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ABSTRACT: In situ infrared spectroscopy and ab initio density functional —™M-2NO:(ads)->M-NO,(ads)+ NO(g)

M-S0, (ads) <-> M + SO,(g)

theory (DFT) calculations are combined to study the interaction of the . prsocatively Molecularly
corrosive gases SO, and NO, with metal organic frameworks M-MOF-74 (M~ =- * \“'.\"@33@ =
= Zn, Mg, Nj, Co). We find that NO, dissociatively adsorbs into MOF-74 54 j | ¥ o
compounds, forming NO and NO;". The mechanism is unraveled by =09 /

considering the Zn-MOF-74 system, for which DFT calculations show that a
strong NO,—Zn bonding interaction induces a significant weakening of the
N-O bond, facilitating the decomposition of the NO, molecules. In contrast,
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SO, is only molecularly adsorbed into MOF-74 with high binding energy (>90
kJ/mol for Mg-MOF-74 and >70 for Zn-MOF-74). This work gives insight into poisoning issues by minor components of flue

gases in metal organic frameworks materials.

1. INTRODUCTION

Metal organic frameworks (MOFs) are porous materials that
have attracted a great deal of attention in the past decade for a
variety of applications such as gas adsorption, storage,
separation, and catalysis.'™® Their structure is composed of
metal ions or clusters as the node and organic molecules as the
bridge to form one, two, or three dimension open networks
that can accommodate a variety of guest molecules. One
promising application is the capture of CO, by MOFs from
power plant flue gas streams.”'? In the past few years, there has
been a great deal of effort to design and prepare MOF
structures with higher affinity and selectivity toward CO, over
other components such as N, and 0,""7" such as the
incorporation of coordinatively unsaturated metal sites binding
sites into the frameworks structure to obtain higher energy.
MOE-74 [M,(dhtp), M = Mg, Zn, Ni, Co** and dhtp = 2,5-
dihydroxyterephthalate] compounds represent the best exam-
ple containing a high density of coordinatively unsaturated
open metal sites that interact strongly with CO, and have the
highle7st2 OCO2 uptake capacity at flue gas partial pressure ~0.1
bar.” "~

Although MOFs have great potential to separate CO, from
flue gas mixtures, some considerations must be taken into
account for evaluating the performance in real-world
applications. One issue is that flue gas impurities such as the
corrosive acid gases sulfur oxides SO, (mainly SO,) and
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nitrogen oxides NO, (mainly NO, NO,) could adsorb into
MOFs and potentially poison the materials by reacting with or
strongly bonding to the active sites.® Some theoretical work has
recently been done to examine the adsorption of trace flue gas
contaminants (SO,, NO, NO) in M-MOF-74 (M = Mg, Nij,
Co) compounds.”'~** For example, Schmidt>' and co-worker’s
density functional theory (DFT) calculations of different
species (SO,, SO;, NO, NO,) adsorption in Mg-MOF-74
suggest that SO, could be a potentially serious poison for Mg-
MOF-74 because of its high binding strength (72.8 kJ/mol) at
the open metal sites within the structure. Furthermore, hydrate
acids such as H,SO5 and H,SO, may form and bind extremely
strongly (exceeding 100 kJ/mol) and saturating nearly all
available metal sites.”’ In contrast to SO,, NO,, and NO
molecules are characterized by modest binding energies (41.3
kJ/mol for NO, and 33.2 kJ/mol for NO) similar to that of
CO,. It was therefore believed that NO, species are less serious
poisons than SO, molecules. This difference in binding energies
was consistent with Ding’s and Neaton’s calculations.””*"*°
These molecular adsorption studies provided the initial ideas of
the possible interaction of NO, and SO, with MOFs. However,
these acid gas molecules are likely to have a complex interaction
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with surfaces, with strong temperature dependence, due to the
high reactivity of the SO, and NO, species. For instance,
different species such as NO, NO,~, NO,~, SO;*7, and SO,*"
are formed on metal or metal oxides surfaces such as MgO and
ZnO upon NO, and SO, adsorption.”” " Calculations show
that the exposed metal and oxygen sites on the oxide surfaces
are the reactive centers for NO, and SO,, respectively. Based
on these considerations, NO, and SO, might exhibit a rich
chemistry rather than being only molecularly adsorbed into the
M-MOF-74 (M = Zn, Mg, Ni, Co) as investigated by the
above-mentioned studies. Therefore, it is worthwhile to
experimentally examine the interaction of SO, and NO, with
MOF-74.

