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Cucurbit[6]uril@MIL-101-Cl: loading polar porous
cages in mesoporous stable host for enhanced
SO, adsorption at low pressures+

’ '.) Check for updates ‘

Cite this: Nanoscale, 2021, 13, 15952

Yangyang Sun, ©?2 Jun Liang, ©2® Philipp Brandt, © 2 Alex SpieR, ©°
Secil Oztiirk @2 and Christoph Janiak () ¥2®

The robust cucurbituril-MOF composite CB6@MIL-101-Cl was synthesized by a wet impregnation
method and a concomitant OH-to-Cl ligand exchange {CB6 = cucurbit[6]uril, 31 wt% content in the
composite, MIL-101-Cl = [Crz(O)ClH,0),(BDC)s], BDC = benzene-1,4-dicarboxylate}. MIL-101-Cl was
formed postsynthetically from standard fluorine-free MIL-101 where Cr-OH ligands were substituted by
Cl during treatment with HCl. CB6@MIL-101-Cl combines the strong SO, affinity of the rigid
CB6 macrocycles and the high SO, uptake capacity of MIL-101, and shows a high SO, uptake of 438 cm?®
g™ (19.5 mmol g™ at 1 bar and 293 K (380 cm® g™, 17.0 mmol g™t at 1 bar and 298 K). The captured SO,
amount is 2.2 mmol g~* for CB6@MIL-101-Cl at 0.01 bar and 293 K (2.0 mmol g™ at 298 K), which is
three times higher than that of the parent MIL-101 (0.7 mmol g™) under the same conditions. The near
zero-coverage SO, adsorption enthalpies of MIL-101 and CB6@MIL-101-Cl are —35 kJ mol™ and —50 kJ
mol™, respectively, reflecting the impact of the incorporated CB6 macrocycles, having higher affinity
towards SO,. FT-IR spectroscopy confirms the interactions of the SO, with the cucurbit[6]uril moieties of
the CB6@MIL-101-Cl composite and SO, retention for a few minutes under ambient air. Comparative
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experiments demonstrated loss of crystallinity and porosity after dry SO, adsorption for MIL-101, while
CB6@MIL-101-Cl exhibits nearly complete retention of crystallinity and porosity under the exposure to
both dry and wet SO,. Thus, CB6@MIL-101-Cl can be an attractive adsorbent for SO, capture because of

rsc.li/nanoscale its excellent recycling stability, high capacity and strong affinity toward SO, at low pressure.
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Introduction

The large-scale emission of flue gases containing toxic SO,
arouses increasing worldwide concerns. As of 2010, global
energy sector emissions of SO, were estimated to be about 40
Tg." The majority of anthropogenic SO, emissions originated
from coal- and oil-burning for electricity generation.” SO, is
responsible for human respiratory diseases including bronchi-
tis, asthma as well as cardiovascular diseases,>* and SO, along
with NOx emissions lead to the formation of ‘acid rain’ that
poses significant danger to the health of ecosystems, particu-
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larly by inhibiting plant growth and poisoning aquatic life.” In
addition, SO, can react with other air pollutants to produce
sulphate particles, which are a main component of fine par-
ticulate matter (PM,_5).*” Thus, developing new materials and
technologies for SO, removal is imperative.

Limestone scrubbing, ammonia scrubbing and absorptive
removal by organic solvents like monoethanol-amine (MEA)
represent the majority of conventional technologies of SO,
removal from flue gases. A capture of more than 95% SO,
from the gas mixtures could be achieved via use of these
traditional ~— approaches.* ' Improvements in  energy
efficiency and decrease of wastes suggest physisorption by
solid adsorbents as the most promising alternatives, particu-
larly due to the possibility to minimize energy requirements.
It is worth noting that because of the corrosive nature of
SO,, its complete as possible removal as the first step of
flue gas processing allows broader possibilities for sub-
sequent purification/sequestration steps.'"'> Therefore, the
development of chemically resistant porous materials for
adsorptive SO, removal, especially with high uptake and
selectivity at industrially relevant low partial pressures of
SO,, is of great interest.

This journal is © The Royal Society of Chemistry 2021
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Metal-organic frameworks (MOFs) have drawn intensive
attention in the context of gas storage and separation.”* " Due
to their high surface area, high pore volume and tunable
surface functionality, MOFs can be designed for sorption of
toxic chemicals including SO,,"*™° and the capture of CO,.*
The stability of MOFs against water vapors should not be over-
looked during evaluation of potential MOF adsorbents for SO,
capture.”! Although some MOFs have been reported to be
promising for SO, adsorption and SO,/CO, separation,®*° the
efficient MOF-based adsorbents with both high stability and
high-capacity are still very limited.

MIL-101(Cr), which possesses excellent water stability, high
surface area and micro/mesoporosity (29 and 34 A inner dia-
meter), is a particularly interesting adsorbent for practical
applications (the guest-free form corresponds to [Cr(ps-O)(X)
(H,0),(BDC);], X = F, OH, BDC = benzene-1,4-dicarboxylate). In
2020, Ibarra et al. reported that MIL-101(Cr)-4F(1%) (—4F =
fully fluorinated BDC) shows a high SO, uptake capacity of
18.4 mmol g~ " at 1 bar and 298 K and is chemically stable
towards dry and humid SO,.*" The large pore volume, ben-
eficial at higher pressures, is the primary reason for the
superior performance of MIL-101(Cr) at 1 bar compared to
other microporous MOFs. However, MIL-101(Cr) shows med-
iocre uptake at low pressure due to the lower density of
strongly adsorbing sites, such as open-metal sites,”* and polar
OH™ and H,O ligands. MIL-101(Cr) has also no polar ligand
substituents, such as -NH, or -OH groups and lacks small
micropores in the 4-8 A region, both of which are advan-
tageous for a low-pressure uptake of SO,.>>**7*> Importantly, it
was also shown that the MIL-101(Cr) (formed by standard fluo-
rine-free conditions), would gradually lose its crystallinity and,
therefore the accessible surface area after SO, sorption at
298 K even under nearly anhydrous conditions.**

