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Abstract: A chromium(ll)-based metal-organic framework
Cr;[(Cr,Cl)s(BTT)g], (Cr-BTT; BTT’~ =1,3,5-benzenetriste-
trazolate), featuring coordinatively unsaturated, redox-active
Cr’* cation sites, was synthesized and investigated for potential
applications in H, storage and O, production. Low-pressure
H, adsorption and neutron powder diffraction experiments
reveal moderately strong Cr—H, interactions, in line with results
from previously reported M-BTT frameworks. Notably, gas
adsorption measurements also reveal excellent Oy/N, selectivity
with substantial O, reversibility at room temperature, based on
selective electron transfer to form Cr'"' superoxide moieties.
Infrared spectroscopy and powder neutron diffraction experi-
ments were used to confirm this mechanism of selective O,
binding.

M etal-organic frameworks have been rigorously studied
for nearly two decades, and, although they are of interest for
a wide range of potential applications related to ionic and
electronic conductivity,'! sensing,” catalysis®! and drug
delivery,™ they have been most extensively studied for gas
storage” and separations.!® Particularly promising for sepa-
rations applications are classes of frameworks containing
coordinatively unsaturated metal sites. Indeed, materials of
this type have been shown to exhibit extraordinarily high
capacities and adsorption selectivities for CO,/N,,["1 CO,/H,,™
CO/H,,”! and paraffin/olefin separations,'”! among others. A
particularly challenging and costly separation that is currently
performed on an enormous scale (exceeding 100 Mtons/
year!'!l) is the separation of oxygen from nitrogen through
cryogenic distillation. An efficient and selective adsorptive-
based separation utilizing metal-organic frameworks could
therefore offer tremendous energy and capital savings.
However, few metal-organic frameworks exhibit the O,
selectivity needed for such an application, presenting

a design challenge that is compounded by the similar physical
properties of O, and N,, such as kinetic diameter, quadrupole
moment, polarizability, and boiling point./*"

We have previously shown that by utilizing metal-organic
frameworks containing coordinatively unsaturated, redox-
active transition-metal cations, materials with high O,/N,
selectivities can be realized. These frameworks, Cr;(btc),
(btc™ =1,3,5-benzentricarboxylate) and Fe,(dobdc)
(dobdc*™ =2,5-dioxido-1,4-benzene-dicarboxylate), featuring
accessible chromium(II) and iron(II) binding sites, respec-
tively, displayed high O, adsorption capacities and excellent
0,/N, selectivities."?) However, Crs(btc), suffers from slow
and incomplete O, desorption, whereas Fe,(dobdc) loses
reversibility above 220 K. Still, these materials are currently
the best metal-organic frameworks for O,-selective separa-
tions and demonstrate the potential of redox-active metals for
distinguishing O, from N,. In addition to Cr;(btc), and
Fe,(dobdc), the M;(btc), (M =Fe, Co, Ni, Cu, Zn, Mo, and
Ru)!" and M,(dobdc) (M =Mg, Mn, Co, Ni, Cu, Zn, and
Cd)™ framework types have been prepared with a variety of
metal cations, though none of them have shown utility in the
separation of O, from N,. Metal-organic frameworks of the
type M;[(M,Cl);(BTT);], (M-BTT; M =Mn, Fe, Co, Cu, Cd;
BTT®" =1,3,5-benzenetristetrazolate) have also been synthe-
sized with a diversity of coordinatively unsaturated M*"
cations; however, none of these materials display selective
O, adsorption and they have instead typically been studied as
hydrogen-storage materials.'”! Herein, we describe the syn-
thesis and characterization of a new member of the M-BTT
family, Cr-BTT. Although this material displays only moder-
ately strong Cr’'-H, interactions, the electron-donating
nature of the accessible chromium(II) centers endow it with
excellent O,/N, selectivity.
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The air-free reaction of anhydrous CrCl,, Cr(CO),
H;BTT, and trifluoromethanesulfonic acid in dimethylforma-
mide (DMF) affords solvated Cr;[(Cr,Cl);(BTT)y], as a light-
brown microcrystalline powder in high yield. X-ray powder
diffraction data confirm that the material adopts the M-BTT
structure type previously reported (Figure 1). The framework

