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Abstract: The study of porous liquids (PLs) using molecular dynamics (MD) simulation is one of the
most interesting and attractive research topics. The possibility of creating permanent porosity in a
solvent and increasing its adsorption capacity is very practical. The purpose of the present study is to
examine how an MD model can be developed to evaluate the possibility of PL formation. Additionally,
the validation of the model was conducted by simulations using two metal-organic frameworks
(MOFs) including zeolitic imidazolate framework-8 (ZIF-8) and Hong Kong University of Science
and Technology-1 (HKUST-1) as porogens and water (H,O) and triethylene glycol (TEG) as solvents.
The results revealed that HyO and TEG are incapable of penetrating the ZIF-8 pores due to their small
size and unfavorable thermodynamics; however, both solvents easily penetrate through the large
HKUST-1 pores. These observations aligned with findings from experimental literature studies, thus
confirming the validity of the model. In order to expand the model’s scope, the developed model
was used to assess the possibility of PL formation using ZIF-8 and HKUST-1 with different pore and
window sizes and shapes, and a wide range of hydrocarbon liquids with different molecular sizes
and shapes as solvents. It was found that ZIF-8 can form PLs with a more extensive range of sterically
hindered solvents due to its smaller apertures and incompatible shape. In addition, only a few
solvents (e.g., n-pentane, benzene, 1,3,5-trimethylbenzene, 1,3,5-triisopropylcyclohexane, and 1,3,5-
triisopropylbenzene) can partially penetrate its ZIF-8 pores without steric hindrance. These privileged
solvents typically have an aspect ratio far from 1, indicating a more elongated shape, and/or more
linear branches. In contrast, HKUST-1, which has larger apertures and a compatible shape, allows for
complete penetration of specific solvents (e.g., benzene, iso-octane, n-pentane), thereby preventing
PL formation with such combinations. In addition, cyclohexane has the ability to partially penetrate
the pores of HKUST-1. Therefore, in addition to the size of the solvent molecule, one of the most
important properties for penetration is the compatibility of the shape of the porogen pore window
with the shape of the solvent molecule. This research provides important new information on how
PLs come to be by illuminating the role that solvent molecules and porogen play in promoting
penetration and, in the end, impacting the process of PL formation.

Keywords: porous liquid; permeant porosity; molecular dynamics simulation; solvent size and shape;
porogen window size and shape

1. Introduction

Sorption refers to the interaction between an adsorbate and an adsorbent, such as a
liquid or solid, intending to separate a mixture [1]. Liquid sorbents demonstrate high ab-
sorption capacity and selectivity, fast kinetics, and suitability for application in continuous
cycle processes [2-4]. Nevertheless, they have elevated energy demands for the release of
sorbents and the regeneration of liquids owing to chemical interactions, as well as addi-
tional concerns such as volatility and corrosiveness [5]. On the other hand, porous solids
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often have a high adsorption capacity and low-energy adsorption, can act as molecular
sieves, and display excellent selectivity due to their large surface area resulting from persis-
tent porosity [2,6,7]. However, they also have challenges in optimizing exposed surface
areas, separating particulate material, and dealing with operational complexity, as well as
unfavorable thermodynamics, and high capital demands [3,8]. These positives and nega-
tives gave rise to the concept of porous liquids (PLs), which is the production of a liquid
that, in addition to its fluidity, also benefits from the porosity of solids [2,9-11]. The concept
of PLs was first introduced in 2007 by James et al. [12]. It was believed that PLs could
exist if the molecules of the liquid had permanent empty pores or extrinsic porosity [3,9].
Although molecules in liquids form microscopic spaces between one another, these spaces
are confined to transient and intrinsic porosities [13-16]. Therefore, PL formation relies on
the creation of permanent spaces of well-defined size inside the molecules of liquids [17,18].
PLs fall into three categories: type I, type II, and type III [19,20]. Type I PLs consist of a
single rigid molecule or compound containing both liquid and permanent porosity [9,21].
Type Il PLs are formed when a porous solid (porogen) is dissolved in a solvent that is
excluded from the pores [22,23]. Type III PLs are formed when porogens are dispersed in a
solvent that is sterically incapable of occupying the pores [24,25]. In fact, type II and type
III PLs are distinguished from one another by the degree to which the porogen is dissolved
or merely dispersed in the solvent [26]. Regarding industrial applications, type II and III
PLs hold the most promise [27].

A variety of porogens have been investigated to form type Il and III PLs, including metal-
organic frameworks (MOFs), zeolites, porous carbon, and silica nanoparticles [11,14,28,29].
Porogens are prioritized whenever the size of their window is large enough to allow
guest species penetration but too small for solvent penetration [30]. In addition, they are
prioritized whenever the shape of the porogens window is incompatible with the shape of
the solvent [23,31]. Rigid porogens that have restricted access windows help to eliminate
the possibility of the pores becoming accidentally occupied (i.e., the pores can be kept
empty and accessible) [32]. Solvents with larger molecular sizes are preferred, as their
substantial size typically restricts penetration. Furthermore, they are more preferred when
the geometry of the solvent’s shape is incompatible with the window structure of the
porogen. Therefore, solvent shapes (geometries including linear, branching, spherical,
triangular, rectangular, rod, and disk), in addition to their molecular dimension sizes
(including width, height, and depth), must be carefully considered [23,31]. Additionally,
solvents with large molecular dimensions, such as an ionic liquid, a liquid polymer, or
a deep eutectic solvent, are frequently utilized to reduce the likelihood of the solvent
permeating porogens [25,33]. PLs of type Il and III can be synthesized from a wide range
of MOFs and solvents, resulting in nearly infinite variations [27].

