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ABSTRACT: The air-free reaction between FeCl, and H,dobdc (dobdc*™ =
2,5-dioxido-1,4-benzenedicarboxylate) in a mixture of N,N-dimethylforma-
mide (DMF) and methanol affords Fe,(dobdc) - 4DMF, a metal—organic
framework adopting the MOF-74 (or CPO-27) structure type. The
desolvated form of this material displays a Brunauer—Emmett—Teller
(BET) surface area of 1360 m”/g and features a hexagonal array of one-
dimensional channels lined with coordinatively unsaturated Fe" centers. Gas
adsorption isotherms at 298 K indicate that Fe,(dobdc) binds O, prefer-
entially over N,, with an irreversible capacity of 9.3 wt %, corresponding to
the adsorption of one O, molecule per two iron centers. Remarkably, at 211
K, O, uptake is fully reversible and the capacity increases to 182 wt %,
corresponding to the adsorption of one O, molecule per iron center.

Mossbauer and infrared spectra are consistent with partial charge transfer

from iron(II) to O, at low temperature and complete charge transfer to form iron(III) and 0>

at room temperature. The results of

Rietveld analyses of powder neutron diffraction data (4 K) confirm this interpretation, revealing O, bound to iron in a symmetric side-
on mode with do_o = 1.25(1) A at low temperature and in a slipped side-on mode with do_o = 1.6(1) A when oxidized at room
temperature. Application of ideal adsorbed solution theory in simulating breakthrough curves shows Fe,(dobdc) to be a promising
material for the separation of O, from air at temperatures well above those currently employed in industrial settings.

B INTRODUCTION

With over 100 million tons produced annually, O, is one of the
most widely used commodity chemicals in the world." Its
potential utility in processes associated with the reduction of
carbon dioxide emissions from fossil fuel-burning power plants,
however, means that the demand for pure O, could grow
enormously. For implementation of precombustion CO, capture,
pure O, is needed for the gasification of coal, which produces the
feedstock for the water—gas shift reaction used to produce CO, and
H, In addition, oxyfuel combustion is receiving considerable atten-
tion for its potential utility as an alternative to postcombustion CO,
capture. Here, pure O, is diluted to 0.21 bar with CO, and fed

v ACS Publications ©2011 american chemical Society

into a power plant for fuel combustion. Since N, is absent from the
resulting flue gas, the requirement for postcombustion separation of
CO, from N, is eliminated.®

The separation of O, from air is currently carried out on alarge
scale using an energy-intensive cryogenic distillation process.*
Zeolites are also used for O,/N, separation,5 both industrially
and in portable medical devices; however, this process is in-
herently inefficient as the materials used adsorb N, over O, with
poor selectivity. By employing materials that selectively adsorb
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O, and can operate near ambient temperatures, lower energy and
capital costs could be realized. Metal—organic frameworks,
which have already received considerable attention for applica-
tions in gas storage6 and separation,7 represent a promising new
class of potential O, separation materials.

The high surface areas and open metal coordination sites
possible within metal—organic frameworks make them particu-
larly attractive for the development of an adsorption-based
process for the separation of O, from air. While coordinatively
unsaturated metal centers have been generated in such materials
via chelation by postsynthetically modified bridging ligands,® or
via insertion into open ligand sites,” they are most often created
by evacuation of frameworks that have metal-bound solvent
molecules. This strategy has been employed to expose M>*
cation sites in some of the most widely studied frameworks,
such as M,(dobdc) (M = Mg, Mn, Co, Ni, Zn; dobdc*™ =2,5-
dioxido-1,4-benzenedicarboxylate)'® and M;(BTC), (M = Cu,
Cr, Mo; BTC®™ = 1,3,5-benzenetricarboxylate).11 To achieve a
high selectivity for the coordination of O, over N,, one can take
advantage of the greater electron affinity of the former molecule.
Indeed, we recently showed that the coordinatively unsaturated
Cr"" centers in Cr3(BTC), give rise to an exceptionally strong
preference for adsorbing O, relative to N, via charge transfer.''
Although the interaction with O, proved too strong to achieve
full reversibility with this material, the result demonstrates the
potential power of frameworks with redox-active metal centers
for the separation of O, and N,. In view of its widespread
deployment as an O, carrier in biology,'> Fe" is an obvious
candidate for such purposes.

Herein, we report the synthesis and O, binding properties of
Fe,(dobdc), a metal—organic framework with a high density of
coordinatively unsaturated Fe'' centers lining the pore surface.

