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Selective Adsorption of Sulfur Dioxide in a Robust
Metal-Organic Framework Material
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Mark R. Warren, William Lewis, Claire Murray, Chiu C. Tang, Mark D. Frogley,
Gianfelice Cinque, Junliang Sun, Svemir Rudic, Richard T. Murden, Michael J. Benham,
Andrew N. Fitch, Alexander J. Blake, Anibal J. Ramirez-Cuesta, Sihai Yang,*

and Martin Schréder™

There is ever-increasing concern over global air quality, with high
concentrations of smog posing significant health risks worldwide,
particularly in major cities with heavy industry and high population
densities. The World Health Organization (WHO) suggests that
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poor air quality is directly responsible for one eighth of total global
deaths.! The problem posed by smog is particularly pronounced
in Asia, where it is responsible for over 500 000 premature deaths
every yearZ Smog is comprised primarily of hydrocarbons, par-
ticulates, and oxides of nitrogen and sulfur, which are emitted as
byproducts of combustion in both transportation and industrial
applications. Emissions of sulfur dioxide (SO,) from industrial
applications are increased by the burning of coal and lower-grade
oil, which have a high concentrations of sulfur.’! Selective removal
of SO, from the combustion flue gas is therefore of fundamental
importance to the improvement of air quality.

Typical flue gas generated by the combustion of pulver-
ized coal can contain 10-12% CO,, 500-3000 ppm SO,, and
10-40 ppm NO,.! The majority of the SO, present in the flue
gas (=95%) can be removed by processes such as scrubbing
with limestone slurry or the via the wet sulfuric acid process.?!
Although these industrial processes have high efficiency and
are cost effective, they are not able to remove all traces of
SO,. Residual SO, in post-combustion flue gas can react with
organic amines in the CO, scrubbing process, causing per-
manent loss of amine activity and decreasing the efficiency of
this process. Emissions of SO, following all post combustion
processing can be as high as 400 ppm, which when vented to
the atmosphere is 50 000 times higher than the WHO recom-
mendation of 8 ppb, and therefore poses a significant health
risk.’l Complete removal of traces of SO, is challenging since
it requires capture systems possessing exceptionally high selec-
tivity of SO, over N, and CO, and simultaneously considerable
stability given the highly corrosive and reactive nature of SO,.!

Reversible physisorption within porous materials provides
a promising approach for selective gas removal. Constructed
from organic ligands and metal ions, metal-organic framework
(MOF) materials have been studied widely for gas adsorption
over the past decade owing to their high internal surface area
and porosity.®! The highly modular nature of these framework
solids allows the design of materials tuned with specific func-
tional groups and/or open metal sites for specific binding to
guest molecules within the pore. For this reason, MOFs have
shown great promise in applications such as gas adsorption,
storage, and separation, substrate binding, and drug delivery.”’!
Within the field of gas adsorption, major research interest
has been focused on using MOFs for high capacity storage of
hydrogen and methane, and for the separation of CO, and small
molecule hydrocarbons.**1%11] However, in contrast, studies on
adsorption of SO, in MOFs have been very rarely reported!?
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due to the limited stability of coordination compounds to highly
reactive SO,; this is particularly the case for MOFs with open
metal sites and this has precluded the study of adsorption of
this important pollutant. Herein, we report the selective SO,
adsorption in an ultra-robust MOF material [MFM-300(In)]
with high adsorption capacity of SO, (8.28 mmol g! at 298 K
and 1 bar) and, more importantly, exceptionally high selectivity
of $O,/CO, (60), SO,/CH, (425), and SO,/N, (5000) under
ambient conditions (i.e., 50:50 mixture at 1 bar and 298 K). The
material can be readily regenerated post-adsorption without
incurring any noticeable framework degradation. We also report
the direct observation and quantification of adsorbed SO,, CO,,
and N, molecules in the pore of this material in order to under-
stand this unusually high selectivity. The nature of the host—
guest binding interactions have been systematically studied
by a combination of in situ single-crystal and powder X-ray
diffraction, infrared microspectroscopy and inelastic neutron
scattering (INS) experiments, coupled with computational mod-
eling. These complementary techniques give consistent results
confirming that adsorbed SO, forms specific multiple supramo-
lecular interactions with the free hydroxyl groups and aromatic
rings on the pore surface of this material, with significantly
weakened interactions in the case of CO, and N, adsorption,
thus rationalizing the observed selectivities at a molecular level.