Several solvent variables must be considered to create a stable PL with porosity and flu-
idity. Size, shape, physical qualities, and intermolecular interactions are crucial. Chemical
and thermal stability, biocompatibility, low vapor pressure, low melting point, low specific
heat, non-corrosiveness, and low viscosity and density should be considered. Finding
a solvent that fits all of these characteristics is complex and time-consuming. Given the
wide variety of porogens and solvents that can go into the formation of type II and III
PLs, it is abundantly obvious that the full extent of these different formulations has not
yet been investigated to their full potential [25,34]. However, characterizing the porosity
of PLs remains a challenge due to the limitations of traditional methods for these unique
materials. While established techniques like positron annihilation lifetime spectroscopy
(PALS) exist, they are often inaccessible and require complex data analysis [26]. Addition-
ally, PL production can be expensive due to the time and resources needed for experimental
verification of their formation. Therefore, developing accessible and applicable character-
ization methods, such as computational screening techniques, is crucial. In this regard,
molecular dynamics (MD) simulations offer a valuable tool. By considering the solvent and
porogen characteristics such as shape and size, MD models can be developed to evaluate
PL formation. The development of reliable models for assessing PL formation necessitates
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a detailed understanding of these materials’ properties at the nanoscopic level. MD simula-
tions hold significant promise in providing the necessary characterization for this purpose,
thereby accelerating advancements in the field of PLs. Despite the clear relevance of these
theoretical approaches, the available literature on their application in PL research remains
scarce [35,36]. MD is a computational technique that simulates the interplay between
solvent and porogen characteristics such as shape and size. It is crucial to investigate, at an
atomic level, how these characteristics affects the formation of PLs.

There has been a limited amount of research on MD simulations for investigating
PLs in recent years. Melaugh et al. modeled hollow cage-like molecules functionalized
with hydrocarbon chains to render them liquid at room temperatures using MD simula-
tions. It was found that hydrocarbon chains can turn solids into liquid and modify PL
characteristics, and that alkyl chains and their branching impact the melting temperature,
fluidity, and porosity of type I PLs [37]. Later, Giri et al. studied type II PL formation using
organic cages with a 5 A central cavity, dissolved in 15-crown-5 and hexachloropropene
(PCP) solvents through MD simulations. It was confirmed that these configurations formed
PLs and notably enhanced methane gas solubility compared to non-porous solvents [3].
In 2016, Greenaway et al. performed a computational study of PLs using MD simulations.
They monitored the diffusion of the PCP solvent in the organic cages named CC13. Their
simulations showed that the PCP solvent is unable to diffuse into the cage cores of the
PL, thus maintaining the intrinsic cage cavities and forming a type II PL [10]. Gomes et al.
employed MD simulations to investigate the intricate molecular interactions and structural
arrangements governing the formation and properties of type IlI PLs derived from dis-
persing MOFs (zeolitic imidazolate framework-8 (ZIF-8), Hong Kong university of science
and technology-1 (HKUST-1), and Mg(II) metal-organic framework-74 (Mg-MOF-74)) in
bis(trifluoromethylsulfonyl)azanide,trihexyl(tetradecyl)phosphanium ([P6,6,6,14][NTf;])
as an ionic liquid (IL) [38]. Sheng et al. conducted MD simulations that show the formation
of type I PL using liquefied SiO, nanoparticles. They showed that interface interaction
energies and van der Waals forces cause SiO, nanoparticles to aggregate, but modification
reduces it. Higher nanoparticle grafting densities reduce aggregation and increase distance
between nanoparticles, hence increasing the stability and fluidity of the resulting type I
PL [39]. Furthermore, in another study, they used MD simulations to show that in SiO,-
assisted type I PLs, steric repulsion and canopy-nanoparticle interactions influence stability
and fluidity. Their findings suggest that controlling pore size is crucial for optimizing
the stability and gas sorption capacity of PLs [40]. In 2021, Avila et al. conducted MD
simulations to study the mechanisms of gas absorption in type III PLs (ZIF-8 and [P6,6,6,14]
[NTf£;]). Simulations demonstrated that gas transfer from the IL to the MOF is energetic
and structural, driven by gas affinity for the MOF’s metallic centers. Gases affect liquid
mass transport differently, hence their presence can influence PL transport properties [41].
Recently, Zhao et al. performed an MD simulation study that revealed that CO, diffusion in
type Il PLs is enhanced with increasing temperature and CO, loading, but it is insensitive
to pressure [42].

