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Capturing acetone, a major indoor air pollutant, under humid conditions is a longstanding challenge in
materials science. The key obstacle lies in finding porous adsorbents that simultaneously exhibit strong
affinity for acetone and intrinsic hydrophobicity, a rare and elusive pairing. Leveraging the structural and
chemical versatility of metal—organic frameworks (MOFs), we first explored a diverse set of MOFs using
force field Monte Carlo and density-functional theory calculations. This computational strategy identified
CAU-11(Al) as a top performer: a hydrophobic, small pore MOF that enables both high acetone affinity
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Accepted 10th July 2025 and uptake at trace concentrations with excellent selectivity over water. Experimental validation through
gas-phase pulse chromatography, adsorption measurements, and breakthrough studies confirmed the
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outstanding performance of this sorbent under competitive acetone/water conditions. These results

rsc.li/materials-a position CAU-11(Al) as a promising material for real-world acetone capture in humid indoor environments.
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1 Introduction

Air pollution is not an isolated issue; it is a key disruptor of the
ecological balance vital to all life on Earth. The rapid expansion
of industrialization and urbanization, along with the wide-
spread and unregulated use of chemical products has intensi-
fied this crisis. While significant efforts have been directed
towards understanding and mitigating outdoor air pollution,
the indoor air quality (IAQ) remains an often-overlooked
concern.' For instance, common sources such as household
appliances, building materials, paints, and cleaning agents
emit volatile organic compounds (VOCs), which represent
a major class of indoor air pollutants and significantly degrade
IAQ.>* These VOCs, characterized by their high volatility and
toxicity, pose significant health risks and require the develop-
ment of effective capture strategies.*®
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Among VOCs, acetone is a commonly used compound that
functions as an essential precursor in chemical synthesis and is
widely employed as a solvent across a broad range of commer-
cial products.*” Reports indicate a minimal risk level (MRL) of
8 ppm for acute exposure to acetone.

The primary health effects of acetone inhalation include
respiratory tract damage and neurological symptoms. Exposure
to concentrations as low as 100 ppm can cause irritation of the
nose, throat, and trachea, while levels around 237 ppm may
result in neurobehavioral effects such as delayed visual reaction
time, weakness, and even severe narcosis.® Extensively used in
paints, coatings, cleaning agents, and personal care products,
this solvent can accumulate in enclosed environments during
indoor activities such as home renovations or cleaning.

Like other VOCs, physisorption-based processes using
porous adsorbents are particularly compelling for acetone
capture which offer operational simplicity.” Microporous
materials such as zeolites, and metal-organic frameworks
(MOFs) have been explored as sorbents for different VOCs
capture,’*™ including acetone.”” Among the zeolites, the
small pore CHA, MFI, and STT in their pure silica forms show
rather low acetone uptake while NaY is too hydrophilic for
a selective acetone capture.>®** In particular, MOFs, a class of
crystalline hybrid porous materials, have garnered significant
attention for a wide range of adsorption/separation processes in
liquid, vapor and gas phases owing to their unique richness in
terms of chemical and topological diversity.”**” The so-called
reticular concept allows for the engineering of suitable porous
frameworks with desirable surface functionalities and pore size/
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shape to maximize host-guest interactions. Typically, the pore
surface functionality can be tuned via the consideration of open
metal sites (OMS), or through the functionalization of either the
inorganic nodes or the organic linkers.”**" This engineering
strategy has proven highly effective in enhancing adsorption
and separation processes at low pressures, even at trace
concentrations, for a wide range of VOCs of interest.***>** Fine-
tuning the pore chemistry of MOFs can be further com-
plemented by tailoring the pore size and shape to optimize
confinement effects for specific guest molecules.

In recent years, a diverse set of MOFs has been explored for
acetone capture, leveraging distinct adsorption mechanisms.
ZIF-90, incorporating aldehyde-functionalized imidazolate
linkers, shows high acetone affinity, with an adsorption
enthalpy of —57.9 k] mol ', resulting from interactions between
acetone oxygen atom and the linker's aldehyde function
delimiting the pore windows.** Similarly, ZIF-71 can effectively
capture acetone owing to specific interactions between the
acetone molecules and its chloro-functionalized imidazolate
linkers.>® Moreover, the cage-like structure of ZIFs may also
contribute to their high acetone affinity through additional
confinement effects. MIL-125-NH,(Ti) demonstrates one of the
highest reported acetone adsorption enthalpies of —91 kJ mol
at low coverage, resulting from strong hydrogen bonding
between acetone's carbonyl group and the -NH, sites.”” UiO-
66(Zr) equally shows high affinity for acetone, with DFT-
derived interaction energies reaching up to —87.5 kJ mol "
associated to a preferential adsorption of acetone towards the p-
OH groups.*® The integration of UiO-66(Zr) into sensors,
capable of detecting acetone concentrations above 4 ppm,
further confirmed its strong interaction potential with
acetone.”” Beyond linker functionalization, MOFs incorporating
OMS provide an alternative adsorption mechanism, offering
strong coordination sites between OMS and acetone. For
example, the mesoporous MIL-101(Cr) demonstrates high
acetone sorption uptake likely associated with strong interac-
tions between acetone and Cr** OMS.*

