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A dual computational/experimental approach enabled ranking of
the performance of a series of MOFs for a-pinene capture in
terms of affinity and uptake. UiO-66(Zr) is demonstrated to be a
good candidate for adsorbing a-pinene at sub-ppm levels, while
MIL-125(Ti)-NH; shows ideal performances for abating a-pinene at
concentrations encountered in indoor air.

Terpenes are Volatile Organic Compounds (VOCs) of biogenic
or anthropological sources, emitted in indoor environments
from plants, wooden building materials, organic solvents or
household, cosmetic, fragranced, and cooking products.*™
Indoor terpene concentration substantially varies depending
on the occupant activities: it usually ranges from 0.01 to
270.00 pg m > and can reach up to 6000 pg m* after using
cleaning products.”””” The impact of terpenes on human
health is limited to irritating and/or allergenic effects.> How-
ever, their isoprene structure makes them very reactive with
ozone, hydroxyl, or nitrate radicals even at low concentration,
resulting in oxidation by-products, e.g. gas species, formalde-
hyde, acetic acid, and ultrafine particles, which are much more
harmful than the terpene precursors themselves.>® Therefore,
the development of solutions to mitigate indoor air contamina-
tion by terpenes is of utmost importance. Noteworthy, this
problematic is also relevant in cultural heritage institutions,"®""
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not only to protect visitors and employers but also to preserve
art collections from damage.'>** In this context, terpene con-
tamination in enclosed spaces such as display cases, archive
boxes, archive magazines, or storage rooms can exceed that of
the surrounding indoor air. The pollution sources comprise the
materials constituting these spaces, the essential oils used
in the process of Egyptian mummification, the biocides treat-
ments, solvents of products of restorations, among others
combined with a weak air renewal of the atmosphere support-
ing the concentration of the compounds around the
heritage works.

Post-processing technologies have been developed for the
removal of a wide range of VOCs from indoor air. They are
based on destructive methods, i.e. catalytic and thermal oxida-
tion, biodegradation and plasma catalysis, or recovery appro-
aches, i.e. membrane separation, absorption, condensation,
and adsorption.’®'® Adsorption-based process using sorbent
materials, is regarded as the most efficient technology for VOCs
abatement from air, since it combines simple operating tech-
nology, low maintenance cost, and low energy consumption
with the ability to recover and reuse both sorbent materials and
VOCs.'>1718 A large panel of porous solids has been explored
for VOCs capture,'”'® including mesoporous silica, "’ zeolites,>
carbonaceous materials,”® and Metal-organic frameworks
(MOFs).>> MOFs are one of the most recent classes of porous
solids, constructed through an almost infinite combination of
metal ions and organic polydentate ligands. They have been
identified as promising candidates over the traditional porous
materials for the sorption of a wide range of indoor and
outdoor contaminants (CO,, NO,, SO,)*>** as well as diverse
VOCs (aldehydes, ketones, acids, alcohols, and aromatics).>>>*
Their attractiveness for VOCs capture, even at trace levels, relies
on their unique richness in terms of structural and chemical
features that can be modulated to favour a strong affinity for
the target VOC via electrostatic interactions, m-complex for-
mation, hydrogen bonding or even throughout geometric
confinement.”*” In addition, MOF materials containing
high-valence metal ions have been demonstrated to be highly
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chemically stable which is of crucial interest for their long-term
use under working conditions.>® So far, only a very few porous
coordination polymers (MOFs and COFs, i.e. covalent organic
frameworks) have been explored for their sorption-related
properties towards terpenes, mostly for terpenes enantioselec-
tive separation in liquid phase and sensing applications.>*>?
Although this family of porous materials has shown promises
for the adsorption of terpenes at high VOC concentrations, their
performance for the challenging capture of airborne terpenes
traces has never been addressed until now.