Considering this body of research so far, a comprehensive and systematic MD model
to assess type II/III PL formation which underscores the critical role of porogen and solvent
characteristics is necessary. Therefore, the goal of this study is to examine how an MD
model can be developed to evaluate the possibility of PL formation using porogens and
solvents before experimental execution to provide an accessible and cost-effective approach.
For this purpose, the MD model implemented mean square displacement (MSD), visual
observations, and concentration profiles as primary tools. The strategic integration of the
size and shape exclusion principle guided the study, emphasizing the effects of porogen size
and shape, as well as solvent size, shape, and branches, on partial and complete penetration.
The MD model not only enhances comprehension of the development of type II and III PL
but also tackles complexities related to porogen properties and solvent selection, offering
valuable insights to inform future experimental studies.
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In this research, an MD model has been established, and the validation of the model
was conducted by simulations using ZIF-8 and HKUST-1 as porogens and water (H,O) and
triethylene glycol (TEG) as solvents. ZIF-8 and HKUST-1 were selected due to their distinct
structural characteristics such as varying pores, window sizes, and also their prevalent use
in PL research, especially in the formation of type Il and III PLs. Additionally, the model
was used to assess the possibility of PL formation using ZIF-8 and HKUST-1 with different
pore and window sizes and shapes as porogens and hydrocarbon liquids with different
molecular sizes and shapes solvents [43].

2. Modeling

The crystal structures of ZIF-8 and HKUST-1 simulated here are represented in
Figure 1. According to the known mass-to-volume ratio, the number of solvent molecules
was determined. In order to study the interactions between MOFs and solvents using com-
putational modeling, a crucial initial step entails the cleavage of the MOF crystal structure
along a specified plane. As a result, it is crucial to saturate the dangling bonds, which are
present on the external surface of the MOF. The saturation is accomplished by coordinating
the exposed open metal sites with the organic ligands and attaching hydrogen atoms or any
other appropriate groups to electronegative atoms that do not have an enclosed valence
electron shell. The main objectives are to ensure that the MOFs remain energetically stable,
to inhibit the reactivity of active atoms with other molecules present in the system, and
to enable realistic simulations. In the context of this research, hydrogen atoms were intro-
duced to saturate the cleaved surfaces of HKUST-1, whereas 2-methyl imidazole groups
were employed to fully occupy the cleaved surfaces of ZIF-8 [38,44]. Moreover, maintaining
electro-neutrality inside the system was a crucial aspect in guaranteeing the accuracy of
the MD simulations. Therefore, after the saturation of exposed bonds on crystal surfaces,
careful consideration was made to preserve a total charge of zero by adjusting the number
of counterions [45].

Figure 1. The structure of the porogens’ unit cells, (a) ZIF-8 and (b) HKUST-1.

As shown in Figure 2, the simulation system was considered as a box containing
two slab parts, made by placing one slab of MOF parallel to the xy plane and a slab of
solvent with the same thickness (the number of solvent atoms depending on density).
For ZIF-8, the z-coordinate range of the simulation box from 0 to 16.9 A was assigned
to the solvent, and the region from 16.9 to 33.8 A was dedicated to the ZIF-8 framework.
Similarly, due to the different sizes of HKUST-1, the solvent occupied the z-coordinate
range from 0 to 26.3 A, and the HKUST-1 framework resided in the region from 26.3 to
52.6 A. The dimensions of the various MOF slabs are detailed in Table 1. The simulation
boxes of ZIF-8 and HKUST-1 and their size can be seen in Figure 3. Forcite module of
Materials Studio version 17.1.0.48. was employed for all simulations, utilizing the Universal
Force Field (UFF) [46-48]. This force field is a more general-purpose force field that is
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built on simple principles and atomic parameters and is capable of recreating the majority
of the structural characteristics of the periodic table with errors of less than 0.1 A in
bond distances and 5 to 10” in angle bends [42,49]. Also, the selection of a rigid model
framework for porogens in this study is supported by methodologies employed in similar
fields of research. Insights into the adsorption and diffusion properties of gases in ZIF-8
have been provided by a study conducted by Paudel et al., where a rigid framework was
utilized, demonstrating that substantial findings can be derived from such an approach [50].
Furthermore, the work of Zhao on the diffusion of CO, in type III PLs, employing the
UFF forcefield [42]. Moreover, in the work of Zhao et al., it is observed that the effect of
framework flexibility on CO, adsorption in HKUST-1 at 298 K is insignificant, with no
discernible difference between the rigid and flexible models [51]. Therefore, the rigid model
of UFF was chosen for this study. Following the approach of Rappe et al., we adjusted force
field parameters where necessary (detailed in Table 2) [52]. However, for H,O, TEG, and
other solvents, the original Lennard-Jones (L]) potential parameters from the UFF forcefield
were retained [42]. Geometry optimization employed the Smart algorithm with an energy
convergence criterion of 1 x 1072 kcal-mol~! and a maximum of 1.5 x 10* iterations within
the NVT ensemble. Subsequently, solvent density measurements were crucial to validate
the force field. Achieving a low percentage error confirmed the suitability of the force field
for simulations. Therefore, simulations of all pure solvents were performed at 293.15 K and
1 atm. To maintain constant pressure and temperature during these simulations, the NPT
ensemble was employed with the Nose thermostat and Andersen barostat algorithm [39,53].

2@ 0

@ Solvent Molecules

-
-
sra

Figure 2. The general structure of the simulation box.

E Porogen unit cell

< -

0 16.9 33.8A 0 26.3 52.6 A

Figure 3. Simulation box of (a) ZIF-8-solvent and (b) HKUST-1-solvent combinations.
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Table 1. The dimensions of MOF slabs were duplicated with periodic boundary conditions and used
for MD simulation.

