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Bio-inspired motifs for gas binding and small molecule activation can be used to design more selective
adsorbents for gas separation applications. Here, we report an iron metal-organic framework, Fe-BTTri
(Fes[(Fe4Cls(BTTri)glo-18CHsOH, HzBTTri = 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene), that binds O, in
a manner similar to hemoglobin and therefore results in highly selective O, binding. As confirmed by gas
adsorption studies and Mossbauer and infrared spectroscopy data, the exposed iron sites in the
framework reversibly adsorb substantial amounts of O, at low temperatures by converting between
high-spin, square-pyramidal Fe(n) centers in the activated material to low-spin, octahedral Fe()-
superoxide sites upon gas binding. This change in both oxidation state and spin state observed in Fe-
BTTri leads to selective and readily reversible O, binding, with the highest reported O,/N, selectivity for

rsc.li/chemical-science any iron-based framework.

Introduction

Metal-organic frameworks (MOFs) are a class of permanently
porous solids built using organic linkers and inorganic nodes'
that have been studied for a wide variety of applications
including catalysis* and gas separations.” The inherent
tunability of metal-organic frameworks has made it possible to
design structures with bio-inspired pores precisely engineered
for applications in catalysis®” and cooperative substrate
binding.*® The study of biomimetic gas binding to metal sites,
a broad topic in the field of inorganic chemistry as a whole,'***
can also be applied to gas adsorption and gas separations in
porous frameworks.*">™” However, successful implementation
of this strategy is somewhat challenging, as the highly specific
metal-ligand bonds required for such model systems are diffi-
cult to engineer in sufficient densities to afford reasonable
separation capacities, thus limiting their effectiveness as
adsorbents. One process that would benefit from biomimetic
gas binding is the industrial separation of air for the production
of high-purity O,, which is widely used for chemical synthesis,
chemical processing, and the implementation of oxyfuel

“Department of Chemistry, University of California, Berkeley, CA 94720, USA. E-mail:
Jriong@berkeley.edu

*Department of Chemical Engineering, University of California, Berkeley, CA 94720,
USA

‘Materials Sciences Division, Lawrence Berkeley National Lab, Berkeley, CA 94720,
USA

+ Electronic supplementary information (ESI) available: Full experimental details,
additional gas adsorption data and analysis, additional characterization data and
analysis (Mossbauer spectroscopy, infrared spectroscopy, powder X-ray
diffraction), and supplementary discussion. See DOI: 10.1039/c9sc06047b

1698 | Chem. Sci, 2020, 11, 1698-1702

combustion.”®* Industrial air separation, dominated by the
separation of O, and N,, is primarily accomplished through
energetically demanding cryogenic distillation; current
adsorbent-based technologies, which are predominantly N,-
selective, are not competitive at large scales.” In contrast, bio-
logical systems perform air separations by selectively and
reversibly binding O, through various electronic trans-
formations at transition metal binding sites, using carriers such
as hemoglobin, hemocyanin, and hemerythrin.** For example,
the square pyramidal, high-spin Fe(u) heme centers in hemo-
globin selectively bind O, by undergoing both an oxidation and
a spin state transition to form octahedral, low-spin Fe()-
superoxo species. Replicating such selective binding mecha-
nisms found in proteins is one intriguing strategy toward the
design of more effective adsorbents for O,/N, separations.
Metal-organic frameworks bearing redox-active open metal
sites have been investigated for the adsorption of 0,,*”* and
the framework Fe,y(dobdc) (dobdc'™ = 2,5-dioxido-1,4-
benzenedicarboxylate) reversibly binds O, at low temperatures
via charge transfer from exposed Fe(u) sites.”® However, below
—50 °C the weak ligand field afforded by the framework linkers
leads to only partial charge transfer to O,, generating high-spin
iron sites with an oxidation state between Fe(u) and Fe(i). This
Fe-O, interaction is much weaker than that found in heme
systems, and while the framework O,/N, selectivities are much
higher than traditional adsorbents studied for air separations,*
the selectivity could be further improved for practical applica-
tions. The framework PCN-224Fe, which features Fe(un) heme
centers, can transform from an intermediate-spin, four-
coordinate Fe(n) in the activated phase to a low-spin, five-
coordinate superoxide-bound Fe(ur) upon O, adsorption, but
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the O, capacity needs to be improved for separation purposes.*
A structurally flexible metal-organic framework with an
electron-donating ligand environment would support the iron
site electronic changes observed with O, binding in hemo-
globin, and combined with a high concentration of Fe(u) sites
could consequently exhibit improved O,/N, selectivities and
capacities.