The complex MFM-300(In) (MFM = Manchester Framework
Material replacing the previous NOTT (Nottingham) designa-
tion) [In,(OH),(L)] (H4L = biphenyl-3,3’,5,5"-tetracarboxylic acid)
was synthesized by solvothermal reaction of In(NOs); and H,L
in DMF (N,N-dimethylformamide) at 90 °C.'*Y/ MFM-300(In)

www.MaterlalsV|ews.com

is isostructural to MFM-300(Al)l!23 and MFM-300(Ga),*3 and
comprises chains of corner sharing [InO,(OH),] octahedra
linked by mutually cis-p,-OH groups, and further bridged by
tetracarboxylate L* ligands. This arrangement generates a
highly porous material, defined by one-dimensional pore chan-
nels bounded by In-OH-In groups and ligand phenyl rings
in a “wine rack” array. Desolvated MFM-300(In) displays a
Brunauer-Emmett-Teller (BET) surface area of 1071 m? g},
a pore size of =7.5 A, and a total pore volume of 0.419 cc g™ as
determined from N, isotherm at 77 K. Desolvated MFM-300(In)
shows a very high concentration of functional groups in the
pore; there are approximately two hydroxyl groups per 100 A?
internal surface area.

Adsorption of N,, CO,, and SO, as single component gases
in MFM-300(In) exhibit reversible type-I isotherms over a wide
temperature range between 298 and 348 K (Figure 1a,b and
Figure S10-S14, Supporting Information) with significantly dif-
ferent adsorption capacities. At all temperatures, the adsorption
of SO, is strongly favored within this material. At 298 K, MFM-
300(In) shows a steep SO, adsorption profile between 0 and
50 mbar leading to an uptake of 5.90 mmol g~! accounting for
71% of the maximum uptake of 8.28 mmol g! recorded at
1 bar. In contrast, the uptake of CO, and N, in MFM-300(In)
are recorded as 3.61 and 0.25 mmol g}, respectively, at 298 K
and 1 bar. Importantly, the low pressure region of the CO, iso-
therm shows a much lower adsorption uptake (0.18 mmol g
at 50 mbar) than that of SO, uptake (5.90 mmol g!), while the
uptake of N, is negligible (<0.05 mmol g~!) under the same
conditions, confirming the high affinity of MFM-300(In) to SO,.
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Figure 1. View of a) N,, CO,, and SO, adsorption isotherms of MFM-300(In) to a pressure of 1 bar at 298 K; b) SO, adsorption isotherms of MFM-
300(In) between 298 and 348 K; c,d) isosteric heat and entropy of adsorption for N,, CO,, and SO, in MFM-300(In); e) IAST selectivity of SO,/N, and

S0,/CO, mixtures in MFM-300(In) to a pressure of 1 bar at 298 K.
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Under the same conditions, the uptake of CH, in MFM-300(In)
is also low (Figure S17, Supporting Information). Adsorp-
tion of SO, in MFM-300(In) reduces steadily as the tempera-
ture increases from 298 to 348 K, consistent with the nature
of physisorption. Nevertheless, at 348 K, a high SO, uptake of
6.78 mmol g~! was recorded in MFM-300(In) at 1 bar. At 298 K
and 1 bar, the SO, uptake of MFM-300(In) (8.28 mmol g7})
is higher than that of MFM-300(Al) (7.1 mmol g!),1%3] but
lower than that of MFM-202a (10.2 mmol g!),'®! which has
a much higher surface area of 2220 m? g~!. However, adsorp-
tion of SO, in MFM-202a triggers an irreversible framework
phase transition in addition to a shallower adsorption profile
in the low pressure region in comparison to that of MFM-
300(In). The SO, adsorption capacity of MFM-300(In) is sig-
nificantly higher than that reported for other sorbent materials,
including the very stable Prussian blue analogues ZnCo and
CoCo (1.8 and 2.5 mmol g at 1 bar and 298 K, respectively)!'2d
and other MOF materials such as IRMOF-3, MOF-74, and
MOF-5 (6.0, 3.0, and 1.0 mmol g~!, respectively at 298 K and
1 bar).l'?d The isosteric heat (Qg) and entropies (AS) of adsorp-
tion were determined by fitting of the Van't Hoff isochore to
the adsorption isotherms of each gas at at least 5 temperatures
(Figure 1c,d, Figure S15, Supporting Information). In order to
accurately compare these values at all surface coverages, high
pressure N, adsorption isotherms were recorded up to 180 bar at
ambient temperatures, where a coverage of ca. 5 mmol g was
reached (Figure S11, Supporting Information). MFM-300(In)
shows a low Qg for N, of 9.4 k] mol™! at low surface coverage,
rising to 14.6 k] mol™! at 4.0 mmol g7}, significantly lower than
that of CO, with a Qg of 20.3 k] mol™! at low loading, rising
to 27.2 k] mol™ at 5 mmol g~L. In contrast, the Qy for SO, is
considerably higher, with a value of 34.5 k] mol}, increasing
to 39.6 k] mol™! at 5 mmol g}, representing the highest value
observed in MOF materials.l'? A steady increase in the isosteric
heats of adsorption was observed for all three gases suggesting
the presence of strong adsorbate—adsorbate interaction in the
pore as the surface coverage increases.

