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Partially fluorinated MIL-101(Cr) shows high SO, capture (up to
18.4 mmol g ! at 298 K and up to 1 bar), chemical stability towards dry
and humid SO, and an outstanding cycling performance with facile
regeneration. In situ DRIFT spectroscopy demonstrated the prefer-
ential adsorption sites within MIL-101(Cr)-4F(1%).

Introduction

Sulphur dioxide (SO,) is a toxic gas with a pungent odour.
Although it is naturally produced by volcanic activity, its main
source is the burning of fossil fuels containing sulphur and
metal extraction from ores.* This gas has been labelled by the
World Health Organization (WHO) as one of the most
hazardous air pollutants as its presence has been correlated
with a rise in respiratory problems>® and mortality.* It is also
a precursor of particulate matter (PM), which also poses a threat
to human health.* Furthermore, SO, is one of the main
components of acid deposition which affects aquatic environ-
ments and causes loss of minerals and nutrients from the soil,
hindering the growth of forests and crop plants.® Therefore, in
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order to improve the quality of air, especially in urban areas,
emissions of SO, should be reduced.

The most used devices for SO, removal from industrial
combustion units are scrubbers,” where an alkaline reagent
(typically lime or limestone) is used to produce a solid
compound (calcium sulphite). Nevertheless, this technology
has some drawbacks such as low capture of SO,, corrosion of
pipelines and substantial cost of use and recovery.

The removal of this gas has also been explored in porous
materials such as zeolites,*® which have basic oxygen atoms on
the surface that make them good candidates for SO, capture.
However, the regeneration process requires heating above
450 °C (ref. 10) or a chemical treatment with hydrogen
peroxide,** which may lead to a modification of the structure
and a loss of porosity of the zeolites, rendering them non-
reusable.

The capture of an acidic gas such as SO, has proved to be
a difficult task because of the formation of strong irreversible
interactions (chemisorption) or a highly expensive regeneration
process of the material used. Therefore, it is fundamental to
find more efficient and effective SO, removal technologies. As
an alternative, a new class of crystalline and porous materials
known as porous coordination polymers (PCPs) or metal-
organic frameworks (MOFs) has been explored. MOFs are
formed by organic linkers (typically carboxylic acids or azo-
ligands)** and metal ions or metal-oxide clusters,* giving rise to
one-, two- or three-dimensional arrays, depending on the type of
the linker and the metal centre used. The properties of these
materials, such as adsorption capacity or selectivity towards
specific molecules, can be finely customised by changing the
metal centre or by adding a chemical functionality to the linker.

Some studies have demonstrated the capture of sulphur-
oxide gases by different MOFs; however, only a few of them
have shown to be stable upon SO, exposure. This is because of
the strong interaction between the metal centre and SO,, which
can break metal-ligand bonds causing structural degradation
or collapse, as shown for MOF-177,** which, although holding
the record for SO, capture (25.7 mmol g at 298 K and 1 bar),
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showed changes in crystallinity and loss of BET surface area
after SO, adsorption. To avoid this, the interactions between
SO, and the MOF material should be through a donor-acceptor
bond with open metal sites or via non-covalent bonding
between SO, and ligands. For instance, several studies have
been performed exploring the hydrogen bond formation as the
main interaction between SO, and MOFs, using, for example,
linkers with urea groups® or through p-OH groups.***¢**

There are remarkable examples showing that the existence of
open metal sites favours the affinity towards polar molecules
such as SO,.?° Nonetheless, humid conditions have exhibited an
unfavourable impact on the capture of SO,, due to (i) the
competition of H,O and SO, molecules for the preferential
adsorption sites (i.e., open metal sites)** and (ii) the chemical
reaction of H,O and SO, to form highly reactive sulphurous acid
(H»S03), capable of degrading MOF materials.** DFT calcula-
tions have provided valuable information to understand how
open metal sites interact with guest molecules, finding that the
primary interaction is between one oxygen atom from the SO,
molecule and the metal centre; for example, Mg- and Zn-MOF-
747

The introduction of highly electronegative atoms such as
fluorine in the structure of MOFs has also shown interesting
results for the capture of SO,. For example, using an inorganic
anion (SIFe>~, SIFSIX) pillared metal-organic framework, Xing
and co-workers* identified that the main interactions of SO,
with the framework is through guest-host electrostatic inter-
actions such as S°---F°~ and 0S-O---H-C (ligand). These
interactions firmly bind SO, in the pores of the materials.
Moreover, guest-guest interactions (0OS;-O---S,-O) allowed
a more ordered packing of SO, within the pore, forming a SO,
cluster. Also, considering the interaction $°*---F°~ - as a good
site for SO, adsorption, Eddaoudi et al”** studied the SO,
capture in two isostructural fluorinated MOFs, namely, KAUST-
7 and KAUST-8. Interestingly, both materials have excellent
stability towards moisture and can be easily regenerated.