MOF MOF Unit-Cell Replication MOF Slab Dimensions (A)
ZIF-8 331 50.8 x 50.8 x 16.9
HKUST-1 331 78.9 x 78.9 x 26.3

Table 2. Forcefield parameters for ZIF-8 and HKUST-1 [52].

Porous Solid Atom ¢ (kcal-mol—1) o (A)
Zn 0.124 2.462

N 0.069 3.261

C1 (CNN) 0.105 3.431

ZIF-8 C2 (CNH) 0.105 3.431
C3 (CHHH) 0.105 3.431

H2 (-C2) 0.044 2.571

H3 (-C3) 0.044 2.571

Cu 0.005 3.114

O 0.060 3.118

C1 (CO0) 0.105 3.431

HKUST-1 C2 (CCC) 0.105 3431
C3 (CCH) 0.105 3.431

H 0.044 2.571

For the simulation of the main simulation box (which contains both porogen and
solvent), first, the geometry optimization was done with the smart algorithm. Then, a
preliminary simulation was done with the NVE ensemble with a time of 500 ps for the
relaxation of the structure. Following the initial optimizations, the main simulations
were conducted at a constant temperature of 293.15 K and pressure of 1 atm. A Nose
thermostat was employed to ensure isothermal conditions throughout the simulation. The
NVT ensemble, suited for studying molecular trajectories, was implemented with periodic
boundary conditions. Electrostatic interactions were calculated using the Ewald summation
method, while van der Waals forces were computed using an atom-based approach. The
simulations ran for a total of 5 ns with a time step of 1 fs. System data were collected every
100 steps for further analysis [54,55]. The logic behind setting the simulation time at 5 ns
was multiple: it was not only longer than the durations used in the studies cited [39,53-56],
but it was also sufficient enough to assess the possibility of solvent molecules penetrating
porogens within a reasonable simulation time.

In order to obtain a suitable model for assessing PL formation, first, it was necessary
to validate it using benchmarks. Hence, the validation of the model was conducted by
simulations using ZIF-8 and HKUST-1 as porogen and H,O and TEG as solvents. It is
crucial to take into account the chemical stability of porogen in the presence of water. It is
well-established that porogen may experience chemical instability in exposure to water [57].
Moreover, the stability of porogen in water is affected by contact time [58]. Nevertheless,
within the context of this study, it has been assumed that the structural integrity of porogen
nanocrystals in water would remain largely unaffected, the given assumption is reasonably
accurate due to the low contact time (5 ns). Moreover, the model was used to evaluate
the likelihood of PL formation utilizing two widely-used porous solid structures, ZIF-8
and HKUST-1 (Figure 1 and Table 3), as porogens and hydrocarbon liquids including
n-pentane, n-octane, iso-octane, cyclohexane, benzene, 1,3,5-trimethyl cyclohexane, 1,3,5-
trimethylbenzene, 1,3,5-triisopropylcyclohexane, and 1,3,5-triisopropyl benzene as solvents
(Figure 4 and Table 4). These choices represent MOFs with different pore and window sizes
and shapes and solvents with different molecular sizes and shapes. The Crystallography
Open Database (COD) was used to derive the three-dimensional structures of both ZIF-8
and HKUST-1. Furthermore, all of the solvent structures were prepared by Sketch atom,
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and all the simulations were performed by MD simulation in Materials Studio version
17.1.0.48. For clarity, this manuscript follows the naming convention of ‘porogen-solvent’
(e.g., ZIF-8-TEG). Moreover, the initial concentration and the final concentration have been
illustrated by C; and C;.

Table 3. Porogens’ structures and their physical properties based on the CoRE MOF Database.

Pore Limiting  Largest Cavity

CSD Density Void

Porogen CODE (g cm—3) Dle:gl)eter Du}rjgl)eter Fraction Refs.
ZIF-8 OFERUNO07 0.933 3.330 11.392 0.63 [59,60]
HKUST-1 ADABAK 1.640 3.392 3.922 0.392 [60,61]

Figure 4. Different studied solvents. (a) H,O, (b) TEG, (c) n-pentane, (d) n-octane, (e) iso-octane,
(f) cyclohexane, (g) benzene, (h) 1,3,5-trimethylcyclohexane, (i) 1,3,5-trimethylbenzene, (j) 1,3,5-
triisopropylbenzene, and (k) 1,3,5-triisopropylcyclohexane.

Table 4. Solvents characterizations [43].

Quantum Material Studio Size after
Solvent Chemical Shape Viscosity Kinetic Mechanical MD (A)
F 1 (mPas) Diameter (A) i
ormuia oM I?Ilia)meter Length Height Depth
Water H,0 Ellipsoidal - 2.65 3.20 3.93 3.32 3.04
. Prolate rod
Triethylene glycol CgH1404 cylinder 47.8 - 7.89 14.00 4.77 425
Prolate rod
n-pentane CsHyp . 0.224 4522 6.46 9.19 4.57 417
cylinder
n-octane CgHyy  Lrolaterod 50y 4.537 7.76 13.09  4.80 4.17
cylinder
iso-octane CgHjg  Rectangular 0.51 6.2 7.31 8.97 6.51 6.35
Cyclohexane Ce¢Hip Spherical 0.89 6.7 6.27 6.61 6.71 5.32
Benzene Cot, Oblatedisk 5500 5.85 5.9 6.75 6.72 3.40
cylinder
1,3,5-trimethylcyclohexane CoHjg  Triangular - - 7.55 6.61 6.71 5.32
1,3,5-trimethylbenzene CoHpp Triangular 0.727 - 7.61 8.38 8.33 4.07
1,3,5-triisopropylecyclohexane  CysHzg  Triangular - - 9.41 9.12 7.81 4.58