Figure 1. Left: A portion of the crystal structure of Cr-BTT as deter-
mined by neutron powder diffraction.”! Atom colors: Cr dark green,
Cl purple, C gray, N blue, H white. D, is shown as a single yellow
sphere. Charge-balancing Cr atoms have been omitted for clarity.
Right: Expanded portion of the structure of Cr-BTT dosed with D,. At
this loading, two binding sites are apparent with Cr—D, and Cl---D,
distances of 2.57(3) and 3.59(1) A, respectively.

was desolvated by first soaking in fresh DMF, followed by
methanol exchange to remove coordinated DMF, and finally
heating overnight at 150°C under a dynamic vacuum to
produce activated Cr-BTT. Nitrogen adsorption isotherms at
77 K reveal the framework to have Langmuir and BET
surface areas of 2300 and 2030 m*g~', respectively. These
values are in good agreement with those previously reported
for other M-BTT frameworks, which display BET surface
areas ranging from 1710 to 2100 m*g ', and the calculated
surface area of 2293 m?g~! based on the crystal structure.'®!

Powder neutron diffraction data collected on the activated
framework indicate the material crystallizes in the expected
Pm3m space group with a=18.6688(3) A. Although the
Cr*"ion has one of the largest ionic radii of the cations
known to adopt the M-BTT structure type, only Cu-BTT has
a smaller unit cell with a=18.595(7) A."™ This somewhat
unexpected observation stems from the fact that high-spin
chromium(II) is a 3d* metal center and is expected to display
an axial elongation, akin to a Jahn-Teller distortion, and
analogous to that observed for the 3d’ copper(Il) centers in
Cu-BTT. Indeed, the equatorial Cr—N distance of 2.078(2) A
is shorter than the M—N distance in all M-BTT frameworks,
except for Cu-BTT (2.032(4) A).

Given the combination of high surface area and accessible
metal cation sites in Cr-BTT, coupled with the scarcity of
reported hydrogen-storage studies for Cr'-based metal—
organic frameworks, we sought to investigate H, adsorption
in Cr-BTT. Low-pressure adsorption isotherms measured at
77 and 87 K are presented in Figure 2. At 77K, the H,
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Figure 2. Excess H, adsorption isotherms at 77 K and 87 K for Cr-BTT
after activation at 150°C. Closed and open symbols represent adsorp-
tion and desorption, respectively. The solid lines correspond to dual-
site Langmuir—Freundlich fits to each isotherm. Inset: Isosteric heat of
H, adsorption plotted as a function of loading concentration.

isotherm is relatively steep, as expected for a metal-organic
framework containing coordinatively unsaturated metal
cation sites. Hydrogen uptake reaches a value of approx-
imately 12 mmolg ™' (2.4 wt %) at 1 bar, which is very similar
to the values reported for the Mn-, Fe-, and Cu-BTT
frameworks (2.3, 2.3, and 2.4 wt %, respectively). Consistent
with strong H, binding, the isosteric heat of H, adsorption
(Qy) plotted as a function of loading (Figure 2, inset)
indicates a low-coverage adsorption enthalpy of
—10.0 kJmol™". This value is significantly greater in magni-
tude than that reported for the only other reported
chromium(II)  metal-organic ~ framework,  Cr;(btc),
(=7.4kImol™"), which is a paddlewheel-based framework
featuring strong Cr=Cr quadruple bonds that decrease the
Lewis acidity of the Cr*' centers'” The low-coverage
adsorption enthalpy in Cr-BTT is, however, comparable to
the results previously reported for Mn-, Fe-, and Cu-BTT at
—10.1, —11.9, and —9.5 kI mol ", respectively.'*!

