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The amino group in the MOF NH,-MIL-101(Cr) was post-
synthetically converted into urea-groups partially using either
ethyl isocyanatoacetate, furfuryl isocyanate, p-toluenesulfonyl
isocyanate or 3-(triethoxysilyl)propyl isocyanate in acetonitrile.
The derived four novel urea-MOFs exhibit the expected lower
BET surface areas and pore volumes than MIL-101(Cr) and NH,-
MIL-101(Cr) MOFs but the partially p-toluenesulfonyl-urea-
modified MOF exhibits an outstanding SO, adsorption capacity

Introduction

Sulfur dioxide (SO,) is an invisible gas with sharp smell, good
solubility in water and high toxicity. Although the atmospheric
concentration of SO, is only roughly 1 ppm,™ once in the
atmosphere, its end products (e.g. sulfuric acid, H,SO,) and SO,
itself pose a threat to vegetation, aquatic life and humans,
mostly through photochemical smog and acid rain. The
anthropogenic emission of SO, was estimated to be 24.4 Mt in
2010 in China only,” with 87% of this value being caused by
coal combustion.®! Worldwide SO, emissions drastically account
for air pollution and contribute to the greenhouse effect, hence
SO, is a significant factor for air pollution and climate change.”
As a consequence, manifold strategies to decrease SO,
emissions have been proposed,”® and flue gas desulfurization
already resulted in declined emissions within the last decades.”
The still existing demand for removal of SO, by several
industries must not be underestimated. As one example, CeO,
is widely used as a catalyst in the automotive industry and
severely suffers from even low concentrations of SO, in exhaust
streams.®® Limestone slurry or wet sulfuric acid processes are
cost-effective industrial tools for SO, removal, yet they can only
remove SO, in flue gas up to ~95%, with the last 5% still
remaining."” SO, emissions in flue gas can be as high as
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of 823 cm’g™! (corresponding to 36.7 mmolg™" or 70 wt.% at
T=0°C and 0.9 bar), which is the second highest SO, uptake of
any known material today - surprisingly even better than for
highly porous MIL-101(Cr) with an uptake of 645 cm’g™" SO,
under the same conditions. The high uptake is linked to the
favorable dipole interactions of SO, with the sulfonyl group of
the p-toluenesulfonyl-modified MOF.

420 ppm,™ which is 50000 times higher than the WHO
recommendation.'”? Moreover, residual SO, in flue gas can
cause permanent loss of catalyst activities and decrease
efficiencies of post-combustion processes."” Even much lower
SO, concentrations in ambient air can irreversibly poison Pt-
based catalysts/electrodes in fuel cells, so that generally
cathode air needs to be free of airborne pollutants such as
SO, However, complete removal of SO, is a challenging
process, since it requires selective adsorbents with additional
stability towards the highly corrosive SO,. Amongst the
proposed strategies for SO, trace removal are selective
adsorbents and reversible physisorption.'>'”

Metal-organic frameworks (MOFs) are coordination net-
works with organic ligands that exhibit potential porosity on a
micro- (<2 nm) to lower mesoporous (2-50 nm) scale."®'” At
present, sorption and stability studies of SO, in MOFs are still
rare compared to H,, CO, or CH, sorption, but are gaining more
and more attention.">'*3% |n 2008, Britt et al. began investigat-
ing several MOFs with respect to SO,.2" Subsequent research
constantly extended the understanding of SO,@MOF and
further expanded the limit of SO, capacity.'***>¥ |ately, several
mixed-gas SO, adsorption studies were carried out*™*Y A
comprehensive overview on SO, adsorption in MOFs and
underlying interactions was given recently by Ibarra et al.”*® Our
group showed that MOFs can exhibit significantly more uptake
of SO, (up to 10.9 mmolg™) using incorporated urea function-
alities in the linker,” which should be well suited for
interaction with SO, via hydrogen-bonding (Figure 1).4**” We
also observed that MOF-177 exhibited the highest SO, capacity
(25.7 mmolg™") at room temperature reported until today.”"
However, MOF-177 lacks stability towards the corrosive SO,
gas.*" Therefore, we extended SO, sorption studies towards the
robust MIL-101(Cr) (see Sl for details, MIL = Matériaux de I'Institut
Lavoisier),*® as this is one of the most hydrothermally stable
MOFs, proven to withstand multiple cycles of SO, ad- and
desorption.”®* Moreover, the adsorption capacity of MIL-101
(Cr) for SO, changed very little in the concentration range from
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Figure 1. Top row: Post-synthetic conversions of NH,-MIL-101(Cr)
with different isocyanates, yielding the urea-functionalized MOFs
UR1-, UR2-, UR3- and UR4-MIL-101(Cr). Bottom row: anticipated
preferential interactions of SO, with the urea function.