1,3,5-triisopropylebenzene CisHps  Triangular - - 9.50 10.60 9.72 6.72
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Measuring Open Porosity

The mean square displacement (MSD) diagram, which can be obtained in the software,
demonstrates the solvents” mobility and hence the likelihood of penetration under the nec-
essary circumstances. The greater the mobility, the greater the probability of penetration [9].
The presence of open porosity in the systems was confirmed using visual observation
and the concentration profile. The position of the solvent molecules and their presence
or absence in the porous structure are analyzed at the end of the simulations using the
comparison between initial and final snapshots [38]. At both the beginning and the end of
the simulation, the concentration profile is utilized to carry out a check on the concentration
of solvent molecules at every specific location [62].

3. Results and Discussion

Type II/1I PLs must prevent the entrance of solvents into porogen pores. The shape
and size of the pore aperture must be bigger than the solvent molecule for solvent penetra-
tion to occur, while gas molecules may enter the pores. However, size and shape alone are
insufficient to predict PL formation; the partial penetration of solvent molecules must also
be considered. Therefore, an MD model was developed to evaluate the likelihood of PL
formation using a selected porogen and solvent prior to doing the experiment as a readily
accessible and cost-effective strategy.

3.1. Model Validation

In order to validate the force field for solvents, H,O and TEG densities were calculated
at 293.15 K and 1 atm using a primary simulation with an NPT ensemble (all of the settings
were kept like the main simulation). Table 5 displays the comparison between the obtained
and reference density values of the pure solvents. As the error percentages were minimal,
the force field can be applied to H,O and TEG molecules in the simulations. Moreover,
the obtained and reference density values of the other solvents were compared, and it was
determined that the force field can be applied to all of them.

Table 5. The comparison between the obtained and reference density values of the pure solvents.

Simulation References
Solvent Density Density Error (%) Ref.
(gem~1) (g ecm~3)
Water 0.9972 0.9982 0.1001 -
Triethylene glycol 1.1267 1.1274 0.06204 [63]
n-pentane 0.6238 0.626 0.3514 [64]
n-octane 0.698 0.703 0.7112 [65]
iso-octane 0.6944 0.6919 0.3613 [65]
Cyclohexane 0.7735 0.7781 0.5911 [63]
Benzene 0.8732 0.8790 0.6598 [65]
1,3,5-trimethylcyclohexane 0.7172 0.7180 0.1114 [63]
1,3,5-trimethylbenzene 0.8593 0.8637 0.5094 [63]
1,3,5-triisopropylcyclohexane 0.7951 0.8000 0.6125 [66]
1,3,5-triisopropylbenzene 0.8415 0.8447 0.3788 [31]

In order to evaluate the equilibrium state of the system, an analysis was conducted
by examining the total energy of the system compromising solvent molecules within the
simulation box. As depicted in Figure 5, the total energy diagrams of the system over
a 500 ps period of energy relaxation are presented. Since the temperature is artificially
controlled by the thermostat, the total energy fluctuates around its mean value [9,67]. It is
observed that following an initial phase of fluctuation, the total energy reaches a state of
stability. This stabilization indicates that the solvent molecules have attained a consistent
state with the system’s stability. The convergence of the total energy towards a stable value
implies a uniform distribution of solvent molecules throughout the system, characteristic
of a system in equilibrium, where the total energy remains relatively constant over time.
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It must be noted that the focus on the system’s stability, particularly concerning solvent
distribution, does not directly delve into the adsorption equilibrium of molecules within
ZIF-8 and HKUST-1 [68-70].

35,000 30,000
- H,0
-+ TEG

o
=2

30,000 4 25,000 :

25,000 o, (4¢SS AR AT R A
" " - H,O0

-+ TEG

85 20,000

20,000 +
AN s A A v

15,000

Total Energy (kcal/mol)
Total Energy (kcal/mol)
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Figure 5. Total energy diagrams as a function of time during the energy relaxation of (a) ZIF-8-H,O
and ZIF-8-TEG and (b) HKUST-1-H,O and HKUST-1-TEG combinations.

The scientific literature indicates that HyO and TEG molecules are incapable of pene-
trating ZIF-8 pores, and this combination forms a stable PL [31,71,72]. Furthermore, several
studies have demonstrated significant penetration of H,O and TEG molecules in HKUST-
1 [73-75]. Therefore, the model was validated using simulations employing ZIF-8 and
HKUST-1 as the porogens and H,O and TEG as the solvents.