Recently, we have reported a partially fluorinated version of
MIL-101(Cr) entitled MIL-101(Cr)-4F(1%)> that showed inter-
esting adsorption properties for different analytes (H,O, CO,,
0,, H, and H,S). Particularly, we demonstrated that fluorine
incorporation promoted a higher acidity of some of the Cr(m)
metal centres (open metal sites), due to the capability of fluo-
rine to attract electrons.” Thus, in this contribution we present
the remarkable capture of SO, on this partially fluorinated
material, the chemical stability of MIL-101(Cr)-4F(1%) towards
SO, (under both dry and humid conditions), and the relevance
of the open metal sites of MIL-101(Cr)-4F(1%) for high SO,
capture demonstrated by in situ DRIFTS CO adsorption experi-
ments. Remarkable MOF examples capable of adsorbing SO, at
very low pressures (since the concentration of atmospheric SO,
is very low) have been reported.'”* Although, SO, capture in
these conditions for MIL-101(Cr)-4F(1%) is not outstanding, our
material could be an exceptional alternative for SO, long-term
storage.

Powder X-ray diffraction (PXRD) confirmed the phase purity
of MIL-101(Cr)-4F(1%) and thermogravimetric analysis (TGA)

confirmed the  previously reported decomposition
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temperature™ (see Experimental details, Fig. S1 and S5, ESIf).
Acetone-exchanged samples of MIL-101(Cr)-4F(1%) were fully
activated (see the Experimental section, ESI{) and an N,
isotherm at 77 K demonstrated a BET surface area of 2176 m>
g~ " with a pore volume of 1.19 cm® g~ (see Fig. S6, ESIY).

Then, SO, adsorption-desorption isotherms using
a Dynamic Gravimetric Gas/Vapour Sorption Analyser, DVS
vacuum (Surface Measurement Systems Ltd), were carried out
from 0 to 1 bar at 298 K on an activated sample (see the ESIt) of
MIL-101(Cr)-4F(1%). Fig. 1 shows the resulting isotherm that
was observed, which shows a rapid SO, uptake from 0.0 to 0.1
bar with a total uptake of approximately 4.6 mmol g~ * (see the
inset of Fig. 1). From 0.1 to 0.2 bar the SO, adsorption isotherm
demonstrated an almost linear uptake with a total amount of
=~7.5 mmol g~ ". Finally, from 0.2 to 1.0 bar (end of the exper-
iment) an exceptional SO, total uptake of 18.4 mmol g ' was
achieved. This value is higher than the SO, capture for repre-
sentative MOFs (e.g., SIFSIX-1-Cu® = 11.0 mmol SO, g~ ', and,
very recently, MFM-170 (ref. 26) = 17.5 mmol g~ ', at 298 K and
up to 1 bar). It also signifies the second highest SO, uptake for
a MOF material. Interestingly, MOF-177 (ref. 14) demonstrated
the highest SO, uptake for a MOF, reported to date, with a total
capture of 25.7 mmol g~ ' with an estimated BET surface area of
4100 m”> g~ ', whereas the BET surface area for MIL-101(Cr)-
4F(1%) (2176 m* g ') is approximately 47% lower than MOF-
177. However, when MOF-177 was tested for a second SO, re-
adsorption experiment (first cycle), this material showed
partial degradation of the framework structure (corroborated by
PXRD) and reduction of the BET surface area (2270 m”> g™ ).
Therefore, because of the low chemical stability of MOF-177, no
further SO, sorption investigations for MOF-177 were consid-
ered by the authors.**

Thus, we decided to investigate the structural stability of
MIL-101(Cr)-4F(1%) after the SO, adsorption-desorption
experiment. PXRD analysis confirmed the retention of its crys-
tallinity (see Fig. S2, ESIY), after the first SO, sorption experi-
ment. In addition, a N, adsorption at 77 K evidenced that the
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Fig. 1 Experimental SO, adsorption—desorption isotherm collected
for a fully activated MIL-101(Cr)-4F(1%) sample (filled blue circles =
adsorption; open blue circles = desorption) at 298 K and up to 1 bar.
Inset: SO, adsorption from 0.0 to 0.1 bar.
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porosity was not altered (BET area =~ 2168 m” g, see Fig. S7,
ESIT). Continuing with the analysis of the SO, sorption
isotherm, the desorption branch showed a hysteresis from 0.8
bar to 0.0 bar which indicates a relatively strong SO, interaction
with the MOF material.