M EXPERIMENTAL SECTION

General. Unless otherwise noted, all procedures were performed
under an N, atmosphere using standard glovebox or Schlenk techniques.
Anhydrous, air-free N,N-dimethylformamide (DMF) and methanol
were purchased from commercial vendors and further deoxygenated
by purging with N, for at least 1 h prior to being transferred to an inert
atmosphere glovebox. All other reagents were obtained from commer-
cial vendors at reagent grade purity or higher and used without further
purification.

Synthesis of Fe,(dobdc). Anhydrous ferrous chloride (1.1 g, 9.0
mmol), 1,4-dihydroxyterephthalic acid (0.71 g, 3.6 mmol), DMF
(300 mL), and methanol (36 mL) were added to a 500 mL Schlenk
flask. The reaction mixture was heated at 393 K and stirred for 18 h to
afford a red-orange precipitate. The solid was collected by filtration
and washed with 100 mL of DMF to yield 2.0 g (91%) of Fe,-
(dobdc) -4DMF. Anal. Caled. for C,oH;0Fe,N,O,0: C, 40.16; H,
5.06; N, 9.37. Found: C, 40.26; H, 5.08; N, 9.24. A sample of this
compound (1.9 g, 3.3 mmol) was soaked in 100 mL of DMF at 393 K for
24 h after which the solvent was decanted, and the solid was then soaked
in 100 mL of methanol at 343 K for 24 h. The methanol exchange was
repeated three times, and the solid was collected by filtration to yield
1.25 g (87%) of Fe,(dobdc) - 4MeOH as a yellow-ochre powder. Anal.
Calcd. for Fe,C;,H,50,0: C, 33.21; H, 4.18. Found: C, 33.42; H, 4.09.
A sample of this compound was fully desolvated by heating under
dynamic vacuum (<10 ubar) at 433 K for 24 h to yield Fe,(dobdc) as
a light green powder. Anal. Calcd. for Fe,CgH,O4: C, 31.42; H, 0.66.
Found: C, 31.55; H, 0.50.

Low-Pressure Gas Adsorption Measurements. For all gas
adsorption measurements 200—225 mg of Fe,(dobdc) -4MeOH was

transferred to a preweighed glass sample tube under an atmosphere of
nitrogen and capped with a Transeal. Samples were then transferred to a
Micromeritics ASAP 2020 gas adsorption analyzer and heated at a rate of
0.1 K/min from room temperature to a final temperature of 433 K.
Samples were considered activated when the outgas rate at 433 K was
less than 2 ubar/min. Evacuated tubes containing degassed samples
were then transferred to a balance and weighed to determine the mass of
sample, typically 150—17S5 mg. The tube was transferred to the analysis
port of the instrument where the outgas rate was again determined to
be less than 2 ybar/min at 433 K. Nitrogen gas adsorption isotherms at
77 K were measured in liquid nitrogen, while O, measurements between
200 and 273 K were measured using liquid nitrogen/solvent slurry baths.
All measurements above 273 K were performed using a recirculating
dewar connected to an isothermal bath.

Transmission Infrared and Diffuse Reflectance UV—Vis-
NIR Spectroscopy. Prior to O, dosing, Fe,(dobdc) - 4MeOH samples
were activated under dynamic vacuum (residual pressure <0.1 ubar) at
433 K for 18 h. Infrared spectra were collected on thin deposits of sample
supported on a silicon wafer in an airtight quartz cell that allows for
collection of spectra under controlled atmospheres. The film was
prepared from a suspension of Fe,(dobdc) in methanol. Transmission
FTIR spectra were collected at 2 cm™ ' resolution on a Bruker IFS 66
FTIR spectrometer equipped with a DTGS detector. Diffuse reflectance
UV—vis-NIR spectra were recorded on a Cary 5000 spectrophotometer
equipped with a reflectance sphere. Spectra of the desolvated framework
were recorded on a thick self-supported wafer of the sample. Attenuated
total reflection (ATR) spectra were recorded on a Bruker single reflection
ALPHA-Platinum ATR spectrometer with a diamond crystal accessory.

Neutron Diffraction Data Collection and Refinement.
Neutron powder diffraction (NPD) experiments were carried out on
0.9698 and 0.6200 g of Fe,(dobdc) and Fe,(0,)(dobdc), respectively,
using the high-resolution neutron diffractometer, BT1, at the National
Institute of Standards and Technology Center for Neutron Research
(NIST). Both samples were placed in a He purged glovebox, loaded into
a vanadium can equipped with a gas loading valve, and sealed using an
indium O-ring. Neutron diffraction data were collected using a Ge(311)
monochromator with an in-pile 60’ collimator corresponding to a
wavelength of 2.0782 A. The samples were loaded into a top-loading
closed cycle refrigerator, and then data were collected at 4 K. After data
collection of the bare material, O, loading was then carried out. The
sample was warmed to 125 K and then exposed to a predetermined
amount of gas (2.0 O, per Fe>"). Upon reaching an equilibrium pressure
at the loading temperature, the sample was then slowly cooled to ensure
complete adsorption of the O,. Data was then collected at 4 K.

