Gas Storage and Separations in Metal-Organic Frameworks with Open Metal Sites
by
Eric D. Bloch

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Chemistry
in the
Graduate Division
of the
University of California, Berkeley

Committee in charge:
Professor Jeffrey R. Long, Chair
Professor T. Don Tilley
Professor Alexis T. Bell
Fall 2014

Abstract
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Professor Jeffrey R. Long, Chair
The work presented in this dissertation describes the synthesis and characterization of metalorganic frameworks for gas storage and separation applications. A specific class of materials
investigated is metal-organic frameworks containing coordinatively-unsaturated metal cation
sites, as these sites perform the bulk of the work for the separations discussed. A wide variety of
techniques and spectroscopic methods are covered, including gas adsorption, structural analysis,
infrared and Mössbauer spectroscopies, and breakthrough experiments. Chapter one provides a
brief introduction to metal-organic frameworks and the types of applications for which open
metal site containing frameworks can be utilized.
In Chapter Two a new synthetic strategy for the synthesis of metal-organic frameworks
featuring coordinatively-unsaturated metal cations is presented. The material discussed contains
open 2,2’-bipyridine coordination sites that are available for the post-synthetic insertion of metal
cations. The new framework reported in this chapter is characterized by powder X-ray
diffraction, surface area analysis, and NMR spectroscopy. EXAFS spectroscopy performed on a
palladium metallated sample confirms insertion into the bipyridine site. Significantly, a copper
loaded sample is shown to display a fourfold increase in CO2/N2 selectivity over the parent
framework.
Chapter Three describes the synthesis and characterization of Fe2(dobdc), a metal-organic
framework that appears often in this work. Gas adsorption isotherms at 298 K indicate that
Fe2(dobdc) binds O2 preferentially over N2, with an irreversible capacity of 9.3 wt %,
corresponding to the adsorption of one O2 molecule per two iron centers. At 211 K, O2 uptake is
fully reversible and the capacity increases to 18.2 wt %, corresponding to the adsorption of one
O2 molecule per iron center. Mössbauer and infrared spectra are utilized to discern the
mechanism of O2 binding in this material. Furthermore, Rietveld analyses of powder neutron
diffraction data is used to corroborate the spectroscopic conclusions drawn in this chapter. Ideal
adsorbed solution theory shows Fe2(dobdc) is be a promising material for the separation of O2
from air at temperatures well above those currently employed in industrial settings.
Chapter Four expands upon the work presented in Chapter Three and describes the use of
Fe2(dobdc) for the separation of hydrocarbon mixtures. The energy costs associated with this
separation, currently carried out at enormous scale via cryogenic distillation, could potentially be
lowered through development of selective solid adsorbents, such as Fe2(dobdc), that operate at
higher temperatures. In this chapter Fe2(dobdc) is demonstrated to exhibit excellent performance
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characteristics for the separation of ethylene/ethane and propylene/propane mixtures at 318 K.
Breakthrough data obtained for these mixtures provide experimental validation of simulations,
which are then used to show that the material can be expected to exhibit higher selectivities and
capacities compared to other known adsorbents for: the fractionation of
ethane/ethane/ethylene/acetylene mixtures, removing acetylene impurities from ethylene, and
membrane-based olefin/paraffin separations. Neutron powder diffraction data confirm a side-on
coordination of acetylene, ethylene, and propylene at the iron(II) centers, while also providing
solid-state structural characterization of the much weaker interactions of ethane and propane with
the metal.
The work detailed in Chapter Five takes the main points of Chapters Three and Four,
metal-organic frameworks with open coordination sites can separate gases based on selective
electron transfer to specific gases, and applies them to the separation of carbon monoxide
mixtures containing either hydrogen or nitrogen impurities. In this chapter, six metal-organic
frameworks of the M2(dobdc) (M = Mg, Mn, Fe, Co, Ni, Zn) structure type are investigated.