To further investigate the interaction of H, with Cr-BTT,
we turned to powder neutron diffraction, which has pre-
viously proved valuable for structure elucidation in a variety
of metal-organic frameworks.”” Upon dosing two equiva-
lents of D, per chromium site and cooling the sample to 10 K,
two adsorption sites are apparent. Consistent with neutron
diffraction studies on Mn-, Fe-, and Cu-BTT, the strongest
two binding sites occur at the open Cr*" cations, which bind
D, with a Cr—D,(centroid) distance of 2.57(3) A, and above
the p,-Cl ion, with a Cl-~D,(centroid) distance of 3.59(1) A.
The former value is longer than those previously reported for
this structure type (2.17-2.47 A) and is a result of the large
ionic radius of Cr*' and the significant axial elongation
displayed by this 3d* metal center.

The H, storage properties of Cr-BTT are in agreement
with results published for the other members of the M-BTT
family, while the strongly reducing nature of chromium(II)
sets this framework apart and bodes particularly well for
separation applications. To investigate the capability of Cr-
BTT for selective oxygen binding, O, and N, adsorption
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Figure 3. Top: Excess O, and N, adsorption isotherms collected for Cr-
BTT at 298 K; the solid lines represent Langmuir—Freundlich fits to the
data. Bottom: Uptake of O, at 200 mbar in Cr-BTT over 15 cycles at
298 K. Adsorption experiments were performed over 30 min and
desorption was carried out by placing the sample under a dynamic
vacuum at 423 K for 30 min.

isotherms were measured at 298 K (Figure 3). At this temper-
ature, N, adsorption is minimal and climbs very gradually to
just 0.69 wt % at 1bar. The O, adsorption isotherm is
extraordinarily steep, however, reaching 7.01 wt % at 0.20 bar
before saturating at 7.59 wt % at 1 bar. This value falls short
of the 11.3 wt % adsorption expected if every chromium(II)
center in Cr-BTTwere to bind an O, molecule, suggesting that
a portion of the framework cations are somehow incapable of
strongly binding oxygen. We note that this result is consistent
with the plot of the isosteric heat of H, adsorption (Figure 2,
inset), which displays an inflection point at 0.55 equiv of H,
per framework metal center. Regardless, the room-temper-
ature 1 bar adsorption capacity of 7.6 wt % is among the
highest reported for a metal-organic framework, and Cr-BTT
is surpassed only by Fe,(dobdc) and Crs(btc), which exhibit
capacities of 10 and 12 wt %, respectively.'"”! Consistent with
the higher O, capacity and steeper nature of the isotherm, Cr-
BTT displays a dramatically larger O, adsorption enthalpy of
approximately —65 kImol™!, as compared to —15.3 kJmol™!
for N, (see the Supporting Information for additional isosteric
heat calculation details).

We further employed ideal adsorbed solution theory
(IAST) to predict how Cr-BTT would perform for the
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separation of an O,/N, mixture. This method is useful for
evaluating binary gas adsorption isotherms that cannot be
conveniently and rapidly measured,””! and has been widely
established for a variety of gas mixtures in zeolites and metal—
organic frameworks. The 298 K N, and O, adsorption
isotherms were fit with single- and triple-site Langmuir—
Freundlich models, respectively. For the separation of a 1:4
0O,:N, mixture at 298 K and 1 bar, Cr-BTT displays an IAST
selectivity in excess of 2570. Significantly, this value corre-
sponds to 99.3% pure O, in the adsorbed phase at concen-
trations relevant to separation of air. To assess the utility of
Cr-BTT for air separation, another important factor is the
performance of this material under successive adsorption/
desorption cycles. As shown in Figure 3 (bottom), Cr-BTT
displays a moderate loss in capacity after the first adsorption/
desorption cycle, showing a decreased uptake of 5.6 wt % on
the second cycle. Capacity losses are then decreased over the
next 13 cycles, and uptake appears to plateau near 4.6 wt %
after 15 adsorption cycles. This represents, to the best of our
knowledge, the highest stable cycling capacity for any porous
material under mild conditions. Notably, this loss in capacity
does not appear to arise from material degradation, as both
the surface area and powder X-ray diffraction pattern remain
unchanged after cycling.