The marked differences in adsorption profiles, uptake capac-
ities, and Q between SO,, CO,, CH,, and N, indicates that
MFM-300(In) has the potential to separate mixtures of these
gases. To provide further insight into the potential separation
capability of this material, ideal adsorbed solution theory (IAST)
calculations!'*l was carried out for SO,/CO,, SO,/CH,, and SO,/
N, gas mixtures in MFM-300(In) as a function of pressure and
over a range of molar compositions (from 5:95 to 50:50), rep-
resentative of a wide range of potential applications (Figure le
and Figure S18, Supporting Information). It is important to
note that IAST calculations based upon mixtures with ratios
below 5:95 give artificially high selectivity values, which are
subject to high uncertainties and are therefore not reported
here. The selectivity data for SO,/CO, and SO,/CH, are
between 46—60 and 275-425, respectively, and are relatively
constant as a function of pressure and gas stream composition.
Crucially, MFM-300(In) shows an extremely high SO,/N, selec-
tivity of 5000 at 1 bar, representing the highest value observed
to date.l'?l It is worth noting that IAST calculations often over-
estimate the selectivity if one adsorbate is strongly favored over
another and can only give a theoretical insight into the separa-
tion capability of a given material. To overcome this problem,

Adv. Mater. 2016, 28, 8705-8711
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we used isotherm data for N, up to 180 bar in order to obtain
comparable spreading pressure data to that of SO, and there-
fore perform reliable IAST calculations. Indeed, we have tried
to perform the IAST calculations of SO,/N, selectivity based
upon N, isotherm up to 1 and 20 bar, where the selectivities
were overestimated by =10x and =3x (Figure S18, Supporting
Information), respectively. The unprecedented selectivity of
MFM-300(In) for SO, confirms its potential as an adsorbent for
selective SO, removal, particularly in applications where low
residual SO, is of prime importance.