NPD measurements of N,-loaded Fe,(dobdc) were performed on
the Echidna instrument'® located at the Opal research reactor and
operated by the Bragg Institute within the Australian Nuclear Science
and Technology Organisation (ANSTO). A desolvated sample weighing
1.079 g was transferred to a vanadium cell in an Ar-filled glovebox. The
cell was equipped with heaters for the gas line and valve to allow
condensable gases to be loaded in the sample when mounted in the
closed cycle refrigerator. The high-resolution diffractometer was con-
figured with a Ge(331) monochromator using a takeoff angle of 140°
with no collimation at the monochromator and fixed tertiary S
collimation, resulting in a wavelength of 2.4406 A. Diffraction data were
collected at ~9 K for the evacuated framework and with sequential
loadings of 0.5, 1.0, and 2.0 N,:Fe, where the cryostat and sample were
heated above 80 K to facilitate adsorption of the 99.999% pure N, gas.

All NPD data were analyzed using the Rietveld method as imple-
mented in EXPGUI/GSAS." The activated Fe,(dobdc) model was
refined with all structural and peak profile parameters free to vary,
resulting in a structure very similar to that determined using single
crystal X-ray diffraction. Fourier difference methods were then em-
ployed to locate the adsorbed molecules in the data collected from the
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samples subsequently loaded with O, or N,. The atoms in the adsorbed
molecules were modeled individually. For the N, adsorbed sample, the
two N atoms were constrained to maintain the fractional occupancy and
isotropic displacement parameter within each diatomic molecule. For
analysis of Fe, (dobdc) loaded with 2.0 O,/Fe, only fractional occupancies
were constrained to maintain the same values, while all other parameters
were allowed to vary. Further, for data collection of the irreversibly
oxidized sample, Fe,(O,)(dobdc), the modeled O atoms were con-
strained to maintain the same fractional occupancies and isotropic
displacement parameters. Once a stable structural model was obtained,
the isotropic displacement parameters of the adsorbed O, molecule were
allowed to vary independently of one another and then the displacement
parameters for O(1b) were allowed to refine anisotropically.
Mossbauer Spectroscopy. The Mossbauer spectra of Fe,-
(dobdc), Fe,(0,),(dobdc), and Fe,(O,)(dobdc) were measured at
various temperatures between 45 and 298 K with a constant acceleration
spectrometer which utilized a rhodium matrix cobalt-57 source, and was
calibrated at 295 K with ot-iron foil. The absorber contained 45(1) mg/
cm? of powder mixed with boron nitride. The Fe,(dobdc) absorber was
prepared in an N,-filled glovebox, cooled to 77 K with liquid nitrogen,
and inserted into a precooled cryostat under dry helium. The sample of
Fe,(0,),(dobdc) was prepared in situ by dosing the evacuated cryostat
to 300 mbar O, at 94 K and allowing 3 h for equilibration. The sample of
Fe,(0,)(dobdc) was prepared in situ by warming the oxidized sample
above 250 K in the cryostat. The spectra of Fe,(dobdc) were measured
at 298, 94, and 45 K in the absence of O,, after which the sample was
warmed to 94 K and dosed with O,. Additional spectra were measured
between 94 and 298 K and then subsequently measured again at 94 and
298 K. All spectra were fit with symmetric Lorenzian quadrupole
doublets; the resulting spectral parameters, listed in the order of
measurement, are given in Table S3 (Supporting Information). The
temperature dependence of the observed isomer shifts and relative
absorption areas are plotted in Figures S12 and S13 (Supporting
Information), respectively; further spectral details are provided in the
Supporting Information. The relative statistical errors associated with
the isomer shifts, quadrupole splittings, line widths, percent areas, and
absolute areas between 94 and 298 K are also given in Table S3.
Other Physical Measurements. Thermogravimetric analysis was
carried out at a ramp rate of 1 °C/min in a nitrogen flow with a TA
Instruments TGA 5000 apparatus. Powder X-ray diffraction patterns
were collected on air-free samples sealed in quartz capillaries on a Bruker
Advance D8 powder X-ray diffractometer equipped with a capillary stage.