Infrared spectra indicate that, upon coordination of CO to the divalent metal cations lining the
pores within these frameworks, the C–O stretching frequency is blue-shifted, consistent with
nonclassical metal-CO interactions involving little or no π back-donation. Structure
determinations from powder neutron diffraction data reveal M–CO distances ranging from
2.09(2) Å for M = Ni to 2.49(1) Å for M = Zn and M–C–O angles ranging from 161.2(7)° for M
= Mg to 176.9(6)° for M = Fe. These results represent the first crystallographically characterized
magnesium and zinc carbonyl compounds and the first high-spin manganese(II), iron(II),
cobalt(II), and nickel(II) carbonyl species. Selectivities determined from gas adsorption isotherm
data using ideal adsorbed solution theory (IAST) over a range of gas compositions at 1 bar and
298 K indicate that all six M2(dobdc) frameworks could potentially be used as solid adsorbents
to replace current cryogenic distillation technologies, with the choice of M dictating adsorbent
regeneration energy and the level of purity of the resulting gases.
As Fe2(dobdc) is shown in Chapter Three to undergo electron transfer events to form
iron(III)-superoxo and –peroxo species, Chapter Six describes the formation of iron-nitrosyl
adducts in this framework and their use for the delivery of the biologically active signaling
molecule, NO. Adsorption isotherms indicate an adsorption capacity greater than 16 wt. %,
corresponding to the adsorption of one NO molecule per iron center. Infrared, UV-Vis, and
Mössbauer spectroscopies and DC susceptibility confirm the strong binding is a result of electron
transfer from the Fe2+ sites to form Fe(III)-NO– adducts. The nitric oxide containing material
slowly releases bound NO under humid conditions over the course of more than 10 days in a
much more controlled manner than previously seen in porous materials.
Finally, the work in Chapter Seven describes the synthesis and characterization of a new
metal-organic framework, Cr-BTT, a material featuring coordinatively-unsaturated chromium(II)
cation sites. These cations not only serve as strong binding sites for H2, but also endow the
material with a high capacity for the selective adsorption of O2. Powder neutron diffraction,
infrared spectroscopy and inelastic neutron scattering are used as probes for the adsorption of H2,
N2, and O2 in this framework.
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Chapter 1: Gas Storage and Separations in Metal-Organic Frameworks
with Open Metal Sites
1.1. Introduction
	
  
Metal-organic frameworks are a relatively new class of porous materials that have received
considerable attention for a number of applications. Initially these were limited to gas storage1
and gas separations2 but they have recently expanded into a number of fields including catalysis,3
sensing,4 conductivity,5 and drug delivery. 6 These materials typically consist of metal-based
nodes, either single ions or clusters of ions, bridged in three dimensions by multitopic organic
ligands. For use in specific applications their high surface areas, 7 tunable pore surface
properties,8 and potential scalability to industrial scale9 have made these materials an attractive
target for further study. The synthesis of metal–organic frameworks is typically achieved by
employing a modular synthesis, where metal ions and organic ligands are combined, typically
under solvothermal conditions, to afford a crystalline, porous material. Reported synthetic
procedures encompass a wide range of temperatures, solvent compositions, reagent ratios,
reagent concentrations, and reaction times, and the fine-tuning of all of these parameters is
crucial in optimizing the synthesis of the materials. A particularly interesting class of metalorganic frameworks are those that contain accessible, coordinatively-unsaturated metal cations as
these sites since can dramatically enhance gas uptake or serve as a source of catalytic activity.
While coordinatively-unsaturated metal centers have been generated in such materials via
chelation by post-synthetically 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 M2+ cation sites in some of the most
widely-studied frameworks, such as M3(btc)2 (M = Cu, Cr, Mo; btc3– = 1,3,5benzenetricarboxylate)10 and M2(dobdc) (M = Mg, Mn, Fe, Co, Ni, Cu, Zn, Cd; dobdc4– = 2,5dioxido-1,4-benzenedicarboxylate).11 As the work presented in Chapters Two through Six is
based on the latter material a detailed description of it is warranted.