Direct observation of adsorbed gas molecules within the
MFM-300(In) host material is essential in order to gain a
molecular understanding of the high selectivity of this mate-
rial. In this study, the locations of adsorbed SO, and CO,
molecules in MFM-300(In) have been determined unambigu-
ously by in situ synchrotron powder or single-crystal X-ray dif-
fraction experiments (Figure 2). Two independent SO, adsorp-
tion sites (SO,! and SO,!) were found in SO,-loaded MFM-
300(In) at 298 K (Figure 2a—c). Specifically, SO,! is located near
to the bridging hydroxyl group, [0=S=0"--0—H = 3.17(4) A]
with full site occupancy; SO," is located perpendicular to
SO,! [0=5=0'"--5=0' = 4.52(2) A] and parallel within the pore
at a distance of 3.92(5) A from the phenyl rings, also with full
site occupancy. The 0=S=0"--O—H and 0=S=0"---S=O'inter-
action distances within this material were observed to be within
the same range as in the pure component crystal structure
of SO, (3.10-4.49 A) " confirming the very efficient packing
of SO, molecules within this material, leading to high storage
capacity and density. Indeed, at 298 K and 1 bar the density of
adsorbed SO, in MFM-300(In) was estimated to be 1.27 g cc’!,
comparable to the liquid SO, density of 1.46 g cc™! at 263 K and
1 bar. Attempts to locate the adsorbed CO, molecules in MFM-
300(In) at 298 K suffered from serious positional disorder in
the refinement, consistent with the low Q,; and hence reduced
strength of binding. The location of adsorbed CO, molecules
was therefore determined at 195 K where thermal motion is
greatly reduced. Similarly, two independent CO, adsorption
sites (CO,! and CO,) were found in CO,-loaded MFM-300(In)
at 195 K (Figure 2d-f). CO,' was located near to the bridging
hydroxyl group [0=C=0'"--0—H = 3.04(1) A] in an almost
end-on configuration, disordered over a mirror plane inter-
secting the metal hydroxy bond, with full occupancy; CO, was
located perpendicular to CO,' [0=C=0"-.C=0! = 3.44(4) A],
lying parallel to the pore at a distance of 3.65(3) A to the phenyl
rings, again with full occupancy. The binding distances of the
adsorbed CO, molecules are similar to those observed in solid
CO;, (3.10 A),"® indicating the high packing efficiency of CO, at
195 K. These structural modes obtained from in situ diffraction
studies are in excellent agreement with those obtained from
DFT calculations (Figure 2c,f). This study confirms that the free
bridging hydroxyl group within the pore of MFM-300(In) is the
preferential binding site for both SO, and CO, molecules, fol-
lowed by a secondary binding site toward the edge of the pore
of this material, sitting between the phenyl rings of two discrete
ligand molecules, stabilized, in principle, by an intermolecular
highly cooperative dipole interaction with adsorbed gas mole-
cules at site I. Attempts to determine the binding site for N,
at 298 K was unsuccessful owing to the extremely low uptake
observed in this material.
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Figure 2. View of the position of adsorbed SO, molecules within MFM-300(In) as determined by a,b) single-crystal X-ray diffraction; c) DFT calcula-
tions. View of position of adsorbed CO, molecules within MFM-300(In) as determined by d,e) powder X-ray diffraction; f) DFT calculations. The
0=X=0'"--O-H bond lengths are shown in green; O=X=0"--H-phenyl bond lengths are shown in purple; O=X=0"---X=0' bond lengths are shown

in blue; O=X=0"---pore wall bond lengths are shown in cyan.

Understanding the change in dynamics upon the binding of
gas (SO,, CO,, and N,) within these materials can provide funda-
mental insights into the multiple supramolecular binding modes
(e.g., hydrogen bond, intermolecular dipole) of the adsorbed gas
molecules and therefore can give insight into the selectivity. INS
is a spectroscopic technique which is particularly sensitive to
the dynamics of hydrogen atoms, with signals overwhelming
all other modes, and is used here to investigate the vibrational
motions of the host-guest systems.['%¢12217] INS spectra of
bare and the N,, CO,, and SO, loaded materials (2 gas mole-
cules per In for each gas) were collected at 10 K (Figure 3a—),
in addition to DFT calculations of the INS spectra of these
structural models, which were found to be in excellent agree-
ment with the experimental data (Figure 3d,e). INS spectra of
the bare material show three distinct low-energy peaks at 13, 22,
and 31 meV (group I) relating to the lattice modes of the mate-
rial; additional groups of peaks were observed at 40-70 meV
(group II) and 70-167 meV (group III) and were assigned to
wagging/bending modes of the bridging hydroxyl group and of
the aromatic C—H bonds from the phenyl rings, respectively.
On addition of N,, peaks in groups I, II, and III remain essen-
tially unchanged, indicating that there is negligible distortion of
the local modes of the MOF material and of the O—H or C—H
wagging modes, consistent with the extremely low binding
energy and adsorption properties. Addition of CO, is accompa-
nied by significant broadening to peaks in group I, indicating
a wide range of changes to the lattice dynamic modes of the
material (more stiffening) as a result of CO, inclusion. This
is further accompanied by shifts in the peaks of group II and
II1, confirming that the adsorbed CO, molecules are strongly
interacting with the bridging hydroxyl and C—H groups. The