Herein, a series of microporous MOFs was explored using a
dual experimental/modelling approach to identify sorbents
which combine high terpene affinity and substantial sorption
terpene uptake at low terpene airborne concentration. a-pinene,
i.e. C1oH;6, was considered as a representative molecule of this
family of airborne contaminant, since it is the most commonly
terpene species encountered in indoor environments.>* We
selected well-known MOFs with pore sizes compatible with
hosting o-pinene (kinetic diameter &, pinene = 7 A) while
showing an easy synthesis route and high chemical/thermal
stability. Accordingly, the microporous MOFs, UiO-66(Zr), MIL-
125(Ti)-NH,, Cr-soc-mof, MIL-68(Al), DUT-4(Al), and DUT-5(Al),
with distinct pore structures (cage- and tunnel-like porosity),
chemical features (ligand nature/functionalisation) and pore
dimension/volume, were examined for the capture of a-pinene
traces. Periodic Density Functional Theory (DFT) and Force
Field Monte Carlo (MC) simulations were first carried out to
assess the a-pinene affinity of these MOFs with the objective to
select the most promising ones for further experimental test-
ing. Therefore, UiO-66(Zr), MIL-125(Ti)-NH,, and DUT-4(Al)
were subsequently investigated by recording their o-pinene
gravimetric sorption isotherms at 303 K in the [0.2 - 1000]
ppm concentration range. UiO-66(Zr) was demonstrated to be
the best candidate for a-pinene capture at traces level, ie.
Copinene < 0.2 ppm (<1.1 mg m %), while MIL-125(Ti)-NH,
was found to be efficient for adsorbing o-pinene at higher
concentration, i.e. Cy.pinene > 0.8 ppm (>4.5 mg m™°). MC
simulations were further deployed to reveal the preferential
location of a-pinene in these selected MOFs at various analyte
loadings.

Periodic DFT calculations and MC simulations first
revealed the preferential orientations of a-pinene within the
pores of UiO-66(Zr), MIL-125(Ti)-NH,, Cr-soc-mof, MIL-68(Al),
DUT-4(Al), and DUT-5(Al) at low loading and assessed the
resulting strength of guest-host framework interactions. The
DFT-calculated a-pinene/MOF interaction energies (Ej,.) along
with their MC simulated adsorption enthalpies (AH,qs) are
reported in Table 1. Both simulated energetics correlate well
and this validates the force field parameters/charges used to
describe the host/guest interactions in the MC calcula-
tions. Notably, these simulations evidenced that UiO-66(Zr)
shows the strongest interactions with o-pinene followed by
MIL-125(Ti)-NH, while the other 4 MOFs show similar moder-
ate interaction energies, in line with a lowering of the a-pinene
confinement (larger pore size of these last 4 MOFs). The DFT-
calculated o-pinene interaction energy (Ein.) of -116.2 k] mol "
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Table 1 DFT-simulated pinene/MOF interaction energies (Ei,) and
MC-calculated pinene/MOF adsorption enthalpies at low coverage (AH,q4s)

MOF Structures Eine k] mol ™! AH 45 kJ mol™*
UiO-66(Zr) ~116.2 —99.7
MIL-125(Ti)-NH, —91.8 ~76.2
Cr-soc-mof —64.5 —75.2
MIL-68(Al) ~56.2 —48.0
DUT-4(Al) —56.4 —60.0
DUT-5(Al) —53.2 —55.6