Recently, we reported the material Fe-BTTri (Fe;[(Fe,Cl)s(-
BTTri)gl,- 18CH30H, H3BTTri = 1,3,5-tris(1H-1,2,3-triazol-5-yl)
benzene), which features Fe(u) centers bound in an environ-
ment similar to hemoglobin iron sites.?” This framework has
been shown to accommodate both high- and low-spin iron
centers, making it an excellent candidate to study the various
electronic transformations required in biomimetic O, binding.
Here, we demonstrate that Fe-BTTri can indeed undergo an
electronic transformation similar to that of hemoglobin upon
binding oxygen, resulting in O,/N, selectivities that are
substantially higher than other iron-based adsorbents.

Results and discussion

The framework Fe-BTTri was synthesized and activated
according to a previously reported procedure.”® Similar to
hemoglobin, the material features five-coordinate iron centers
in a square pyramidal geometry, with equatorial sites occupied
by N-atom heterocyclic donor ligands and an open coordination
site for O, binding (Fig. 1). Previous structural, spectroscopic,
and magnetic studies of Fe-BTTri have shown that the high-spin
Fe(n) sites in the activated phase are present in sufficiently high
density to allow for large gas adsorption capacities.”® The
material is irreversibly oxidized upon exposure to air, but
similar to Fe,(dobdc), the O, adsorption is selective and
reversible under more controlled, anhydrous conditions.*

The O, adsorption isotherm for Fe-BTTri collected at —78 °C
features an initial steep rise to a capacity of 1.2 mmol g~ " at just
100 pbar followed by a more gradual increase to a capacity of
5.9 mmol g " at 1 bar (Fig. 2). Importantly, at 210 mbar, cor-
responding to the partial pressure of O, in air, the adsorption
capacity is a substantial 3.3 mmol g™, or approximately 10 wt%
of O,, highlighting the potential of this material for practical
separations. This capacity corresponds to adsorption of O, at
80% of the framework iron sites (excluding charge balancing
extra-framework Fe(u) cations). At this temperature, powder
crystalline samples of the material remain highly crystalline
when exposed to O, (Fig. S6T). Moreover, the powder X-ray
diffraction (PXRD) data show that the unit cell volume
decreases relative to the bare framework, indicative of a struc-
tural contraction upon O, adsorption (Fig. S67).

We first turned to Mossbauer spectroscopy to investigate
a possible iron redox or spin state transition following exposure
of Fe-BTTri to O,. Previous studies of the activated framework
yielded isomer shift values () ranging from 1.05-1.07 mm s *
and quadrupole splitting values (AE) from 1.80-3.06 mm s~ .2
The slightly different iron environments giving rise to these
values can be ascribed to the presence of disordered, charge-
balancing extra-framework cations as well as residual solvent
molecules remaining upon activation, which has also been seen
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Fig. 1 Structures of hemoglobin (top)*? and Fe-BTTri (bottom),?® with
expanded views of the individual iron coordination environments in
each material. Orange, grey, blue, red, and green spheres represent Fe,
C, N, O, and Cl atoms, respectively; H-atoms and solvent molecules
are omitted for clarity.

in the structurally analogous framework Fe-BTT (Fe;[(Fe,Cl);(-
BTT)s(CH3OH),],, BTT®~ = 1,3,5-benzenetristetrazolate).*
Dosing activated Fe-BTTri with 210 mbar of O, at —78 °C
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Fig.2 Gas adsorption isotherms of O, (red) and N, (blue), collected at
—78 °C for Fe-BTTri.
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resulted in the appearance of several new Mdossbauer spectral
features (Fig. 3). The dominant feature (6 = 0.309(2) mm s,
AEq = 2.370(3) mm s ') comprises 50.8(9)% of the total
absorption area and is consistent with low-spin, octahedrally-
coordinated Fe(u), which typically exhibit quadrupole split-
ting values >2 mm s~ . This result is the first example of an
iron site in a metal-organic framework converting from high-
spin Fe(u) to low-spin Fe(m) upon adsorbate binding. Impor-
tantly, these Mossbauer parameters also closely align with those
obtained for oxyhemoglobin and biomimetic iron porphyrin-O,
compounds.*”** The remaining spectral features are attributed
to residual high-spin Fe(n) in extra-framework and framework
sites, which is expected based on the gas sorption data. A small
amount of high-spin Fe(m) impurity is also observed due to
sample warming (see the Discussion in the ESIf for additional
details).

