure enhanced affinity and increased the fractional
free volume (FFV), outperforming most glassy polymer mem-
branes in adsorption and diffusion. Hart et al>® integrated
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Fig. 1 (a) Bridged-ring structure of the DHP monomer and Me2F mono-
mer; (b) spiro-linkage structure of the PIM-1 monomer.

This journal is © the Owner Societies 2025

View Article Online

PCCP

sulphur into the monomeric framework, offering an additional
site, thereby significantly enhancing CO, adsorption isotherms
and isosteric heat of adsorption in PIMs. Liu et al®” used
molecular dynamics simulations to assess the separation per-
formance of PILP-1 and PILP-3 for CO,/CH, mixtures under
constant pressure gradients. This work highlighted the signifi-
cance of polymer flexibility and membrane plasticization in gas
permeation, emphasizing the critical role of gas sorption in
CO,/CH, separation. Xu et al.*® examined organic solvent nano-
filtration across six PIMs, including the original PIM-1 and five
functionalized variants, finding a strong correlation between
solvent permeability and the interaction between membrane
and solvent properties. These simulation studies offer valuable
insights into separation processes in polymer films with intrin-
sic micropores under specific chemical conditions.

In our study, inspired by previous research, we employed
classical molecular dynamics (MD) simulations to explore the
gas separation mechanisms of a novel type of hydrocarbon
ladder polymer.** Herein, two types of PIM membranes (Me2F
and DHP) were selected as model candidates. Their preparation
process is as follows: ladder dinorbornenes were synthesized
from 2,7-dibromofluorene derivatives that reacted with excess
norbornadiene in the presence of a palladium catalyst; these
intermediates subsequently underwent efficient and clean
CANAL polymerization with p-dibromo-p-xylene to form ladder
polymers Me2F and DHP.** The structures of Me2F and DHP
are shown in Fig. 1a. Unlike classical PIM-1 materials (Fig. 1b),
Me2F and DHP feature rigid bridged-ring structures rather than
spiro-linkages, limiting the degrees of freedom in polymer
chains and inhibiting polymer chain packing. This structural
difference provides more accessible channels for gas permeation.

Based on the simulation results, we directly observed the
channels and pore structures formed by the rigid stacking
of the polymer. We measured the size and distribution of the
pores within the membranes as well as the Brunauer-Emmett-
Teller (BET) surface area. The entire separation process was
analyzed by dividing it into solubility-driven and diffusion-
driven components, and we examined the degree of gas dis-
solution in different membranes through free energy calcula-
tions. The kinetic mechanism of gas molecule permeation was
investigated using the van Hove function and density functional
theory (DFT) calculations. This work provides a foundation for
understanding gas separation in these types of membranes and
serves as a reference for designing high-performance PIM
membranes.

2 Model construction and
simulation details
2.1 Model construction

The single polymer chain, comprising 20 monomers of Me2F and
DHP, is terminated with hydrogen atoms. Owing to the distinctive
rigidity of the new class of carbon-hydrogen ladder PIMs, initial
structures were created within a large simulation box, resulting in
a polymer system of low density. The insert-molecules module
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Fig. 2 (a) The initial low-density simulation box; (b) the simulation box
after 21-step MD compression; (c) the gas diffusion model of membranes
with a constant concentration gradient.

from the Gromacs package®® was utilized to embed 40 polymer
chains into the initial simulation box, with dimensions of x =
100 nm, y = 100 nm, and z = 100 nm, as illustrated in Fig. 2a.
At present, there is a lack of experimental data regarding the
density of Me2F and DHP membranes. In this study, a compres-
sion/relaxation strategy consisting of 21 steps was implemented,
following the methodology outlined by Colina et al® It was
observed that employing a 21-step gradual decompression
scheme ensures that the final simulation density remains unaf-
fected by the maximum pressure applied. The gradual decom-
pression process, involving a maximum temperature of 600 K and
a maximum pressure of 50 000 bar, cyclically anneals the system
to produce a realistic polymer configuration. This technique has
been successfully employed in compressing several PIM mem-
branes. Adhering to the 21-step MD compression and relaxation
protocol, the current simulation system was compressed to the
target density, resulting in a final box size of x =y =z = 8.9 nm, as
depicted in Fig. 2b.