for UiO-66(Zr) is associated to the preferential sitting of
a-pinene in the tetrahedral cage of this MOF as illustrated in
Fig. 1a. A consequence of this highly confined environment is
to enable the interactions of a-pinene with both the p-OH
functions of the inorganic node and the organic linker of the
MOF with associated short separating distances, e.g. dC(-CHj,
o-pinene)-H(1L.OH, MOF) = 2.69 A, and dC(-CH, a-Pinene)-
C(terephthalate, MOF) = 2.82 A (Fig. 1a). a-pinene was equally
found to preferentially adsorb in the smaller cages of MIL-
125(Ti)-NH,, interacting with both the carboxylate group and
the -NH, functional group of the organic linker with represen-
tative distances of dH(-CH,, o-pinene)-O(COO-MOF) = 2.68 A,
ii). dH(-CH, a-pinene)-N(NH,)}-MOF = 2.69 A (Fig. 1b). The
weaker interactions between a-pinene and the other 4 MOFs
are associated to the low degree of pore confinement. Typically
Fig. 1c reports the preferential geometry of a-pinene adopted in
the channel of DUT-4(Al) revealing that the guest molecule
interacts mostly with the organic linker with the shortest
separating distance of about 3A.

Besides the host/guest affinity at low concentration, the
sorption capacity is an additional key metric for assessing the
ability of porous sorbents to capture traces of contaminants in
air. The sorption isotherm of o-pinene was then collected for
the two MOFs predicted with the strongest interactions with
this analyte, i.e. UiO-66(Zr) and MIL-125(Ti)-NH,, as well as one
representative MOF with a moderate affinity, i.e. DUT-4(Al).
These MOF samples were prepared according to the procedures
detailed in the SI. The characterization of these MOFs by
combining PXRD, FT-IR, TGA, and N, physisorption firstly
confirmed that these MOFs were successfully synthesized as
pure phases (¢f Fig. S1, S2, S4-S6, ESIt). Their textural proper-
ties such as theoretical N,-accessible surface area and free pore
volume along with the experimental Sgpr and Vjor. are reported
in Table S1 (ESIf). The o-pinene sorption isotherms were
further collected using a gravimetric system in-house modified
to create very low partial pressures of a-pinene by diluting the
analyte vapour in an inert carrier gas. Minute concentrations of
a-pinene down to 0.2 ppm (= 1.1 mg m™>) could be achieved, in
line with the terpene contamination conditions encountered in
indoor air. Fig. 2 displays the a-pinene adsorption isotherms
collected at 303 K, in the [0.2-1000] ppm concentration range. A
type I profile with a step-wise increase of the a-pinene uptake
was observed at low coverage, i.e. for the sorbate concentration
lower than 300 ppm for the tested 3 MOFs.

At the highest concentration range, the adsorption
uptake merges toward 0.38 g g%, 0.43 g g~ ', and 0.48 g g %,
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Fig. 1 DFT-simulated preferential sitting of a-pinene in (a) UiO-66(Zr), (b) MIL-125(Ti)-NH,, and (c) DUT-4(Al). The characteristic guest/MOF interacting
distances (dotted lines) are reported in A. Color codes for the MOF framework atoms: hydrogen (white), carbon (light grey), nitrogen (blue), oxygen (red),
zirconium (cyan), titanium (yellow), aluminum (pink), and for the a-pinene atoms: hydrogen (white) and carbon (black).
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Fig. 2 a-pinene gravimetric sorption isotherm for UiO-66(Zr) (red circle),
MIL-125(Ti)-NH, (blue triangle), and DUT-4(Al) (black square), collected in
the equivalent 0-1000 ppm concentration range at 1 atm, 303 K. The
insert shows the semi-logarithmic scale plot.

for DUT-4(Al), UiO-66(Zr), and MIL-125(Ti)-NH,, respectively.
More interestingly these three MOFs exhibit distinct sorption
behaviours at low analyte concentration as magnified by the
semi-logarithm plot of the adsorption isotherms shown in the
inset of Fig. 2. The uptake of a-pinene for UiO-66(Zr) is almost
linear with increasing the logarithm of the analyte concen-
tration up to 300 ppm. The starting concentration point at
0.2 ppm results in a significant o-pinene uptake of 0.11 g g~ .
Noteworthy, we can extrapolate from our experimental col-
lected data that UiO-66(Zr) is still able to adsorb a-pinene below
0.2 ppm although it cannot be fully confirmed by using our
apparatus in this range of ultra-low concentration of the
analyte. On the opposite, the two other MOFs show a sigmoidal
sorption isotherm, with a negligible adsorbed amount of
o-pinene at 0.2 ppm. Indeed, MIL-125(Ti)-NH, and DUT-4(Al)
start to adsorb at about 0.8 ppm and 1.6 ppm respectively. This low
concentration sorption sequence is in line with the simulated
affinity order UiO-66(Zr) > MIL-125(Ti)-NH, > DUT-4(Al) (Table 1).