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

addition of SO, results in even further broadening of the lattice
modes, commensurate with the increased rigidity of the overall
framework. The positions of peaks of group II and III shift
more dramatically on addition of SO, than CO,, with marked
changes in the difference spectra. The changes upon addition
of SO, indicate that the adsorbed SO, molecules are interacting
with the bridging hydroxyl group in a much stronger fashion
than that of CO,. Interestingly, to the best of our knowledge,
this represents the first example of direct observation and quan-
tification of the host-guest binding strength via analysis of
lattice dynamics in MOFs. These results confirm the changes in
the host—guest dynamics upon gas binding in MFM-300(In) and
thus the observed selectivities for gas separation.

In order to further investigate effects of pure component and
mixed gas adsorption on the vibrational modes of this material,
an in situ synchrotron micro-IR spectroscopic s’rudy[18 was car-
ried out with single crystals of MFM-300(In) upon loading of
SO,, CO,, and a SO,/CO, mixture (Figure 3f-i). In particular,
comparison of the change of v(p,-OH) modes in the presence
of SO, and CO, can provide a unique insight into the strength
of the binding and competition between these two compo-
nents within MFM-300(In). Upon desolvation of MFM-300(In)
under a He flow, a broad band centered at =3550 cm™ (corre-
sponding to adsorbed water) was completely removed, revealing
a distinct absorption band at 3657 cm™ corresponding to the
V(OH) stretching mode. Upon dosing the desolvated material
with up to 1 bar of CO,, this peak shifts by five wavenumbers
from 3657 to 3652 cm™!, indicating a partial depletion of bare
—OH groups within this material, consistent with formation
of the —OH:---O=C=O0 binding interaction, as observed in the
crystallographic study. The associated combination bands of

Adv. Mater. 2016, 28, 8705-8711
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Figure 3. Views of a—c) experimental and difference INS spectra of bare, N,, CO,, and SO, loaded MFM-300(In); d,e) simulated INS spectra of bare, CO,,
and SO, loaded MFM-300(In); f-h) IR spectra of the v (p,-OH) stretch region of MFM-300(In) for CO,- and SO,-loading and CO, displacement by SO,;
i) fitted peak areas of the v (p,-OH) stretches corresponding to bare MFM-300(In) and the CO, and SO, interaction modes in the competition experiment.

adsorbed CO, appear at =3590 and 3695 cm™ and appear in the
same ratio as that of the —OH---O=C=0 binding interaction,
and in proportion to the observed CO, isotherm under the same
conditions (Figure S25, Supporting Information). In contrast,
initial loading of SO, to a partial pressure of only 0.01 bar results
in a significant depletion of the v(OH) band at 3657 cm™, con-
sistent with the sharp adsorption profile of SO, at this pressure
and indicating that this binding site is being rapidly occupied.
Depletion of the band corresponding to the v(OH) stretching
mode of the bare material is accompanied by the emergence of
a new band at 3637 cm™, a 20 cm™ red shift from the original
band, indicating a significant change to the —OH mode upon
SO, binding. Indeed, upon additional loading of SO, from 0.01
to 1 bar, a second new band grows in steeply at 3617 cm™ with
concomitant loss of the original bare v(OH) band and gradual
decrease of the v(OH:+-O=S=0') band shifted =40 cm™ lower
energy than the original bare v(OH) band, corresponding to the
populating of the secondary binding site (II) by SO, molecules.
We tentatively ascribe this additional shift to the second SO, mol-
ecule at site II affecting the v(OH) mode through the SO, mole-
cule at the first binding site I, i.e., in a In—OH---O=S=0"..S=0!
manner. The shift of this second band is consistent with the
electron-withdrawing nature of such an interaction on the —OH
group. Upon reduction of SO, partial pressure (by adding a He
carrier flow), the IR spectra confirmed the rapid removal of