The MSD diagrams of H;O and TEG molecules in the ZIF-8 structure (Figure 6a)
demonstrated the high mobility of the solvents and hence a likelihood of penetration
under the necessary circumstances. The greater the mobility, the greater the probability
of penetration. Hence, HyO molecules are more likely to penetrate than TEG molecules.
However, as can be seen in the final snapshots, shown in Figure 7a,b, visual observation
confirms that HO and TEG molecules cannot penetrate the ZIF-8 pores. Moreover, the
concentration profile in Figure 8a indicates the absence of H,O and TEG molecules in the
16.9 to 33.8 A region which confirms the inability of H,O and TEG molecules penetration
into the ZIF-8 pores [28,31,53,58]. According to the MSD diagrams of H,O and TEG
molecules at the HKUST structure, which were large compared to the associated values
in ZIF-8, Figure 6b, the solvents have high mobility and are thus more likely to penetrate
under the required conditions. In addition, since H,O molecules are more mobile than
TEG molecules, they are more likely to penetrate. As shown in Figure 7c,d, the visual
observation demonstrates the penetration of H,O and TEG molecules in HKUST-1 pores.
In addition, the concentration profile, shown in Figure 8b, reveals the presence of H,O
and TEG molecules in the 26.3 to 52.6 A region, confirming that H,O and TEG molecules
have penetrated the HKUST-1 pores [73-75]. These results align with those reported in the
literature, demonstrating that the model has been validated.

180 960
a —H,0 b —H,0
—TEG —TEG
1351 720 4
5 &«
< <
a 90 4 a 480
«n «n
= =
45 A 240 4
0 : . 0 : .
0 1000 2000 3000 0 1000 2000 3000
Time (ps) Time (ps)

Figure 6. MSD diagrams of H,O and TEG molecules as a function of time for (a) ZIF-8-H20 and
ZIF-8-TEG and (b) HKUST-1-H,O and HKUST-1-TEG combinations.
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Figure 7. The final snapshots of ZIF-8 with (a) HyO and (b) TEG molecules and HKUST-1 with
(c) H,O and (d) TEG molecule combinations.

|
1.00 4 ‘ I 1.00 4
a | CtH20 b
0.75 1 ! 0.75 4
|
0.50 4 I 0.50 -
- ! g
2 2
= 0.25 | £0.25
g [ g
= . g
£ 0.00 4 3 0.00 4
&} i O
< 1.00 | 2 1.00-
Z v —CrrEG | £
= =
= | :
&~ 0.754 I & 0.75 4
|
0.50 . 0.50
|
0.25 + I 0.25 -
|
0.00 ! 0.00
0.0 16.9 33.8 0.0 26.3 52.6
Distance (A) Distance (4)

Figure 8. Relative concentration profiles of (a) ZIF-8-H,O and ZIF-8-TEG and (b) HKUST-1-H,O and
HKUST-1-TEG combinations (the blue dashed line represents the interface between the solvent and
the MOF).

3.2. MD Model

The preparation of type II and III PLs involves dissolving or dispersing porogens
in a solvent that sterically hinders the porogens from entering the pores, respectively.
Consequently, the porogens innate porosity is preserved by blocking the solvent’s access to
the porogen [72]. In addition, because of the presence of a solvent in type II or IIl PLs, the
porogen system must be robust and stable, incapable of collapsing when surrounded by
a solvent or devoid of guest molecules [12,76]. A small porogen window could be used
to use the size and shape exclusion principle to accomplish all of these [77]. Furthermore,
there are certain parameters that the solvent must meet for PLs to form. For instance,
the biggest windows of the porogen should be smaller than the minimum dimension of
the solvent. Therefore, as can be seen in Figure 9, the molecular size must be considered
while selecting a solvent to prevent solvent penetrability into porogen pores [12,28,78,79].
However, when it is thermodynamically favorable for solvent molecules to interact with
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other solvent molecules rather than to fill the porogen networks, the porogens will be left
unfilled. Hence, it is possible to form a PL with a solvent that is smaller than the porogen’s
window [80,81]. However, these PLs seem to be weaker than conventional PLs because
they form looser PLs, and solvents may enter the pores when the pressure is elevated [80].

Impenetrable =>

Larger solvent or Penetrable =>
Smaller + Thermodynamically favorable Smaller + Thermodynamically unfavorable
solvent solvent

XY XY
{ N
£ ) XX £y X
AR ) AKX KT
sy L

XD pore | OX
7< )Q{ Window 7( X >7

\'\/)&\ ’ AN AN Zanvd A\
L3 XX (£ 3 X
ST K
/ N 7
jyl XD

HKUST-1

Figure 9. The effect of solvent size on penetration.

The kinetic diameter described by empirical data or the quantum mechanically de-
termined diameter explains the penetrability of a solvent whose shape in a 2D plan is
regular (such as spherical, ellipsoidal, and prolate rod cylinder), but not when the shape is
irregular (such as triangular, oblate disk cylinder, rectangular, branched, and no particular
shapes) [82]. In this particular instance, the two smallest dimensions of three must be con-
sidered. Moreover, the solvent penetration shape and the 3D shape should be incompatible
with the porogen window shape [43]. Indeed, as illustrated in Figure 10, the solvent’s ability
to enter porogens is affected by both the solvent’s shape and size, which also includes the
solvent’s aspect ratio (solvent’s longer side to shorter side) and bulkiness [83]. A linear
solvent becomes bulkier through the extension of linear and iso-linear chains. However,
the former leads to an aspect ratio far from 1, while the latter causes an aspect ratio closer to
1. As the structure of the solvent changes to an alicyclic one or an aromatic one, the solvent
becomes bulkier, and the aspect ratio approaches 1. The stronger the bond, the shorter it
will be, and hence, aromatic solvents have a smaller size than alicyclic solvents owing to
the existence of double bonds, which are shorter than single bonds.