Moreover, when considering the adsorption of polar mole-
cules such as acetone under indoor air conditions, the selected
adsorbents must be highly selective to acetone in the presence
of humidity, typically for a relative humidity (RH) ranging from
30 to 60%.% Apart from the rare example of Fe** OMS con-
taining MOF MIL-100(Fe), which exceptionally maintains
diverse VOCs capture efficiencies even in the presence of
water,"* hydrophilic MOFs generally show a drastic drop of their
VOCs sorption performances due to a competitive adsorption in
favor of H,0.* For instance, the presence of 10% RH was shown
to substantially decrease the acetone adsorption in MOF-177
while a loss of crystallinity and porosity was observed under
higher humidity conditions."®* Additionally, although the
aforementioned MOFs, such as UiO-66(Zr), MIL-125-NH,(Ti)
and MIL-101(Cr), have demonstrated efficacy in sensing or
capturing acetone, the impact of water on their adsorption
performance has not been thoroughly addressed. The avail-
ability of hydrophilic -OH/-NH, functions or the presence of
OMS within these structures may hinder acetone capture in the
presence of humidity. Alternatively, hydrophobic coating of the
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external surface of hydrophilic MOFs can be envisaged to
circumvent this drawback; however, it requires additional pro-
cessing steps.** Therefore intrinsically hydrophobic MOFs
should be privileged for an efficient VOC capture in presence of
water. The pore hydrophobicity of this class of porous materials
is generally controlled by grafting apolar functions to the
organic ligands** such as halogenated, alkyl, or aryl groups that
can effectively reduce water adsorption.*® However, it often
comes at the cost of decreased available surface area/pore
volume that can limit the adsorption uptake of VOCs like
acetone.>*

In this study, we deployed a joint computational/experimental
approach to identify a MOF that can selectively capture acetone
under humidity, encountered in indoor air conditions. Initially
a series of MOFs with different pore size/shape/chemistry was
computationally explored using a combination of force field (FF)
Monte Carlo (MC) and density-functional theory (DFT) calcula-
tions. These molecular simulations identified CAU-11(Al),*
a sulfone-functionalized MOF with lozenge-shaped pores, as
a promising adsorbent. Its predicted high acetone affinity and
large sorption uptake at low concentration is attributed to the
highly confined porosity (pore size: 5.6 A vs. kinetic diameter of
acetone: 4.6 A), combined with its inherent hydrophobic pore
characteristics, eliminating the need for additional grafting of
organic linkers or external surface coating. Guided by these
computational predictions, we optimized CAU-11's synthesis and
rigorously evaluated its adsorption properties. Single-component
water adsorption measurements confirmed the exceptional
hydrophobicity of CAU-11(Al), a feature rarely observed among
MOF materials. Complementary MC-NVT simulations shed light
on the underlying water adsorption mechanism, helping to
rationalize this remarkable behavior. Advanced sorption
measurements revealed excellent low-pressure acetone uptakes,
while gas-phase pulse chromatography evidenced high Henry's
law constants (Ky) and adsorption enthalpies (AH,qs0). Beyond
confirming the highly attractive capture performance of CAU-
11(Al), these experimental data further served to refine the FF
parameters for a more accurate description of the MOF/acetone
interactions. Ravichandran et al.*” evidenced earlier that impor-
tance sampling (IS) is an effective strategy to refine the framework
force field parameters to achieve a better agreement between
simulated and experimental adsorption isotherms for ZIF-8 and
ethane/ethylene in the low-pressure regime. We applied this
strategy to the CAU-11(Al)/acetone system to gain a precise
microscopic description of the acetone adsorption mechanism in
the low-pressure range. Decisively, binary water/acetone mixture
breakthrough experiments combined with GCMC simulations
demonstrated an unprecedented level of selective acetone capture
under humidity with only minimal decrease in acetone adsorp-
tion capacity compared to dry environment.

2 Methodology
2.1 MOFs selection and geometrical/textural analysis

A selection of MOFs featuring distinct pore dimension/shape,
various fluorine-based functionalities decorating the ligands,
typical hydrophobic/hydrophilic balance and different metal

This journal is © The Royal Society of Chemistry 2025
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centers were examined. This list includes: CAU-8-bpdc(Al), CAU-
8-odb(Al), CAU-10-H(AI), CAU-10-CH;(Al), CAU-10-OCH,(Al),
CAU-11(Al), CAU-21-0db(Al), CAU-21-bpdc(Al), Ce-RPF-4, MIL-
53-ndc(Al), MIL-53-CF;(Al), MIL-53-F4(Al) and Al-Fum. These
MOFs possess pore sizes suitable for acetone adsorption (i.e.,
pore size larger than the kinetic diameter of acetone 4.6 A)
ranging from 4.7 A to 6.9 A to explore distinct degree of
confinement for acetone, and/or pore surfaces decorated by
functionalities that can favor a priori preferential interactions
towards acetone. Zeo++ software was used for the geometrical-
textural analysis of the considered MOFs, including largest
cavity diameter (LCD), pore limiting diameter (PLD), density,
accessible probe-occupiable volume (POAV), and void fraction
(¢)."** Complete structural details, compositions, and
computed properties of MOFs are provided in ESI Section S1.f

2.2 Periodic DFT calculations

All the MOF structures were fully geometry optimized, (i.e., both
atomic positions and cell parameters), at the DFT-level using
the Vienna Ab Initio Simulation Package (VASP) version 6.4 (ref.
50-52) employing a widely adopted level of theory routinely
applied in previous studies."*® The Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional was used in combination
of Grimme's D3 dispersion correction with Becke-Johnson
damping.>**® The core and valence electrons of the interacting
atoms were treated with projector-augmented-wave (PAW)
potentials® and plane-wave basis sets, respectively. A plane
wave kinetic energy cutoff of 800 eV and gamma point meshes
for sampling the Brillouin zone were used. The convergence
criteria were set to 0.01 eV A™* for the forces and 10~° eV for the
electronic energy. The same strategy was applied to optimize all
MOFs loaded with 1 acetone molecule per unit cell. The
converged electronic densities of the empty MOFs were used to
derive atomic partial charges for the structures using density-
derived electrostatic and chemical (DDEC) charge partitioning
scheme as implemented in the Chargemol software.>***

The interaction energies (Ej,.) between acetone or water and
this series of MOFs were further computed as: Ejne = Epor+guest
— (Emor * Eguest); Where Eniop:guest 1S the electronic ground state
energy of the fully optimized MOF/guest system, with one
acetone or water molecule per unit cell, while Eyor and Egyest
correspond to the ground state energies of an empty MOF and
an isolated acetone or water molecule, respectively.