One effective method to modulate the pore size of a host
framework is to introduce functional molecules to obtain com-
posite materials, which may exhibit synergetic performances
towards certain adsorbates.**™*° However, MOF-based compo-
sites are not yet reported for SO, sorption and separation until
now to the best of our knowledge. Recently, our group studied
the outstanding SO, sorption and separation performance of a
cucurbit[6]uril microporous hydrogen-bonded organic frame-
work (HOF),*" nanoCB6-H (H stands for the solid-state honey-
comb-like structure).*>*® It was found that the CB6 cages
(“barrels”) have strong interactions with dry SO, molecules by
forming interactions both on the outer surfaces and in its
intrinsic pores at a low pressure.*’ However, the exposure of
this CB6 HOF material to humid SO, conditions led to a phase
change and major loss of porosity (particularly its extrinsic
pores) due to its weak hydrogen bonds. We propose that the
shortcomings of CB6 HOF frameworks can be circumvented by
dispersing CB6 molecules in a MOF matrix such as MIL-101 to
obtain CB6@MIL-101 (Scheme 1).** Herein, we report the
preparation and characterizations of the targeted
CB6@MIL-101-Cl material, which show enhanced SO, sorption
behavior due to the combined merits of high host surface
area, optimized pore sizes, CB6 molecules with high SO,
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Scheme 1 Top: Schematic representation of the encapsulation of
CB6 molecules in MIL-101 with the formation of the CB6@MIL-101-Cl
composite. The two coordinated aqua ligands on the trinuclear chro-
mium SBU are not indicated for clarity. Bottom: Formula and structure
of CB6 = cucurbit[6]uril. The yellow sphere represents the intrinsic pore.

affinity and increased stability toward SO, molecules. Since
CB6 molecules are confined in the pores of MIL-101 frame-
works, the performance is less affected by moisture or humid
SO,. Further, we discovered that hydrochloride could modify
the MIL-101 framework and enhance the stability of the resul-
tant CB6@MIL-101-Cl material toward corrosive SO, mole-
cules. This work demonstrates for the first time the potential
of cage@MOF composite materials for enhanced SO, removal
and storage at low pressures.

Experimental
Materials

All starting materials and solvents were obtained from com-
mercial sources and used as delivered (Table S11). CB6 was
synthesized according to the literature.**

Characterization methods

Powder X-ray diffraction (PXRD) data were collected at room
temperature on Rigaku Miniflex 600 powder diffractometer
using a low background silicon sample holder and Cu-Ka radi-
ation (1 = 1.5418 A). The measurements were performed over a
26 = 2-50° range with a scan speed of 1.5 deg min™" (600 W, 40
kv, 15 mA). The diffractograms were analysed using the soft-
ware Match!.*®

Elemental analysis (CHNS) was carried out using an
Elementar Analysensysteme vario MICRO cube instrument.
The samples were dried at 150 °C under a vacuum for at least
20 h prior to the measurement.

Fourier transform infrared (FT-IR) spectra were measured
on a Bruker FT-IR Tensor 37 spectrometer at room temperature

Nanoscale, 2021,13,15952-15962 | 15953
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in the range of 550-4000 cm ™" using an attenuated total reflec-
tion (ATR) technique (Platinum ATR-QL, diamond). The acti-
vated samples were exposed to dry SO, for 15-30 minutes at
room temperature (samples were activated prior to the pro-
cedure at 150 °C for 20 h). Then the sealed sample tubes with
the MOF in SO, atmosphere were stored at 77 K for the trans-
fer to the FT-IR instrument room. The tube was allowed to
heat up to ~273 K and a sample was quickly transferred onto
the crystal of the ATR unit, and the stamp of the ATR-unit was
immediately closed afterwards. The change of the SO, amount
in the sample was monitored during up to 10 minutes (note
that the goal of the experiment was to qualitatively monitor
the spectral changes). Resolution: 2 cm™"; Sampling time: 16
scans; Background measuring time: 16 scans.

Scanning electron microscopy (SEM) was performed using a
Jeol JSM-6510LV QSEM Advanced electron microscope with a
LaB, cathode operating at 20 keV. The microscope was
equipped with a Bruker Xflash 410 silicon drift detector for
energy-dispersive X-ray (EDX) spectroscopy.

The nitrogen adsorption isotherms were collected at 77 K
on a Quantachrome Autosorb-6 automatic adsorption analyzer
and evaluated with the AsiQwin V3 software. The samples were
degassed in 10™2 mbar vacuum at 150 °C prior to the measure-
ment. The Brunauer-Emmett-Teller (BET) surface areas were
calculated using the data in the p/p, range of 0.05-0.2. The
total pore volumes were calculated from the adsorbed volume
corresponding to p/po = 0.90. All gas uptake volume for N, and
SO, is given at standard temperature and pressure, STP, i.e. the
equivalent volume at 273.15 K and 1.013 bar.

The SO, sorption isotherms were collected at 273 K and
293 K on a Quantachrome Autosorb iQ MP instrument in 1 X
107°-1 bar pressure range. All samples were activated for at
least 12 hours at 150 °C and <0.01 mbar vacuum prior to each
experiment.