0 to 2000 ppm SO,, when CO, was added to the adsorptive.”
MIL-101(Cr) and its aminoterephthalate-derivative NH,-MIL-101
(Cr) were already shown to be widely modifiable by post-
synthetic modification (PSM).>'=>%

The PSM approach of converting the amino functionality
within NH,-MIL-101(Cr) into a urea-group by applying isocya-
nates has also already been exploited thoroughly.*>*¥ In order
to tailor the adsorption properties of MIL-101(Cr) compounds
for SO, we synthesized and investigated four novel urea-
functionalized MOFs, namely URx-MIL-101(Cr) (x=1, 2, 3 and 4,
Figure 1). The four isocyanates were selected, because of their
polar functional groups (—CO,—C—, C—0—C, —SO,— and —Si—0—C)
and due to reasonably priced availability.

Results and Discussion

The parent MOFs MIL-101(Cr) and NH,-MIL-101(Cr) were synthe-
sized in good yields and porosities according to slightly
adapted protocols given in the literature (see Sl for details). The
desired urea-MOFs were reproducibly obtained in good yields
(75-99%). "H-NMR spectroscopy on digested samples (Section
S5, SI) was used to determine the degree of urea-functionaliza-
tion from the ratio of corresponding functionalized and non-
functionalized linker NMR signals (Figure 2, see also Section S5,
Sl). We note that most other works on urea-functionalized NH,-
MIL-101(Cr) did not investigate the degree of functionalization
of the PSM-derived urea-MOFs and PSM-functionalized MIL-101
(Cr) in general, but rather focused on other issues. Upon
functionalization the crystallinity is partly lost according to the
powder X-ray diffractograms (PXRDs) (Figure 3). Already the
starting material NH,-MIL-101(Cr) is of lower crystallinity than
MIL-101(Cr) which then deteriorated further upon PSM and the
washing steps. The lower degree of crystallinity for NH,-MIL-101
(Cr) and the urea-functionalized MOFs in comparison to non-
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Figure 2. Aromatic range from the "H-NMR spectra (300 MHz) of the
organic linkers in D,O/NaOD solution after decomposition (“diges-
tion”) of NH,-MIL-101(Cr) and the urea-functionalized URx-MIL-101
(Cr) compounds (see Section S5, Figures S9-513 in the SI for NMR
spectra with integrals and for a discussion of the chemical shift of
H-1 in the UR3 linker).
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Figure 3. Powder X-ray diffractograms of MIL-101(Cr), NH,-MIL-101
(Cr) and the urea-functionalized URx-MIL-101(Cr) compounds.

functionalized MIL-101(Cr) is also evident from the scanning
electron microscopy (SEM) images (Figure S3-S8, SI).

Nitrogen sorption isotherms (Figure 4) were collected for
each material and apparent BET surface areas and pore volumes
were derived therefrom. Sulfur dioxide ad-/desorption iso-
therms of the urea-MIL-101 compounds were measured at
273 K and 293 K (Figure 5). Table 1 lists porosity parameters
derived from N, sorption isotherms in comparison to SO,
sorption capacities.
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Figure 4. N, sorption isotherms of urea-MOFs URx-MIL-101(Cr) in

comparison to MIL-101(Cr) and NH,-MIL-101(Cr) (filled symbols:
adsorption, empty symbols: desorption).
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Figure 5. SO, isotherms at 273 K (top) and at 293 K (bottom) of
urea-MOFs URx-MIL-101(Cr) in comparison to MIL-101(Cr) and NH,-

MIL-101(Cr) (filled symbols: adsorption, empty symbols: desorption).