2.3 Monte Carlo simulations

Acetone and water affinities of the DFT-optimized MOF mate-
rials were assessed based on the AH,q450 and Ky calculated at
infinite dilution using Widom's test particle insertion method.**
For these calculations, 1 x 10° and 2 x 10° cycles were used for
equilibration and production stages, respectively. The adsorp-
tion uptake of all these MOFs were assessed at very low acetone
pressure, i.e. 1 Pa (10 ppm), using grand canonical Monte Carlo
simulations (GCMC). For the top-performing material, CAU-
11(Al), the full acetone adsorption isotherm was computed at
298 K up to a relative pressure of P/P, = 0.1 (3050 Pa, or 30
500 ppm; see Tables S6 and S71). MC simulations in the NVT

This journal is © The Royal Society of Chemistry 2025
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ensemble were performed for CAU-11(Al) loaded with a single
water molecule per simulation box as well as three different
water loadings, selected to cover low, moderate and high-water
sorption uptakes measured experimentally: 15.2, 30.1, and 56.2
cm?® g (at P/P, = 0.57, 0.80 and 0.90), corresponding to 1, 2,
and 4 molecules per unit cell, respectively. Binary acetone/water
mixture GCMC simulations for a fixed water content of 40% RH
were carried out up to P/P, = 0.1 for acetone partial pressure
(see Table S8t). For each pressure point in both single-
component and binary mixture GCMC, and MC-NVT simula-
tions, 1 x 10® MC steps for equilibration and 2 x 10® MC steps
were used for production runs. All these calculations were
conducted with the Complex Adsorption and Diffusion Simu-
lation Suite (CADSS) code.® Intermolecular interactions
between the framework atoms and both acetone and water
atoms were described by a combination of site-to-site Lennard-
Jones (LJ) and coulombic contributions. DREIDING and UFF
force field parameters were adopted to describe the L] param-
eters of the atoms of the inorganic and organic units of the
MOFs,**% respectively, while DFT derived DDEC atomic partial
charges were employed to account for coulombic contributions.
Additionally, the LJ parameter, ¢ for hydrogen of the p-OH
groups and for metal ions of the MOFs were turned off, allowing
these atoms to interact with adsorbate molecules only through
electrostatic interactions (see ESI Table S2t for the list of LJ
parameters considered for all MOF atoms). This strategy has
been previously reported as effective to accurately describe the
adsorption properties of MOFs for polar molecules such as
water.**®® Short-range dispersion forces were truncated at
a cutoff radius of 12 A while the interactions between unlike FF
centers were treated by means of the Lorentz-Berthelot
combination rule. The long-range electrostatic interactions
were handled using the Ewald summation technique. Water
molecule was modelled using the TIP4P/2005 (ref. 69) model,
while acetone molecule was treated with the united atom
approach in the TraPPE”™ FF (see ESI, Table S37 for the list of L]
parameters for adsorbate molecules).

To evaluate the selective acetone adsorption performance of
the MOFs, two metrics were considered: the ideal selectivity (Sigeal)
and the performance factor (P). The ideal selectivity is defined as
the ratio of Ky for acetone and for water at infinite dilution:

KH(acelone)
N ideal = —
KH(water)

Another adsorption performance factor, labeled as P, was
calculated for all MOFs integrating in addition to their selec-
tivity, their acetone adsorption uptake (Qacetone) at 10 ppm**”* as
defined below:

P= (Qacetone,lO ppm)ln Sideal

2.4 Importance sampling

The importance sampling (IS) technique allows for the explo-
ration of the potential energy surface of a MOF/guest system to
obtain Henry's law constants and adsorption enthalpies at
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a quantum level of accuracy.”””> The IS methodology was
applied to the identified top performing CAU-11(Al) aiming to
refine the initial FF parameters of the MOF. The IS method first
consisted of conducting a Widom's test particle insertion
simulation, generating a set of configurations (typically, 1 x
10°) with a single molecule inserted into the MOF pore. From
this, a smaller subset of configurations was selected according
to the Boltzmann factor, considering the FF-computed energy of
each configuration during Widom insertion calculations. For
this subset of configurations, ab initio Ej,, were computed to
derive a correction factor, A, which corresponds to the differ-
ence between the FF-calculated energy, Ei, and the ab initio
En:" (eqn (1)). The optimized scaling parameter, A, was then
used to obtain corrected values of the Henry's law constant
(K33) and adsorption enthalpy (AHhys o), as follows:

1 ¢ DFT_ T
= Zeﬁ?(ﬁm., i) (1)
i=1
KS =1 x KiF (2)

1 & DFT FF

E-C—E

SN EDT xR
S _ i=1

AI-Iads,O - 2 -

3)

| =

Further details of the methodology and validation in MOFs
have been previously reported in literature.*””? For this IS
procedure, ab initio single-point calculations for the selected
configurations were conducted in VASP, implementing the
same theoretical level described earlier in the Geometry opti-
mization section. To ensure that the chosen number of
configurations was adequate to sample the entire potential
energy surface, convergence tests for both the Kij and
AHQ%SYO were performed determining 7 = 1000 for acetone/CAU-
11 case (Fig. S67).