The cyclic SO, sorption experiments were carried out on a
Quantachrome Autosorb iQ MP at 293 K. For the three-cycle ad/
desorption measurements, full isotherms (with 17 points for ads.
and 12 points for des.) were collected for MIL-101, MIL-101-Cl
and CB6@MIL-101-Cl. Between each individual isotherm sorp-
tion experiment the samples were activated at 150 °C under
vacuum (1 x 10~ mbar) for 12 hours. For the 10-cycle adsorption
measurements for CB6@MIL-101-Cl, three points (at 0.01, 0.5
and 0.96 bar) were set for quick analysis of adsorption and de-
sorption and also with activation at 150 °C under vacuum (1 x
10* mbar) for 30 minutes before the next cycle was started.

X-ray photoelectron spectroscopy (XPS) was conducted on a
ULVAC-PHI VersaProbe II microfocus X-ray photoelectron
spectrometer. The spectra were recorded using a polychro-
matic aluminium Ko X-ray source (1486.8 eV) and referenced
to the carbon 1s orbital with a binding energy of 284.8 eV.
Experimental XP spectra were fitted by the CasaXPS Software
(version 2.3.19PR1.0).

Syntheses
MIL-101. The synthesis was carried out according to a litera-
ture method.”® Chromium(m) nitrate nonahydrate (Cr
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(NO3)3-9H,0; 1.920 g, 4.8 mmol), benzene-1,4-dicarboxylic
acid, (H,BDC; 0.813 g, 4.9 mmol), deionized water (24 mL) and
nitric acid (HNOs; 0.475 g, 4.9 mmol) as modulator were
added in the given sequence. The mixture was stirred for half
an hour, and the formed slurry was accurately transferred to a
PTFE insert of a hydrothermal autoclave. The sealed autoclave
was heated at 200 °C for 15 h. After cooling, the obtained solid
was separated and washed by dimethylformamide (DMF; 2 x
50 mL) and ethanol (EtOH; 3 x 50 mL) via centrifugation. The
product was dried at 65 °C overnight. The activation of
MIL-101 was performed by degassing at 150 °C and
<0.01 mbar vacuum for 20 hours.

CB6@MIL-101-Cl. The loading of CB6 to MIL-101 was per-
formed via impregnation, according to a literature method.**
100 mg of MIL-101 was pre-activated and then added to a solu-
tion of 50 mg cucurbit[6]uril (CB6) in 2 mL of concentrated
HCl (37 wt%), prepared using sonication. The slurry of
MIL-101 was stirred for 4 hours using a magnetic stirrer
(strong stirring was avoided in order to preserve the mor-
phology of the material). The resultant solid was washed first
by 2 x 6 mL of HCI (37 wt%), followed by 2 x 20 mL of de-
ionized water and finally 2 x 20 mL of 96% ethanol (all separ-
ations were performed via centrifugation). The obtained green
solid was dried at 65 °C in an oven. The composition of the
composite was assessed on its elemental analysis data and in
line with previous work* as [Crs(O)Cl(H,0),(CsH404)5]
[C36H36N24012]0.33 of 31 wt% of CB6 in CB6@MIL-101-Cl (see
ESIT for details).

MIL-101-ClL. The activated MIL-101 (100 mg) was treated by
HCI (37 wt%, 2 mL) exactly like described in the synthesis of
CB6@MIL-101-Cl but without the addition of CB6.

NanoCB6-H. For comparison in SO, sorption, the prepa-
ration of nanoCB6-H was carried out according to the litera-
ture.”’ 250 mg of CB6 was dissolved in diluted HCI (5 mL,
6 mol L") under sonication (~2 min). The solution was fil-
tered using a syringe filter (0.2 pm) and poured into 25 mL of
methanol under stirring. The formed milky solution was cen-
trifuged for 5 minutes, and the precipitate was washed twice
with methanol (25 mL each). Finally, the obtained solid was
dried at 65 °C in oven and ground slightly for further use. For
activation, nanoCB6-H was degassed at 150 °C for 48 hours.

Humid SO, stability test (performed on MIL-101, nanoCB6-H,
and CB6@MIL-101-Cl)

The method closely follows the description in the literature
(Scheme S1, ESIf).>® A pre-dried air stream (2 L min~") was
bubbled through an aqueous sodium metabisulfite solution
(0.4 g Na,S,05 in 80 mL water) within a Schlenk flask
(250 mL). The setup was equipped with a 3-way valve to regu-
late the outlet of the gas flow. The outlet of the flask was
either connected to a desiccator, playing the role of a humidity
chamber, or to the exhaust air when the concentration of SO,
in the chamber reached the target value. The diluted SO,
stream flowed through the desiccator and escaped through a
vent. The desiccator contained a crystallizing dish filled with
saturated sodium chloride solution (80 mL) ensuring a relative

This journal is © The Royal Society of Chemistry 2021
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humidity (RH) near 75%. The RH value was monitored with a
VWR TH300 hygrometer and the SO, content with Driger Pac
6000 electrochemical sensor.

50 mg of each MIL-101, nanoCB6-H and CB6@MIL-101-Cl
were pre-activated (<0.01 mbar, 150 °C overnight) and exposed
to humid SO, (35 + 5 ppm content in the gas stream) by
placing them in the desiccator at 75% relative humidity in
open broad-necked glass vials for 6 hours at room tempera-
ture. Afterwards, the samples were dried at 65 °C in the oven
and activated (<0.01 mbar, 150 °C overnight) for further
measurements.