In the present work, in situ infrared spectroscopy and first
principle calculations are combined to investigate the
adsorption characteristics of NO, and SO, in M-MOF-74 (M
Mg, Zn, Ni, Co) compounds. It is found that NO,
dissociatively adsorbs into the four compounds, forming nitrate
species and nitric oxide NO as a result of disproportionation or
decomposition reactions. DFT calculations predict that there is
a transfer of charge from the MOF to the adsorbed NO,,
weakening the N—O bond and facilitating the dissociation
reaction within the MOFs. The SO, molecules are found to be
molecularly adsorbed into MOF-74 and have a strong binding
energy (~90 kJ/mol) by establishing multipoint interactions
with the MOF structure.

2. EXPERIMENTAL AND THEORETICAL METHODS

Synthesis of Mg-MOF-74, Ni-MOF-74, Co-MOF-74, and Zn-
MOF-74. The MOFs samples are synthesized by following the
modified procedure as described in the Supporting Information from
ref 17. After thorough solvent exchange as described in ref 32, the BET
surface areas reach 1078, 774, 913, and 1077 m*/g for Mg-MOF-74,
Zn-MOF-74, Ni-MOF-74, and Co-MOF-74,>” respectively, consistent
with the values reported in the original literature.'”

Infrared Spectroscopy. A powder of the MOF-74 sample (~2
mg) was pressed onto a KBr pellet for SO, measurement and a
tungsten mesh (~1.3 cm diameter, 1—2 mm thick) for NO, exposure,
since NO, reacts with KBr. The sample was placed into a high-
pressure high-temperature cell at the focal point of the sample
compartment of the infrared spectrometer. The cell was connected to
a vacuum line for evacuation (base pressure ~10—20 mTorr). The
samples were activated by evacuation at 180 °C in vacuum (<20
mTorr) for at least 3 h, until IR measurements showed that the H,O
preadsorbed during sample preparation was fully removed (see IR
spectra of activated MOFs in Figure S1). For reference, the NO,
(mainly NO and NO,) and SO, concentrations in the flue gas are
around 500 ppm level.® To increase the signal in IR absorption spectra,
3 Torr NO, was introduced into the pressure cell, and all spectra were
recorded in transmission between 400 and 4000 cm™" (4 cm™" spectral
resolution, sufficient for the inhomogeneous widths of >10 cm™) as a
function of time. For SO, exposure, an even higher pressure (~20
Torr) was selected for increasing SO, loading, making it easier to
distinguish its IR absorption peak from the perturbation of the MOFs
vibrational bands located in the same spectral region (1500 to 1000
cm™"). Desorption was initiated by evacuating the cell (<20 mTorr),
and the spectra were then recorded as a function of time at each
temperature investigated.

DFT Calculation. The ab initio calculations in this work were
performed at the DFT level with a plane-wave basis, as implemented in
the VASP code.*>** In order to take into account the important Van
der Waals interactions, the Van der Waals density functional vdW-
DF* ™ was used, together with projector augmented pseudopoten-
tials>* and a plane-wave expansion for the wave functions with a cutoff
energy of 600 eV. All the systems were optimized until the forces
acting on each atom were smaller than 1 meV/A. Due to the large
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dimensions of the unit cell, i.e. 54 atoms plus the guest molecules, only
the I' point was sampled.