In order to quantify such a host-guest interaction, the isos-
teric heat of adsorption (AH) was evaluated for SO, at low
coverage for fully activated MIL-101(Cr)-4F(1%) (estimated by
fitting three adsorption isotherms at 298, 303 and 308 K to
a Clausius-Clapeyron equation, see Fig. S11, ESIt). Thus, the
resultant AH = —54.3 k] mol~! was demonstrated to be rela-
tively high which is consistent with the hysteresis shown in
Fig. 1 (suggesting a relatively strong interaction between SO,
and the MOF material). This AH value is characteristic for SO,
and open metal sites systems (e.g., KAUST-8,** AH =
—73.9 k] mol™).

Cycling SO, experiments at 298 K and 1 bar were further
carried out in order to assess the stability of the SO, adsorption
performances and the regeneration capacity of MIL-101(Cr)-
4F(1%). We recently reported the SO, cyclability of MFM-
300(Sc),”” where only vacuum (1.7 x 10~ °® Torr) was applied for
30 minutes at 298 K. Since the AH for SO, in MFM-300(Sc)
(—=36.2 k] mol ) resulted in a lower value than that for MIL-
101(Cr)-4F(1%) (—54.3 k] mol '), we decided to carry out cycling
SO, experiments on MIL-101(Cr)-4F(1%) by applying vacuum
(1.7 x 107° Torr) for 45 minutes and 298 K. Thus, we demon-
strated that the SO, capture capacity remains constant during
50 adsorption-desorption cycles (18.44 + 0.12 mmol g7, see
Fig. 2). This shows that SO, is fully released during the subse-
quent desorption cycles. PXRD analyses of the material after 50
adsorption/desorption cycles confirmed the retention of the
crystal structure (see Fig. S3, ESIt), while a N, adsorption at 77 K
evidenced that the porosity is not altered (BET area = 2174 m>
g7 ") (see Fig. S8, ESIT). Additionally, in situ PXRD (under a N,
atmosphere) demonstrated that this SO, re-cycled material
retained its crystallinity up to 250 °C (see Fig. S4, ESIT). MIL-
101(Cr)-4F(1%) shows a fast reactivation process (treatment for
45 min under vacuum) at room temperature (298 K) which

SO, (mmol gh)

0 T T T T T T T T T T
5 10 15 20 25 30 35 40 45 50

Cycles

Fig. 2 Adsorption—desorption cycles for SO, in MIL-101(Cr)-4F(1%) at
1 bar and 298 K. The re-activation of this sample was conducted by
only applying vacuum (1.7 x 107 Torr) for 45 minutes at 298 K.
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contrasts with the harsh conditions currently considered for
most of the current MOFs envisaged for SO, capture.”®

MFM-170, with a BET surface area of 2408 m”> g~ ', exhibited
the highest SO, uptake (17.5 mmol g™, at 1 bar and 298 K),
reported in the literature, for a chemically stable MOF material
(50 adsorption-desorption cycles for SO, at 298 K under
dynamic vacuum).”® Therefore, MIL-101(Cr)-4F(1%) represents
the highest SO, capture (18.4 mmol g ') in a chemically stable
MOF material with an extraordinary energy-efficient cyclability.

Taking into account the excellent water stability of MIL-
101(Cr)-4F(1%)* and the chemical stability towards SO,, no loss
of the adsorption capacity of SO, after 50 adsorption-desorp-
tion cycles and PXRD confirmation of the crystalline structure,
the structure stability of MIL-101(Cr)-4F(1%) towards humid
SO, was investigated. Then, an activated sample (see the ESIT)
of MIL-101(Cr)-4F(1%) was exposed during 24 h to humid SO,
(60% relative humidity, RH), generated in a home-designed set-
up (see Fig. S13, ESIt). Later, this sample was re-activated (as
previously described in the ESIt) and it was re-exposed to
humid SO, for another 24 h (second exposure to humid SO,).
After completing a third exposure to humid SO, (60% RH),
PXRD experiments demonstrated the retention of the crystal-
linity of the sample (see Fig. 3) and a N, adsorption at 77 K
showed that the porosity was not altered (BET area =~ 2172 m”
g ', see Fig. S9, ESIT). These cycling experiments with humid
SO, demonstrated the high chemical stability of MIL-101(Cr)-
4F(1%).