B RESULTS AND DISCUSSION

Synthesis of Fe,(dobdc). The reaction of anhydrous FeCl,
with H,dobdc in a mixture of DMF and methanol affords a
solvated form of Fe,(dobdc) as a red-orange microcrystalline
powder. Powder X-ray diffraction data (see Figure S1, Support-
ing Information) show the compound to adopt the MOF-74 or
CPO-27 structure type displayed in Figure 1, as previously
reported for M,(dobdc) (M = Mg, Mn, Co, Ni, Zn)."" The
compound rapidly changes color to dark brown upon exposure
to air, presumably due to at least partial oxidation of the Fe"
centers by O,. Based upon color, it is likely that the brown phase
previously reported as Fe,(dobdc) is actually some oxidized form
of the compound.'™ Note that, perhaps owing to their air-
sensitive nature, only a very few metal—organic frameworks
based upon iron(II) have yet been isolated."

The new framework was completely desolvated by soaking it
in methanol to exchange coordinated DMF, followed by heating
under dynamic vacuum at 433 K for 48 h. The resulting solid was
light green in color. Rietveld analysis of the powder neutron

Figure 1. Portion of the crystal structure of desolvated Fe,(dobdc) as
viewed approximately along the [001] direction. Orange, gray, and red
spheres represent Fe, C, and O atoms, respectively; H atoms have been
omitted for clarity.

diffraction data collected for Fe,(dobdc) indicates retention of
the framework structure with no residual bound solvent (see
Figure S2, Supporting Information). Thus, desolvation converts
the Fe'"" centers of the framework from an octahedral coordina-
tion geometry with one bound solvent molecule to a square
pyramidal geometry with an open coordination site.
Low-pressure N, adsorption data obtained for Fe,(dobdc) at
77 K reveal a type I adsorption isotherm characteristic of a
microporous solid. The data indicate a Brunauer—Emmett—
Teller (BET) surface area of 1360 m*/g (1535 m”/g Langmuir)
(see Figure S3, Supporting Information). This value is significantly
higher than the 920 m”/g Langmuir surface area reported for the
material prepared in the presence of air and is in close agreement
with the BET surface areas of 1218 and 1341 m>/ g reported for
Ni,(dobdc) and Co,(dobdc), respectively, indicating full evacua-
tion of solvent molecules from the pores of the material.'®
UV—Vis-NIR Spectroscopy. Figure 2 shows the electronic
absorption spectra for Fe,(dobdc)+-4MeOH, Fe,(dobdc), and
H,dobdc. The spectrum for the yellow-ochre compound Fe,-
(dobdc)-4MeOH exhibits a low energy doublet with peaks
at 11600 and 7600 cm ™. High-spin Fe' centers in an octahe-
dral symmetry are expected to show a spin-allowed transition,
5Eg — STZg, in the near-infrared region,'” and in many compounds
this band is split into a doublet due to a lower symmetry ligand
field, which lifts the twofold orbital degeneracy of the 5Eg term. At
higher energy, a broad component centered at 16 000 cm™ " and a
strong band with a maximum around 21000 cm ™" appear in the
spectrum. The structure and position of these absorptions suggest
they arise from mixing of d—d and charge transfer (LMCT and
MLCT) transitions.'® Heating the solvated material at 433 K in
vacuo results in removal of coordinated methanol with the
formation of five-coordinate Fe" centers. The corresponding
change in symmetry at the metal site to approximately C,, strongly
affects the electronic transitions, as is evident from the spectrum of
the desolvated material. In particular, the band at 21000 cm ™
slightly shifts to lower energy, mixing with the component at
16000 cm™ ' and with the d—d transition, resulting in a strong
absorption extending through 13000 cm™'. The very strong
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Figure 2. Diffuse reflectance UV —vis-NIR spectra of methanol solvated
(red) and desolvated (green) Fe,(dobdc) and H,dobdc (gray).
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Figure 3. Excess O, adsorption isotherms collected for Fe,(dobdc) at 211
(orange), 226 (purple), 298 K (red) and N, adsorption at 298 K (blue).
Filled and open circles represent adsorption and desorption, respectively.