To construct the gas separation system, the post-annealing
and compression states were adopted as the initial configu-
ration for developing the CO,/N, mixed gas separation model,
resulting in the final separation system as illustrated in Fig. 2c.
The simulation box dimensions were set as x = 8.9 nm, y =
8.9 nm, and z = 100 nm. The simulation system was divided
into three distinct regions: the left side representing the pack-
ing zone, the middle region as the dissolution and permeation
zone, and the right side serving as the separation zone.*' To
maintain the volume of the left packing zone constant and
prevent the displacement of the polymer film during simula-
tion, a positional constraint was applied to the layer of atoms
with the highest Z-coordinate in the PIM membrane.** In
Fig. 2c, the purple atoms in the dissolution and permeation
zone depict the atoms constrained throughout the simulation
process. The volume of the separation zone was slightly larger
than that of the packing zone to ensure a lower gas density in
the separation zone. To prevent gas molecules from crossing
between the packing and separation zones, identical-sized
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graphene sheets were placed on the left and right sides along
the XY-plane. The carbon atoms in the graphene were assigned
the charge of zero during the simulation, and uniform inter-
actions between the graphene sheet, membrane, and gas mole-
cules on both sides were maintained. Additionally, a vacuum
region was introduced on either side of the graphene sheets to
prevent interference between the two graphene layers.*®

In the initial phase of the simulation, the system is equili-
brated for 100 ns. During the first 50 ns, 100 molecules each of
CO, and N, are introduced to the packing zone, initiating the
dissolution of gas molecules into the membrane driven by a
concentration gradient. Subsequently, in the following 50 ns,
the gas molecules in the separation zone are removed, and new
CO, and N, molecules are inserted into the packing zone to
maintain the original number of gas molecules. Following this
setup, the balanced system undergoes a 240 ns NVT production
process to investigate the separation and diffusion mechan-
isms of gas molecules within hydrocarbon ladder polymer
membranes. The simulation temperature was set as 308 K
for this process. This production phase sheds light on the gas
separation process and the behaviours of the polymer mem-
brane in gas separation applications.

2.2 Simulation details

In the previous work by Kyle et al,*® the generalized AMBER
force field (GAFF) was employed to model rigid, amorphous,
and glassy polymer materials. Their findings indicated that the
GAFF could effectively capture crucial details such as pore
topology and adsorption capacity. Building on their research,
PIMs are also modelled using the GAFF,** while small gas
molecules are described with the transferable potential for
phase equilibria-united atom (TraPPE-UA) force field.**™*® For
the nonbonded interactions, the Lorentz-Berthelot combi-
nation rules for the cross Lennard-Jones (L]) parameter were
adopted. The L] parameters and atomic information for all gas
atoms are provided in Tables S1-S3 (ESIT).

In the simulation process, CO, and N, molecules were
modelled as linear molecules, with virtual atoms introduced
to allocate the mass and charge appropriately across the
molecules. This approach ensured that the gas molecules had
accurate charge distributions within the molecular model.
All molecular dynamics simulations were conducted using
GROMACS-2021.6-GPU.*> The Nosé-Hoover thermostat was
utilized to maintain constant temperature, while the Parrinello-
Rahman barostat controlled the pressure.*® The long-range elec-
trostatic interactions were calculated using the particle-mesh
Ewald (PME) method. A cutoff distance of 1.5 nm was used for
the LJ potential. The time step for all simulations was set as 1 fs.
The final configurations of different systems were visualized by
using VMD (version 1.9.3)>" software.