Adv. Mater. 2016, 28, 8705-8711
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bound SO, molecules in the pore and the return of the v(OH)
mode to its original position at 3657 cm™!, thus confirming the
efficient regeneration of MFM-300(In) post adsorption of SO,.
The unique insight into the population of CO, and SO, mole-
cules bound within this material makes the IR microscopic
approach ideal to directly investigate the competitive binding of
SO,/CO, mixtures, by direct quantification of the gas mixture
present at a range of concentrations. This information is dif-
ficult to achieve by crystallographic means due to the positional
disorder of the guest species. In order to determine the propor-
tion of SO, and CO, in this material in a competitive binding
experiment, bare MFM-300(In) was first equilibrated with 1 bar
of CO,, followed by sequential dosing of CO,/SO, mixtures con-
taining ever higher partial pressures of SO,. During this investi-
gation the v(OH) mode of this material was monitored continu-
ously for the presence of any possible site displacement of bound
CO, by SO,. At 1 bar CO,, the peak areas of the v(OH) bands
corresponding to the bare and CO,-loaded material are approxi-
mately equal, as observed in the pure CO, loading experiment.
Upon dosing the CO,-loaded material with SO, in a stepwise
manner (i.e., tuning the SO,/CO, mixture composition from
0/100 to 100/0 while maintaining a total pressure of 1 bar),
there is a steady change in the v(OH) region that includes new
bands appearing in a similar manner to those observed in the
pure SO, experiment, indicating that the bound CO, does not
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impede the adsorption of SO,. In other words, SO, in the gas
phase can readily displace the bound CO, in the pore as a result
of the stronger binding strength of this gas. Fitting the v(OH)
bands determined in the pure component experiment reveals
a very rapid depletion of the v(OH) band corresponding to the
bare material, reaching 0 by a SO, partial pressure of 0.02 bar,
and a more gradual decrease of the v(OH) band corresponding
to the CO,-occupied sites, reaching 0 at a SO, partial pressure
of 0.25 bar. This is accompanied by concurrent increases in the
SO,-bound v(OH) bands at both 3637 and 3617 cm™. At a SO,
partial pressure of 0.10 bar, the band at 3637 cm™! reaches its
maximum intensity, indicating saturation of SO, at site I. The
profile of the 3617 cm™ band is comparable to that of the pure
component SO, experiment, as population of SO, at the site II
requires a SO, molecule residing at site I to satisfy the intermo-
lecular dipole binding network, but the band intensity rises less
steeply with increasing SO, partial pressure in the competition
experiment, presumably as CO, displacement was still occur-
ring up to 0.25 bar. This result confirms the rapid site displace-
ment of bound CO, by free SO, in MFM-300(In) and therefore
validates the exceptionally high selectivity observed for this
competing mixture.

In conclusion, selective SO, adsorption has been real-
ized in MFM-300(In), a material which exhibits exceptionally
high SO,/CO, (60), SO,/CH, (425), SO,/N, (5000) selectivity
under ambient conditions. Importantly, MFM-300(In) displays
complete retention of the framework structure upon contact
with SO,, H,SO3, and H,SO, (Figure S1-S9, Supporting Infor-
mation), demonstrating the excellent stability and applicability
of this material for SO, capture in both dry and humid condi-
tions. This is rare for a MOF material and especially so for an
In(III) system. A combination of crystallographic and spectro-
scopic techniques have been applied to investigate the origin
of the observed selectivity of this material, revealing that dif-
ferences in the strength of multiple supramolecular binding
interactions with the pore surface are directly responsible for
the different binding affinity to a number of gases. Thus, high
selectivity for SO,, excellent stability and facile regeneration
post-adsorption are all achieved in MFM-300(In).

Experimental Section

In Situ Synchrotron X-Ray Diffraction: High-resolution X-ray powder
diffraction of SO, and CO, loaded MFM-300(In) was carried out at
0.826126(2) A on beamline 111 of the Diamond Light Source and at
0.495891(2) A on beamline ID31 at the European Synchrotron Radiation
Facility, respectively. Single-crystal X-ray diffraction of desolvated
and CO,-loaded MFM-300 (In) was carried out at beamline 119 of
the Diamond Light Source. The experiments were carried out using a
custom gas cell and handling equipment. The desolvated material was
generated in situ by heating the sample to 423 K under reduced pressure
(10® mbar) (2 h for powdered sample, 20 h for single crystal). The
samples were cooled to 298 K before being dosed with the analyte gas
and in the case of CO,, further cooled to 195 K before the diffraction
data were measured. The locations of the gas molecules could be
discerned from the Fourier difference maps at 298 K for SO, and 195 K
for CO, and were included in the refinement model with bond distances
and angles constrained to ideal values.