The SO, isotherm of MIL-101(Cr) at T=273 K resolves the
two mesoporous apertures of MIL-101(Cr) by displaying two
steps as in the N, isotherm. This isotherm attribute is well
known and has been described for MIL-101(Cr) and NH,-MIL-
101(Cr) with other gases and also for water vapor isotherms 45
The curvature for MIL-101(Cr) at T=293 K is very similar to the
one reported for MIL-101(Cr) and MIL-101(Cr)-4F at 298 K. It
could be anticipated that the highest SO, adsorption capacity is
exhibited by MIL-101(Cr) due to its highest pore volume in the
compound series (cf. Table 1). This is indeed true at T=293 K,
where MIL-101(Cr) has the highest uptake of SO, (412 cm®g ™' at
0.9 bar). A comparison with the urea-MOFs reveals, however,
that the simple uptake vs. pore volume correlation does not
hold. Remarkably, NH,-MIL-101(Cr) with the second largest pore
volume, close to MIL-101(Cr), features one of the lowest SO,
uptakes in the series. Also, the SO, uptakes of the ethyl acetate-
and furfuryl-functionalized urea-MOFs UR1- and UR2-MIL-101
(Cr) are low (184 cm®g " and 155 cm®g ™' at 293 K). Instead, the
partially p-toluenesulfonyl-urea-functionalized derivative UR3-
MIL-101(Cr) has the second highest uptake (310 cm?g™' at
293 K) although its pore volume is less than that of NH,-MIL-
101(Cr). The 3-(triethoxysilyl)propyl function in UR4-MIL-101(Cr)
yields the smallest pore volume but a comparatively high SO,
uptake of 247 cm®g ' at 293 K.

All the more, at T=273 K the partially p-toluenesulfonyl-
urea-functionalized derivative UR3-MIL-101(Cr) surpasses the
uptake of MIL-101(Cr) (823 vs. 645 cm®g"). UR4-MIL-101(Cr) is
third with 331 cm®*g™". UR1-, UR2- and NH,-MIL-101(Cr) remain
similarly low with 218, 194 and 190 cm®g™" respectively. We
provide a tabular overview of SO, capacities of various MOFs
and porous materials from the literature for comparison in
Table S2 in the SI. The SO, uptake of UR3-MIL-101(Cr) is only
superseded by Ni-MOF-74 nanospheres with ca. 964 cm®*g™" at
1 bar, 298 K169

UR3-MIL-101(Cr) outperforms its analogs at T=273 K (and
most other MOFs at T=293 K, Table S2, SI) with exceptionally
high uptake which we link to the strong interactions of SO,
with the sulfonyl group of UR3. At the same time, the minor
degree of functionalization still leaves a high enough pore
volume to achieve a high uptake capacity through pore filling
by SO, - SO, dipole-dipole interactions. The intermediate uptake
of UR4-MIL-101(Cr), especially in view of its small pore volume,
is linked to the formation of —Si—OH groups through partial
hydrolysis of the —Si—OEt groups at the tri(ethoxy)silane end.
The —Si—OH groups can contribute to Si—OH--OSO hydrogen
bonding. For the low and similar SO, uptake of NH,-MIL-101(Cr),
UR1- and UR2-MIL-101(Cr) we must realize that the amino
substitution and the introduced urea group with ethyl acetate
and furfuryl moieties obviously destroys or at least hinder SO,
binding sites, while at the same time they do not make new
ones available.