As the simulation progressed, it was observed that the
number of gas molecules in the separation zone increased,
leading to a decreased concentration gradient and a reduction
in the rate of permeation. To address this issue, a constant
concentration differential was maintained throughout the separa-
tion and diffusion processes. At regular intervals, denoted by T,
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the quantities of gas molecules in both the feed and separation
zones were assessed. Gas molecules in the packing zone were
replenished according to the initial CO, to N, ratio (CO, = 100,
N, =100, and CO,: N, =1:1). Simultaneously, gas molecules that
had permeated into the separation zone were removed. This
procedure ensured that the number of CO, and N, molecules
remained constant at 100 in the packing zone, while the separa-
tion zone was reset to zero. The original molecular forces and
velocities were conserved during the replenishment and extrac-
tion processes. Newly added gas molecules underwent a brief
dynamic equilibration to adapt to the system conditions. Liu and
co-workers**> have emphasized the importance of maintaining a
constant pressure differential in MD simulations. Their findings
suggested that t values ranging from 150 to 250 ps resulted in
stable adsorption levels of CO, by using the PIM membrane,
without significant fluctuations. To ensure a constant pressure
difference between the packing and separation zone, the number
of molecules adsorbed by the membrane across different t
values was verified. The results indicated minimal changes in
the number of adsorbed gas molecules under varying 7 values, as
illustrated in Fig. S3 (ESIt). Consequently, the t interval for gas
addition and removal was set at 200 ps in this study.

2.3 Quantum chemistry calculation

To quantitatively investigate the interactions of gas molecules
and further explore the distributions of CO, and N, in hydro-
carbon ladder polymers, three interaction models were con-
structed, which are CO,-CO,, N,-N,, and CO,-N,, respectively.
Then, the geometries of all molecules were optimized using
density functional theory (DFT) at the GB3LYP-D3/6-31G** level
of theory. All calculations are performed using BDF software
on the Device Studio platform.’’°® The interaction region
indicator (IRI)*” analysis was performed through the Multiwfn
(version 3.8_dev) software package.’®

3 Results and discussion
3.1 Structure and properties of membranes

Molecular simulations offer a unique advantage by providing
the atomistic details of the polymeric structure and pore
topology.>® The model construction scheme involved a deliber-
ate compression over 21 steps, culminating in an 800 ps NPT
simulation that provided the converged density of Me2F and
DHP polymers at 835.52 kg m~* and 874.21 kg m™>, respec-
tively. The equilibrium densities of Me2F and DHP are depicted
in Fig. S1 (ESIY).

PIMs are a class of porous glassy polymers known for their
substantial free volume, a key structural feature that contributes

Table 1 GCD, PLD, LCD, FFV and BET surface area of the membranes
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to their high gas permeability.'®*° Understanding the pore para-
meters of these materials is crucial for comprehending their
structure and functionality. To evaluate these parameters, Zeo++
software was employed to analyse the pore size metrics of the
polymer membrane.®' This analysis enabled the calculation of
several important properties,”” including the fractional free
volume (FFV), global cavity diameter (GCD), pore limiting dia-
meter (PLD), largest cavity diameter (LCD), BET surface area, and
pore size distribution (PSD),** among others. Table 1 presents
detailed BET and FFV data for the membrane, while Fig. 3a and b
depict the structure of the membrane’s channels and cavities. The
entire channel system was divided into two parts: the channel part
and the cavity part. Fig. S2 (ESIt) provides a visual representation
of the GCD, PLD, and LCD. This comprehensive characterization
provides essential insights into the structural attributes of PIMs,
which are critical for optimizing their performance in gas separa-
tion applications.