Up to this point we have demonstrated that the SO, capture
by MIL-101(Cr)-4F(1%) is the highest, to the best of our
knowledge, for a structurally stable MOF material, with high
SO, cyclability and extraordinary chemical stability towards
humid SO,. When comparing MIL-101(Cr)-4F(1%) to MFM-
170,% the latter shows higher BET surface area (2176 vs. 2408 m>
¢~ ") and pore volume (0.88 vs. 1.19 cm® g~ ). Although, the pore
dimensions of MFM-170 belong to the mesoporous regime
(three different cavities: A (15.9 A), B (16.3 x 22.2 A) and C (12.8
x 14.2 A)), similar to those of MIL-101(Cr)-4F(1%) with two
different pore openings (29 A and 34 A), the total uptake is
higher for MIL-101(Cr)-4F(1%). Thus, the difference in the SO,
capture for these two materials cannot be simply explained by
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Fig. 3 PXRD of (a) simulated MIL-101(Cr)-4F(1%), (b) first, (c) second,
and (d) third exposure to humid SO,.
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their porosity differences. In addition, both mesoporous MOF
materials show access to open metal sites.

However, the AH for SO, (at low SO, loadings) was demon-
strated to be considerably different for MIL-101(Cr)-4F(1%)
(—54.3 kJ mol™") and MFM-170 (—35.4 kJ mol~").?° Since this
parameter is calculated at low SO, loadings, it indicates the
interaction of the SO, molecules with the preferential func-
tional groups within a MOF material, which are in the case of
MIL-101(Cr)-4F(1%) and MFM-170 the open metal sites (Cr(u)
and Cu(u), respectively). Thus, we hypothesise that due to
a higher AH for SO, for MIL-101(Cr)-4F(1%), the SO, uptake is
accordingly higher, presumably due to a more efficient packing
of the SO, molecules. In order to corroborate our hypothesis,
Diffuse Reflectance Infrared Fourier Transform (DRIFT) spec-
troscopy experiments were performed. Indeed, Yang and
Schroder elegantly demonstrated (by in situ synchrotron single-
crystal X-ray diffraction) the binding domains for adsorbed SO,
within MFM-170 (open metal sites).?® In our hands, we investi-
gated such binding domains by in situ DRIFT spectroscopy
upon the adsorption of CO. Although CO is chemically different
from SO,, both molecules exhibit a dipole moment (D, 0.12 for
CO and 1.62 for SO,) and we decided to use this molecule as
a probe, affording an extraordinary alternative to investigate the
preferential adsorption sites within MIL-101(Cr)-4F(1%). CO is
indeed an IR probe that can be used to characterise the acidity
of surfaces. Therefore, CO was selected as a good candidate
since SO,, also a dipolar molecule, is anticipated to be adsorbed
at acid sites similar to CO.

Fig. 4 shows the spectra of CO adsorption (298 K) at different
times (min) on an activated sample (see the ESIf) of MIL-
101(Cr)-4F(1%). After only 1 min, the CO adsorption showed two
bands centred at # 2191 and 2161 cm ™ ". In line with the earlier-
observed cation-dependent vibrational band,* the main band
at 7 2191 em ™' is attributed to CO interacting with the Lewis
Cr’" sites, confirming that the Cr’* are indeed open metal sites

=30 min CO
i 15 min CO

2191 em’” ks
cm 2161 cm 2039 em” =10 min CO
= 5 min CO
W\W e 2 min CO

—— I minCO

W = (0 min CO

INAAAS—
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ol .
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Fig. 4 DRIFT spectroscopy spectra of CO adsorbed at different times
over activated MIL-101(Cr)-4F(1%) at 298 K, in the region between »
2300 and 1900 cm™t. At 0 min, the DRIFT spectroscopy spectrum of
MIL-101(Cr)-4F(1%) is shown; from 1 min to 30 min the DRIFT spec-
troscopy difference spectra are shown.
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as previously demonstrated by '*’Xe NMR.? Interestingly, the
band at 2161 cm ™ is assigned to CO interacting with Bronsted
acid sites (hydrogen atom from the HO group) (see Fig. S14,
ESI{). In both cases the positions shift (approximately 6 cm™*
for 72191 cm ' and 4 cm ™ for 7 2161 cm ') as time increases
(coverage-dependent) and undoubtedly, these are distinct from
the previously reported gas-phase band observed at ¥
2143 cm™".?° In fact, the coverage-dependent shift (~6 cm ") for
the main band (2191 cm ") is attributed to additional CO-CO
lateral interactions since CO is a small polarisable molecule
(i.e., exhibits a dipole moment). This high value (main band at »
2191 ecm™ ') of the CO stretching frequency and the very small
shift (6 cm ') of this band as CO coverage evolves suggests
a poor or negligible participation of the d-m* orbital in the
interaction between Cr*" and CO.* Consequently, the adsorp-
tion of CO on these sites (Cr**) of the material can be considered
as relatively weak.