3. EXPERIMENTAL RESULTS

3.1. NO, Adsorption into M-MOF-74 (M = Zn, Mg, Ni, Co). To
examine the interaction of NO, with Zn-MOF-74, 3 Torr NO, is
introduced into the Zn-MOF-74 (previously activated under vacuum),
and IR spectra are recorded for 1 h with the system sealed (see Figure
1). A strong band appears at 1684 cm™" and grows slowly as a function
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Figure 1. (a) IR absorption spectra of NO, adsorption into Zn-MOF-
74 as a function of time under 3 Torr. (b) IR spectra of NO,
desorption from Zn-MOF-74 under vacuum as a function of
temperature. The spectra are recorded at room temperature after
evacuation at 24, 100, 150, 200, and 250 °C for 1 h. All the spectra are
referenced to the activated (empty) MOFs in vacuum (<20 mTorr).

of time. Two other bands at 1483 and 1301 cm™ also increase in
intensity during the exposure. Gas phase NO with the peak center at
1874 cm™" can be also detected, and its intensity increases with time.
At the same time, the intensities of the gas phase NO, bands at 1617
and 1265 cm™" decrease due to adsorption into MOFs and on the cell
walls. After 60 min, the gas phase NO, and product NO are evacuated,
and the spectra are recorded during the desorption process as a
function of temperature shown in Figure 1b. The observed absorption
bands at 1684, 1483, and 1301 cm™' remain unchanged upon
evacuation at room temperature. Above 100 °C, the band at 1684
cm™" disappears. However, the bands at 1483 and 1301 substantially
weaken only at 200 °C.
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Mg-, Ni-, and Co-MOF-74 are also exposed to 3 Torr NO, gas, and
the spectra recorded during evacuation are summarized in Figure 2.
Similar bands are observed at 1667, 1497, and 1303 cm ™! in the case of
Mg-MOF-74; at 1698, 1486, and 1278 cm™! in the case of Ni-MOF-
74; and at 1703, 1475, and 1291 cm™ in the case of Co-MOF-74. For
M-MOF-74 (M = Ni, Co), exposure of NO, gives rise to bands at
1837 and 1801 cm™" that are assigned to nitrosyl (NO) species in the
discussion below.

These nitrosyl species can be easily removed at elevated
temperatures (above 100 °C) from Ni- and Co-MOF-74 under
evacuation. However, the other characteristic bands associated with
adsorbed NO, are hardly affected until the sample is annealed to 200
°C. The temperature cannot be increased above 300 °C, when the
frameworks undergo thermal decomposition. The perturbation of the
ring C—H bending mode #(CH) in the 1120—1130 cm ™" region and
the MOF combination mode around 1812 cm™ are detected in the
spectra of all compounds.**

3.2. SO, Adsorption into M-MOF-74 (M = Zn, Mg, Ni, Co). For
the study of SO, interaction with MOF-74, the activated MOF-74
compounds are exposed to higher pressures (~20 Torr) to increase
SO, loading and be able to distinguish its IR absorption bands from
the perturbation of the MOFs phonon bands as mentioned earlier.
After 30 min, the gas phase is evacuated, and IR spectra are recorded
as a function of time during the desorption process as shown in Figure
3. The adsorbed SO, species can be well distinguished in the IR
spectra by their v,(SO,) mode above 1300 cm™ and 7,(SO,) mode
above 1100 cm™". The stretching modes are red-shifted from their gas
phase values (v, 1362 cm™, v, 1151 cm™) in the four compounds
Zn-, Mg-, Ni-, and Co-MOF-74 by 43, 38, 43, and 57 cm™" for v,
respectively. For the 1,(SO,) mode, the frequency position appears in
the range from 1100 to 1130 cm™" where the perturbation of f(C—H)
mode occurs, as is also observed in the case of NO, adsorption.
Therefore, it is difficult to determine the exact frequency. In general,
the frequency shifts of SO, in this MOF are typical for physisorbed
species.””* In addition, the f(C—H) framework mode is also strongly
perturbed around 1200 cm™!, for example 1236 cm™" in Mg-MOF-74,
indicating that there is an interaction between SO, and the phenyl
ring. The same observation can be also made in Zn-, Ni-, and Co-
MOF-74 at 1197, 1195, and 1193 cm™, respectively.