In experiments, hydrocarbon ladder polymer membranes
are utilized not only for the separation of CO, and N, but
also for other gases such as CH, and H,. To study the pore
characteristics, H, (with a kinetic radius of 0.14 nm) was
selected as a probe molecule. Upon the removal of polymer
membranes from all gas molecules, specific information about
pore size and surface area can be obtained. The pore size distri-
bution of the Me2F and DHP membranes is shown in Fig. 3c.
The minimum pore size of the membranes is approximately 2-
3 A, with the maximum size around 10 A, and an average size
distribution of about 5-6 A. The distribution indicates that the
predominant pore sizes in the Me2F membrane are slightly
larger than those in the DHP membrane, which aligns with the
observed density distribution. The kinetic diameters of CO,
and N, are 3.47 A and 3.58 A, respectively,”* making them
comparable to the pore sizes in both PIM membranes. This
similarity facilitates effective permeation of gases like CO,
and N,. It is generally believed that pores with diameters less
than 3 A will be ineffective for gas diffusion, leading to
inaccessible areas within the polymer membrane, whereas
pores around 10 A may lack the necessary screening perfor-
mance. Thus, PIM membranes are expected to be highly
effective in separating CO, and N,. Additionally, as seen in
Table 1, aside from the pore limiting diameter (PLD), most
metrics indicate that the pore sizes in Me2F are slightly larger
than those in DHP, which may correlate with the superior
permeability observed in Me2F. This finding is consistent with
conclusions derived from experimental data (Table S2, ESI{).>*
It should be noted that the calculated surface area is greater
than the experimental values, potentially due to differ-
ences between simulation calculations and experimental
measurements.®®> Furthermore, Me2F has a larger BET surface

BET surface area (m” g ') BET surface area (m” g ')

Mem GCD (A) PLD (A) LCD (A) FFV (%) (our work) (experiment)**
DHP 11.83 (4+1.74) 4.56 (£0.20) 10.28 (+1.24) 53.64 1230.35 (£31.29) 870
Me2F 13.35 (4+2.33) 4.12 (£0.17) 11.53 (+1.19) 55.47 1636.96 (+£15.34) 1190
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Fig. 3 The chain distribution and FFV of (a) DHP and (b) Me2F membranes; (c) the pore-size distribution of Me2F and DHP membranes.

area compared to DHP, suggesting that gas molecules are more
apt to interact with Me2F.

3.2 Absorption behaviours of the CO,/N, mixture in
membranes

To explore the gas transport mechanism in a more intuitive
manner, we divided the entire separation process into two
steps: adsorption and diffusion. Fig. 4a displays the adsorption
quantities of CO,/N, mixtures during the permeation process in
two distinct membranes. We defined gas molecules as sorbed
in the membrane if they were within 0.54 nm of the membrane
atoms.*” In Fig. 4a, the adsorption of CO, is observed to rapidly
increase within the initial 10 ns, which subsequently rises
gradually from 20 ns to 50 ns, and ultimately stabilizes after
50 ns. This trend suggests that in the initial phase, PIM
membranes adsorb CO, rapidly. As the adsorption amount
increases, the pores of the polymer membrane were occupied
progressively by CO, molecules, after which the adsorption rate
decreases gradually and approaches stability, eventually fluctu-
ating around a specific value. In contrast, the adsorbed quantity
of N, molecules was significantly lower throughout the entire
adsorption process and nearly a constant during the simulation

(a) (b) o
S ® Me2F
500 ~ = 950 ® DHP
- P
S o 400 E 900
35  Me2F N2 D 850{0000009900004009°9900000,990
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Fig. 4 (a) The variations of the adsorption number of CO, and N
molecules versus simulation time; (b) the variation of the membrane
density versus simulation time; solvation free energies of two gas mole-
cules in (c) DHP and (d) Me2F membranes.
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period. We can find that the adsorption quantity of CO, is
obviously greater than that of N,.

This disparity in adsorption quantities indicates that CO,
has a much stronger affinity for the membrane than N,. This
can be attributed to the molecular interactions and the more
fitting kinetic diameter of CO, relative to the pore sizes in the
PIM membranes, which enhances CO, adsorption. This strong
preferential adsorption of CO, is crucial for effective gas
separation, as it ensures selective adsorption followed by diffu-
sion through the membrane, thereby optimizing separation
efficiency.

In our analysis of the separation process, we focused pri-
marily on the solvation aspect. Fig. 4b illustrates the localized
density distribution, showing that PIM membranes experience
some swelling after gas adsorption. This swelling leads to a
reduction in density from the initial dense regions within the
simulation model, indicating that the membrane structure dyna-
mically adjusts in response to the permeation process. Eventually,
the density stabilizes at a constant value, signalling that the
adsorption of gas molecules has reached a saturated state.