Following an approach described by Ravichandran et al.,*”
using the refined Ki; and AHay; o values, the L] parameter ¢ for
the MOF atoms were adjusted, and the energy associated to
host-guest configurations was computed iteratively until it
matched the value predicted by the importance sampling.
Finally, these rescaled force field parameters were used to
perform GCMC calculations to recalculate the acetone adsorp-
tion isotherm to gain a more accurate description in the low-
pressure range, using the same GCMC simulation settings
described in Section 2.3. The rescaled force field parameters can
be found in the ESI (Table S5).t

2.5 Experimental details

2.5.1 Synthesis of CAU-11(Al), [Al(OH)(SDBA)]. Synthesis of
CAU-11(Al) was carried out according to the literature.*® All
chemicals are commercially available and were employed
without further purification. CAU-11(Al) was prepared by mixing
AICl;-6H,O (724 mg, 3 mmol), 4,4’-sulfonyldibenzoic acid
(H,SDBA) (268 mg, 1.2 mmol), 2 M aqueous solution of NaOH
(1.8 mL, 3.6 mmol), and 18.2 mL water. The mixture was then
placed in a 30 mL Teflon-lined steel autoclave lined with Teflon.
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The reaction was performed under conventional heating at
150 °C for 12 hours, with 1 hour of heating and 1 hour of
cooling. The resulting precipitate was filtered off and washed
with DMF under microwave heating at 150 °C for 1 hour. After
cooling to room temperature, the solid was filtered off and air
dried.

2.5.2 Characterization methods. Powder X-ray diffraction
data were collected on a STOE Stadi MP instrument equipped
with a MYTHEN 1K detector using CuKa1 radiation. Infrared
spectra of the compounds were collected using a Bruker ALPHA-
FT-IR A220/D-01 with an ATR unit. Thermogravimetric
measurements were performed on a Linseis STA PT 1000
(airflow = 6 dm® h™", heating rate 8 K min™'). The sample
amount was approximately 20 mg. The high-humidity stability
test for CAU-11 was conducted by placing 50 mg of the material
in a 2 mL Teflon vial, which was then sealed inside a 30 mL
Teflon vessel containing 5 mL of water. The setup was heated in
an autoclave at 120 °C for 24 hours, after which PXRD analysis
was performed.

For the liquid-phase stability tests, 50 mg of CAU-11 were
stirred in 5 mL of either water or acetone at room temperature
for 24 hours. PXRD patterns were collected after exposure. High-
resolution argon (87 K) adsorption isotherm was measured
using a manometric sorption analyser, equipped with 1, 10, and
1000 Torr transducers (Autosorb iQ MP, Anton-Paar, Quantatec,
Boynton Beach, FL) over a wide range of relative pressures (P/P,)
from 107° to 1.0. Surface area and pore size analysis were ob-
tained by analysing the high-resolution argon isotherm by the
BET method and by applying a dedicated NLDFT (non-local-
density-functional theory) method on the adsorption data,
assuming an oxidic surface and cylindrical pore geometry.
Further details and characterization results can be found in
Section S3 in the ESL.{

2.5.3 Adsorption measurements. Adsorption measure-
ments were collected over a relative pressure range from 0.0006
to 0.99 for acetone and 0.006 and 0.99 for water at 25 °C using
a dedicated manometric vapor sorption analyser (Vstar, Anton
Paar QuantaTec, Boynton Beach, FL, USA). The whole system
(with exception of the separately temperature controlled sample
cell environment) was kept at 100 °C (for eliminating any cold
spots on which wetting/condensation of vapours could occur)
for accurate vapour sorption experiments. Prior to the adsorp-
tion experiments the samples were degassed at 200 °C for 12
hours under vacuum. For acetone, two consecutive adsorption—
desorption measurement runs were performed in the same
aliquot with the sample being re-outgassed at 200 °C before
starting the second run.

2.5.4 Gas-phase pulse chromatography. Acetone adsorp-
tion at very low concentration (Henry regime) was assessed
using a customized inverse gas chromatography instrument
developed in-house, based on an Agilent Technologies 7820A
gas chromatograph. Acetone detection was accomplished using
a flame ionization detector. A stainless-steel column (length =
10 cm and inner diameter = 0.216 cm) was filled with adsorbent
pellets to minimize pressure drop within the column. Pelleti-
zation of the CAU-11(Al) powder was accomplished by com-
pressing adsorbent powder using a mechanical press, followed

This journal is © The Royal Society of Chemistry 2025
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by crushing and sieving to pellets sized between 400 and 600
um. Before conducting pulse IGC experiments, the MOF-
containing column underwent activation at 200 °C for 16
hours under a helium flow. A small pulse (0.01 pL) of acetone
was injected using an auto injector. Helium served as the carrier
gas at a flow rate of 30 NmL min~". The dead time was quan-
tified using a zero-volume connecter in absence of a column,
and the obtained values were subtracted from the first-order
moment. Three repetitions were performed, and the mean
value was utilized for the calculations. The Henry's law constant
was determined through the first order moment of chromato-
grams, while adsorption enthalpies were derived from the
temperature dependence of the Ky, utilizing the Van't Hoff
equation.