1.2. Metal-Organic Frameworks with Open Metal Sites: M2(dobdc)
Of the thousands of reported metal-organic frameworks, materials of the M2(dobdc) structure
have likely been the most studied. The zinc and magnesium analogs of this framework were first
reported by Yaghi and Dietzel, respectively, in 2008.11 In the time since, the synthesis has been
expanded to Mn, Fe, Co, Ni, Cu, and Cd. This alone is rarity among metal-organic frameworks
as there are no other structure types to have been synthesized with eight different metal cations.
Furthermore, the compact, tetraanionic nature of the bridging ligand endows the members of this
structure type with an incredibly high volumetric and gravimetric density of coordinativelyunsaturated cation sites. These sites, which contain a solvent molecule upon framework
synthesis, can be realized by heating the thermally stable frameworks under vacuum to reveal a
square pyramidal metal center. The sixth coordination site at the metal cation points into onedimensional hexagonal channels approximately 11 Å in diameter. These sites are prime
environments for various guest species to bind. Accordingly, these frameworks have been
studied for a number of applications including the storage of H2,12 CH4,13 and acetylene14 and the
separation of CO2/N2,15 and CO2/H2.16
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Figure 1.1 A portion of the crystal structure of desolvated M2(dobdc) as viewed
approximately along the [001] direction. Black, gray, and red spheres represent
M2+, C, and O atoms, respectively; H atoms have been omitted.

Figure 1.2. A close up on the first coordination sphere of a metal cation in
desolvated M2(dobdc). Black, gray, and red spheres represent M2+, C, and O
atoms, respectively; H atoms have been omitted.
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1.3. Applications for Metal-Organic Frameworks with Open Metal Sites
1.3.1. O2/N2 Separations. In addition to the current need for the large scale production of O2
for medical applications and bulk chemical synthesis, O2 production is expected to increase to
meet demands for technology associated with CO2 capture from power plants, oxyfuel
combustion. This process refers to the ignition of pulverized coal or other carbon-based fuels in a
nearly pure O2 environment and represents a relatively new process for mitigating CO2 emissions
compared with pre-combustion and post-combustion CO2 capture. The significant advantages of
this process stem from the fact that the flue gas (following removal of particulates, water, and
trace impurity gases) is almost entirely CO2, which greatly simplifies the capture step, and that
most existing power plants could be readily retrofitted with an oxyfuel combustion system.
Although there are no full-scale plants currently using oxyfuel combustion, theoretical studies
along with laboratory and pilot-scale studies have provided an understanding of important design
parameters and operational issues.
In a conventional oxyfuel set up, O2 (purity >95%) is fed into a power plant from a cryogenic
separation unit, which separates O2 from the other components of dry air by a distillation
process. The O2 inlet gas is diluted with CO2 from the flue stream to a partial pressure of 0.21
bar in order to control the temperature of fuel combustion and to reduce the formation of NOx
impurities that frequently form when coal is burned in an O2-enriched atmosphere.17 The exhaust
gas, which is essentially pure CO2, can then be directly subjected to sequestration. Indeed, in
addition to CO2 (55–65 wt %), the other major component of the gas stream is water vapor (25–
35 wt %), which is easily condensed and removed.18 In fact, CO2 capture rates higher than 95%
have been achieved by this method, a level not currently possible with pre-combustion and postcombustion separations.19 A further advantage related to combustion in an O2/CO2 mixture lies
in the fact that compared with a process utilizing air, which is rich in N2, the formation of NOx is
largely inhibited, allowing for a smaller, cheaper NOx removal step than required in current
power plants.