Results and discussion

MIL-101, chromium(m) terephthalate, is built of trinuclear
{Cr;3(p3-0)X(H,0),(0,C-)6}, X = F, OH secondary building units
(SBUs), which are bridged by the terephthalate linkers
(BDC?>"), forming a porous zeotypic framework with two types
of mesocages with diameters of 29 and 34 A.*”*® The small
cages have pentagonal windows with a diameter of 12 A, and
the large cages have hexagonal windows with diameters of
15 A in addition to the pentagonal windows (Scheme S2, ESI?).
The molecular size of CB6 is 14.4 A with a height of 9.1 A.**
Depending on the synthetic conditions the trinuclear unit has
either a charge-compensating fluorido or a hydroxido ligand
coordinated by one of the chromium atoms of the SBU.

MIL-101, [Cr3(p3-O)(OH)(H,0),(BDC);] was prepared accord-
ing to the literature,"* and was used as a host to load CB6,
which was performed via stirring of the MIL-101 in a CB6 solu-
tion in conc. HCI (37 wt%) (Scheme 1). We refer to this process
as “wet impregnation”. It should be noted that cucurbit[6]uril
was dissolved in conc. HCI (37 wt%) before being treated with
MIL-101. A composite material designated as CB6@MIL-101-Cl
was the result of the loading of CB6 into MIL-101. The treat-
ment of the MIL-101 host with the HCI solution caused the
simultaneous exchange of the charge-balancing hydroxido
ligand by chlorido ligand, transforming the host framework to
MIL-101-Cl, [Cr;(p3-O)Cl(H,0),(BDC);] during the loading
(Scheme 1). Thus, the formation of CB6@MIL-101-Cl, contain-
ing 31 wt% of CB6 according to the elemental analysis, and
the conversion of the framework by exchange of the terminal
anionic ligand, were performed as a concomitant “one-pot”
process.

Powder X-ray diffraction (PXRD) confirmed the phase purity
of MIL-101 and the retention of the MIL-101 framework struc-
ture in CB6@MIL-101-Cl (Fig. S1, ESIT). The nearly identical
PXRD patterns confirmed that neither the hydroxido-to-chlor-
ido exchange nor the encapsulation of CB6 into the pores
influences the structure of the framework significantly.
Compared with the Fourier transform infrared (FT-IR) spec-
troscopy of MIL-101, CB6@MIL-101-Cl shows additional peaks
at 1740 ecm ' and at 1465 cm™ ' due to the carbonyl and
methylene groups of CB6 (Fig. S2, ESI{).**

The extent of the hydroxido-to-chlorido ligand exchange
was quantified by energy dispersive X-Ray analysis (EDX) and

This journal is © The Royal Society of Chemistry 2021
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X-ray photoelectron spectroscopy (XPS) measurements. For
MIL-101 a negligible Cl content was confirmed by both EDX
and XPS. EDX data (Fig. S3, Table S3, ESI}) suggests a [Crs(ps-
0)ClL(OH); _+(H,0),(BDC);] framework formula with x = 0.78
in the CB6@MIL-101-Cl composite. The Cl/Cr; ratio was
checked also after one-cycle of SO, adsorption—-desorption. As
a result, the value x = 0.69 was found for CB6@MIL-101-Cl
(Fig. S3, Table S3, ESI{), which are slightly lower compared to
the initial materials, i.e., prior to the SO, adsorption-desorp-
tion cycle, but still within experimental error.

XPS measurements were carried out after one-cycle of SO,
adsorption-desorption (Fig. S4-S5, ESIf). The Cl/Cr; ratio or x
in  [Crz(ps-0)ClL(OH);_(H,0),(BDC);] was  1.08 in
CB6@MIL-101-Cl (Table S4, ESIf). The XPS survey spectra
show Cr and S for MIL-101, and Cr and Cl but no S for
CB6@MIL-101-Cl (Fig. S4, ESIf). The S content in
CB6@MIL-101-Cl was not detectable. The high-resolution ClI
2p spectrum for CB6@MIL-101-Cl features the Cl 2p,/, and Cl
2ps. pair of peaks at 199.2 eV and 197.5 eV binding energies
(Fig. S5, ESIT), which corresponds to a chloride ion,**" in
line with the spin-orbit splitting value of 1.6 eV. The high-
resolution Cr 2p XPS spectrum exhibits peaks at 587.3 eV and
577.8 eV for MIL-101, and 586.7 eV and 577.3 eV for
CB6@MIL-101-Cl (Fig. S5, ESIt). These values correspond well
to typical 587.4 eV and 577.8 eV binding energies for Cr'™" 2p
(two Cr 2p peaks are observed due to spin-orbit splitting,
which matches the expected value of 9.3 eV).>>”>* The 0.5-0.6
eV shift to lower binding energy of Cr 2p for CB6@MIL-101-Cl
compared with MIL-101 derives from the slight change of the
average Cr environment due to the hydroxido-to-chlorido
exchange.

The high-resolution S 2p spectrum for MIL-101 (Fig. S5,
ESI}) exhibits the S 2p,,, and S 2ps), pair of peaks at 170 eV
and 168.8 eV binding energies with a peak separation of 1.2
eV, which verified the chemical oxidation state of S(iv).>> The
S/Cr; ratio is 4.23 in MIL-101 after one-cycle of SO, adsorp-
tion-desorption (Table S4, ESIt). In contrast, sulfur could not
be detected in CB6@MIL-101-Cl after SO, sorption. Since XPS
operates under high vacuum we suggest putatively an initial
reaction of Cr-OH in MIL-101 with SO, under formation of Cr-
hydrogensulfite, Cr-OSO,H or -disulfite, Cr-OS,0,H leading to
an opening up of Cr coordination sites for further SO, chemi-
sorption. The S 2p XPS spectrum of MIL-101 matches with
metal(Ce, Ti)-sulfite/hydrogensulfite.>">%>”

Scanning electron microscopy (SEM) images further con-
firmed the retention of the morphology, thereby supporting
the expected stability of the material also on the macroscopic
level under mild adsorptive loading conditions. The syn-
thesized MIL-101 and CB6@MIL-101-Cl phases have similar
particle sizes (0.5-2.0 pm) and feature octahedral crystals
typical for MIL-101.>®>° (Fig. S6, ESI{). The absence of other
significant crystal forms or coverage of the octahedral surfaces
indicates that CB6 has not crystallized separately on the outer
surface of the MIL-101 crystallites.