As shown in Figure 11, in the case of solvents with branches, branch size becomes
more crucial since the branch itself may be capable of penetrating pores. Although the
addition of branches to alicyclic and aromatic solvents and even branch extensions cause
solvents to become bulkier, the aspect ratio is approaching 1. Due to an aspect ratio greater
than 1, linear branches are more capable of penetrating than non-linear ones [84]. Generally,
solvents with an aspect ratio closer to 1 (regular shape) tend to have a larger penetration
shape than those with an aspect ratio farther from 1 (irregular shape), and vice versa. Thus,
restriction sizes are often less for solvents with regular shapes and bigger for those with
irregular shapes. However, the bulkiness of the solvent remains the most critical variable
in influencing solvent penetration through porogen pores [25].
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Figure 10. The effect of solvent and pore window shapes on partial and complete penetrations in
(a) ZIF-8-n-pentane, (b) ZIF-8-1,3,5-trimethylbenzene, (c) HKUST-1-benzene, and (d) HKUST-1-1,3,5-
triisopropylcyclohexane (green circles serve as a demonstration of the cavity).

Partial
penetration

ZIF-8 HKUST-1

Figure 11. Effect of the solvent molecule with branches shape (e.g., 1,3,5-triisopropylcyclohexane) on
partial penetration.

The total energy diagrams of the systems during the 500 ps of energy relaxation are
illustrated in Figure 12a,b for ZIF-8-solvent combinations and HKUST-1-solvent combi-
nations, respectively. The convergence of the systems’ total energy to a constant value
demonstrated that they were in equilibrium. This equilibrium allows for the performing of
other analyses.
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Figure 12. Total energy diagrams as a function of time during the energy relaxation for (a) ZIF-8-
solvent combinations and (b) HKUST-1-solvent combinations.

The MSD diagrams of all the individual solvent molecules in the ZIF-8 and HKUST-1
combinations are presented in Figure 13. As shown, the penetration of solvents into pores
is greater for HKUST-1 than for ZIF-8 due to the high mobility of the solvents. Additionally,
the slope of the MSD curve (which is the key factor for mobility) is affected by both the size
and shape of the solvent molecules. For example, in HKUST-1, the disk-shaped benzene
molecule is more mobile than the linear normal octane molecule. As expected, the mobility
for HKUST-1 is consistently higher than those for ZIF-8, supporting the conclusion of
greater solvent penetration within HKUST-1. This aligns well with the trends observed in
the initial slopes of the MSD curves (Figure 13). Looking at specific examples, n-pentane
and n-octane have similar shapes with only slight dimensional differences. Their mobility
in HKUST-1 is indeed quite similar, with n-pentane having a slightly higher value due to
its smaller size, which allows for easier penetration. Benzene, with its oblate disk cylinder
shape, exhibits excellent penetration due to its compatibility with the pore window size (one
dimension being only 3.4 angstrom) and its overall smaller size. Similarly, the rectangular
shape of isooctane facilitates its penetration into HKUST-1 pores. On the other hand, the
triangular-shaped solvent molecules were unable to penetrate either ZIF-8 or HKUST-1, as
their dimensions are not compatible with the pore geometries. Additionally, the spherical
cyclohexane molecule, with its largest dimension being 6.27 angstrom, also could not
penetrate due to size limitations. As seen in Figure 14, the visual observations using the
final snapshots of ZIF-8-solvent combinations substantiate that not a single molecule of any
of the solvents was able to completely penetrate the ZIF-8 structure. Moreover, Figure 15
illustrates the final snapshots of HKUST-1-solvent combinations. Visual observations verify
that the molecules of n-pentane, n-octane, iso-octane, and benzene have fully penetrated
the HKUST-1 structure. Furthermore, the strong mobility of the solvents, as shown by the
MSD diagrams of all the individual solvent molecules in the HKUST-1 structure, indicated
that penetration was possible under the right conditions. In addition, four mentioned
solvents, including n-pentane, n-octane, iso-octane, and benzene, had very high mobilities
compared to the other solvents, which increased their penetration possibility further than
molecules of other solvents. In contrast, the HKUST-1 structure exhibited impenetrability
to all other solvents. In addition, the concentration profiles in Figure 16a reveal that due
to the absence of solvent molecules in the 16.9 to 33.8 A region, confirming that solvent
molecules did not penetrate the ZIF-8 pores. Based on all the results, it can be concluded
that ZIF-8, presumably, forms PL in all solvents tested. As can be seen in Figure 16b, the
concentration profile similarly reveals the presence of just the aforementioned solvent
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molecules in the HKUST-1 region (the ranges of 26.3 to 52.6 A) and no other solvents.
Therefore, it can be inferred that HKUST-1 is suitable for PL formation with all solvents
other than n-pentane, n-octane, iso-octane, and benzene. Since ZIF-8’s windows are smaller
than HKUST-1’s, it can form PLs with sterically hindered solvents with a smaller minimum
dimension [85]. The inability of the solvents to enter the porogens’ pores is due to the
restriction size in combination with the incompatible shapes of the solvents relative to the
porogens windows [31].