The adsorbed SO, species gradually desorbs from the frameworks
under evacuation at room temperature and can be completely removed
upon heating to the 150 °C in vacuum. In M-MOF-74 (M = Zn, Mg),
there is always a notable perturbation of the MOF framework as gas or
moisture is removed by evacuation (~10 to 30 mTorr), due to the
extreme sensitivity of MOFs vibrational modes around 1000 to 1600
cm™ to the gas loading, especially to water vapor.*' The X-ray powder
diffraction spectra in Figure S2 show that the crystalline structure of
MOF-74 [M-Zn, Mg, Ni, Co] samples is retained after both NO, and
SO, exposure. However, there are noticeable changes for the relative
intensities of strongest peaks in each sample after NO, exposure,
associated with the (210) and (300) reflection planes.

4. DISCUSSION

The spectroscopic results in Section 3 indicate that several
stable species are formed after NO, adsorption into M-MOF-
74 (M = Zn, Mg, Nj, Co) compounds. In Zn-MOF-74, the
component at 1684 cm™' can be gradually removed upon
evacuation under mild annealing up to 100 °C, indicating that it
corresponds to different adsorbed species that are characterized
by absorption bands at 1483, 1301, and 1028 cm™". These
bands appear at slightly different frequencies in M-MOF-74 (M
= Mg, Ni, Co). These well-resolved bands are assigned to the
nitrate species most likely forming bridging or chelating
complexes (see Scheme 1), typical of bidentate nitrate
characterized by a splitting larger than 180 cm™ between the
two highest frequency bands.”” For example, in Zn-
(benzothiazole),(NO,), compounds the splitting is 185 cm™
between 1485 and 1300 cm™' bands, which is in agreement
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Figure 2. IR spectra of NO,, desorption from (a) Mg, (b) Ni, and (c)
Co-MOF-74 under vacuum as a function of temperature after exposing
to NO,. The spectra are recorded at room temperature after
evacuation at 24, 100, 150, 200, and 250 °C for 1 h, and the bottom
black lines show the spectra before and after evacuation of gas phase
NO, at room temperature. The three internal vibrations of the nitrate
species are labeled as 1, 2, and 3. All the spectra are referenced to the
activated (empty) MOFs in vacuum (<20 mTorr).
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Figure 3. IR spectra of SO, adsorption and desorption for MOF-74
[Zn, Mg in (a) and Nj, Co in (b)] compounds. The bottom in each
figure shows the gas phase SO, under 20 Torr (gray spectra) and the
evacuation of the gas phase after 0.5 min (black spectra). The
following four spectra above show the evacuation process under
vacuum as a function of time at room temperature and 150 °C for 1 h.
All the spectra are referenced to the activated (empty) MOFs in
vacuum (<20 mTorr).

Scheme 1. Chelating Bidentate Nitrate Complex
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with a previous report.”> The three bands labeled as 1, 2, and 3
in Figure 2 and Scheme 1 are assigned to the N=0 stretching
and the asymmetric and symmetric stretching vibrations of
—NO, within NO;".

The reaction product of NO, with MOF-74 is also quite
similar to that of NO, adsorption on many metal oxides
surfaces such as ZnO, CeO,, CuO, BaO, and TiO, at room
temperature.”*’**"*~* The surfaces get nitrated upon
exposure to NO, by the following reaction pathways as
predicted by Rodriguez and co-workers:***"

NO,(ads) + M—O — Mg—NO;(ads) (1)

4230

2NO,(ads) — NO; (ads) + NO(gas) (2)

In our case, the second pathway (2) is more likely since the
coexistence of NO;~ and NO gas or nitrosyl groups is detected
in the IR spectra. Figure 2 shows that NO is formed and
coordinated with Ni**and Co* by 1:1 nitrosyl adducts after
adsorption in Ni- and Co-MOF-74, suggesting that the metal
center is the main reactive center for NO, molecules. Due to 7-
back-donation from d-electrons of Ni and Co to NO molecules,
NO interacts strongly with the metal centers Ni** and Co*"
with heat of adsorption over 90 kJ/mol.*' The absence of d-
electrons in Mg*" prevents NO backbonding to the metal
center.”!

The absorption bands at 1660—1700 cm™" are removed at
higher temperatures in Zn-MOF-74 but not in the other three
compounds (Ni-, Co-, and Mg-MOF-74). These bands have
also been observed in Ag-ZSM, Cu-ZSM, and Co**/Si0,
compounds and assigned to molecularly adsorbed NO, with
partial electron donation to the surface, resulting in a blue shift
of the v, (NO,) band.**™*’ The difference of bonding strength
of this species in the different M-MOF-74 (M = Zn, Mg, Nj,
Co) compounds indicates that open metal ions are the
adsorption centers.