To further explore the solvated adsorption process, we
calculated the solvation free energies for the two gases in
different membranes. This involved computing the change in
free energy (AG) between the state of the membrane containing
gas molecules (state A) and the pure membrane state (state B)
as a function of the coupling parameter A, which represents the
transition extent from state A to state B. As shown in Fig. 4c
and d, in DHP, AGpgp_co, is —10.21 k] mol ™! and AGpyp_y, is
—3.87 k] mol ', whereas in Me2F, AGyezr-co, is —9.48 k] mol ™
and AGumezr-x, 18 —3.58 KJ mol . The significant differences in
free energy between CO, and N, for both DHP and Me2F
membranes indicate much stronger adsorption of CO, com-
pared to N,. These differences in solvation free energies facil-
itate the separation process in these membranes. It is well-
known that the performance of gas separation membranes is
predominantly influenced by two critical parameters: the solu-
bility coefficient (S) of gases within the membrane material and
the diffusion coefficient (D) of gas molecules through the
membrane matrix. Together, these parameters determine the
efficiency and selectivity of the separation process. They are
pivotal indicators for evaluating and optimizing the perfor-
mance of gas separation membranes, guiding both design
improvements and operational adjustments.

This journal is © the Owner Societies 2025
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Adsorption selectivity is a criterion for evaluating adsorption
priority in binary mixed systems:*®

X,‘/Xj
Si/j i)y, 1)
The value of adsorption selectivity S;; larger than 1 indicates
that component i is preferentially adsorbed. The x; is the mole
fraction of gas i in the adsorbed phase, and y; is the mole
fraction of gas i in the membrane bulk phase. To study the
competitive adsorption behaviour of CO, and N,, the adsorp-
tion selectivity of CO,/N, is defined as follows:

X0, /XNy

Yco, / YN, )

Sco, /N2 =

where Sco n, is the adsorption selectivity of CO, over N,. The
partial pressure may play an important role in the competitive
adsorption behaviour.®” In our work, because the ratio of CO,
to N, in the packing zone is always 1:1, so there is no partial
pressure. According to eqn (2), in DHP and Me2F membranes,
the solubility selectivity is 5.30 (£0.27) and 4.71 (+0.08),
respectively.

3.3 Permeation behaviours of the CO,/N, mixture through
membranes

To assess the impact of gas diffusion on the performance of
separation membranes, we analysed the dynamic behaviours
involved in the diffusion process. By accurately measuring the
diffusion rates and interaction conditions of gases within the
membrane materials, we can optimize membrane structures
and improve their practical performance.

Fig. 5a illustrates the relationship between the permeation
flux and diffusion time. Initially, N, diffusion efficiency is
higher than that of CO, because the voids in the PIMs are
not yet occupied by CO,. In this early phase, CO, molecules are
adsorbed within the membrane cavities and cannot diffuse
readily, whereas N,, experiencing weaker interactions with the
membrane, moves more freely. As the simulation progresses,
CO, adsorption reaches saturation (see Fig. 4a), fully occupying
the membrane’s voids. After further gas adsorption, the perme-
ability efficiency of CO, was significantly higher than that of N,,
showing a linear increase. Furthermore, the Me2F membrane
demonstrates a superior permeation rate compared to DHP.
The rate of gas migration serves as an effective metric for
gauging the diffusion velocity of gas molecules moving within
a membrane. This parameter reflects the dynamic character-
istics of the movement of gas molecules within the separation
membrane medium, offering a quantitative basis for evaluating
the efficiency of gas diffusion through the membrane. The
migration rate of gas molecules in membranes can be deter-
mined by the mean square displacement function (MSD),
which can be expressed as:

N

MSD, = 3" (In(0) - () G

K=1
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Fig. 5 (a) Permeation numbers of CO, and N, molecules versus simula-
tion time in Me2F and DHP membranes. (b) Mean square displacement
(MSD) of gas molecules in membranes. (c) The van Hove function for CO,
in DHP; (d) N2 in DHP; (e) CO, in Me2F; (f) N, in Me2F.

where N represents the total number of gas molecules, and 7(¢)
denotes the position of the molecule k at time ¢. MSD calculations
were based on the ensemble average of the molecular trajectories
using eqn (3), and the results are presented in Fig. 5b. The
Einstein equation is employed to derive the diffusion coefficients:

N

MDAnalysis®® was used to analyse the MSD of gas molecules
within the system, allowing us to calculate their diffusion
coefficients. Table 2 presents these diffusion coefficients for
gas molecules at 308 K, as determined by eqn (4). These values
are averaged from three independent simulations. Fig. 5b
shows that the permeability coefficient of CO, is significantly
lower than that of N,, indicating a much lower migration rate
for CO, within the membrane. Based on this, one might
consider that the membrane’s selectivity favours N, over CO,.
However, both experimental and simulation results reveal
the opposite: the membrane demonstrates higher selectivity
for C0O,.**

Table 2 The diffusion coefficients of CO, and N, in DHP and Me2F
membranes at 308 K

Gas DHP (10 ° cm® s 1) Me,F (107° em? s71)
Co, 301.44 (£9.13) 424.77 (+60.95)
N, 703.99 (+£67.68) 758.66 (+£41.25)
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To understand the unexpected appearance and further
explore the transport mechanisms of gas molecules within the
membrane, their transport behaviours were analysed using the
van Hove correlation function, as shown in Fig. 5c-f. This
analysis revealed that CO, and N, molecules exhibit distinct
diffusion mechanisms in the two types of membranes. The van
Hove function displays two distinct peaks for both gases. The
first peak corresponds to the local motion of gas molecules,
while the second peak indicates their diffusion motion over
longer distances. For CO,, the first peak is located at 0.1 nm,
suggesting that CO,’s movement is significantly restricted within
the membrane structure. In contrast, while N, also shows a
characteristic peak at 0.1 nm, its intensity is much lower than
that of CO,, indicating that N,’s local motion is less constrained.
The second peak, associated with long-range movements, is
located at greater distances and has broader shape. As simula-
tion time progresses, these peaks shift further outward, illustrat-
ing the transition of gas molecules from localized movements to
long-range diffusion. Comparing the second peaks of CO, and
N, reveals that N, experiences more dominant long-range move-
ments, which aligns well with the observed diffusion results.
This suggests that despite CO,’s higher selectivity in the
membrane, N, has a greater propensity for long-range diffusion,
which is in good agreement with our diffusion results.

Comparing the van Hove correlation function for the same
gas species across different types of separation membranes
reveals notable differences in their transport behaviors. For
CO,, the first peak in DHP membranes is more pronounced
compared to Me2F, indicating that CO, experiences greater
constraints within DHP. This suggests that because of these
limitations, CO, in DHP is more difficult to diffuse out of the
membrane than CO, in Me2F. Similarly, the diffusion behavior
of N, across both membrane types follows a pattern akin to
CO,. DHP imposes more significant restrictions on N,, whereas
in Me2F, N, experiences more extensive jumps. This results in a
more pronounced diffusion effect for N, in Me2F compared
to DHP.

Within the same type of membrane, N, experiences fewer
restrictions compared to CO, and primarily follows classical
Fickian diffusion kinetics. This suggests that N,’s diffusion
behavior is dominated by free diffusion, with hopping mechan-
isms playing a secondary role. Conversely, CO, moves shorter
distances over the same period due to stronger constraints,
indicating that for CO,, the hopping mechanism is primary,
while diffusion is secondary. This highlights that the two
gases exhibit distinct transport mechanisms. In both types of
membranes, Me2F demonstrates higher permeation flux as
it imposes relatively weaker constraints on gas molecules, as
shown in Fig. 5a.