absorption maximum at 4400 cm™ ' is associated with a d—d
transition, with enhanced intensity owing to loss of an approximate
inversion center in the ligand field upon conversion from pseu-
dooctahedral to square pyramidal coordination.
0, and N, Adsorption. Gas adsorption isotherms indicate that
Fe,(dobdc) preferentially binds O, over N, at all temperatures
measured (201, 211, 215, 226, and 298 K). As shown in Figure 3,
the O, adsorption isotherm measured at 298 K is extremely steep,
climbing to near 9.3 wt % at a pressure of just 0.01 bar. As the
pressure is increased to 1.0 bar, uptake increases slightly to 10.4 wt
%. The steep initial rise in the isotherm is consistent with strong
binding of O, to some of the Fe' centers, while the subsequent
gradual increase in adsorption is likely due to O, physisorbed to
the framework surface. Importantly, the amount of strongly bound
O, corresponds to 0.5 molecules per iron center. Adsorption of N,
under these conditions is noticeably lower, gradually rising to just
1.3 wt % at 1.0 bar. The selectivity factor of this material, calculated
as the mass of O, adsorbed at 0.21 bar divided by the mass of N,
adsorbed at 0.79 bar, is 7.5. Although this selectivity factor is
among the highest reported for metal—organic frameworks,"
room temperature O, adsorption was found to be irreversible.
Attempts to identify conditions to release coordinated O, by
heating at temperatures of up to 473 K under dynamic vacuum
ultimately lead to decomposition of the framework.
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Figure 4. Uptake and release of O, in Fe,(dobdc) over 13 cycles at
211 K. Adsorption occurred within 2 min upon application of 0.21 bar

of O,, and desorption was carried out by placing the sample under
dynamic vacuum for 25 min.

Upon dosing Fe,(dobdc) with O, at lower temperatures, it
was noted that the black color characteristic of the oxidized
framework could be returned to light green by applying vacuum
to the sample, suggesting reversible O, adsorption. Additional
O, adsorption experiments confirmed this result. As shown in
Figure 3, at 226 K, the framework adsorbs 14.1 wt % O, at 0.21
bar, or 0.82 O, molecules per iron site. Although adsorption at
this temperature is largely reversible, O, uptake decreases to 11.9
wt % after four adsorption/desorption cycles. Lowering the
adsorption temperature to 211 K results in an increased O,
uptake of 18.2 wt %, corresponding to 1.0 molecules of O, per
iron center. The amount of O, adsorbed at this temperature was
found to decrease only slightly to 17.5 wt % after eight adsorp-
tion/desorption experiments. However, cycling at a rapid rate,
allowing just 2 min for adsorption and 25 min for desorption
(instead of the 4—S5 h typically required for collecting a full
isotherm), resulted in no noticeable loss in adsorption capacity
after 13 cycles (see Figure 4).

To predict how Fe,(dobdc) would perform as an O,/N,
separation material, ideal adsorbed solution theory (IAST) was
employed at temperatures for which O, adsorption is reversible.
The O, and N, isotherms measured at 201, 211, 215, and 226 K
were modeled with dual-site Langmuir—Freundlich fits (see
Figure S5, Supporting Information). Isosteric heats of adsorption
calculated from these fits are plotted in Figure S6 (Supporting
Information) and indicate higher enthalpies for O, adsorption
than N, adsorption over the entire pressure range measured. The
higher propensity of O, to accept charge from Fe'' results in a
larger initial isosteric heat of —41 kJ/mol, as compared to that of
N, (=35 kJ/mol). Accordingly, Fe,(dobdc) displays a high
0,/N, selectivity at 201, 211, 215, and 226 K. As shown in
Figure S7 (Supporting Information), the selectivity ranges from 4.4 to
over 11 and reaches a maximum of 11.4 at 201 K and about 0.4 bar.

The high O,/N, selectivity in conjunction with the rapid and
reversible cycling times, suggests that Fe,(dobdc) warrants
further consideration as an adsorbent for O,/N, separations
via a modified vacuum-swing adsorption (VSA) process (see
Figure S8, Supporting Information). Here, dry air is flowed over a
packed bed of Fe,(dobdc) at temperatures near 210 K, which
could potentially offer significant cost and energy savings over
current separation technologies that are performed at much
lower temperatures. Breakthrough experiments were simulated
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at 211 and 226 K to evaluate the performance of Fe,(dobdc) for
the separation of O, from N, at concentrations similar to those
present in air (see Figure S). The methodology adopted for the
breakthrough simulations has been described in detail elsewhere.”
The x-axis in Figure 5 is a dimensionless time, 7, obtained by
dividing the actual time, ¢, by the contact time between the gas and
metal—organic framework crystallites, €L/u. For a given adsorbent,
under selected operating conditions, the breakthrough character-
istics are uniquely defined by 7, allowing the results presented here
to be equally applicable to laboratory scale equipment as well as to
industrial scale adsorbers. It is apparent from the simulated curves
that N, quickly saturates the sample, as evidenced by the low
breakthrough time. The mol % of N, in the outlet stream as a
function of dimensionless time is presented in Figure S9 (Supporting
Information). In contrast to currently employed VSA processes, in
which N, is selectively adsorbed on the packed bed while O, is
collected, Fe,(dobdc) would selectively adsorb 0, Accordingly,
shortly after N, breakthrough, the gas stream is pure nitrogen while
O, is retained by the framework. Upon O, breakthrough, the VSA
process is advanced to the second step, in which vacuum is applied to
the sample bed. Although the gas at the outlet is initially a mixture
of N, and O,, the concentration of O, quickly increases to near
100 mol % (see Figure S9, Supporting Information). This results in a
large supply of pure O,. After a majority of the O, is removed from
the adsorber, a low-pressure flow of pure N, would be flowed over
the material to fully regenerate the bed for subsequent cycling.