To understand the interaction of NO, and SO, with the M-
MOE-74 (M = Zn, Mg, Nj, Co) compounds, and the formation
of nitrate species, we compare the adsorption of NO, and SO,
on metal oxide surfaces, such as MgO and ZnO. The NO,
molecule is a radical molecule that has a large electron affinity
(2.4—2.5 eV).” The highest occupied molecular orbital is only
half occupied. This makes its bonding with occupied and empty
states of metal centers such as Mg on MgO and Zn on ZnO
surfaces quite possible by electron donor—acceptor inter-
actions.”™”" Previously, DFT calculations have shown that the
bonding interaction of adsorbed NO, with metal sites is
stronger than with the oxygen sites on metal oxide surfaces and
that the interaction induces the weakening of the N—O bonds,
which facilitates the dissociation of NO, molecules.”**" For
example, it was observed by synchrotron-based photoemission
and X-ray absorption near-edge spectroscopy (XANES) that
the surfaces get nitrated after NO, adsorption on different types
of oxides (MgO, ZnO, TiO, CeO) due to the partial
decomposition or disproportionation of NO, adsorbed onto
these surfaces.”>*”*"** SO, molecules are less reactive with
metal sites of oxide surfaces than NO, molecules since the
LUMO of SO, appears at much higher energy, close to the
vacuum level,®' than the occupied states of the metal centers
such as Mg or Zn. This makes the bonding interaction between
SO, and Mg or Zn very difficult.’’ The oxygen site is found to
be the active site for SO, upon chemical adsorption onto the
surface, with the formation of sulfite at 300 K.2"*

These pioneering studies on oxides suggest that the NO,
molecules should bind more strongly to the open metal sites of
MOE-74 than SO, molecules. However, the different chemical
environments in porous MOFs compared to oxide surfaces
(e.g, nanopore confinement) could lead to more complex
interactions. To get a better understanding of the observed
experimental results, the bonding interactions of SO, and NO,
molecules with MOF have been examined using first-principles
calculations.

The binding energies for loadings of one (1/6 loading) and
six guest molecules (6/6 loading) were calculated using the
following equation
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Eg = (E[MOF+n-X] — E[MOF] — n-E[X])/n 3)

where X = SO, or NO, is the molecule being adsorbed in the
MOF, n is the number of adsorbed molecules, EfMOF+n-X] is
the energy of the MOF with the n-X molecules adsorbed on the
metal sites, E[MOF] is the energy of the MOF alone, and E[X]
is the energy of the isolated molecule X. It is important to note
that in eq 3 a negative binding energy denotes favorable
adsorption. In parallel, an incremental binding energy is also
defined, ie., the energy of a second molecule adsorbed (2/6
loading), as

Ene) = EIMOF+2.X] — E[MOF + X] — E[X] ()
The adsorption of molecules at the metal site in MOF can
give rise to electron transfer phenomena, with a net
redistribution of electronic charge density from the molecule
to the MOF or vice versa. To assess the valence charge density
redistribution we computed the Ap as defined in eq 5

)

where pyop,x is the charge density of the MOF with the
adsorbed molecule, and px denotes the charge density of the
insolated molecule at the exact position and geometry as
adsorbed on the MOF. pyor is the valence charge density of
the MOF without the guest molecule. MOF-74 offers several
potential binding sites associated with the nature of their
building blocks. However, their potential energy surface (PES)
is complex, presenting many adsorptions “pockets”. In general,
it has been demonstrated that the most reactive sites are
uncoordinated metal centers such as Zn**, Mg**, Ni**, and Co*"
in MOF-74.