The porosity of the samples was assessed by analysis of the
N, adsorption-desorption isotherms measured at 77 K. The
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isotherm types of both MIL-101 and CB6@MIL-101-Cl are
similar and retain the characteristic two-step shape (corres-
ponds to TUPAC type Ib isotherms)®® (Fig. 1). As expected, the
uptake decreases after the encapsulation of CB6 in MIL-101.
The Brunauer-Emmett-Teller (BET) surface areas for MIL-101
and CB6@MIL-101-Cl were found to be 3217 m®> g~ and
2077 m”> g, respectively, their pore volumes 1.54 cm® g~ " and
1.00 cm® g' (assessed at p/p, = 0.9; Table S2, ESIT). The BET
surface area for nanoCB6-H was 435 m* g™

The SO, adsorption-desorption isotherms were measured
for MIL-101 and CB6@MIL-101-Cl at 293 K and 298 K and
nanoCB6-H at 293 K (Fig. 2a). All three materials feature a rela-
tively narrow hysteresis for the whole measured range.
MIL-101 has an almost linear SO, uptake reaching 620 cm® g™*
and 584 cm® g”' (27.7 mmol g~ and 24.4 mmol g~') at 293 K
and 298 K, respectively, and 1 bar. Expectedly, as the tempera-
ture increases, the amount of gas adsorbed decreases. On the
other hand, the uptake for the nanoCB6-H is 6.5 mmol g~ "
(145 em® g™") at 1 bar and 293 K, in line with its comparatively
low total pore volume (Table S2, ESI{). However, about 43% of
the total uptake of nanoCB6-H occurs in the low-pressure
range of 0-0.01 bar, which reflects the strong affinity of CB6
toward SO, (Fig. 2b, Fig. S7, Table S5, ESI}). “Nano” in
nanoB6-H refers to a particle size of 100-500 nm. NanoCB6-H
shows a higher SO, uptake (63 cm® g™, 145 cm® g™') than
micro-size crystallites of CB6 (43 cm® g™, 98 ecm® g™ at both
0.01 bar and 0.97 bar and 293 K, due to the faster diffusion of
SO, molecules in nanoCB6-H with smaller CB6 particle size.*"

The CB6@MIL-101-Cl composite combined the merits of
the two materials for SO, adsorption. It merges the strong
affinity of the CB6 cages at low pressure and the high capacity
of MIL-101. At 1 bar, a high SO, uptake of 438 cm® g™* or
380 cm® g7 ' (19.5 mmol g, 17.0 mmol g~ ') at 293 K or 298 K,
respectively, is reached, which is better than for most other
SO,-stable MOF materials (Table S6, ESIt), except of MIL-101
(27.7 mmol g~" at 293 K), MOF-177 (25.7 mmol g~ at 293 K)*°

1200 —e— MIL-101
—e— CB6@MIL-101-CI
—e— nanoCB6-H

900 4

600 +

N, uptake [cm3-g™ ]

300

0 T
0.2

0.4 0.6 0.8 1.0
Relative pressure, p/p,

Fig. 1 Nitrogen adsorption—desorption isotherms at 77 K of MIL-101,

CB6@MIL-101-Cl and nanoCB6-H. Filled symbols, adsorption; empty
symbols, desorption.
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Fig. 2 SO, sorption isotherms for MIL-101 and CB6@MIL-101-Cl at
293 K (normal lines) and 298 K (thin lines, adsorption branch only), and
for nanoCB6-H at 293 K: (a) 0—1 bar range. (b) 0.001-0.2 range, logar-
ithmic scale (in b the desorption isotherms are omitted for clarity).

and close to MFM-170 (17.5 mmol g~ at 298 K).>* However,
MOF-177 and MIL-101 are unstable after SO, exposure, while
the composite CB6@MIL-101-Cl is stable after SO, exposure.
Understandably, the maximum uptake decreases somewhat in
the CB6@MIL-101-C1 composite compared to the
MIL-101 host, due to a lower total pore volume (Table S2,
ESIf). The SO, adsorption isotherms of MIL-101 and
CB6@MIL-101-Cl at 1 bar did not reach saturation as they still
have a high positive slope and are far from levelling off.
Saturation will require a pressure above 1 bar.

At 0.01 bar and 293 K the captured SO, amount was
2.2 mmol g~" (2.0 mmol g~ at 298 K) for CB6@MIL-101-Cl
compared to 0.7 mmol g~' (0.6 mmol g~' at 298 K) for
MIL-101, ie., a remarkable improvement by a factor of three
(Fig. 2b). For comparison, the SO, uptake of nanoCB6-H was
found to be 2.8 mmol g~' at 0.01 bar. The important steep
increase in the uptake of SO, by CB6@MIL-101-Cl in the low-
pressure zone demonstrates the desirable efficiency for SO,
removal at low partial pressure. The calculated mass-weighted
SO, uptake for a physical mixture of CB6 and MIL-101 would