Mossbauer Spectra. The different O, adsorption behavior at
low versus room temperature suggests the existence of two
different modes by which O, binds to the open iron sites in
Fe,(dobdc). Mossbauer spectroscopy was employed to probe
the electronic structure at the metal center. At all temperatures,
the spectra of Fe,(dobdc) in the absence of O, feature a simple
doublet. At 298 K, this doublet exhibits an isomer shift of
1.094(3) mm/s and a quadrupole splitting of 2.02(1) mm/s.
These values are consistent with high-spin iron(II) in a square
pyramidal coordination environment, as established below for
the structure of the compound. Upon exposure to O,, a small
amount (ca. 5S—15%, depending upon temperature) of high-spin
iron(1I) is still observed, presumably because a small portion of
the iron(II) sites remain unoxygenated.

As shown in Figure 6, the spectrum obtained in the presence
of O, at 94 K indicates that almost all of the iron in the sample has
a substantially reduced isomer shift that is approximately halfway
between those expected for high-spin iron(II) and high-spin

Percent Transmission

100 |

90 94 K

4 3 2 - 0 1 2 3 4
Velocity (mm/s)

Figure 6. Mossbauer spectra measured between 94 and 252 K for
Fe,(dobdc) in the presence of O,. The green doublet is attributed to
high-spin Fe", while the blue doublet corresponds to high-spin Fe'”!
with partial charge transfer to bound O,. The red spectral components
are attributed to high-spin Fe'" with differing environments, one of
which presumably corresponds to the O, -bound species.

iron(II). This suggests a partial transfer of electron density from
each of the Fe"' centers in the framework to form a weak bond
with an O, species that is somewhere between the neutral
molecule and superoxide. Thus, exposure of Fe,(dobdc) to O,
at low temperatures is consistent with the formation of Fe,-
(0,),(dobdc), featuring one weakly held O, molecule per iron
atom. This is fully consistent with the observation of a revers-
ible adsorption of 18.2 wt % O, at 211 K. At this point, it
is not possible to determine from the Mossbauer spectral
results whether the electron transfer is static or dynamic, with an
electron transfer time that is faster than the ca. 10~ s time scale
of the iron-57 Mossbauer spectral experiment.

Upon warming to 222 K and above, further changes arise in
the Mossbauer spectra, which are clearly indicative of the
formation of high-spin iron(III). The temperature at which this
change in oxidation state occurs is consistent with the tempera-
ture at which we first observe the onset of and irreversible uptake
of O, in gas adsorption experiments (ca. 220 K). The change in
oxidation state together with the irreversible uptake of 9 wt % O,
suggests the formation of a compound of formula Fe,(O,)-
(dobdc), in which half of the Fe" centers strongly bind a
peroxide anion. Note that, consistent with the presence of
at least two different coordination environments, one with
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Figure 7. Infrared spectra obtained for Fe,(dobdc) in the absence of O,
at room temperature (green) and upon dosing with 30 mbar of O, at
room temperature (black) and at a low temperature near 100 K (blue).
Difference spectra between the bare and O,-dosed materials at low and
room temperature are shown in magenta and gray, respectively.

0,” bound and one without, fitting the spectra requires the use
of at least two doublets for the iron(IIT) components.

The temperature dependence of the quadrupole splitting of
the main spectral components observed for the framework in the
presence of O,, corresponding to the Fe'' centers in Fe,(dobdc),
the Fe"/™ centers in Fe,(0,),(dobdc), and the Fe'™ centers in
Fe,(0,)(dobdc), is shown in Figure S10 (Supporting In-
formation). As expected and in agreement with the Ingalls
model,** the quadrupole splitting of the square pyramidal high-
spin Fe'" center in Fe,(dobdc) decreases the most with increas-
ing temperature, a decrease that results from changes in the
electronic population of the 3d,,, 3d,, and 3d,. orbitals, whose
degeneracy has been removed by the low-symmetry component
of the crystal field. Furthermore, there is a smaller decrease in the
splitting upon warming of the other two components. The
temperature dependence of the logarithm of the Mossbauer
spectral absorption area of Fe,(dobdc) (see Figure S11, Support-
ing Information) is well fit with the Debye model for a solid** and
yields a Debye temperature, ©p, of 225(7) K, a value that is
reasonable for the compound. Overall, the Mossbauer data point
to a situation where, as a sample of Fe,(dobdc) is warmed under
O,, an activation barrier is overcome for the transfer of electrons
from two different iron centers to form a bound peroxide anion at
every other iron site.