Crystal Data for Desolvated MFM-300(In): [(Ci6HgOgln,)]; colorless
block (0.2 mm x 0.1 mm x 0.1 mm). Tetragonal, /4,22 (no. 98), a =
15.4886(8), c=12.3439(13) A, V=2961.3(4) A®, Z=4, p.ycq=1.323 gcm 3,

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Uealed = 1.590 mm™', F(000) = 1128. A total of 11489 reflections were
collected, of which 1647 were unique giving R;,; = 0.0048. Final Ry (WR;) =
0.0255 (0.0266) with GoF = 1.173. The final difference Fourier extrema
were 0.63 and —0.27 eA=3.

Crystal Data for MFM-300(In)-4CO;: [(C16H3OgIN;)-4.20CO,); colorless
block (0.2 x 0.1 x 0.1 mm). Tetragonal, 4,22 (no. 98), a = 15.352(12),
c=12226(13) A, v =2882(5) A>, Z=4, peaca = 1.783 g cm™, paicq =
1.554 mm~', F(000) = 1495. A total of 7264 reflections were collected,
of which 1041 were unique giving R;,, = 0.032. Final Ry (wR,) = 0.0277
(0.0283) with GoF = 1.223. The final difference Fourier extrema were
0.64 and —0.43 eA~3.

Crystal Data for MFM-300(In)-4SO;: [(C;6HgOgln,)-4SO,]; White powder.
Tetragonal, space group 14,22 (no. 98), a=15.50965(4), c=12.31972(3) A,
V = 2963.50(2) A%, Z = 4. The final Rietveld plot corresponds to
satisfactory crystal structure model (Rgagg = 0.032) and profile (R, =0.051
and R, = 0.068) indicators with a goodness-of-fit parameter of 1.57.

CCDC-1475893 to 1475895 contain  the  supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

Inelastic Neutron Scattering: INS spectra of a powdered sample of
MFM-300(In) were collected in an 11 mm vanadium sample can at
10 K using the TOSCA spectrometer at the ISIS Pulsed Neutron & Muon
source using the time-of-flight technique. The desolvated material was
generated before loading into the instrument by heating the sample
can to 403 K under reduced pressure (1077 mbar) for 72 h. Gases were
dosed volumetrically (N, at 90 K; CO, at 270 K and SO, at 290 K) from
a calibrated volume. The desolvated material was regenerated between
runs by heating to 373 K under reduced pressure (10~ mbar) for 2 h.

Modeling of INS Spectra: Modeling of the INS spectra of bare, CO,
and SO, loaded MFM-300(In) were performed using CASTEP,”] with
the generalized gradient approximation, as implemented by Perdew—
Burke—Ernzerhof, used to describe the exchange-correlation interactions
and norm-conserving pseudopotentials to account for the effects of core
electrons. Calculations to determine the force constants and dynamical
matrix were carried out using the density functional perturbation theory
on an energy-minimized unit cell and used to determine the electronic
structure and phonon modes. Simulated INS spectra were generated
from the DFT phonon modes using aClimax.20!

Synchrotron  Microinfrared ~ Spectroscopy: Infrared  spectroscopic
measurement of CO,- and SO,-loaded MFM-300(In) were carried out
using a Bruker Hyperion3000 microscope equipped with an LN, cooled
MCT (Mercury Cadmium Telluride) detector, coupled to a Bruker Vertex
spectrometer supplied with broadband radiation from beamline B22 of
the Diamond Light Source. The experiments were carried out using a
Linkam FTIR600 environmental gas stage using custom gas handling
equipment at a constant flow rate of 100 cm® min~'. The desolvated
sample was generated in situ by heating the sample to 393 K under a
flow of dry He for 2 h, the sample was then cooled to 298 K and dosed
with freshly prepared analyte gas mixtures.

SO, Safety: All systems involved in the supply, delivery and
measurement of SO, were rigorously leak tested and used only within
range of a SO, detection system with a sensitivity of T ppm. All gases
exhausted from experimental apparatus were diluted with a flow of N,
and fed into fume hood extracts.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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