7 ROYAL SOCIETY
PN OF CHEMISTRY

RSC
Applied Interfaces

View Article Online

View Journal | View Issue

Selective adsorption and separation of Cg
hydrocarbons: the role of structural flexibility and
functionalization in zeolitic imidazolate
frameworkst

i '.) Check for updates ‘

Cite this: RSC Appl. Interfaces, 2025,
2,364

Kevin Dedecker, @ * Martin Drobek @ * and Anne Julbe @

This study investigates the selective adsorption and separation of Cg hydrocarbons (benzene, cyclohexane,
and n-hexane) by zeolitic imidazolate frameworks (ZIFs), focusing on their structural flexibility and
functionalization. ZIF-8_CHs and ZIF-8_Br were synthesized and compared, indicating distinct adsorption
behaviors. ZIF-8_CHz showed higher uptake for benzene (9.5 molecules per unit cell) and n-hexane (8.0
milc uc™) compared to cyclohexane (1.0 mlc uc™). In contrast, ZIF-8_Br exhibited enhanced adsorption for
cyclohexane (5.0 mlc uc™?) and reduced n-hexane uptake (0.5 mic uc™). Computational simulations
supported these findings, identifying the involved host-guest interactions. Ideal adsorbed solution theory
analysis confirmed that ZIF-8_CHsz demonstrated virtually zero uptake of cyclohexane from binary mixtures
containing either n-hexane or benzene, while ZIF-8_Br exhibited negligible adsorption of n-hexane from
its mixtures with cyclohexane or benzene. It was concluded that bromine functionalization in ZIF-8_Br
increased structural rigidity and selectivity for aromatic compounds. These results highlight the crucial role
of functionalization and gate-opening phenomena in ZIFs to achieve efficient volatile organic compound
capture and separation where traditional adsorbents may not be effective.
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Introduction

In recent decades, the issue of airborne pollution has
emerged as a critical concern, leading to the development of
environmental policies aimed at reducing emissions,
detecting hazardous gases, and removing contaminants.
Among these pollutants, volatile organic compounds (VOCs),
particularly Cs hydrocarbons, have attracted significant
attention due to their detrimental effects on human health.
Benzene, cyclohexane, and n-hexane stand out as particularly
problematic compounds, each associated with severe health
risks ranging from blood diseases to neurological disorders.
Benzene exposure, for instance, has been correlated with
serious blood conditions such as anaemia and leukemia,*?
leading regulatory bodies to continuously reduce acceptable
exposure limits below 1 ppm.* This reduction is particularly
crucial given the omnipresence of benzene in urban
environments and enclosed spaces, where concentrations can
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exceed outdoor levels by up to 1.5 times.” Cyclohexane, while
less hazardous than benzene, still poses significant health
risks, including cognitive impairment and oxidative stress.®
N-Hexane, commonly used as an industrial solvent, is
associated with polyneuropathy and maculopathy, disrupting
motor and sensory nerve functions through prolonged
exposure.’

Beyond health considerations, the separation of benzene
and cyclohexane presents an important challenge in
industrial processes due to their azeotropic mixture and
nearly identical boiling points (80.1 °C for benzene and 80.7
°C for cyclohexane).® This issue is particularly significant
given that 85% of cyclohexane is produced through the
catalytic hydrogenation of benzene.®’

Addressing these challenges requires a multifaceted
approach that combines efficient VOC detection and removal
from air. Conventional adsorbents like activated carbons and
zeolites often struggle with low selectivity and adsorption
capacity, particularly in humid environments, limiting their
efficacy under real-world conditions."®™** This has led to
intensive research into alternative adsorbents such as metal-
organic frameworks (MOFs) appearing as promising
candidates to overcome the above limitations.

MOFs, a class of coordination polymers, offer unique
advantages due to their structural diversity and tuneable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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properties.”® These materials, formed through the self-
assembly of metal clusters and organic linkers, generally
possess high pore volumes and specific surface areas.'* Their
key strength lies in the ability to tailor adsorption properties
through judicious selection of metals*>'® and ligands,"”"®
allowing for remarkable control over the selectivity and
adsorption capacity.