2.5.5 Breakthrough curves. Vapor phase breakthrough
experiments with acetone were conducted under both dry and
humid conditions to evaluate the impact of water on acetone
adsorption at low acetone concentration, using an in-house
build setup.” In these experiments, two separate streams of
helium carrier gas pass through bubbler evaporators containing
acetone or water respectively. The vapor pressure of water and
acetone is controlled by adjusting the temperature of the
bubbler evaporators. The produced acetone and water con-
taining streams are subsequently combined and may be further
diluted with the use of a third mass flow controller to adjust the
final partial pressures. The (un)diluted vapors are routed either
to an adsorption column packed with CAU-11(Al) pellets,
maintained at a constant temperature, or they bypass the
column entirely. The stream eluting at the column outlet is
analyzed through periodic sampling of the gas stream, followed
by automated injection into a gas chromatograph (HP-6890).
The GC used for the analysis contained a 0.25 mm i.d. Sta-
bilwax® column (Restek) and was equipped with a Thermal
Conductivity Detector (TCD), employing He as the carrier gas.
Following each breakthrough experiment, the adsorption
column undergoes regeneration by purging with carrier and
heating the column in the oven at a 1 °C min~" to 200 °C and
maintaining this final temperature for 180 min. All extra-
column tubing was heated to inhibit vapor condensation
within the apparatus.

3 Results and discussion
3.1 Predicted acetone adsorption performance of MOFs

The acetone affinity of all explored MOFs was evaluated on the
basis of Ky; and AH,q, o values calculated at infinite dilution. All
the investigated MOFs exhibit AH.qs, exceeding the vapor-
ization enthalpy of acetone at 298 K (32 kJ mol ')’* (Fig. 1a)
emphasizing that acetone adsorption is favorable in this full set
of MOFs. Additionally, we computed the interaction energy for
acetone in all these MOFs via periodic DFT calculations.
Notably, the force field-derived AH,qs o at 298 K exhibits a trend
consistent with the DFT-calculated acetone-MOF interaction
energies (Fig. 1b) indicating that the selected force field
provides a sufficiently accurate foundation for an initial, reli-
able assessment of MOF performance ranking. The DFT-
optimized acetone loaded structures were also analyzed and
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their characteristic host/guest interacting distances (Fig. S1,
S2,1 and 1c, top) associated to the preferential arrangement of
acetone in the pores were compared with the radial distribution
functions (RDFs) averaged over the configurations generated by
GCMC simulations performed for acetone uptake at 10 ppm
(Fig. S1, S2,T and 1c, bottom). The maximum intensity of the
RDFs plotted for the most representative MOF/acetone atom
pairs is in qualitative agreement with the corresponding
distance observed in the DFT-optimized structures. This
observation emphasizes that the FF-GCMC simulations enable
to deliver valuable molecular-level insight into the adsorption
behavior of acetone within these materials.

MOFs with pore diameters close to the kinetic diameter of
acetone (4.6 A) and low pore volumes (V},), such as CAU-21-
odb(Al) (LCD: 5.3 A, V,: 0.13 cm® g~ '), MIL-53-F,(Al) (LCD: 4.7
A, V,:0.14 cm® g 1), and Ce-RPF-4 (LCD: 5.1 A, V,: 0.11 em® g ),
exhibit the strongest acetone affinities as revealed by their three
highest AH,q4s values of —66.3, —65.3 and —62.6 kJ mol ',
respectively. In contrast, MIL-53-ndc(Al), with the largest pore
size and highest occupiable volume (LCD: 6.8 A, Vp: 0.42 cm®
g’i), displays the least favorable AH.qs0 of —41.3 KkJ mol™*
(Fig. 1a). Optimal acetone packing within fine-tuned pores
highlights the crucial role of confinement in the strong acetone
affinity of these MOF frameworks. The confinement effect is
further highlighted in the Ce-RPF-4 MOF, which features three
distinct cavity sizes within its pore topology. A careful inspec-
tion of the GCMC adsorption configurations suggests that
acetone molecules preferentially occupy the smaller square-
shaped channel. This is corroborated by shorter characteristic
separating distances in the RDF profiles for the acetone and
MOF atoms in this channel (viz., H--*Oucetone), compared to
those involving fluorine atoms associated to CF; groups point-
ing into the larger hexagonal pore. Notably, a significant RDF
peak for F---O,cecone appears only at 4 A (Fig. 1c). This trend
persists across the bi-modal CAU-8 series, where acetone
selectively occupies more confined cavities at low loadings
(Fig. S2t). Similarly, in the isoreticular CAU-10 series, higher
AH,q4s, are calculated for MOFs with smaller pore size/volume,
such as CAU-10-CH;(Al) (LCD: 5.9 A, V,: 0.14 cm® g~ ') and CAU-
10-0CH;(Al) (LCD: 5.8 A, V,: 0.09 em® g~ *), compared to CAU-10-
H(Al) (LCD: 6.0 A, V,: 0.18 cm® g %).

Alongside confinement, the presence of specific adsorption
sites in the MOF pore wall also increases acetone affinity as
typically illustrated in the DFT-optimized acetone geometries of
CAU-21(Al) and MIL-53-F,4(Al), and related RDFs obtained by MC
simulations (Fig. 1c). As a general trend, the closest MOF---
acetone atom contacts occur with the oxygen atom of acetone
and its -CH; group is positioned farther from the framework
atoms, and does not engage in significant interactions with the
MOF (Fig. S31). CAU-21-0db(Al) and MIL-53-F,(Al) not only have
pore sizes tailored for an optimal packing of acetone but also
feature p-OH groups bridging Al atoms in their inorganic units.
Both FF-based simulations and DFT calculations predict that
acetone molecules preferentially orient their oxygen atoms
toward the hydrogen atoms of these p-OH groups, forming
short hydrogen bonds—2.08 A in CAU-21-odb(Al) and 1.74 A in
the more confined MIL-53-F,(Al). This strong acetone/MOF
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(a) Relationship between the simulated AH,qs,0 at infinite dilution using Widom insertion method for acetone at 298 K and the respective

accessible pore volume and void fraction of the considered MOFs; (b) comparison of DFT-calculated interaction energy and simulated AH 45 ¢ at
298 K for acetone; (c) on the top, DFT optimized configurations for the top three MOFs with the highest acetone affinities, showing the shortest
acetone—MOF interacting distances; on the bottom, the corresponding RDF profiles for the most representative MOF/acetone atom pairs

averaged over the GCMC configurations generated at 10 ppm.