a 120
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benzene
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Figure 13. MSD diagrams of solvent’s molecules as a function of time for (a) ZIF-8-solvent combina-
tions and (b) HKUST-1-solvent combinations.
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Figure 14. Final snapshots of ZIF-8- (a) n-pentane, (b) n-octane, (c) iso-octane, (d) cy-
clohexane, (e)benzene, (f) 1,3,5-trimethylcyclohexane, (g) 1,3,5-trimethylbenzene, (h) 1,3,5-

triisopropylcyclohexane, and (i) 1,3,5-triisopropylbenzene molecules combinations.
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Figure 15. Final snapshots of HKUST-1- (a) n-pentane, (b) n-octane, (c) iso-octane,
(d) cyclohexane, (e) benzene, (f) 1,3,5-trimethylcyclohexane, (g) 1,3,5-trimethylbenzene, (h) 1,3,5-

triisopropylcyclohexane, and (i) 1,3,5-triisopropylbenzene molecules combinations.
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Figure 16. Relative concentration profiles of (a) ZIF-8-solvent combinations and (b) HKUST-1-solvent

combinations.

It is also noteworthy that based on the visual observation by zooming in further and
evaluating the ZIF-8-solvent interface from a closer perspective, Figures 17 and 18, and
the concentration profile, Figure 19, it can be observed in some suitable porogen—solvent
combinations that a limited amount of partial penetration took place. It was observed
that for ZIF-8-solvent combinations, n-pentane has the most partial penetration due to
the small size and aspect ratio far from 1. Both n-octane and iso-octane were bulkier, and
hence the partial penetration was reduced; although, the former’s aspect ratio deviates
farther from 1 than the latter. Therefore, the partial penetration of n-octane was larger
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than iso-octane. It is noteworthy that despite having an aspect ratio close to 1, benzene
displayed partial penetration owing to its small size, while 1,3,5-trimethylbenzene showed
even higher partial penetration due to the existence of linear branches. None of the other
solvents showed any signs of being able to penetrate just partially. It was found that for
HKUST-1-solvent combinations, despite having an aspect ratio close to 1, cyclohexane
displayed partial penetration owing to its small size. Although 1,3,5-trimethylbenzene
and 1,3,5-trimethyl cyclohexane exhibited partial penetration owing to linear branches (the
former more than the latter due to the smaller size), they exhibited less partial penetration
due to greater bulkiness and an aspect ratio close to 1 in comparison to the previous solvent.
1,3,5-triisopropyle benzene and 1,3,5-triisopropyle cyclohexane solvents exhibited the same
behavior as the previous two solvents but with less partial penetration due to the non-linear
branches. Since ZIF-8 has narrower windows than HKUST-1, sterically hindered solvents
are less likely to penetrate it partially, and only a small number of solvents can do so.
Solvents having an aspect ratio far from 1 and/or solvents with more linear branches are
able to partially penetrate the pores of porogens.

Figure 17. A closer look at final snapshots of ZIF-8- (a) n-pentane, (b) n-octane, (c) iso-octane,
(d) cyclohexane, (e) benzene, (f) 1,3,5-trimethylcyclohexane, (g) 1,3,5-trimethylbenzene, (h) 1,3,5-
triisopropylcyclohexane, and (i) 1,3,5-triisopropylbenzene molecules combinations.
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Figure 18. A closer look at final snapshots of HKUST-1- (a) n-pentane, (b) n-octane, (c) iso-octane,
(d) cyclohexane, (e) benzene, (f) 1,3,5-trimethyl cyclohexane, (g) 1,3,5-trimethyl benzene, (h) 1,3,5-
triisopropyl cyclohexane, and (i) 1,3,5-triisopropyl benzene molecules combinations.
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Figure 19. A closer look at the relative concentration profiles of HKUST-1-solvent combinations.

4. Conclusions

This study successfully developed an MD model for assessing the possibility of type
II/1II PLs formation. The model’s effectiveness was validated through simulations em-
ploying ZIF-8 and HKUST-1 as porogens and H,O/TEG as solvents. The simulations
demonstrated that the size and shape of the solvent molecules play a crucial role in pene-
tration. HyO and TEG were incapable of penetrating the ZIF-8 pores due to their small size
and irregular shape. However, both solvents easily penetrated the larger pores of HKUST-1.
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Expanding the model’s scope, the possibility of PL formation was investigated using ZIF-8
and HKUST-1, which had pores and windows of diverse sizes and shapes, with a wide
range of hydrocarbon solvents with distinct dimensions and shapes. The results unveiled a
significant discovery: ZIF-8, in contrast to HKUST-1, is capable of forming PLs with a wider
variety of sterically hindered solvents due to its smaller apertures. On the contrary, the
larger apertures in HKUST-1 permit complete penetration of certain solvents (e.g., benzene,
iso-octane, n-pentane), thereby preventing the formation of PL in these particular combina-
tions. This underscores the significance of pore size and aperture size/shape considerations
in porogen selection for PL formations. Although defect-free porogens were used in this
study, it is crucial to recognize that porogens synthesized in real-world situations inevitably
include defects. Therefore, future studies should prioritize the incorporation of these de-
fects into the model to evaluate their impact on the development of PL. This approach can
provide a more realistic representation of PL behavior in real conditions, thereby closing
the gap between theoretical predictions and experimental results.
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