The nature of the interaction between the chromium(IT)
centers of Cr-BTT and O, was probed by using infrared
spectroscopy. A number of recent studies have been carried
out on O, binding to molecular chromium(IT) complexes for
both end-on and side-on configurations.”! These Cr'*-0,~
adducts feature O-O stretching frequencies ranging from
1070-1200 cm ™', with the lower values typically correspond-
ing to the side-on bound superoxide species.”” For instance,
the molecular complex exhibiting a metal coordination
environment most similar to that found in Cr-BTT features
a chromium(II) center coordinated to four equatorial
N atoms of a cyclam ligand and an axial chloride anion.”
This molecule was found to coordinate O, with the resulting
Cr**-0, complex displaying an O-O stretching frequency of
1170 cm™'. It also represented the first crystallographically
characterized end-on chromium(III) superoxo complex. Sim-
ilarly, activated Cr-BTT displays two new infrared absorption
bands upon exposure to O, (Figure S13). The isotopically
sensitive O—O stretching frequency of 1193 cm™' is suggestive
of an end-on superoxide, while the Cr-O stretch at 769 cm ™" is
further consistent with this interpretation.

To gain unambiguous insight into the nature of O,
binding, we again turned to powder neutron diffraction
experiments. A Rietveld refinement was performed against
data collected for a sample of Cr-BTT that was dosed with
approximately 1.5 equivalents of O, and subsequently cooled
to 10 K. Similar to the adsorption of D,, two adsorption sites
are apparent for Cr-BTT at this loading. The highest
occupancy site, with a refined occupancy of 0.83(2) O,
molecules, is in the open chromium coordination site
(Figure 4, left). Consistent with our interpretation of the
infrared spectrum, the O, molecule binds in an end-on fashion
with a Cr—O distance of 1.84(2) A and a Cr-O-O angle of
129(2)°. This Cr—O distance is in good agreement with that
reported for the only other crystallographically characterized
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Figure 4. First coordination spheres for the chromium centers within
O,- and Ny,-dosed Cr-BTT as determined from Rietveld analysis of
powder neutron diffraction data. Atom colors: Cr dark green, Cl purple,
O red, N blue. Values in parenthesis give the estimated standard
deviation in the final digit of the number.

end-on chromium(III) superoxo complex (1.876(4) A).?*! In
contrast, the Cr-O-O angle here is significantly smaller than
the 146.3(4)° reported for the molecular system, which is
likely a result of the decreased steric bulk around the metal
centers in Cr-BTT. Consistent with the formation of a super-
oxide, the O—O distance of 1.26(2) A is elongated compared
to that of free O, (1.2071(1) A). Accordingly, the Cr—N and
Cr—Cl distances of 2.064(3) and 2.569(20) A in Cr-BTT
decrease to 2.026(4) and 2.524(19) A, respectively, upon
oxidation of the metal center from chromium(II) to
chromium(IIT). At this loading a secondary adsorption site
3.517(9) A above the chloride ion with a refined occupancy of
0.25(2) is also apparent.

Powder neutron diffraction data were also collected on
a sample of Cr-BTT dosed with N,. At a loading of two N,
molecules per metal, binding sites at both the chromium(IT)
center and above the chloride anion are occupied (Figure 4,
right). In agreement with the weaker heat of adsorption as
compared to O,, N, coordinates in an end-on fashion at
a much longer distance of Cr—N =2.35(3) A and with a Cr-N-
N angle of 180°. The N—N distance is within error of the bond
length in free N, (1.11(1) versus 1.0977(1) A), which is
expected given that high-spin chromium(II) is not expected to
activate N,. At the secondary binding site, the CI---N distance
of 3.62(3) is similar to the distances found for both D, and O,
at this same site. Ultimately, the overall weak binding of N, to
Cr-BTT as compared to O, endows this framework with
excellent O,/N, selectivity.

The foregoing results demonstrate the ability of Cr-BTT,
a new metal-organic framework with open chromium(II)
coordination sites, to selectively bind O, over N, through an
electron-transfer mechanism. Furthermore, IAST calcula-
tions reveal a selectivity factor for O, in excess of 2500 at
compositions relevant to air purification. Although cycling
experiments indicate a moderate loss in O, capacity after the
first adsorption/desorption cycle, a reversible capacity of at
least 4.6 wt% is achieved at 298 K with rapid adsorption/
desorption kinetics. Efforts are underway to improve both the
loading capacity and recyclability of related materials.
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