The nature of the bound dioxygen molecule was also inves-
tigated via in situ infrared spectroscopy, using a custom-built
DRIFTS setup (Fig. S71). Cooling a sample of Fe-BTTri to
—78 °C and dosing with 15 mbar of '°0, resulted in the
appearance of a new stretch at 1199 cm™' that shifts to
1136 cm ™" with isotopically labeled *®0,. Given that several of
the framework peaks change upon O, binding, the spectrum of
the *®0,-dosed material was subtracted from that of the *°0,-
dosed framework to isolate the O,-based vibrations. The
difference spectrum confirms that the peaks at 1136 and
1199 cm™' arise from the O-O stretch. The resonance at
1199 ecm ! is characteristic of a superoxo (0, ") species, which
typically show infrared stretching frequencies between 1070-
1200 cm ™' ** and is similar to stretching frequencies observed
for O, in oxyhemoglobin and other model systems.*>*®

Transmission (%)

Velocity (mm/s)

Fig. 3 Modssbauer spectrum of Fe-BTTri collected at —78 °C under
a 210 mbar atmosphere of O,. Experimental data are shown as grey
plusses and the total fit is shown in black. The red component is
assigned to low-spin Fe(i) centers bound to O,~, the green compo-
nent to a high-spin Fe(n) decomposition product, and the blue
components to high-spin Fe(i) species at framework and extra-
framework sites. The ESIt contains spectral parameters for all sites
(Table S37), along with supplemental discussion of the green and blue
components.
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To further probe the interaction between the iron centers
and O,, gas adsorption isotherms were collected at various
temperatures and analyzed to determine the Fe-O, binding
enthalpy, or isosteric heat of adsorption. Isotherm data
collected at —78, —61, and —49 °C were fit to a dual-site Lang-
muir-Freundlich equation (Fig. S1t), and the Clausius-Cla-
peyron relation was used to calculate an isosteric heat of
adsorption of —51 k] mol™" (Fig. S4t). This value is similar to
those reported for O, binding in heme systems, which typically
range from —52 to —62 kJ mol '.1°¥ Additionally, when
compared to the value of —41 k] mol " obtained for O, binding
in Fe,(dobdc),* it is clear the different binding mechanism in
Fe-BTTri facilitates substantially stronger iron-O, interactions.
Indeed, among frameworks exhibiting fully reversible O,
adsorption,*>**?*2¢ Fe-BTTri shows the highest binding affinity
for O,.

The similar O, binding in Fe-BTTri and heme systems
suggests that Fe-BTTri should perform selective and reversible
O, binding. Low-temperature cycling experiments revealed that
O, binding in Fe-BTTri is fully reversible, and the material can
be completely regenerated under mild conditions with very
small temperature swings (Fig. 4). Heating O,-bound Fe-BTTri
to —40 °C under vacuum for just 30 minutes fully regenerates
the material, leading to an identical O, uptake at 210 mbar
compared to that of the pristine material over five cycles.
Variable-temperature Mossbauer spectra collected under 210
mbar of O, similarly show that >80% of the O, bound to low-
spin Fe(m) is released upon warming the sample from —78 to
—28 °C (Fig. S8t). Finally, variable-temperature PXRD data
collected on a framework sample dosed with 7 mbar of O, show
fully reversible unit cell volume contractions and expansions
over multiple cycles between —80 and —30 °C, consistent with
the reversible binding and release of O, (Fig. S61). We note that
above —15 °C, adsorption of O, becomes irreversible.
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Fig. 4 Cycling data for successive adsorption and desorption of O, in
Fe-BTTri, expressed as a percentage of the capacity measured for
cycle 1. Adsorption (solid symbols) occurred within 10 minutes upon
dosing O, at 210 mbar and —78 °C, and complete desorption (open
symbols) was accomplished by warming the sample to —40 °C under
dynamic vacuum for 30 minutes.
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Ultimately, the combined oxidation and spin state transition
observed for Fe-BTTri enables highly selective and reversible
low-temperature adsorption of O,.