4.1. NO, Adsorption into Zn-MOF-74. Rodriguez and co-
workers’' have shown that both metal Zn and oxide ZnO
surfaces exhibit a strong reactivity toward NO, molecules. After
the adsorption of nitrogen dioxide, N, O, NO, and NO;~,
species are found on the Zn and ZnO surfaces. Therefore, this
work focuses on the interaction of the nitrogen dioxide with the
metal centers of the Zn-MOF-74 to elucidate the origin of NO,
dissociation. The reaction products are quite similar in the four
MOF compounds. We believe that our analysis obtained on
Zn-MOF-74 can be applied to the other three M-MOF-74 (M
= Mg, Ni, Co). Previous studies only examined the bonding
configuration of NO, to the MOF structure via one oxygen
atom of NO, on top of the metal sites.”' In the present
calculations, three different configurations for the adsorption of
the NO, molecule were considered on the basis of the tested
adsorption Sgeornetries on metal oxide such as ZnO, MgO, and
TiO,,”**"* these are a) the N atom of the NO, molecule
directly interacts with the metal ion of the MOF, b) one of the
O atoms of the NO, molecule interacts with the metal ion of
the MOF, and ¢) the two O atoms of the NO, molecule
interact with the metal ion of the MOF. Panels a), b), and ¢) of
Figure 4 show the three adsorption geometries.

Table 1 shows the adsorption energies and the distances
between the NO, molecule (the N or O depending on the
adsorption configuration) and the metal ion of the MOF. This
was done for loadings of one (1/6) and two (2/6) molecules
per unit cell. From this table, it can be seen that the
configurations b) and ¢) (panels b) and c)) of Figure 4 are the
most stable. The NO, molecules have a stronger adsorption on
the Zn-MOF-74 than the SO, molecules, as can be seen from
Tables 1 and 2. From Table 1 it can be seen that the distance
between the NO, molecule and the Zn atom decreases as the

AP = Pyorsx ~ Px ~ Puor
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Figure 4. NO, adsorption geometries: red, white, light blue, and gray
spheres represent O, H, N, and Zn atoms, respectively. C atoms are
not shown. The geometries are denoted as NO, adsorption
configurations a), b), and c).

Table 1. Adsorption Energies, Distances between N or O
(Depending on the Adsorption Configuration) and the
Metal Center of the MOF, and Bond Lengths of the NO,
Molecule”

AE NO,— N-O bond N-O bond

model loading (k] mol™") M (A) length 1 (A) Iength2 (A)
Zn—N(a) 1/6 —61.03 218 125 125
Zn—N(a) 2/6 —6755 215 125 125
Zn—0(b) 1/6 —70.26 2.11 1.30 123
Zn—0(b) 2/6 —-95.91 2.03 1.33 122
Zn—0(c) 1/6 9948 216 129 128
Zn—0(c) 2/6  —11371 2.16 128 128
NO, 1/6 122 122

molecule

“The column labeled as “bond length 1” denotes the guest molecule
bond length which is closer to the metal center of the MOF, while the
last column refers to the second bond length.

Table 2. Charge Gained by the Atoms of the NO, Molecule
upon Adsorption”

charge charge charge net charge gained
model (1/6  gained by  gained by  gained by be the NO,
loading) N (e) O (e) 0 (e) molecule (e)
Zn—N (a) 0.199 0.154 0.138 0.491
Zn—0(b) 0.016 0278 0.162 0456
Zn—0(c) -0.006 0361 0351 0.706

“The third column corresponds to the O atom that is closer to the
metal ion of the MOF, while the fourth column refers to the other O
atom.

adsorption energy progressively increases. In general, the
geometry of the nitrogen dioxide molecule is highly perturbed
upon adsorption. However, the bond lengths of the NO,
molecule are elongated only for the adsorption configurations
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b) and c) where the O atoms directly interact with the metal
center. For the geometry depicted in panel a) of Figure 4, the
elongation of the NO, molecule is almost negligible, see Table
1.