interaction enhances acetone affinity in complement to the
high confinement. The comparison between CAU-21-odb(Al)
and Ce-RPF-4 further highlights the influence of adsorption
sites. Although Ce-RPF-4 has more confined pores, CAU-21-
odb(Al) exhibits 4 k] mol™" higher AH,q4s,, reinforcing the
significance of hydrogen bonding interactions in acetone
adsorption. Conversely, despite sharing the same topology as
CAU-21-0db(Al) and containing p-OH groups, CAU-21-bpdc(Al)
presents a lower AH,qs0 of —59 kJ mol ' due to its larger pore
size (LCD: 6.9 A, V,: 0.19 em® g '), emphasizing the role of
confinement in adsorption energetics.

When analyzing the GCMC-simulated acetone adsorption
uptake at 10 ppm, it becomes clear that MOF frameworks where
acetone molecules are less confined, such as MIL-53-ndc(Al)
and both CAU-8 MOFs variants, exhibit very low acetone load-
ings in this very low-pressure range. Additionally, steric
hindrance from bulky groups like -OCH;, -CF;, and the 4-
fluoro-substituted benzene-carboxylate linker in CAU-10-

26406 | J Mater. Chem. A, 2025, 13, 26401-26412

OCHj;(Al), MIL-53-CF;(Al), and MIL-53-F4(Al), respectively,
results in low sorption uptakes (Table S4t). Notably, CAU-11(Al)
and CAU-10-CH;(Al) are predicted as the MOFs with the highest
acetone capacities at 10 ppm (Table S47).

3.2 Predicted selective acetone over water adsorption
performance of MOFs

Potential interference from atmospheric humidity is a common
challenge in real-world applications especially for the selective
capture of acetone in indoor air. The selective adsorption ability
of the distinct MOFs was first assessed by means of the ideal
selectivity (Sigea1) that can be calculated as the ratio of Ky for
acetone and for water. We used this metrics along alongside the
performance factor (P) that incorporates also the acetone
uptake simulated at a concentration of 10 ppm, to qualitatively
rank the MOFs studied in this study (Fig. 2 and Table S47).

This journal is © The Royal Society of Chemistry 2025
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very low concentration.

Considering the Ky value calculated for the benchmark
hydrophobic adsorbent ZIF-8,” we have identified five highly
hydrophobic MOFs: CAU-11(Al), CAU-10-CH3(Al), CAU-10-
OCHj(Al), Ce-RPF-4 and MIL-53-CF;(Al) possessing Kijwater) ON
the order of 10”® mol kg~ Pa . These MOFs share a common
feature—hydrophobic linkers containing alkyl, aryl, or fluori-
nated groups. In contrast, although CAU-21-odb(Al) and MIL-53-
F,(Al) are identified as high-affinity materials for acetone, they are
also the most hydrophilic among the considered MOFs with
Kiiwater) values around 10~* mol kg~ " Pa~'. The presence of n-OH
groups makes these materials more susceptible to water adsorp-
tion, resulting in poor selectivity for the adsorption of acetone
over water compared to the other more hydrophobic MOFs.

Fig. 2 shows that CAU-10-CH;(Al) and CAU-11(Al) exhibit
outstanding acetone selectivity over water and the highest
values for P. Overall, CAU-11(Al) stands out as the top-
performing candidate due to its strong acetone affinity,
remarkable hydrophobicity, and superior acetone adsorption
capacity among all MOF materials considered. These observa-
tions suggest that, for the effective capture of polar volatile
organic compounds like acetone a finely-tuned pore structure
for molecular confinement, combined with a hydrophobic
linker, are crucial factors to consider. This aligns with the
observations made by Severino et al,** who found that the
inclusion of a hydrophobic —-CF; group in MIL-53(Al) enhances
the capture of the polar molecule acetic acid.

3.3 Unravelling the hydrophobicity of the best candidate
CAU-11(Al)

DFT calculations performed for CAU-11(Al) loaded with a single
water molecule supported the conclusions gained from the

This journal is © The Royal Society of Chemistry 2025

Widom's insertion method, demonstrating a rather low Ej,. of
—36.6 k] mol~'. MC-NVT simulations with a single water
molecule per simulation box equally revealed no directional or
site-specific interactions, underscoring the low water affinity of
CAU-11(Al) (Fig. S41). To confirm the predicted hydrophobicity
of CAU-11(Al), the MOF sample was synthesized following the
previously reported procedure.*® The resulting PXRD pattern
confirmed phase purity (also supported by the elemental
chemical analysis provided in Table S101) and matched well
with the simulated structure (Fig. S7f) while its IR spectra
(Fig. S8 and Table S97), Scanning Electron Microscopy (SEM)
images (Fig. S91) and TGA profiles (Fig. S10t) are consistent
with the previously reported data.*® Further textural character-
ization of the CAU-11(Al) sample was performed using an argon
adsorption isotherm at 87 K (Fig. S11t). An apparent BET
surface area of 357 m”> g~ ' was obtained by applying the criteria
recommended by Rouquerol et al.”®”” for selecting the linear
BET region. NLDFT analysis revealed a narrow pore size distri-
bution centered at 0.55 nm and a micropore volume of 0.17 cm?
g ' (Fig. S111), in alignment with the simulated geometric
values of 5.6 A and 0.16 cm® g~ ' (Table S17). Interestingly the
material initially exposed to high humidity levels, at 120 °C for
24 hours, was demonstrated to maintain the same PXRD
patterns than the pristine material (Fig. S7b¥), highlighting its
good stability upon water vapor sorption.