In situ inelastic neutron scattering and DFT calculations of
SO, at MFM-300(Al) indicated a relatively strong Al-OH--0OSO
hydrogen bond, complemented by four aryl-C—H--OSO hydro-
gen bonds with the adjacent C; aryl ligand. To these frame-
work-bound SO, molecules, further SO, molecules will then
bind through (MOF—)OS--0OSO dipole-dipole interactions, form-
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Table 1. Porosity parameters (from N, sorption isotherms) and SO, uptake for MIL-101(Cr), NH, MIL 101(Cr) and the urea-MOFs URx-MIL-
101(Cr).
MOF BET surface Total pore volume SO, uptake
(degree of 273,293 K
functionalization)
/m*g™"? /cm?g™'P /mmolg™"? Jemig'e
MIL-101(Cr) 3300 1.49 28.8,184 645, 412
(na)?
NH,-MIL-101(Cr) 2530 1.34 85,73 190, 164
(na)?
UR1-MIL-101(Cr) 1700 0.98 9.7,8.2 218,184
(83%) ©
UR2-MIL-101(Cr) 1360 0.82 8.7,6.9 194, 155
(71 %)
UR3-MIL-101(Cr) 1900 0.96 36.7,13.9 823,310
(18%)
UR4-MIL-101(Cr) 1340 0.68 14.8,11.0 331, 247
(72 %)
? Specific apparent BET surface areas were calculated from five adsorption points of N, isotherm within 0.05<p p, ' <0.2. Values were
rounded according to the estimated standard deviation of 50 m?g~". ® Total pore volumes were calculated from experimental N,
sorption data at p p,”' =0.95. For details see Section S6, SI. © SO, uptake values at 0.9 bar. ¥ n.a.=not applicable. ® The degree of
functionalization was estimated from the ratio of integrals of corresponding functionalized and non-functionalized linker NMR signals, see
Section S5, SI.

ing SO, chains or clusters.?” In situ synchrotron PXRD studies
on MFM-601(Zr) supported that the first SO, molecules bind by
Zr—OH--0SO hydrogen bonds, aryl-C—H--OSO and by aryl-
7SO, interactions. These first bound SO, molecules interact
with following SO, guest molecules by OS--0OSO dipole-dipole
interactions, verifying the important role of the dipole moment
of SO, in the adsorption process.>

DFT calculations of SO, at MIL-160(Al) with a furan-
dicarboxylate linker proposed SO, above a plane spanned by
two furan units with two Og,,,-+SO, and simultaneously four
Ocamboxylate =+ SO, interactions as the site with highest (negative)
binding energy, providing a model for low concentration SO,
binding. Of next highest, but already substantially lower bind-
ing energy were single Og,,-+SO, and Al-OH--0SO
interactions."

Based on a summary of these findings on SO, binding sites
we reason that the amino substitution in NH,-MIL-101(Cr) and
the ethyl acetate and furfuryl moieties in UR1- and UR2-MIL-101
(Cr) block crucial Cr—OH, Cr—OH,, —CO, (carboxylate), aryl-C—H
and aryl-mt interactions. A possible blocking can occur by
N—H--OC (carboxylate) hydrogen bonding but also by steric
constraints (in UR1 and UR2).

At the same time, it is unlikely that the conversion of NH,-
MIL-101(Cr) with isocyanates to the UR1 and UR2 derivative led
to outer surface degradation or pore blocking effects or that
the parent NH,-MIL-101(Cr) MOF suffered from such effects. In
the case of MOF instability towards air or moisture or towards
the urea-forming reaction conditions already the N, adsorption
and subsequent surface area and porosity would have been
much lower.

Still, to rule out surface or other kinds of degradation effects
or pore-blocking phenomena we collected carbon dioxide and
water vapor ad-/desorption isotherms (Figure 6, Figure S16,

uptake values in Table 2). Evidently, the CO, uptake shows a
quite different trend with MIL-101(Cr) > NH,-MIL-101(Cr) =~
UR4 > UR2>UR1 > UR3 at 273 K and MIL-101(Cr) > NH,-MIL-101
(Cr)>UR4>UR1>UR2>UR3 at 293 K. The expected and
known effect of amino groups for CO, uptake through
carbamate formation (R—NH—CO,” together with R—NH;") now
leads to the expected high uptake of NH,-MIL-101(Cr).” The
next highest uptake of UR4 is again rationalized through its
—Si—OH groups.