Infrared Spectra. The presence of various Fe—O, adducts
as a function of temperature should also be apparent by infrared
spectroscopy. Spectra collected in transmission mode on thin
films of Fe,(dobdc) (see Figure 7, green) reveal a number of
framework vibrations below 1300 cm™'. The reactivity of Fe,-
(dobdc) toward O, was followed at both room temperature and
near 100 K. The series of spectra obtained near 100 K with
varying O, loadings are shown in Figure S14 (Supporting
Information). Oxygenation of Fe,(dobdc) at low temperature
gives rise to the blue spectrum in Figure 7, and the most relevant
changes are evident in the difference spectrum shown in magen-
ta. New bands are seen at 1129, 541, and 511 cm ™ *, while
significant shifts are seen in the framework bands originally at
1250, 1198, and 580 cm ! (causing negative components in the
difference spectrum). The component at 1129 cm ™" is assigned
to v(0—0) of a Ili)artially reduced (near superoxo) O, species
coordinated to Fe"/™ sites. The first overtone for this stretching

Ius(z] A
[

® 230(1) A
]

palhen

Fe,(dobdc) Fe,(N,),(dobdc)
1.25(1) A
1.6(1) A
2.10(1) A | [ 209 A 2e001A % 2.19(3) A
Fe,(0,),(dobdc) Fe,(0,)(dobdc)

Figure 8. First coordination spheres for the iron centers within Fe,-
(dobdc) and its O, and N, dosed variants, as determined from Rietveld
analysis of neutron powder diffraction data. Orange, blue, and red spheres
represent Fe, N, and O atoms, respectively. The structures depicted are for
samples under vacuum (upper left), dosed with N at 100 K (upper right),
dosed with O, at 100 K (lower left), and dosed with O, at 298 K (lower
right). All diffraction data were collected below 10 K. Values in parenth-
eses give the estimated standard deviation in the final digit of the number.

mode is also clearly visible at 2238 cm™'. The band at 541 cm ™'
is associated with the Fe—Q, vibration of this species, whereas
the band at 511 cm ™! is attributed to an Fe— Oy, mode of the
framework, reflecting the O, adsorption induced modification in
Fe—Ojjer bonds.?* The interaction with O, at low temperature
is completely reversible by applying vacuum to the sample cell.
Oxygenation of Fe,(dobdc) at room temperature gives rise to
the black spectrum depicted in Figure 7, which can be explained
in terms of the formation of a peroxo species coordinated to Fe'""
centers.”® The main features in this case are a peak at 790 cm ™',
due to a v(O—0) vibrational mode, and a pair of peaks at 697
and 670 cm ™, arising from the peroxo ring modes of the Fe-(17>-O,)
unit. The peaks at 550 and 507 cm ™" are further assigned to the
Uasym and Vg, modes of the iron—oxygen bond of the peroxo
species. Similar features are more clearly visible in the ATR
spectrum of an oxidized sample (see Figure S1S, Supporting
Information). Small changes are also visible in the Raman
spectrum of the sample upon O, interaction (see Figure S16,
Supporting Information). Overall, the vibrational spectra are
fully consistent with the model already developed from inter-
pretation of the O, adsorption data and Mossbauer spectra.
Structures via Neutron Powder Diffraction. Powder neu-
tron diffraction data provide direct structural details of the means
by which O, and N, interact with Fe,(dobdc) (see Figure 8).
Initial data collected on an evacuated sample of Fe,(dobdc)
confirm the presence of accessible Fe'" sites with a square
pyramidal coordination environment. Here, each iron center is
coordinated by O donor atoms from two aryloxide units (located
at the front right and back left basal positions) and three
carboxylate groups (at the remaining positions) from surround-
ing dobdc*™ ligands. Note that the arrangement of framework O
donor atoms is the same in each depiction shown in Figure 8.
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A Rietveld refinement was performed against data collected
for a sample of Fe,(dobdc) that was cooled to 100 K, dosed with
2 equivalents of O, per iron, and then cooled to 4 K (see Figure
S$17, Supporting Information). Three different O, adsorption
sites are evident in the resulting model. The highest occupancy
site, with a refined occupancy of 0.917(8) O, molecules per
iron, is located at the open iron coordination position. Sig-
nificantly, the O, molecule binds in a symmetric side-on
coordination mode, with Fe—O distances of 2.09(2) and
2.10(1) A. The O—O separation of 1.25(1) A lies between
the internuclear distances observed for free O, (1.2071(1) A)*
and typical of an O, superoxide unit (1.28 A).* This again is
consistent with only partial reduction of O, under these
conditions. Although symmetric side-on coordination of super-
oxide and peroxide to other transition metals has been
reported,27 this represents, to the best of our knowledge, the
first crystallographic evidence of nonbridging side-on binding of
any dioxygen species to iron in a nonenzyme systern.28 The
second and third O, adsorption sites, with occupancies of
0.857(9) and 0.194(8), respectively, occur in the pores of the
framework at distances of greater than 3 A from the iron center
and organic linker (see Figure S18, Supporting Information),
indicating weak dispersive type interactions between the ad-
sorbate and the framework walls.