7066 | Chem. Commun., 2023, 59, 7064-7067

Therefore, UiO-66(Zr) combines the strongest affinity toward
a-pinene with the highest capacity at 0.2 ppm, making it as the
optimal solid for adsorbing a-pinene at sub-ppm levels. For
capturing ao-pinene at higher analyte concentration, ie. from
1.6 to 10 ppm, the three selected MOFs efficiently adsorb the
contaminant, while MIL-125(Ti)-NH, shows higher uptake
compared to the two other structures. As a consequence,
MIL-125(Ti)-NH, is the best candidate for abating o-pinene at
concentrations found in indoor air condition ([270-6000] pg
m?, i.e. [0.05-1.08] ppm).

To gain insight into the o-pinene sorption mechanism in
MIL-125(Ti)-NH,, for the target range of analyte concentration
(<20 ppm) we performed complementary MC simulations in
the canonical ensemble for different loadings fixed from the
experimental adsorption isotherms. At the very initial stage of
adsorption, a-pinene is located in the smallest cage and inter-
acts with both the u~OH groups and the carbons of the organic
linker (Fig. 3a and b) in line with the geometries obtained by
DFT calculations (Fig. 1b). Fig. 3c depicts that at 1.0 ppm the
cages are filled by a larger concentration of molecules establish-
ing guest/guest interactions with associated intermolecular
separating molecule-molecule distance of 2.1 A. At higher
concentration (14 ppm) the tetrahedral cages are fully occupied
by the guest molecules and then the octahedral cages start to be
filled, (Fig. 3d).

The o-pinene sorption mechanism was also investigated for
the two other MOFs (Fig. S7, ESIt) in the target range of analyte
concentration. Fig. S7b (ESIt) shows that the molecule prefer-
entially adsorbs in the tetrahedral cage of UiO-66(Zr) at the very
initial stage of adsorption. in line with the DFT predicted one
(Fig. 1c). a-pinene then populates all tetrahedral cages in the
range of concentration up to 24 ppm (Fig. S7d, ESIf) and
the octahedral cages are only occupied at high concentrations
(Fig. S7e, ESIt). Finally, DUT-4(Al) does not exhibit any strong
anchoring site for a-pinene at low concentration (Fig. S8a, ESIT)
interacting only via weak van der Waals interactions with the
organic linker and filling the channel at 1.6 ppm (Fig. S8c,
ESIt).

In conclusion, various microporous MOFs were explored for
a-pinene capture at concentrations found in indoor air. Among

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Monte Carlo configurations for a-pinene in MIL-125(Ti)-NH, at
different analyte loadings determined from the experimental adsorption
isotherm at (a) and (b) low concentration (0.06 g g~ = 0.44 mmol g~ with
host-guest interacting distances reported in A, (c) 1.2 ppm (0.24 g g~* =
1.81 mmol g73), and (d) 14 ppm (0.41 g% = 3.0 mmol g7).

them, MIL-125(Ti)-NH, is demonstrated as a good competitor,
as it displays both high uptake and optimal affinity to-
ward o-pinene. Interestingly, the adsorption of o-pinene by
MIL-125(Ti)-NH, is irreversible at 303 K (¢f. Fig. S9, ESIT), while
the solid is fully regenerated under mild conditions, ie. at
373 K, under secondary vacuum.
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