Obviously, CO, sorption differs from SO, capacities for the
investigated MOFs, especially regarding UR3-MIL-101(Cr) with
highest uptake of SO, at 273 K, while displaying the lowest CO,
capacities at 273 and 293 K. This is remarkable as UR3 still has
about 82% of unchanged NH, groups (Table S3) and, thus,
should follow more the CO, uptake behavior of NH,-MIL-101
(Cr). So, if steric hindrance or gate opening plays a role, their
effect would be expected for the CO, uptake in UR3 with its
bulky para-toluenesulfonyl groups. Thus, we assign the low CO,
uptake of UR3-MIL-101(Cr) to such a kinetic phenomenon. We

Table 2. CO, and H,0O uptake for MIL-101(Cr), NH,-MIL-101(Cr)
and urea-MOFs URx-MIL-101(Cr).
MOF CO, uptake H,O uptake
273 K, 293K 293 K
/cm3g" a) /g 971 b)
MIL-101(Cr) 92, 56 n.d.
NH,-MIL-101(Cr) 72,52 0.8
URT-MIL-101(Cr) 61, 41 0.5
UR2-MIL-101(Cr) 67, 39 0.4
UR3-MIL-101(Cr) 50, 32 0.8
UR4-MIL-101(Cr) 72,46 0.5
2 Uptake values at 0.9 bar; ” at p p, ' =0.95.
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Figure 6. CO, isotherms at 273 K (top) and at 293 K (bottom) of
urea-MOFs URx-MIL-101(Cr) in comparison to MIL-101(Cr) and NH,-
MIL-101(Cr) (filled symbols: adsorption, empty symbols: desorption).

note that for CO, uptake saturation could not be reached for
any of the MOFs URx-MIL-101(Cr), MIL-101(Cr) and NH,-MIL-101
(Cr) due to their micro- and mesoporosity. The CO, adsorption
isotherms in Figure 6 at 1 bar still have high positive slopes and
are far from levelling off, which indicates adsorption curves far
from saturation, which will be reached only at higher pressures.

The trend of water uptake in the order of MIL-101(Cr) > NH,-
MIL-101(Cr) =~ UR3 > UR1 ~ UR4 > UR2 follows roughly the trend
of porosity in the samples, modulated through the hydro-
philicity/hydrophobicity. In summary, the CO, and H,O sorption
behavior of the MIL derivatives clearly rules out artefacts from
degradation or pore-opening effects for the low SO, uptake of
NH,-MIL-101(Cr), UR1T and UR2.

The stability performance of MIL-101(Cr) was checked by
performing three SO, adsorption-desorption runs. The results
showed a significant decline of the SO, uptake with only 40%
of the initial uptake still being reached in the third run
(Figure S14a, SlI). This confirms earlier results by Martinez-

Ahumada et al. that MIL-101(Cr) gradually loses its crystallinity
and surface area after dry SO, sorption at 298 K.*®

Similarly, we found in a recent study that NH,-MIL-101(Cr)
lost porosity after dry and especially after humid SO, exposure
(Figure S14b, SI).*® The instability of MIL-101(Cr) towards SO,
was explained by its comparatively hydrophilic nature.”® We
suggest that both MIL-101(Cr) and NH,-MIL-101(Cr) are unstable
because the SO, can interact with the chromium-aqua and
-hydroxido ligand (Cr—OH, and Cr—OH) in the trinuclear
secondary building unit (SBU) (Figure S1a, Sl). Chemisorption of
SO, will then form sulfurous acid, H,SO; or acidic hydrogen
sulfite, HSO;™ at the chromium sites which can dissociate the
adjacent Cr—O,C-carboxylate bonds by protonation of the
carboxylate ligand. In situ IR experiments on MIL-125 upon SO,
adsorption by Mounfield et al. have confirmed the formation of
bisulfite species and, together with theoretical simulations,
suggested that the degradation of the MIL-125 framework
proceeds by reaction with water and the dissociation of water
or sulfurous acid.®

Conclusions

The facile post-synthetic modification of NH,-MIL-101(Cr) with
organic isocyanates proved to be a useful tool to modify the
adsorption characteristics towards SO,. In particular, introduc-
tion of sulfonyl groups with the reaction of p-toluenesulfonyl
isocyanate to give the derivative UR3-MIL-101(Cr) strongly
enhanced the SO, adsorption capacity. UR3-MIL-101(Cr) outper-
forms nearly all MOFs in the current literature with its
significantly higher uptake of SO, (823 cm®g™" at 0.9 bar and
273 K). Noteworthy is the higher adsorption compared to MIL-
101(Cr) (645 cm®*g™" at 0.9 bar and 273 K), which is counter-
intuitive to the pore volume of the two MOFs (0.96 and
1.49 cm*®g™", respectively). We attribute this good SO, sorption
behavior to the introduced sulfonyl groups which are then
available in UR3-MIL-101(Cr) for the important SO,--SO, host-
guest dipole-dipole interactions. To the best of our knowledge
such sulfonyl-modified MOFs have not yet been specifically
investigated for tailored SO, sorption.