In order to understand the perturbation of the guest
molecule, we have used eq 5 to calculate the redistribution of
valence charge density in the system upon adsorption of the
NO, molecule, and this is shown in Figure 5. From Figure S it

-+
-

Figure S. Redistribution of valence charge density upon adsorption of
the NO, molecule in the Zn-MOF-74 system. The blue and red colors
denote depletion and excess of charge, respectively. The iso-surface
level was set to 0.018 e/A3.

is clear that there is a net charge transfer between NO, and
open Zn sites. A qualitative charge analysis (using the Bader
charges) of the configuration of Figure S reveals that the Zn
atom experiences a depletion of ~0.063 e. On the other hand,
for the NO, molecule the O interacting with the Zn
experiences an increase of 0.278 ¢ while the second O
experiences an increase of 0.162 e. Similar results have been
obtained for the adsorption configurations a) and c) (see also
Table 2). In Table 2, the NO, molecule experiences a gain in
charge upon adsorption for all the adsorption configurations
studied here. Unsurprisingly, the charge uptake by the O atoms
is proportional to the elongation of the O—N bond (see Tables
1 and 2). This makes the adsorption configurations b) and c)
ideal precursors for dissociation and formation of other nitrate
species by the disproportionation reaction:

NO,(gas) + M*" - M**—0 + NO(gas) (6)

™)

In conclusion, the NO, molecule experiences a weakening in
the O—N bond for the adsorption configurations b) and c) due
to the valence charge redistribution upon adsorption. This
weakening of the O—N bond facilitates the splitting of the
molecule, explaining the experimentally observed nitrate species
at room temperature. Rodrigez and co-workers*® have found
similar results for the interaction of NO, with a TiO,(110)
single crystal and powders of titania, where the elongation of
the O—N bond facilitates the dissociation of the adsorbate.

4.2, SO, Adsorption into M-MOF-74 (M = Mg, Zn). To
guide the construction of initial and realistic adsorption
geometries, we initially assumed that the interaction of SO,

NO,(gas) + M**—=0 — M**-NO,
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with the MOF structure was similar to what occurs when SO, is
adsorbed on simpler systems such MgO and ZnO surfaces.
This assumption is fully justified since the oxygen atoms
surrounding the metals sites of M-MOF-74 “recreate” the
chemical environment found on these oxide surfaces.
Theoretical and experimental evidence of the adsorption of
SO, on MgO and ZnO surfaces suggests that SO, interacts
favorably with the metal species exposed at the surface through
its oxygen atoms. Although interaction with the sulfur atom is
less likely, we have also considered this option here. Starting
from these qualitative considerations, we examine the
adsorption geometry of SO, in the MOF structure to maximize
its interaction with the metal sites, which are expected to be the
most reactive binding centers.

For MOF-74, we explored two types of interaction of SO,
with the metal sites: i) when one of the oxygen atoms of SO,
interacts with the metal ions (i.e, Mg or Zn) and ii) when the
sulfur binds to the exposed metal sites. However, the
calculations indicate that, when a SO, molecule is placed in
M-MOF-74 (M = Zn, Mg) according to case ii), the structural
optimization leads to case i). We have investigated the effect of
loading and therefore the extent of lateral interactions in the
final absorption properties from one molecule (low-loading) up
to six SO, (high—loading).51 Table 3 shows the adsorption
energies together with the relative contribution for these cases.

Table 3. Adsorption Energies AE (in kJ/mol) of SO, in M-
MOE-74 (M = Mg, Zn)*

model loading AE AE;pg AH,gg O0-M
MOF-74-Mg

Mg—-O 1/6 -91 —88 -91 2.14
Mg-O 6/6 -90 —87 —-90 2.17
MOF-74-Zn

Zn—0 1/6 =72 -70 -73 2.20

“AE (in kJ/mol) is also given, corrected by the ZPE and thermal
contribution AH at 298 K (in k]/mol). O—M are the averaged
intermolecular bond length OSO—M-(MOF-74) in A.

The binding energies in Table 3 suggest that SO, establishes
strong interactions with the unsaturated metal centers of M-
MOF-74 (M = Zn, Mg). This is further validated by isotherm
measurements of SO, in Mg-MOF-74 in which the uptake
reaches up to 8.60 mmol/g at 1.02 bar (see adsorption data in
Figure S3), which is significantly higher than the CO, uptake
(6.18 mmol/g) in Mg-MOF-74 under the same condition since
the latter binds more weakly (47 kJ/mol).'® In Zn-MOF-74, a
low loading situation is considered only, i.e., one molecule per
cell. Note that Mg-MOF-74 has a larger affinity for SO, than
the iso-structural Zn-MOF-74. Our findings are in agreement
with the early computational studies of the adsorption of SO,
on MgO and ZnO surfaces (87.9 kJ/mol for MgO and 66.9 kJ/
mol for ZnO).””** Table 3 also suggests that low loading is
more favorable than high-loading, due to the repulsion between
adsorbed SO, molecules. This effect is clearly manifested in an
increase of the bond-length between O and the metal site in
high-loading situations. A similar effect has been shown
previously for H,0 in Mg-MOF-74.”