Previous studies have demonstrated the potential of MOFs
in VOC capture.” For instance, [Pd(2-pymo),], has shown
preferential adsorption of benzene over n-hexane,
cyclohexane, and toluene, while its isostructural counterpart
[Cu(2-pymo),], exhibited greater affinity for n-hexane.?® This
finding highlights the crucial role of metal centers in
determining material selectivity towards specific molecules.
Furthermore, investigations of isoreticular MOFs (IRMOFs)
have shown that integrating pyrene cores into the structure
building ligands (e.g. in IRMOF-14) significantly increases
adsorption efficiency for both cyclohexane and benzene, thus
highlighting the importance of ligand aromaticity in
enhancing host-guest interactions.>'

Ligand modification has also proven effective in
enhancing MOF performance.”>>* For example, UiO-66-
(CF3),, with perfluorinated groups on its terephthalate
ligands, exhibits higher hydrophobicity and stronger
interactions with VOCs (e.g. acetic acid,** ethane®*) compared
to its non-fluorinated counterpart, making it particularly
promising for VOC capture in humid conditions.
Additionally, precise control over ligand length allows for
tuning of pore size, facilitating either molecular sieving® or
enhanced host-guest interactions through confinement
effects.”

A particularly remarkable aspect of MOFs is their potential
for stimuli-responsive behavior,”® as demonstrated by
structures like MIL-53's> and zeolitic imidazolate
frameworks (ZIFs).>® ZIFs, a subclass of MOFs featuring
tetrahedral coordination of metal ions with imidazolate-type
linkers, have attracted significant attention due to their
structural similarity with zeolites and their unique physico-
chemical properties.*®**° Notably, the hydrophobic®*>*3%-32
and fairly moisture-resistant>**** ZIF-8_CH,, composed of
zinc cations and 2-methylimidazolate ligands, is well-known
for its “swing effect” or “gate-opening” phenomenon,***®
whereby linkers reorient to expand pore apertures upon
stimulation.?”**

While this flexibility can be advantageous for certain
applications, it can also hinder molecular discrimination by
impeding the sieving effect.”> Consequently, strategies to
reduce structural flexibility and enhance selectivity have
become a focus of many research studied. Methods such as
defibrillation under electric fields,’ rapid thermal
treatment,*" and post-synthetic functionalization®* have been
explored to increase structure stiffening.

Indeed, the flexibility of MOFs is profoundly influenced by
their structural characteristics. For instance, replacing zinc
with cobalt in ZIF-8_CHj; results in smaller pore apertures
due to shorter Co-N bonds, leading to a less flexible

© 2025 The Author(s). Published by the Royal Society of Chemistry
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framework.*® This approach has been successfully employed
to improve CO,/CH, separation** in mixed Zn/Co-ZIF-8_CH,
systems.” Furthermore, functionalizing the imidazolate
linkers in ZIF-8 significantly affects its structural and
adsorption properties. Research by Chaplais et al*°
demonstrated that the structural flexibility of ZIF materials
decreases as follows: ZIF-8_CH; > ZIF-8_Cl > ZIF-8_Br due
to several factors. They suggested that ZIF-8_CH; and ZIF-
8_Cl enable organic linker rotation, allowing the framework
to accommodate additional adsorbates more efficiently,
whereas the larger bromine atom in ZIF-8_Br creates steric
hindrance, thus making the structure more rigid.
Additionally, the larger bromine atom reduces the pore size
compared to ZIF-8_CH; and ZIF-8_Cl, thereby limiting the
ability of the material to undergo reordering. ZIF-8_CH; and
ZIF-8_Cl can exhibit transition from a cubic-like to a
tetragonal-like phase during adsorption, further enhancing
their flexibility. However, this transition is inhibited in ZIF-
8_Br due to its smaller pores, resulting in increased rigidity.
The bulkier bromine atom also restricts linker movement,
preventing the structural transitions that are necessary for
higher adsorbate uptake, which is not the case with the
smaller methyl and chlorine substituents.