Experimental Section

All chemicals were used as received by suppliers. For further
information about all materials see Section S1 in the SI.

Powder X-ray diffractometry (PXRD) was performed at ambient
temperature on a Bruker D2 Phaser with a flat silicon, low
background sample holder using Cu—K,, radiation (A=1.54182 A) in
the range of 5°<20 <50° with a scan rate of 0.0125°s™' (300 W,
30 kV, 10 mA). Analyses of the diffractograms were carried out with
Match 3.11 software.

Scanning electron microscopy (SEM) images were acquired on a
JEOL JSM-6510 Advanced electron microscope (with a LaBg cathode
at 5-20 keV. The microscope was equipped with a Bruker Xflash
410 silicon drift detector. Images are depicted in Section S4 in the
Sl

Z. Anorg. Allg. Chem. 2021, 1124-1130 www.zaac.wiley-vch.de

1128 © 2021 The Authors. Zeitschrift fiir anorganische und allgemeine Chemie

published by Wiley-VCH GmbH.


https://doi.org/10.1002/zaac.202100023

Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fir anorganische und allgemeine Chemie

ARTICLE

'H- and "*C-NMR experiments were carried out on a Bruker FT-NMR
AVANCE Il - 300 MHz at 300 K. Approximately 15 mg of each
sample was dissolved under decomposition in NaOD/D,0O. The
subsequently filtered solution was transferred into an NMR tube
and subjected to NMR spectroscopy. NMR spectra are shown in
Section S5 in the SI.

Nitrogen sorption experiments for the determination of BET surface
areas and pore volumes (Brunauer, Emmett, Teller™) were
determined at T=77 K on a Quantachrome NOVA-4000e instru-
ment within a partial pressure range of 102 <p p, ' <1 bar using
N, gas of purity 99.999% (grade 5.0) and ca. 20-50 mg of sample.
Each sample was degassed under vacuum (p p,”' <1072 at 150°C
for ca. 3h prior to measurement. All BET surface areas were
calculated from at least five adsorption points applying Roquerol
plots (r>0.998). For pressure ranges of five-point-BET calculations
of each MOF see Section S6, SI. Total pore volumes were calculated
from the N, sorption isotherm at p p, ' =0.95.

Sulfur dioxide, carbon dioxide and water vapor sorption experi-
ments were carried out on a Quantachrome iQ MP instrument with
all gas option within a partial pressure range of 10°<p p, ' <1.
Each sample was degassed under vacuum (p p, ' <107%) at 150°C
for ca. 3 h prior to measurement, using a FloVac degasser. For
further details see Section S7, SI.

UR1-, UR2-, UR3- and UR4-MIL-101(Cr): NH,-MIL-101(Cr) (see syn-
thesis in Section S1, SI) (150 mg, 0.2 mmol, 1.0 eq) was dispersed in
dehydrated acetonitrile (20 mL). Upon adding the respective
isocyanate (9.0 mmol, 45eq) at room temperature the reaction
solution was stirred under reflux conditions and N, atmosphere for
6 h and then at room temperature for 12 h. The precipitate was
separated by centrifugation and washed with acetonitrile (2x
25mL) and acetone (2x25 mL). After each washing step the
precipitate was separated by centrifugation and decantation of the
supernatant liquid. Finally, the raw product was dispersed and
boiled in acetone (25 mL) for 24 h and then dried overnight under
reduced pressure at 80°C (yields UR1 204 mg, 99%, UR2 174 mg,
95%, UR3 133 mg, 75%, UR4 205 mg, 99 %).

Supporting Information

(see footnote on the first page of this article): Material sources,
information on MIL-101, IR spectra, SEM images, NMR spectra,
further details on gas and water vapor sorption.
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