This journal is © The Royal Society of Chemistry 2021
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be only 1.3 mmol g~ " at 0.01 bar, indicating a synergistic effect
in the composite CB6@MIL-101-Cl. At 0.01 bar, the SO, uptake
of CB6@MIL-101-Cl (2.2 mmol g~* at 293 K and 2.0 mmol g~*
at 298 K) is significantly higher than that of most MOF sor-
bents in the literature (Fig. S8, Table S6, ESIT), and only lower
than that of SIFSIX-2-Cu-i and MIL-160 (4.2 mmol g *),**?°
SIFSIX-1-Cu (3.4 mmol g~ "),*® DMOF-TM (3.8 mmol g "),*’
MFM-305 (3.3 mmol g '),*” MFM-305-CH;, NH,-MIL-125(Ti)
and mmen-MIL-101(Cr) (3.0 mmol g ),*”**%" as well as
SIFSIX-3-Ni (2.4 mmol g~").*® However, those materials show a
lower uptake at 1 bar compared to CB6@MIL-101-Cl (Table S6,
ESIY).

The isosteric enthalpy of adsorption (AH,4s) for SO, adsorp-
tion on CB6@MIL-101-Cl and MIL-101 was calculated from the
adsorption isotherms measured at 273 K and 293 K using
the virial method (Fig. 3, Fig. S9 and S10, ESI}).°> The
near zero-coverage adsorption enthalpy of SO, (AH?,) for
CB6@MIL-101-Cl is ~-50 k] mol™, while for MIL-101 it is ~-
35 kI mol™'. The higher negative AH?, . of SO, for
CB6@MIL-101-Cl proves that the incorporation of CB6 cages
can indeed increase the affinity of materials towards SO,, prob-
ably by narrowing the pores towards multiple optimal gas-
adsorbent interactions®>**?>%® and providing intra/outer sur-
faces of the relatively polar CB6 for SO, adsorption, even if the
loading may block some of the external sites.

It should be noted that the AH?;  value of SO, for nanoCB6-
H was ~-76 k] mol™' when the material was activated at
150 °C, at the same temperature as CB6@MIL-101-Cl and
MIL-101 (in previous work,*" where nanoCB6-H was only acti-
vated at 100 °C, AHY, = —65kJmol™' was given). From
DFT-D3 (dispersion-corrected DFT) calculations on the poss-
ible binding sites for SO, at CB6 macrocycles the cavity of the
CB6 cage was the highest-energy binding site with a calculated
binding energy of —82 kJ mol~". There, SO, molecules are pri-
marily adsorbed through two electrostatic 0,8°"--->~0=C(CB6)

4 nanoCB6-H
80 e CB6@MIL-101-Cl
= MIL-101

—AH 445 [kJ-mol™"]

o

0 5 10 15 20 25 30

Amount adsorbed [mmol-g~']

Fig. 3 Isosteric enthalpy of adsorption dependence on the amount of
SO, adsorbed for MIL-101, CB6@MIL-101-Cl and nanoCB6-H.
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interactions at an S---O distance of 3.04 A. The intrinsic pore
of CB6 is large enough (5.8 A center diameter, 3.9 A window
diameters, 9.1 A height) to encapsulate two SO, molecules,
which can enter in these 0,8°"--->”O=C(CBS6) interactions in
the confined space.*' The second highest-energy binding site
with calculated —50 kJ mol™ has SO, located around the outer
surface and involves electrostatic 0,$°"---°~0—C(CB6),
0,8%"--->"N(CB6) and OSO°"---°'H-C(CB6) interactions.**

With regard to AH?,, the composite is closer to MIL-101
than to nanoCB6-H, while in the case of a non-interacting,
physical mixture, AHY;, should be equal to the latter. The
decrease could be interpreted as a blockage of active sites, e.g.
via MIL-host---CB6-guest interactions. Also, the state of the
CB6 guests in the MIL pores will be rather amorphous;
thereby, the high values for the CB6-H crystalline state, could
barely be expected. With increased loading of SO,, the isosteric
enthalpy of adsorption (-AH,qs) of all three materials is
decreased (Fig. 3), according to the occupation of binding sites
in the order of decreasing binding energies, also indicating
adsorbents with different sites.

Comparative FT-IR spectroscopy was employed to assess the
possible SO, adsorption sites in CB6@MIL-101-Cl and
MIL-101. A series of spectra of the SO, loaded compounds
with gradually decreasing SO, content, as a result of contact
with ambient atmosphere (0 to 10 min), were collected as
described in the Experimental section, and compared with the
spectrum of the activated compound (Fig. 4). The new bands,
appearing as a result of adsorption, at 1328 and 1144 cm ™" in
CB6@MIL-101-Cl and at 1332 and 1146 cm™" in MIL-101 are
assigned to the asymmetric and symmetric stretching
vibrations of the physisorbed SO, molecules.®>*> The new
bands are slightly shifted compared to the bands at 1330 and
1149 cm™" for free SO, molecules, thereby indicating the inter-
action with the surface of the materials. The intensity of the
bands assigned to the adsorbed SO, gradually decreases with
time. The bands are traceable for around 2 minutes for
MIL-101 and around 5 minutes for CB6@MIL-101-Cl under
the same experimental conditions (Fig. 4, Fig. S11, ESIt). This
can be seen in line with the difference in isosteric adsorption
enthalpy since the adsorption kinetics are judged as similar
from the similar hysteresis widths of the desorption isotherms
for MIL-101 and CB6@MIL-101-Cl.