Furthermore, examination of the local adsorption geometry
of SO, in M-MOF-74 (M = Mg, Zn) reveals multipoint
interactions between SO, and the MOF structure: one oxygen
atom (of SO,) engages the metal site (Mg or Zn) and
establishes the primary interaction with MOFs, whereas the
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sulfur atom also interacts directly with one of the oxygen atoms
of the linker (see Figure 6), increasing the binding energy.

Yo\ @

a) .+

Figure 6. (a) M-MOF-74 (M = Mg, Zn) in contact with SO,, (b)
enlargement of the adsorption area, also showing charge density
differences, Ap (eq S), only for Mg-MOF-74. Color scheme: blue =
Mg or Zn; red = oxygen; black = carbon; white = hydrogen; yellow =
sulfur. Dashed lines highlight relevant interactions (i.e,, O(1)—Mg, S—
O, and O(2)—C) of the molecule with the MOF. Red density lobes
represent areas where charge density was added, whereas blue
represents that charge was removed. The iso-surface level was set to
0.018 e/A%.

We have investigated how the valence charge density of Mg-
MOF-74 and SO, is redistributed after molecular adsorption,
using eq S. Figure 7 shows a large redistribution of the valence

Density of states
N w sy

=

-5 0 5
Energies (eV)

=15 -10 10

Figure 7. Local density of states (LDOS) of the Mg-MOF-74 with
adsorbed SO, onto the open metal sites. The Fermi energy is aligned
at the zero level of the horizontal axis.

charge density: the oxygen atom connected to the benzene
donates some charges, giving rise to its interactions with the S
atom. One of the oxygen atoms of SO, (label 1 in panel b of
Figure 6) engages the Mg of the MOF (not shown for clarity),
while the other interacts (label 2 in panel b of Figure 6) with a
carbon atom in the benzene ring, which also experiences a
charge redistribution and polarization. Figure 6 displays the
calculated density of states for the occupied bands in Mg-MOF-
74+S0,. Both S and O states coming from SO, overlap with
Mg and O bands of the MOF. However, the overlapping of O
of SO, with the MOF states is more than §, reflecting the type
of binding between SO, and MOFs. The interaction of SO,
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with Zn-MOF-74 is similar but weaker. The large adsorption
energy is therefore the result of the three-interactions
established by the three atoms of SO, with MOF-74.

5. CONCLUSIONS

In summary, the spectroscopic results give insight into the
adsorption behaviors of flue gas contaminants NO, and SO, in
M-MOF-74 (M = Zn, Mg, Ni, Co) compounds at room
temperature. NO, exhibits a rich chemistry in all four
compounds. After NO, adsorption, molecular adsorbed NO,
appears around 1660—1700 cm™" in IR spectra, and nitrate and
nitric oxide species are also formed due to decomposition
reactions and remain stable at higher temperature (>150 °C).
DFT calculations show that a strong NO,—Zn bonding
interaction induces a significant weakening of the N—O
bond, facilitating the decomposition of the NO, molecules.
SO, is strongly adsorbed into MOF-74 with a binding energy
(>90 kJ/mol for Mg-MOEF-74 and >70 kJ/mol for Zn-MOEF-
74), higher than that of CO, (40 to SO kJ/mol). DFT
calculations further suggest multipoint interactions between
SO, molecules and MOFs. Finally, our IR results show that
adsorbed SO, can be removed upon annealing to 150 °C.
Preadsorption of these molecules could poison the open metal
sites and therefore lead to the significant decrease of CO,
uptake. These findings suggest that denitrification (DeNO,)
processes and desulfurization (DeSO,) are needed for using
MOF-74 materials as carbon capture medium in flue gas
applications.
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