Single-component water adsorption isotherm was then
collected for this sample. On the contrary of argon that leads to
type I-isotherms with a pore filling at low relative pressures (P/P, <
0.1) (Fig. S12t), water micropore filling is shifted to very high
relative pressures (P/P, > 0.9), clearly indicating a very high
hydrophobicity of CAU-11(Al) (Fig. 3a). One observes that the
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Water adsorption in CAU-11(Al). (a) Single-component adsorption isotherm at 25 °C for CAU-11(Al); (b) water adsorption mechanism in

CAU-11(Al) at different partial pressures depicted with representative configurations from MC-NVT simulations and associated RDFs for the MOF/
water atom pairs. In the NVT snapshots, the H-bonds between the oxygen and hydrogen atoms from water are displayed in green, and were
computed using geometric criteria of O—H---O (donor-H---acceptor) distance < 2.5 A and O—H---O angle > 120°.

water sorption is accompanied by an intrinsic hysteresis loop
most likely associated with the existence of long-lived metastable
states of adsorbed water clusters, as observed in other micro-
mesoporous materials.”®”® MC-NVT simulations, using water
loadings corresponding to experimental uptakes obtained
experimentally at relative partial pressures before and after the
isotherm inflection point, shed light on the water adsorption
mechanism. We revealed that water molecules interact only
weakly with the MOF pore wall and rather preferentially form
hydrogen-bonded water clusters with typical H-bond distances
ranging between 1.81 and 1.86 A (Fig. 3b and S51). Even at very
low loading (P/P, = 0.57; 15.2 ecm?® g™"), there is already a clear
tendency for water molecules to form clusters. Despite the low
concentration, water prefers to associate into dimers or cyclic
tetramers, with isolated molecules rarely found within the pores.
As the isotherm rises (P/P, = 0.8), the number of adsorbed
molecules increases, favoring the formation of cyclic trimers and
pentamers. At higher loading (56.2 cm® g~ '; P/P, = 0.9), water
clustering occurs within the MOF channels, forming discrete
clusters of up to 8 to 12 molecules. Notably, these adsorbed water
networks maintain an average of approximately two hydrogen
bonds per molecule under all simulated conditions, a signifi-
cantly lower coordination than in bulk liquid water (~3.6 H-
bonds), reflecting the constrained hydrogen-bonding environ-
ment within the hydrophobic pores of CAU-11(Al).

Furthermore, from the experimental water adsorption
isotherm, very low hydrophilicity index of 0.19 was estimated by
applying the concept of hydrophilicity/hydrophobicity index
(larger the deviation from 1, greater the surface hydrophobicity).*
These observations emphasize that at typical indoor humidities
(RH: 30-60%) the water uptake is ideally minimal.

26408 | J Mater. Chem. A, 2025, 13, 26401-26412

3.4 In-depth exploration of the single-component acetone
adsorption in the best predicted MOF CAU-11(Al)

To confirm the promising predicted acetone capture properties
of CAU-11(Al), experimental single-component adsorption
isotherms were then collected and compared with the corre-
sponding GCMC-simulated data. Overall, a good agreement was
observed between the experimental and simulated results
(Fig. 4a), with acetone uptakes of 1.96 mmol g and 1.99 mmol
g ' at P = 3050 Pa for experimental and simulated results,
respectively. However, a deviation can be noted particularly in
the very low-pressure regime, P < 1000 Pa (see inset Fig. 4a). Ky
of acetone was also determined via gas-phase pulse chroma-
tography using the first-order moment of chromatograms,
yielding a value of 0.55 mol kg™* mol~". Adsorption enthalpies
derived from the temperature dependence of the Ky, utilizing
the Van't Hoff equation resulted in —55.4 k] mol ™" (Fig. 4b),
further confirming the strong affinity between acetone and
CAU-11(Al). Comparing these experimental values with the FF-
based Widom insertion predicted results (AHngso =
—62.2 k] mol ™", Ky = 4.15 mol kg™" Pa™"), we confirmed that
the overestimation in the simulated adsorption isotherm at low-
coverage regime aligns with the higher affinity predicted by our
simulations.

We further adopted the IS strategy to fine tune the force field
parameters to describe the interactions between acetone and
the CAU-11(Al) framework. This rescaling procedure involved
iteratively adjusting the L] ¢ value only for the framework atoms
in the original UFF/DREIDING FF used for the Widom insertion
calculations until the AH,q4s /Ky reached the values computed
via the IS method, ultimately converging towards the experi-
mental data.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Single-component acetone adsorption in CAU-11(Al). (a) Acetone adsorption isotherms from adsorption measurements (black circles),
GCMC simulations with original MOF force-field parameters (red squares) and GCMC simulations with rescaled force-field parameters (blue
triangles); (b) Van't Hoff plot for acetone adsorption in CAU-11(Al) along the calculated AH,q4s0 and extrapolated Ky at 25 °C; (c) microscopic
adsorption mechanism of acetone molecules in CAU-11(Al) depicted with representative GCMC configurations and associated RDFs for the
MOF/acetone atom pairs derived from the rescaled FF simulations at P = 18.6 Pa (186 ppm) and P = 32 Pa (320 ppm).