To gain insights into the reasons behind these different
diffusion mechanisms, the RDF was used to analyze the inter-
actions between gas molecules and the PIMs, as well as the
changes in coordination numbers of the gas molecules dis-
persed within the membranes. Fig. 6 shows that the RDFs of
these two gas molecules in the two membranes have the same
shape. Compared to Me2F, DHP exhibits the peak at the same
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Fig. 6 RDFs (solid lines) and CNs (dashed lines) between the character-

istic atom CX and gas molecules in (a) DHP and (b) Me2F membranes.

position, indicating that both membranes have a close degree
of coordination tightness for gases. By integrating the area
under the RDF curve within the shell radius, the coordination
number of CO, and N, molecules in the DHP membrane is 2.47
and 1.17, and 2.65 and 1.73 in the Me2F membrane, respec-
tively. The coordination numbers of the two gases are obviously
different in different membranes, which reflects that the both
membranes can better separate CO,/N,.

To further compare the differences between the two models,
we calculated the residence times of gas molecules. The auto-
correlation function (ACF) of the residence time can represent
the probability of a group of particles staying in the specified
region or the survival probability (SP). The decay speed can
reflect the kinetic state of the particles by eqn (5), where ¢ is the
time step, N(t,) is the number of gas molecules in the specified
region at time t,, and N(%y,¢, * ¢) is the number of gas molecules
in each frame between ¢, and ¢, + . The angle bracket indicates
that the ensemble average is taken for the initial value ¢, at
all times.

(5)

ACF(1) = (M)

N(t)

Using eqn (6) to fit the ACF, the average residence time of
the particles in the specified region can be obtained.

f =@ ©)

where 7 represents the retention time, and f denotes the fitting
coefficient.

Fig. 7 illustrates the survival probability of gas molecules
within the membrane. In DHP, the average retention time for
CO, and N, is 18.10 ps and 11.17 ps, respectively. In contrast,
the retention time increases to 26.52 ps for CO, and 13.89 ps for

This journal is © the Owner Societies 2025
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Fig. 7 Residence autocorrelation function of the retention time of gas
molecules in the PIM membrane.

N, in Me2F. These data indicate that CO,’s movement is more
restricted compared to N,, making CO, permeation through
these membranes more challenging.

In order to quantify the interaction between gas molecules
and membranes, the interaction energy is calculated and shown
in Fig. 8. We can see that the van der Waals and coulomb
interactions between CO, and the membrane are much larger
than that of N,, and the membrane is more selective to CO,. This
finding is consistent with the experimental result.>* Based on the
above simulation results of the gas adsorption process, we can
obtain that the adsorption effect of CO, is stronger than that of
N,. That is say, the diffusion effect was weaker than that of N,.
But a contrary conclusion between experimental and simulation
results was obtained, where the permeation effect of CO, is
greater than that of N,. To unveil this contradictory phenom-
enon, we calculated the binding strength between gas molecules
by quantum chemistry calculations. As shown in Fig. 9, the
binding energies of CO,-CO,, N,-N, and CO,-N, are —2.47,
—0.71, and —1.40 kcal mol ', respectively. The interaction
region indicator (IRI) analysis (Fig. 10) shows that the binding
energy is mainly derived from the van der Waals interaction
between carbon and oxygen atoms. According to the binding
strength order, we can infer that CO, molecules tend to form
CO, clusters, and CO, molecules are not transported as a single

van der Waals Coulomb
Interaction Potential Interaction Potential

=

o
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2 51
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Fig. 8 van der Waals interaction and coulomb interaction energy
between gas and membranes.
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molecule in the membrane during diffusion separation. Through
the trajectory movie shown in Fig. S4 (ESIt), we preliminarily
confirm the existence of CO, molecular clusters. It also reflects the
reason why CO, is more restricted in the membrane.