The comparison of the FT-IR spectra of the activated
materials and the materials with variable SO, contents also
show vibrational changes of functional groups of the frame-
works. The bands at 1630 cm™" and 1398 cm ™" in MIL-101 and
at 1632 cm™" and 1394 cm ™' in CB6@MIL-101-Cl are attribu-
ted to the asymmetric v,5 and symmetric vg carboxylate (COO)
stretching vibrations.®™® In both materials, after exposed once
to SO,, the carboxylate v,s(COO) band is red-shifted (4 =
-3 em ™), and the 1(COO) band is blue-shifted (4 = 5 cm™" for
CB6@MIL-101-Cl and invariant within experimental error of
+2 cm™* for MIL-101).

It is worth nothing that the carboxylate frequency shifts
observed for CB6@MIL-101-Cl tend to be more pronounced
compared to MIL-101. Additionally, the IR spectral response of
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Fig. 4 FT-IR spectra of (a) MIL-101 and (b) CB6@MIL-101-Cl before and
after single exposure and loading with SO, (see Exp. section for details).

CB6 in CB6@MIL-101-Cl upon SO, exposure is also clearly
traceable. Thus, the carbonyl stretching vibration (CO) =
1740 cm™" of CB6 demonstrates a red shift (A = —3 em™") upon
SO, adsorption and the methylene bending vibration v(CH,) =
1465 cm™" a blue shift (A = 7 em™") indicating interactions
between SO, and CB6. In comparison, nanoCB6-H under the
same conditions on the same instrument features a slightly
stronger red shift of 1(CO) (4 = =6 cm™") and a slightly weaker
blue shift of (CH,) (4 =4 cm™).*!

The FT-IR spectra (Fig. S12, ESIf) of MIL-101 and
CB6@MIL-101-Cl after one full SO, ad/desorption cycle fol-
lowed by degassing at 150 °C and 1 x 10™* mbar for 12 h were
also measured. It was found that the spectrum of
CB6@MIL-101-Cl was essentially unchanged within experi-
mental error which supports the stability of CB6@MIL-101-Cl
towards dry SO, sorption. In MIL-101, the broad u,sCOO)
band in MIL-101, initially at ~1630 cm™", is remarkably red-
shifted (A = —10 cm™"). The shift is comparable to the one
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observed in SO, loaded MFM-170 carboxylate MOF (4 =
—10 em ™), suggesting the interaction between SO, and carbox-
ylate groups in the framework.>* More importantly, new bands
at 1100 cm™' and 1049 c¢cm™' and a broad band at
900-1200 cm™' appeared, which were attributed to the pres-
ence of sulfite and hydrogensulfite species.®>*”®® This is in
line with the observation from XPS (Fig. S5, Table S4, ESIY).
The broadening of the v,;(COO) band indicates the partial col-
lapse and decrease of the local uniformity in the MIL-101
framework.

To further investigate the stability of these materials
against dry SO,, we performed cyclic adsorption-desorption at
293 K up to 0.96 bar for three runs for MIL-101, MIL-101-Cl
and CB6@MIL-101-Cl and also for 10 runs for CB6@MIL-101-
Cl (see the Experimental section). The uptake by
MIL-101 gradually decreased to 40% from 620 to 245 cm?® g~*
(Fig. S13, ESIf), as expected from earlier reports,®"®® while
CB6@MIL-101-Cl maintained 95% of the initial uptake
amount also over 10 cycles (Fig. 5). It is worth noting here that
statements about the limited stability of MIL-101 against dry
SO, can be found in a few publications.>"*®! Ibarra et al. had
noted that not only the chromium-hydroxide-containing
MIL-101, i.e. [Cr3(O)(OH)(H,0),(BDC);], but also the more crys-
talline chromium-fluoride-containing MIL-101 compound, Ze.
[Cr3(O)F(H,0),(BDC);], were unstable (¢f. sample MIL-101(Cr)-
HF, Fig. $22-S24 in the ESI of ref. 31f). A MIL-101 with stabi-
lity towards dry and humid SO, could only be obtained with
partial incorporation of a fully fluorinated BDC ligand, giving
the sample MIL-101(Cr)-4F(1%) which then showed a high SO,
uptake capacity of 18.4 mmol g~ at 1 bar and 298 K.*' There
is an ambiguity regarding the scattered literature data on the
stability of Cr(u)-MOFs, but the instability against dry SO, is
the more surprising as Cr(u)-MOFs are in general considered
to be highly kinetically inert.

The enhanced stability of the CB6@MIL-101-Cl composite
towards dry SO, could be explained by the hydroxido-to-chlor-
ido ligand exchange, that is the substitution of the terminal

203 K
100 1

BRI

il
80 ‘

60 4

40

SO, maximal uptake [%)]

20 A

Cycle

Fig. 5 SO, adsorption capacity of CB6@MIL-101-Cl at 293 K and 0.96
bar, measured over 10 repetitive adsorption—desorption cycles.
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Cr-OH ligand in the [Cr3(O)X(H,0),(BDC);] coordination
framework of MIL-101 by Cr-Cl in CB6@MIL-101-Cl. To check
the hypothesis a sample of MIL-101-Cl was prepared from
MIL-101 in the absence of CB6 but otherwise under the same
conditions as CB6@MIL-101-Cl, and submitted to SO, adsorp-
tion-desorption cycling for three runs (Fig. S13, ESIt). The tex-
tural properties of MIL-101-Cl are listed in Table S7, ESL.f The
BET surface area of MIL-101-Cl is somewhat higher than that
of the parent MIL-101, which we reason with the decompo-
sition of pore-filling residual coordination species by HCI and
the subsequent removal through the washing processes.”
MIL-101-Cl have kept 97% adsorption capacity of the initial
uptake after three adsorption-desorption runs at 293 K
(Fig. S13, ESIt). The N, sorption-based BET-surface area and
total pore volume of MIL-101, CB6@MIL-101-Cl and MIL-101-
Cl before and after multi-cycle SO, sorption confirmed the
above conclusions from the cyclic SO, sorption experiments.
The BET surface area decreased by 45% (1768 m> g™' wvs.
3217 m* g7') for MIL-101, but was retained within experi-
mental error (2036 m* g~ vs. 2077 m* g~ ') for CB6@MIL-101-
Cl and even slightly increased (3541 m* g™* vs. 3408 m”> g™ ")
for MIL-101-Cl after exposure to SO, at 293 K (Table S7, ESIT).
The comparison of the PXRD patterns before and after cyclic
SO, sorption for MIL-101, CB6@MIL-101-Cl and MIL-101-Cl
verified the preservation of the crystallinity in the two later
cases compared to the deterioration of the parent material
MIL-101 (Fig. S14, ESIt). Thereby, the combined N, adsorption
and PXRD data confirm the enhanced stability of
CB6@MIL-101-Cl and MIL-101-Cl against SO, compared to the
instability of the parent MIL-101. Further, the comparative
experiments with MIL-101-Cl suggest that its increased stabi-
lity is due to the facile one-step hydroxido-to-chlorido ligand
exchange in the framework.