Among the numerous ZIFs reported in literature, ZIF-8_Br
appears to be one of the rare cases of ZIFs exhibiting
intrinsic structural rigidity, making it particularly promising
for selective adsorption and separation processes relying on
molecular sieving mechanisms.

Our investigation aims to explore the relationship between
the structural features of ZIFs and their performance in
capturing and separating three structurally similar harmful
C¢ hydrocarbons: n-hexane (a flexible linear alkane),
cyclohexane (a semi-flexible cyclic alkane), and benzene (a
rigid planar aromatic).

To elucidate interactions involved, a comprehensive
study was conducted comparing the adsorption behaviour
of ZIF-8_Br with that of ZIF-8_CHj;, aiming to shed a better
light to the impact of structural flexibility and stimuli-
responsive behaviour on adsorption phenomena. Our
experimental approach was complemented by
computational investigations involving Grand Canonical
Monte Carlo simulations to better understand the
underlying adsorption mechanisms.

The obtained results highlight how the structural
features of ZIF-8_Br enhance its selectivity, providing
valuable insights into the role of structure stiffness in MOF
adsorption performance. This study not only enriches the
understanding of adsorption processes in flexible MOFs but
also paves the way for the rational design of tailored
adsorbents for specific environmental and industrial
applications. By elucidating the structure-property
relationships governing adsorption behaviour, this work
contributes to the development of more efficient and
selective materials for VOC capture and separation aiming
to address critical challenges in air quality management
and industrial processes.

RSC Appl. Interfaces, 2025, 2, 364-372 | 365
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Experimental section
Materials and methods

All reagents were procured from commercial suppliers and
used as received, without any further purification. The
structure and purity of the synthesized materials were
verified through several analytical techniques, including
Powder X-Ray Diffraction (PXRD), nitrogen adsorption-
desorption measurements, thermogravimetric analysis (TGA),
and Fourier-Transform Infrared (FTIR) spectroscopy.

PXRD patterns of the crystalline samples were recorded
using a PANalytical X'Pert Pro diffractometer, with Ni-filtered
Cu-Ka radiation set at 45 kV and 25 mA, scanning over a 26
range of 5 to 50 degrees. Nitrogen adsorption-desorption
isotherms were measured at 77 K using a Micromeritics ASAP
2020 apparatus. Samples were degassed for 12 hours at 200
°C under vacuum before measurement. Thermogravimetric
analyses were carried out on a TA Instruments SDT 2960
under dry air, with a constant heating rate of 5 °C per minute
from 25 to 800 °C. FTIR spectra were obtained in reflection
mode, covering the range of 600 to 4000 cm ' with a
resolution of 4 cm™, using a Nicolet Nexus FT-IR instrument.
Vapor adsorption isotherms were measured using a Quartz
Crystal Microbalance (QCM) from OpenQCM, equipped with
5 MHz quartz crystals from Novaetech Srl.

Synthesis of ZIF-8_CH;

Synthesis of ZIF-8_CH; followed a reported procedure.””
Typically, a solution comprising Zn(NO;),-6H,0 (9.87 mmol)
in 200 mL of methanol was added to a solution of
2-methylimidazole (79.04 mmol) in 200 mL of methanol with
stirring at room temperature. After 1 hour, the solution
underwent centrifugation at 9000 rpm for 30 minutes, and
the resulting solid was then dispersed in ethanol to eliminate
excess reactants. This washing process was repeated three
times.

Synthesis of ZIF-8_Br

ZIF-8_Br was synthesized by mixing a solution of Zn(CHs-
C00),-2H,0 (0.5 mmol) in DMF (5 mL) with a solution of
methanol (5 mL) containing 2-bromoimidazole (1 mmol) at
room temperature. The mixture was stirred for 1 hour at
room temperature, followed by centrifugation at 9000 rpm
for 30 minutes. The resulting solid was dispersed in ethanol,
and this purification step was repeated three times to remove
any unreacted species.