Rietveld refinement performed against data collected on a
sample of Fe,(dobdc) that had been dosed with an excess of O,
at room temperature, evacuated, and subsequently cooled to 4 K
was also performed (see Figure S19, Supporting Information).
The data were best fit by a model in which O, is coordinated to
iron in an asymmetric side-on mode and at a refined occupancy
of 0.46(2). The model indicates substantial elongation of the
O—0 distance to 1.6(1) A, consistent with a two-electron
reduction of O, to peroxide. With an Fe—O, centroid distance
of 2.26(1) A, the peroxide unit also appears to have slipped
substantially toward one of the bridging ligands. This type of
coordination of peroxide has been observed previously in
naphthalene dioxygenase”® and has also been proposed based
upon spectroscopic evidence for a number of non-heme iron
complexes.

Neutron powder diffraction data were further collected on a
sample of Fe,(dobdc) dosed with 0.5, 1.0, and 2.0 equiv of N,
dosed at 80 K. Upon dosing with approximately 0.5 equiv of N,, a
binding site at the metal center is apparent with an occupancy of
0.641(5). Nitrogen coordinates end on with an Fe—N—N angle
of 179(1)° and an Fe—N distance of 2.30(1) A. The N—N
distance of 1.133(15) A is slightly longer than the N—N distance
of free nitrogen (1.0977(1) A).** Additional N, uptake reveals a
second site that runs more parallel to the pore walls, with N« - - O
contacts between 3.4 and 3.6 A. The close N,-framework
interactions are the origins of the relatively high enthalpy for
adsorption. The metal-specific interactions, however, are clearly
much weaker than those for O,, which results in interaction of
both atoms with the metal, electron transfer, and a significant
compression of the unit cell upon adsorption (see Table S4,
Supporting Information).

The differences in how O, binds to iron within Fe,(dobdc) at
low versus high temperatures suggest that the framework under-
goes electron transfer processes similar to those reported for
non-heme iron-containing enzyrnes.12d In these systems, O,
typically progresses through a number of electron transfer steps
starting with superoxo and peroxo. In the case of Fe,(dobdc) at
low temperature, each iron shares one of its electrons with a

single O, molecule, resulting in oxidation of all of the metal
centers to an intermediate iron(II/III) oxidation state. This
charge transfer is reversible at low temperatures and accounts
for the high gas uptake demonstrated in the gas adsorption
experiments. However, at elevated temperatures, two electrons
are transferred to the adsorbing O, molecule, the first presum-
ably being shared in a manner analogous to what occurs at low
temperature, and the second subsequently arriving from an
adjacent iron center by promotion over an activation barrier
via the available thermal energy. In this scenario, all of the metal
centers within the framework are converted to iron(III), half of
which are coordinated irreversibly to a peroxide anion, while the
other half remain five-coordinate.

Il CONCLUSIONS AND OUTLOOK

The foregoing results demonstrate the ability of Fe,(dobdc),
a new microporous metal—organic framework with open iron-
(II) coordination sites, to selectively bind O, over N, via
electron transfer interactions. Breakthrough curves calculated
using single-component gas adsorption isotherms and ideal
adsorbed solution theory indicate that the material should be
capable of the high-capacity separation of O, from air at
temperatures as high as 226 K. This is substantially higher than
the cryogenic temperatures currently used to separate O, from
air on a large scale. At still greater temperatures, a thermal
activation barrier to the formation of iron(III)-peroxide species
is overcome and desorption of O, is no longer possible. Efforts
are underway to synthesize related metal—organic frameworks
with an increased activation barrier for the formation of per-
oxide, thereby generating a high-capacity O, separation material
that can operate closer to ambient temperatures. In addition, the
efficacy of the new redox-active framework in performing a
variety of other gas separations where charge transfer might also
lead to selectivity is currently under investigation. Finally, given
its clear ability to activate O,, the possibility of employing
Fe,(dobdc) as a catalyst for the oxidation of hydrocarbons by
air will be explored.
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