To address the discrepancy between the observed diffusion
rates and selectivity of gases, it’s important to consider both
adsorption and diffusion kinetics. Although N, diffuses faster,
CO, exhibits greater selectivity due to its stronger interaction
with the membrane, which affects both adsorption and diffu-
sion processes. Based on the solution-diffusion mechanism,
the permeability P in polymer membranes can be expressed as:

P=SxD )

The separation factor between two substances i and j in the
membrane is typically assessed through the ideal permeation
selectivity.®®

ai/j = P,'/j = Si/j X D,’/j (8)

where Py; is the selectivity for both i and j gases, S;; is the
solubility selectivity, and Dy is the diffusivity selectivity. Table 3
indicates that CO, has stronger solubility selectivity over N, in
both membranes, and the diffusion selectivity is lower than N,.
This permeation mechanism elucidated the interesting simu-
lated phenomenon mentioned above, where the gas with faster
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Table 3 Comparison of gas permeation properties of polymers (DHP and
Me2F)

i = GOZ,j = N2 S,/SJ Dl/DJ P‘/PJ
DHP 5.30 (£0.27) 0.43 (£0.01) 2.27 (£0.18)
Me2F 4.71 (£0.08) 0.56 (£0.05) 2.63(£0.29)

diffusion paradoxically exhibits slower transport. It can be con-
cluded that in these separation membranes, the separation
efficiency is codetermined by solubility and diffusion. Even
though the diffusion process favors N,, the overall selectivity is
weakened for N, due to competition between dissolution and
diffusion factors. The selectivity obtained by our work is similar
to the experimental conclusion, that is, the selectivity of CO, is
much higher than that of N,.

4 Conclusion and outlook

In this work, molecular dynamics simulations were conducted
to investigate the separation of CO,/N, mixtures in two types
of microporous hydrocarbon ladder polymer membranes. The
mechanism of gas separation was revealed by analysing the
pore size, structure and kinetic and thermodynamic data of
the polymers. According to the separation process, we divide the
whole process into two key stages: adsorption and separation.
During the initial adsorption stage, CO, gas rapidly diffused into
the membrane and attained equilibrium, while N, maintained a
relatively lower permeation level. Once CO, permeation reached
equilibrium, its diffusion efficiency will exceed that of N,. Both
membranes demonstrated high selectivity for CO, gases, pri-
marily attributed to solubility selectivity. In the second stage,
CO, predominantly utilized a hopping mechanism and second-
ary diffusion mechanism to permeate through the membrane.
However, N, mainly followed a traditional diffusion mechanism
and an auxiliary hopping mechanism. Moreover, through the
calculation of interaction energy between gas molecules and
membranes, we found that CO, tends to form clusters in
membranes. Finally, the selectivity of Me2F to CO,/N, was
2.63, and that of DHP to CO,/N, was 2.27. Both membranes
showed greater solubility selectivity than diffusion selectivity.
That is, CO,/N, through new PIMs mainly conforms to the
solution-selective separation mechanism. The current work
provides a theoretical basis for the design and manufacture
of high-performance membranes.

In this work, the absolute values of the ideal selectivity in the
experiment and simulation have a certain deviation (Table S4
and Fig. S5, ESIt). The discrepancy may primarily stem from
variations in the driving pressure applied in experiments and
simulations. Additionally, potential inaccuracies in the force
field parameters cannot be entirely ruled out. In experiments,
PIM membranes are inherently heterogeneous, whereas our
simulations utilized periodic boundary conditions, simplifying
the intricate and multiscale structure of real membranes.
Despite efforts to replicate experimental conditions during
model construction, the idealized treatment of the PIM membrane
model likely contributed to these inconsistencies. The accuracy of
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the force field is paramount for accurately describing intermole-
cular interactions, particularly when applied to heterogeneous
materials like PIM membranes. Future research could benefit
from exploring machine learning-based force fields (MLFFs) spe-
cifically tailored for PIM membranes, alongside advanced model-
ing techniques, to enhance simulation accuracy. MLFFs, trained
on high-precision quantum chemical data, offer the potential to
better describe weak interactions and adapt to the complexity of
heterogeneous materials. Implementing these advancements
could significantly improve the precision and reliability of PIM
membrane simulations, paving the way for more accurate pre-
dictive models in membrane science.
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