VOC sorption measurements with QCM

For each MOF material, vapor phase adsorption isotherms
were obtained using a QCM setup fitted with quartz crystals
(5 MHz). These crystals were coated with the studied MOFs
by depositing a suspension containing 2 mg of the MOF
powder in 1 mL of methanol. Subsequently, the coated quartz
crystals were subjected to solvent exchange activation by
immersion in dichloromethane overnight.

366 | RSC Appl Interfaces, 2025, 2, 364-372

View Article Online

RSC Applied Interfaces

Before measurement, the recovered quartz samples were
removed from dichloromethane and placed in the QCM
module, where they were heated to 40 °C under a flux of
nitrogen for a minimum of 1 hour to achieve equilibrium.
The mass of deposited MOF was determined by the
difference in frequencies measured by the QCM before and
after deposition at 20 °C, applying the Sauerbrey equation.*®

The partial pressure was systematically varied from 0 to
0.9 plpo for all three VOCs (n-hexane, cyclohexane, and
benzene). During the data collection process, the quartz
holder was maintained at 20 °C to ensure the acquisition of
the mass uptake isotherm for the sorbed VOC within the
MOF.

Computational methods

Computational simulations were conducted to understand
the adsorption phenomena of the alcohol-ZIF systems.
Initially, the structures of ZIF-8_CH; (CCDC deposit number:
739168) and ZIF-8_Br (CCDC deposit number: 1860456) were
cleaned to remove any residual solvent molecules. Their
structural characteristics, including pore-limiting diameter
(PLD) and largest cavity diameter (LCD), were determined
using Zeo++ software (Table S47).

Partial charges (Mulliken) on MOF structures were
determined using periodic density functional theory (DFT)
via the CASTEP simulation package.”” This method was
selected to accurately reflect the periodic characteristics of
MOFs. The Hamiltonian operator was computed with the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional and the Tkatchenko-Scheffler dispersion
correction. The molecular wavefunction was described using
“on-the-fly” pseudopotentials and a plane wave basis set with
a cutoff energy of 570 eV, achieving convergence to within
5.107 eV per atom. The Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm was employed to explore the potential
energy surface for energy minima.

The ZIF structures, with Mulliken charges determined by
previous periodic DFT calculations, were prepared as 2 x 2 X
2 supercells, each with dimensions at least twice the van der
Waals cutoff value (14 A). Atoms were modelled treating each
as a single Lennard-Jones (L-J) interaction site. Interactions
were characterized using the Universal Force Field (UFF)*°
and Dreiding force field,”" with host-guest interactions
modelled by L-J potentials. Lorentz-Berthelot mixing rules
were applied to determine the L-J interaction parameters. To
accurately handle long-range electrostatic interactions, the
Ewald summation method was used, ensuring a relative
accuracy of 107® for electrostatic forces and energies. This
combined approach allowed the model to effectively capture
both short-range van der Waals interactions and long-range
electrostatic effects between the host and guest species.

The molecular models of n-hexane, benzene, and
cyclohexane were constructed using specific force field
parameters adapted for each compound. N-Hexane®*°® was
modelled using the TraPPE-UA (united atoms) force field,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where each CH, group was represented as a neutral sphere,
ensuring flexibility of the carbon chain. Benzene,”*”> on the
other hand, was represented using the TraPPE-EH (explicit
hydrogen) force field, which explicitly shows hydrogen atoms
and incorporates charged pseudo-atoms, reflecting its rigid
aromatic structure. In contrast to n-hexane, benzene was
modelled as a rigid molecule due to its stable aromatic ring
structure. Cyclohexane was simulated as a ring composed of
CH, beads, arranged in a chair conformation based on the
configuration detailed by Mufioz-Mufoz et al’® Although
cyclohexane can theoretically adopt multiple conformations
at room temperature (chair, half-chair, boat, twisted-boat I,
and twisted-boat II), recent studies indicate that the chair
conformation predominates significantly,’>>” with only
0.01% of the molecule existing in twisted-boat forms in the
vapor phase at 298 K. Therefore, for GCMC simulations,
adopting the rigid chair conformation at 293 K is considered
an accurate and practical approach. The non-bonded
dispersive interactions among molecules were described
using the Lennard-Jones (L-]) potential, with force field
parameters for n-hexane, benzene, and cyclohexane obtained
from literature (Table S2f). Detailed structural models of
benzene and cyclohexane, including bond lengths, angles,
and positions of pseudo-atoms (C_pens; H_pens, CHy) are
provided (Table S3t) for comprehensive understanding and
reproducibility in simulations.