Table 1 shows that AH,qs0 and Ky obtained via IS method
exhibits excellent agreement with experimental data when
applying a rescaling of 0.76¢ to all the original MOF atom force
field parameters. This refinement also significantly improved
the correspondence with the experimental adsorption isotherm
in the low-pressure range, as depicted in Fig. 4a. The rescaled FF
parameters are provided in the ESI, Table S5.F

Notably, as shown in Fig. 4a, the adjustment of the LJ &
parameter of the MOF atoms mostly affects the GCMC simula-
tions data at low pressures, while its effect is minimal at higher
pressures (see Tables S6 and S7f for the acetone uptakes).
Notably, the very first collected experimental data point at an
acetone concentration of 186 ppm reveals an uptake of 0.93 mmol
g ' vs. 1.62 mmol g ! (original FF) and 1.17 mmol g * (rescaled

This journal is © The Royal Society of Chemistry 2025

FF). The rescaled FF-GCMC simulations lead to a predicted
acetone uptake at 320 ppm (1.21 mmol g ') in excellent agree-
ment with the experimental value (1.28 mmol g™ ).

Fig. 4c evidences that at 186 ppm, acetone molecules are
mainly located in the center of the channel in line with the DFT-
optimized geometry of 1 acetone molecule in this MOF
(Fig. S1t), the acetone molecules having their oxygen atoms
positioned closer to the hydrogen atoms of the SDBA linkers,
with Hgppa—Oacetone distance starting as low as 2.4 A as revealed
by the corresponding RDF plot. This scenario holds also true at
a higher acetone concentration as equally illustrated in Fig. 4c.

Finally, two consecutive acetone adsorption-desorption
sorption experiments were performed on the same sample,
showing essentially perfect reproducibility between -cycles

J. Mater. Chem. A, 2025, 13, 26401-26412 | 26409
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Table 1 Adsorption enthalpies and Henry's law constants simulated by force field-based Widom insertion calculations and the importance
sampling method alongside the comparison with experimental data obtained from gas-phase pulse chromatography measurements
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water in CAU-11(Al) at 25 °C. Water partial pressure (Py,0) was fixed at

0.4Py,0.sat. While acetone partial pressure (Pacetone) Was varied, considering total pressure of the system, Piotat = Pacetone + Ph,0. Adsorbed
amounts are plotted against P,cetone: (b) breakthrough curves under varying relative humidities at 30 °C, along with detailed profiles of acetone

and water breakthrough at 40% relative humidity.

(Fig. S13+1). These complementary experiments confirmed (i) the
good reversibility of acetone adsorption/desorption and (ii) the
structural stability of CAU-11(Al) throughout the sorption
process.

3.5 Experimental exploration of the selective acetone
adsorption over water performance of CAU-11(Al)

The competitive water and acetone adsorption was first
explored by GCMC simulations on binary acetone/water
mixtures under a constant 40% RH, a common indoor air
condition. These calculations revealed that the presence of
water does not interfere with acetone adsorption, showing only
minimal water uptake (Fig. 5a and Table S87), while maintain-
ing the acetone saturation capacity obtained from the simulated
single-component simulations at 1.81 mmol g~ * (Fig. 4a vs. 5a).
This prediction was decisively confirmed by breakthrough
experiments: under humid conditions, the acetone adsorption
capacity decreased only marginally, from 0.12 g g~ to 0.10 g
g ', remaining nearly constant across all relative humidities
(Fig. 5b and S14f). The acetone uptake measured in the
breakthrough experiment under dry conditions (at a partial
pressure of 2100 Pa) is consistent with the isotherm results
(Fig. 4a and 5b). These results demonstrate that humidity has
no significant adverse effect on acetone uptake. The break-
through time for acetone in dry conditions was 16.7 minutes,
which decreased to approximately 13 minutes in humid
conditions across all relative humidity levels. Inset of Fig. 5b
and S14f report the breakthrough profiles for acetone/water

26410 | J Mater. Chem. A, 2025, 13, 26401-26412

vapor mixture across different RH (0%, 20%, 40% and 60%).
We can consistently observe that water elutes first; the small
amount of adsorbed water is subsequently displaced by
acetone, leading to ‘roll-up’ of the water concentration profile,
confirming its weaker adsorption as compared to acetone.

4 Conclusions

Force field Monte Carlo and density functional theory simula-
tions were initially conducted to predict the acetone affinity of
a series of MOFs featuring different hydrophobic organic
ligands, pore sizes suitable for acetone confinement and
favourable adsorption sites. These calculations revealed that
both pore confinement and the presence of specific adsorption
sites play a pivotal role to achieve an optimal acetone capture at
trace concentrations. The selective acetone capture over water
was also predicted for this overall set of MOFs revealing CAU-
11(Al) as a stand-out adsorbent. This highly hydrophobic MOF
combines high acetone uptake at trace concentrations with
excellent acetone/water selectivity owing to an ideal match
between its pore dimensions and the molecular size of acetone.
These computational predictions were subsequently confirmed
through adsorption experiments and gas-phase pulse chroma-
tography, both of which demonstrated strong acetone affinity
and significant uptake under low-pressure conditions. Water
vapor adsorption isotherms further validated the exceptional
hydrophobicity of CAU-11(Al), with water uptake observed only
above 85% RH. Most notably, dynamic breakthrough

This journal is © The Royal Society of Chemistry 2025
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experiments revealed that the presence of water vapor does not
compromise acetone adsorption, highlighting the remarkable
separation performance of CAU-11(Al) under humid conditions.
Altogether, this study highlights CAU-11(Al) as a highly prom-
ising material for the selective removal of acetone from humid
indoor air, offering a compelling solution to a long-standing
challenge in air purification.
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