The O,/N, selectivity of Fe-BTTri for air separation applica-
tions was assessed from analysis of O, and N, gas adsorption
data (Fig. 2). In comparison to that of O,, the N, adsorption
curve rises much more gradually, and at all measured pressures
Fe-BTTri adsorbs significantly more O, than N,. Furthermore,
the isosteric heat of adsorption for N, is only —14 k] mol %,
substantially smaller in magnitude than that measured for O,
(Fig. S47). Ideal Adsorbed Solution Theory (IAST) was used to
quantify the framework O,/N, selectivity from the single
component isotherms. For 21% O, in N, at a total pressure of 1
bar, which approximates the composition of air, Fe-BTTri shows
an IAST selectivity value of 27 at —78 °C, which corresponds to
88% pure O, in the adsorbed phase. This value is the highest
reported for any iron-based framework. For comparison, Fe,(-
dobdc) displays an IAST selectivity value of approximately 11
under similar conditions.”® Additionally, the binding enthalpy
of all other gaseous components of air, such as CO,, are
significantly smaller in magnitude than that of O, and should
not affect the O,/N, selectivity.” This is another important
contrast to Fe,(dobdc), where CO, adsorbs with a similar
binding affinity to that of O, and may impact the O, selectivity
performance in air separations.®®

Interestingly, the O,/N, IAST selectivity values for Fe-BTTri
remain relatively constant over a wide temperature range. For the
21% O, in N, mixture, the selectivity increases to 31 when the
temperature is increased to —61 °C, and even at —49 °C the
selectivity remains high at 28. An increase in selectivity with
temperature has been found for other separations involving
adsorbate-induced spin state transitions,? but this result is in stark
contrast to that for other O, adsorbents, which exhibit diminished
selectivity with increasing temperature.”** For example, the selec-
tivity of Fe,(dobdc) decreases by over 30%, from 11 to 7.5, over
a much smaller temperature range of —72 to —59 °C.*® The ability
of redox and spin state flexible adsorbents to remain selective at
higher temperatures is another advantage of this binding mecha-
nism. To the best of our knowledge, this is the first example of
temperature-independent selectivity in O,-selective adsorbents.

Lastly, we examined the potential utility of this material for
O,-scrubbing applications, as O, is a potential poison for
several N, fixation catalysts.> The O, capacity of Fe-BTTri is
approximately 1.2 mmol g~ at just 100 ppm, corresponding to
a removal capacity of nearly 4 wt% at low O, partial pressures
(Fig. S31). In comparison, the adsorption capacity of Fe,(dobdc)
at these temperatures and pressures is approximately 0.2 mmol
g 1.2 Importantly, due to its steep O, adsorption isotherm
profile, Fe-BTTri is also highly selective for O, at low O, partial
pressures (Fig. S5t). Analysis of the IAST selectivity values for
varying O,/N, compositions at 1 bar total pressure and —78 °C
revealed that the selectivity increases at lower O, concentra-
tions, reaching a value of 68 for a 5% O, in N, mixture. This
result is again in contrast to other materials,* for which the
selectivity remains constant or even decreases at low O,
concentrations, and demonstrates that Fe-BTTri is promising
for both air separation and O,-scrubbing applications.
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Conclusions

The results shown here demonstrate that materials exhibiting
new mechanisms for metal-site gas binding can be achieved
using inspiration from biology. In particular, the framework Fe-
BTTri, featuring iron sites structurally similar to heme iron,
shows high selectivities for O, over N, for a range of tempera-
tures and pressures. The highly tunable nature of metal-organic
frameworks should enable the design and installation of other
bio-inspired motifs, such as pendant hydrogen bond donors via
secondary coordination sphere modification,*® bimetallic O,
binding sites using neighboring metal centers capable of
synergistic binding,”** and cooperative adsorption sites.’ These
approaches may afford new means of binding and activating
gaseous substrates and serve as models for the continued
development of advanced adsorbents.
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