Energy minimization techniques were applied to locate
the adsorbate precisely within the ZIF structures by searching
for the lowest energy potential of the host-guest system,
thereby determining the most stable configuration. This
simulation was conducted under the NVT ensemble, where
the number of particles (N), volume (V), and temperature (7)
were kept constant, providing a controlled setting to examine
the interactions and energetics of the system accurately. For
these simulations, the initialization and production cycles
were set to 1000 and 1000 000, respectively, and carried out at
a temperature of 293 K.

The Ideal Adsorbed Solution Theory (IAST) was employed
to evaluate material performance based on single-component
adsorption isotherms. These isotherms were fitted using the
dual-site Langmuir-Freundlich model implemented in the
IAST++ software. Selectivity (S) was calculated using the
following equation:

SaB = qalya % ys/qs
where S,/ represents the adsorption selectivity of component

A relative to component B, g, and gg denote the equilibrium
adsorbed quantities of components A and B, respectively,

Table 1 Structural features of the considered Cg hydrocarbons
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and y, and yg represent the molar fractions of components A
and B in the gas-phase mixture.

Results and discussion
Adsorption of VOCs

After the complete characterization of the synthesized ZIFs to
ensure their correct preparation and purity (ESIf), their
adsorption isotherms were recorded at 293 K using three Cq
hydrocarbon vapors: n-hexane, cyclohexane, and benzene to
evaluate their adsorption behavior. The selected Cs molecules
differ in their structure and physico-chemical properties
(Table 1) and were chosen to highlight the influence of
hydrocarbon type, their linear/cyclic nature, flexibility, kinetic
diameter and polarity on the adsorption performance.

The single-component adsorption isotherms for ZIF-
8_CHj; and ZIF-8_Br with C¢ hydrocarbon vapors (n-hexane,
cyclohexane, and benzene) provide a comprehensive
understanding of how structural and physico-chemical
properties of adsorbates influence adsorption capacities in
the studied MOF structures (Fig. 1). For a more relevant
comparison between both structures, the adsorption
isotherms are expressed as the number of adsorbed
molecules per unit cell rather than the number of moles of
adsorbates per gram of adsorbent. Notably, the adsorption
experiments revealed no permanent deformation of the
flexible ZIF structures, preserving their structural integrity
and flexibility.

In ZIF-8_CHj;, benzene exhibits the highest adsorption
capacity (9.5 molecules per unit cell at 0.5 p/p,), followed by
n-hexane (8.0 molecules per unit cell) and cyclohexane (1.0
molecule per unit cell). The superior uptake of benzene can
be attributed to favorable m-n stacking interactions with the
aromatic imidazolate linkers, surpassing the van der Waals
forces which govern alkane adsorption. The linear structure
of n-hexane facilitates efficient packing within the
framework, while the bulky cyclic structure of cyclohexane
lead to significant steric hindrance, limiting its access to the
pores. It is to note that despite a higher uptake, the
adsorption of benzene presents a delay compared with
n-hexane which is strongly adsorbed at very low partial
pressures.