Additionally, after 5 min a band is observed at 2039 cm™ ",
which is a significantly lower wave number than the one
observed for CO adsorbed within other MOF materials.** In fact,
this band is also at a lower wave number than that expected for
CO interacting with Cr’* or Bronsted acid sites as previously
identified.*® This band is indeed close to the one previously
observed for CO bonded to metal chromium (Cr°) in carbonyl
complexes.** However, this can be discarded as the reduction
from Cr** to Cr° did not take place in MIL-101(Cr)-4F(1%).
Interestingly, it is possible to decrease the strength of the triple
polar-covalent bond between C and O atoms of the CO molecule
(C=0), if it is exposed to two different interactions.*

Thus, we hypothesise that when the CO molecule is adsorbed
within MIL-101(Cr)-4F(1%), after a particular CO concentration
is reached (i.e., after 5 min, see Fig. 4 band at # 2039 cm "),
a specific adsorbed geometry is afforded which allows the CO
molecule to simultaneously interact with coordinative unsatu-
rated Cr’" metal centres (Lewis acid sites) and OH functional
groups (Bronsted acid sites) (see Fig. S15, ESI). Both interac-
tions (depicted as: O-H---O=C-Cr) can generate a weakening of
the triple bond of the CO molecule and therefore, a higher
stabilisation of this molecule within the MOF material. This
experimental evidence can be observed in Fig. 4 where from
5 min to 30 min (end of the experiment), the intensity of the
main band at # 2191 cm ' is considerably broadened and
shifted (~6 cm™") while the intensity of the dually interacting
band (O-H:--O=C-Cr) at # 2039 cm ', is increased. Further-
more, changes observed in the voy region (see Fig. S12, ESIt)
provided a clear evidence of hydrogen bond formation (O-H:--
O=Q). After only 2 min of CO adsorption, the main bands at »
3665 and 3585 cm * were considerably broadened and shifted
slightly to lower wavenumbers and a new band at # 3612 cm™*
was observed (see Fig. S12, ESIt). These adsorption sites in
which CO is simultaneously bounded to OH and Cr’", signifi-
cantly decrease the strength of the triple polar-covalent bond of
CO, and therefore, these can be considered as strong adsorption
sites for CO.

All the previously analysed vibrational bands (DRIFT spec-
troscopy spectra) correspond to the chemical composition of
activated MIL-101(Cr)-4F(1%): [Cr;0(BDC),.9,(BDC-4)5.9o(H,0)-

This journal is © The Royal Society of Chemistry 2020
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OHJ; BDC = 1,4-benzenedicarboxylate; BDC-4F = 2,3,5,6-
tetrafluoro-1,4-benzenedicarboxylate  (see ESL{ material
synthesis). In detail, the trinuclear cluster CrzO of Cr(m) is
coordinated to two H,O molecules and one hydroxy group (HO)
(this anion compensates the charge of the framework struc-
ture). Upon activation, these water molecules are displaced
generating open metal sites and the HO remains coordinated to
one metal centre (see Fig. S14, ESI{).** Thus, as previously
described (vide supra), this HO functional group (Bronsted acid
site) is the one responsible (in combination with unsaturated
Cr*", a Lewis acid site) for the simultaneous CO interaction with
both adsorption sites as evidenced by the band at # 2039 cm ™"
and the changes observed in the voy region. Thus, with this
experimental evidence, we corroborated our efficiently packing
SO, hypothesis: the SO, adsorption process takes place in three
stages: (i) adsorption at acid sites (Lewis) with a relatively high
AH for SO,; (ii) adsorption at both acid (Lewis and Bronsted)
sites, since the SO, molecule also exhibits a dipole moment
(resembling the CO molecule) and (iii) adsorption within the
cavities of the MOF material.

To summarise, MIL-101(Cr)-4F(1%) exhibits the highest SO,
uptake for a structurally stable MOF material, extraordinary
chemical stability towards dry and humid SO, and an excellent
cycling performance with facile regeneration at room temper-
ature. Furthermore, in situ DRIFT spectroscopy upon the
adsorption of CO identified the preferential adsorption sites of
MIL-101(Cr)-4F(1%).
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