In this work we are focusing on the enhanced SO, uptake
and stability of CB6@MIL-101-ClL. The interesting and counter-
intuitive instability of the parent MIL-101 will be thoroughly
addressed in a follow-up study.

Considering the inevitable moisture presence for any poss-
ible real-world applications, the stability of materials towards
humid SO, was also investigated by PXRD diffraction and N,
sorption analyses. The PXRD patterns of MIL-101 and
CB6@MIL-101-Cl after humid SO, treatment were retained,
indicating their intact frameworks. In contrast, nanoCB6-H
lost most of its crystallinity under acidic humid SO, atmo-
sphere condition. (Fig. S15, ESIT). N, adsorption-desorption
isotherms (Fig. 6) showed that MIL-101 and CB6@MIL-101-Cl
kept the BET surface areas unchanged after exposure to humid
SO, (35 ppm) for 6 h.

The BET surface area of nanoCB6-H significantly decreased
and only 18% of the initial BET surface area was retained
(Table S7, ESIT). This result confirmed again that the hydrogen-
bonded organic framework nanoCB6-H is unstable in humid
conditions, which is in line with our previous study.*' The fact
that MIL-101 was unstable in dry SO, but stable in humid SO,
conditions could be related to the role of water vapor. We
propose that under dry conditions, the Cr-OH site of MIL-101 is
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CB6@MIL-101-Cl; (b) nanoCB6-H after exposure to humid SO, for 6 h.

well accessible for the reaction with SO, molecules, while under
humid conditions this site (and possibly other reactive sites) is
blocked and protected by water clusters. Note that MIL-101 has
a medium hydrophilic surface and good stability in acidic
solution.”*”* A similar counterintuitive observation was made
in Zeolite Y, which exhibited a better stability performance
under humid SO, exposure conditions than toward dry SO,.
Also for Zeolite Y the pre-adsorbed water in this highly hydro-
philic framework may block the accessibility of SO,.>>

In addition, the full SO, sorption isotherms of these three
samples (MIL-101, CB6@MIL-101-Cl and nanoCB6-H) after
exposure to humid SO, (35 ppm) for 6 h were measured
(Fig. S16, ESIt). The SO, uptake capacity of nanoCB6-H after
exposure to humid SO, decreased due to its decreased porosity
(Fig. 7). Both MIL-101 and CB6@MIL-101-Cl showed
unchanged or even slightly increased SO, uptakes at 0.01 bar
together with around 20% loss of total uptake capacity at
1 bar when compared to dry SO, sorption (Fig. 7, Table S8,
ESI}). Therefore, CB6@MIL-101-Cl exhibits enhanced stability
and SO, removal capability over MIL-101 under lower press-
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Fig. 7 SO, adsorption uptake (293 K) for MIL-101, CB6@MIL-101-Cl
and nanoCB6-H after exposure to humid SO, for 6 h compared to the
behavior under dry conditions (Table S8, ESI+).

ures in both dry SO, and humid conditions. This stability
under humid conditions is a necessity for realistic applications
in view of the ubiquitous presence of water.

Conclusions

We have systematically investigated a cage/MOF composite,
named CB6@MIL-101-Cl, obtained by wet impregnation of
cucurbituril, CB6 cages into the pores of MIL-101 for potential
SO, gas removal. It is found that CB6@MIL-101-Cl shows
enhanced performance in the removal of SO, gas under low
pressure due to the combined merits of CB6 cages with high
affinity towards SO, and MIL-101 with hierarchical pores. The
relatively strong interactions between SO, molecules and
CB6@MIL-101-Cl surfaces were supported by time-dependent
FT-IR (ATR) spectra. MIL-101 was again confirmed to be
unstable towards dry SO,. The stability of CB6@MIL-101-Cl
was enhanced when compared with MIL-101 due to the unex-
pected hydroxido-to-chloride exchange in the {Cr;(O)X(BDC);}
metal node of MIL-101. This unexpected postsynthetic modifi-
cation was supported by EDX and XPS analysis of related
materials. The targeted CB6@MIL-101-Cl shows a high SO,
uptake of 19.5 mmol g~* at 293 K and 1 bar and high chemical
stability even under humid SO, conditions. The counterintui-
tive instability of the parent MIL-101 and the observed
enhanced stability of MIL-101-Cl is an unexpected finding,
which will be thoroughly addressed in a follow-up study and
for which the technological importance might be very high.
The investigation of the comparable stabilities of different
MIL-101-X materials, where X is a terminal counter-anion, is a
task, which we are targeting in the near future.
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