In contrast, ZIF-8_Br displays significantly a different
adsorption profile. Benzene presents the highest uptake (6.5
molecules per unit cell), albeit lower than in ZIF-8_CHj, likely
due to a combination of n-Br interactions and enhanced
dispersion forces with the polarizable bromine atoms.
Surprisingly, cyclohexane shows improved adsorption (5.0
molecules per unit cell) compared to ZIF-8_CHj;, suggesting

Adsorbate Type Linearity Flexibility Kinetic diameter (A) Dielectric constant (F m™") at 20 °C
n-Hexane Alkane Linear Flexible 4.3 1.88
Cyclohexane Alkane Cyclic Semi-flexible 6.0 2.02
Benzene Aromatic Cyclic Rigid 5.8 2.27

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Hydrocarbon adsorption isotherms at 293 K for a) ZIF-8_CHs and b) ZIF-8_Br.

favorable interactions between its semi-flexible structure and
the bromine substituents. N-Hexane exhibits drastically
reduced uptake (0.5 molecules per unit cell), indicating that
linear alkane adsorption is strongly dependent on structure
rigidity. Interestingly, for all studied VOCs, the adsorption
isotherms obtained with ZIF-8_Br, are shifted to higher
partial pressures compared with ZIF-8_CHj;, demonstrating
the impact of structure rigidity on the adsorbate diffusion
and their accommodation in ZIF cavities.

The increased rigidity of ZIF-8_Br, induced by bromine
functionalization, plays a crucial role in influencing these
adsorption differences. Indeed, the rigidity restricts the
conformational flexibility of adsorbates, particularly affecting
the ability of the linear n-hexane to adapt to the pore
structure. Conversely, the polarizable nature of bromine
enhances dispersion interactions, benefiting the adsorption
of aromatic and cyclic molecules.

The interdependence between framework rigidity, pore
accessibility, and influence of functional groups represents a
crucial aspect to investigate the MOF adsorption behavior.
For instance, the larger atomic radius of bromine (compared
to methyl groups) slightly reduces the effective pore size,
significantly impacting adsorbate accommodation.
Comparing the isotherms provides insights into the gate-
opening phenomenon for both ZIFs and its effect on
adsorbate access to the porous structure. It has been shown
that, unlike non-aromatic compounds, benzene can penetrate
the pores of both structures, indicating that n-n interactions
play a more significant role in triggering gate-opening.
Hence, despite its relatively large kinetic diameter, benzene
can induce pore opening in both flexible and rigid ZIFs. In
contrast, non-aromatic hydrocarbons cause a lesser degree of
pore opening, as evidenced by the smaller magnitude of this
effect.

However, the rigid molecular structure of benzene makes
its diffusion into the ZIF porous structure more challenging,
requiring higher pressures to achieve full pore entry. In

368 | RSC Appl. Interfaces, 2025, 2, 364-372

contrast, non-aromatic adsorbates, such as n-hexane and
cyclohexane, behave differently. Van der Waals forces have a
weaker influence on gate-opening compared
interactions. Consequently, the kinetic diameter of the
hydrocarbons has a more pronounced impact on their ability
to access ZIF pores. For example, in ZIF-8_CHj;, only the
smaller, flexible hydrocarbon (n-hexane with a 4.3 A
diameter) can enter the pores, while the larger cyclohexane
(6.0 A diameter) is excluded. The flexibility of n-hexane and
its favorable interactions with pore walls result in a steep
isotherm slope. In ZIF-8_Br, the more rigid structure
significantly reduces pore opening, resulting in a more
pronounced sieving effect. Although the high flexibility and
low polarity of n-hexane are insufficient to force pore entry
via gate-opening, even at higher pressures, the higher rigidity
and polarity of cyclohexane enable better accommodation at
relatively high pressures, albeit in smaller quantities
compared to benzene. This highlights the combined
influence of n—n interactions, kinetic diameter, and adsorbate
polarity in rigid ZIFs as critical factors for triggering the gate-
opening phenomenon.

In addition to these findings, further in-depth
investigations would be needed to fully explore the gate-
opening mechanisms using advanced in situ characterization
techniques such as infrared spectroscopy, inelastic neutron

to n-m

Fig. 2 Illustration of a) general ZIF-8_Br structure and b and c) the 4
and 6-membered ring pore windows (4MR and 6MR). Zinc cation
polyhedral are colored to delimit and highlight the presence of two
types of pore windows (red for 4MR and orange for 6MR).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 a) 2D representation of the benzene presence density in ZIF-
8_Br. b) lllustration of 2 x 2 x 2 supercell of ZIF-8_Br structure and c)
3D representation of the benzene presence density in ZIF-8_Br.

scattering, extended X-ray absorption fine structure (EXAFS),
and high-energy resolution fluorescence detection technique
to the near edge structure of the X-ray absorption spectra
(HERFD-XANES), as documented in the literature.>®>°

Computational VOC adsorption study

To better understand the adsorption phenomena, the
presence density was simulated to identify the location of
each adsorbate within the ZIF structures (Fig. 2).

The 2D density maps (Fig. 3a) exhibit similar patterns for
all investigated ZIF types and adsorbates. They indicate that
Ce molecules, at a concentration of one molecule per unit
cell, are exclusively localized within the B cages of the ZIF
structures. Interestingly, even the flexible n-hexane
preferentially resides within these cages rather than
accommodating the window spaces. This behavior contrasts

View Article Online
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with that observed in [Pd(2-pymo),],, exhibiting also a
sodalite-type structure, which allows n-hexane to pass
through the 6MR hydrophobic windows.>°

In the case of ZIF-8_(CHs/Br), the preferential confinement
of adsorbates within the B cages may be attributed to
enhanced steric hindrance effects resulting from the small
pore window size of this structure and the maximization of
number of host-guest interactions. Both 2D and 3D
representations (Fig. 3a-c) demonstrate that adsorbate
molecules are mainly localized along the ZIF framework
walls, rather than occupying the central regions of the
cavities. This spatial distribution strongly suggests the
presence of specific host-guest interactions between the
adsorbate molecules and the ZIF cavities.

The adsorption configurations of benzene, cyclohexane,
and n-hexane within ZIF-8_CH; and ZIF-8_Br structures were
elucidated through energy-minimized Grand Canonical
Monte Carlo (GCMC) simulations, showing distinct host-
guest interactions influenced by ligand functionalization
(Fig. 4 and 5).

In ZIF-8_CHj;, benzene molecules exhibit a pronounced
affinity to the 6MR windows, positioning themselves in
parallel to the imidazolate linkers. This orientation suggests
strong n-m interactions between the aromatic guest and the
electron-rich environment of the ligand, a phenomenon
well-documented in many MOF systems.’® Cyclohexane,
adopting its characteristic chair conformation, interacts

Fig. 4 Location of a) benzene, b) cyclohexane and c) n-hexane
molecules within ZIF-8_CHsz structure using energy minimization
approach through GCMC calculation. Orange polyhedra represent the
zinc cations delimiting the 6MR windows in ZIF-8_CHs cavities.
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Fig. 5 Location of a) benzene, b) cyclohexane and c) n-hexane
molecules within ZIF-8_Br structure using energy minimization
approach through GCMC calculation. Orange polyhedra represent the
zinc cations delimiting the 6MR windows in ZIF-8_Br cavities.
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with the methyl-functionalized linkers predominantly
through van der Waals forces due to its nonpolar nature.
The linear n-hexane aligns along the cavity walls,
maximizing weak but extensive surface interactions with
the hydrophobic framework.*~*?

In contrast, ZIF-8_Br induces notable changes in guest
orientations. For instance, the benzene molecule adopts a
quasi-perpendicular inclination relative to the 6MR windows,
likely due to altered electronic interactions induced by the
electronegative bromine atoms.®® This modification in
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Fig. 6 IAST selectivities of VOC pairs at 293 K for ZIF-8_CH3z and ZIF-
8_Br including equimolar mixtures of a) n-hexane/cyclohexane, b)
n-hexane/benzene and c) benzene/cyclohexane.
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structure polarizability potentially enhances n-m interactions.
Cyclohexane occupies a more central position within the
6MR windows, while n-hexane appears slightly more
constrained, reflecting the influence of the bulkier bromine
substituents on the pore environment.

Separation of VOCs

To investigate the separation efficiency of ZIF-8_CH; and ZIF-
8 _Br, the IAST method was employed to estimate the
selectivity between selected VOC pairs: n-hexane/cyclohexane,
n-hexane/benzene, and benzene/cyclohexane at 293 K (Fig. 6).
The IAST selectivity analysis of ZIF-8_CH; and ZIF-8_Br shows
significant differences in their separation performance for
the considered binary equimolar mixtures over a pressure
range of 0.004 to 0.08 bar.

For n-hexane/cyclohexane separation, ZIF-8_CH; exhibits
remarkably high initial selectivity (3863 at 0.004 bar),
decreasing to 311 at 0.08 bar. This preference for n-hexane
can be attributed to its linear structure, allowing more
efficient packing and stronger van der Waals interactions
within methyl-functionalized pores as discussed elsewhere.®
Conversely, ZIF-8_Br shows minimal selectivity (1.83 to 0.19),
likely due to steric effects and increased structural stiffness.

The n-hexane/benzene separation shows even more
pronounced differences. ZIF-8_CH; demonstrates exceptional
initial selectivity (512722 at 0.004 bar), decreasing to 99 127
at 0.08 bar. This extreme preference for n-hexane is likely due
to the hydrophobic nature of methyl groups and steric
hindrance effect. ZIF-8_Br, however, exhibits reverse
selectivity (0.008 to 0.000015), strongly favoring benzene. This
reversal can be attributed to enhanced n-m interactions and
potential halogen bonding effects, as reported by Yagi et al.®
for halogen-functionalized MOFs.

For benzene/cyclohexane separation, both structures favor
benzene, but at different extent. ZIF-8_CH; shows higher
initial selectivity (75 at 0.004 bar) compared to ZIF-8_Br (21),
likely due to enhanced =n-m interactions. The selectivity
decreases with pressure and is more pronounced in ZIF-
8_CHj;, suggesting that the gate-opening phenomenon
strongly participates to the separation process®*®> while its
influence is much more reduced for ZIF-8_Br due to its
intrinsic stiffness.

Conclusions

This study highlights the influence of structural flexibility and
functionalization in zeolitic imidazolate frameworks on the
selective adsorption and separation of Cs hydrocarbons.
Through a comparative analysis of ZIF-8_Br and ZIF-8_CHj;, we
explored how the structural stiffness and dynamic behaviour
govern adsorption/separation properties. ZIF-8_Br, exhibiting
strong structural rigidity, preferentially adsorbs benzene and
cyclohexane over n-hexane, driven by limited conformational
freedom and enhanced dispersion interactions. Conversely, the
flexibility of ZIF-8_CHj structure allows n-hexane preferential
adsorption while excluding cyclohexane. Moreover, this ZIF

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analogue also shows increased benzene uptake due to more
favourable host-guest interactions and efficient molecular
packing within its porous structure. ~Computational
simulations support these findings, elucidating different
adsorption mechanisms depending on the structural
stiffness and chemical environment in MOF cavities.
Moreover, the application of Ideal Adsorbed Solution Theory
enabled to shed light to the role of the MOF structure
features on separation performance. For instance, ZIF-8_Br
shows limited selectivity for n-hexane/cyclohexane and
inverse selectivity for n-hexane/benzene. These insights into
the interdependence between rigidity, functionalization, and
adsorption behaviour, provide valuable information to
support rational design of MOFs with tailored properties for
efficient VOC capture and separation. In conclusion, this
work provides valuable insights into adsorption mechanisms
in flexible structures, enhancing the fundamental
understanding necessary for developing optimized MOFs.
While the findings primarily contribute to scientific
knowledge, they may also inspire further research into
potential applications in industrial separation processes and
air quality management.
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