A significant challenge for the implementation of oxyfuel combustion methods is in the
large-scale generation of pure O2 from air. This separation is currently carried out on a scale of
over 100 Mt/year,20 but the large energy requirement for this process creates an urgent need for
alternative separation methods if oxyfuel combustion is to be widely used in mitigating carbon
emissions. Microporous solids that selectively adsorb O2 from the air could potentially
significantly reduce this energy cost. Indeed, zeolites have been used in this separation on an
industrial scale and in portable medical devices,21 although the separation performance and
energy efficiency is considered to be insufficient for use in oxyfuel combustion applications. In
this regard, metal–organic frameworks hold tremendous promise for delivering highperformance materials that are specifically optimized for the removal of O2 from the air. As will
be discussed further in Chapters Three and Seven, this separation is essentially an O2/N2
separation, for which metal–organic frameworks exhibiting high selectivities, and O2 adsorption
capacities show incredible promise.
Microporous metal–organic frameworks are typically selective for the adsorption of one
molecule over another, such as CO2 over N2 or CO2 over H2, based on the large differences in the
quadrupole moments and polarizabilities between the molecules. However, owing to the very
similar physical properties of O2 and N2, their separation using a purely physisorptive adsorption
mechanism is expected to yield very limited selectivity factors. In fact, because of the higher
quadrupole moment and polarizability of N2 compared with O2, many of the metal–organic
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frameworks for which O2 isotherms have been measured at room temperature are slightly
selective for the adsorption of N2 over O2. For example, O2 and N2 adsorption isotherms
recorded at 298 K for MOF-177 and UMCM-1, which are both high-surface area frameworks
with BET surface areas of greater than 4000 m2/g, yield a selectivity factor (calculated as the
number of moles of O2 adsorbed at 0.21 bar divided by the number of moles of N2 adsorbed at
0.79 bar) of less than 1.22 Furthermore, although small-pore zeolites have been employed for
O2/N2 separations based on the differing kinetic diameters of these molecules, it is unlikely that
metal–organic frameworks could offer the significant improvements needed for an efficient
kinetic-based O2/N2 separation process. Instead, an effective separation of O2 from N2 within
metal–organic frameworks is expected to be achieved through harnessing the differences in
chemical properties of the molecules, and this has indeed been the focus of recent work in which
high adsorption selectivities have been reported.
The high propensity for O2 to accept electrons from redox-active metal centers is one feature
that can be exploited to perform the separation of O2 from N2 within metal–organic frameworks.
Indeed, such interactions are crucial in nature for biological functions such as O2 transport, and a
large volume of biomimetic molecular chemistry has emerged through coordination complexes
containing metal ions such as Fe2+ or Cu+.23 Thus, if the surfaces of metal–organic frameworks
can be decorated with electron-rich, redox-active metals with open coordination sites, these sites
may engage in a reversible electron transfer to O2, but not N2.
Metal–organic frameworks containing such accessible redox-active metal centers have
recently emerged, 24 and these display considerable promise as next-generation O2 capture
materials. Note that metal–organic frameworks are expected to possess several advantages over
zeolites, since their larger pores are expected to facilitate higher gas permeability, and the
adjustable character of the pore surfaces are anticipated to allow the enthalpy of O2 adsorption to
be finely tuned for specific working conditions. Additionally, since the exposed metal sites are
immobilized and separated from each other on the pore surface by virtue of the framework
structure, two metal sites cannot combine to form O2-bridged species, a reactivity pathway that is
known to diminish the performance of molecular complexes investigated for O2 binding.25
Recently, a metal–organic framework bearing exposed Cr2+ adsorption sites, Cr3(btc)2, a
framework was studied for selective binding of O2 over N2.26 The Cr2+ sites are available for
binding guest molecules and exhibit a tremendous affinity for O2, leading to an O2 adsorption of
11 wt % at 298 K and a pressure of just 2 mbar. At the same temperature, the quantity of N2
adsorbed is just 0.58 wt % at a pressure of 1 bar. The steep initial rise in the O2 adsorption
isotherm is indicative of a strong (chemical) interaction between the Cr2+ sites and O2 molecules,
and the saturation uptake corresponds to the adsorption of dioxygen at approximately 80% of
available Cr2+ sites within the framework. Indeed, UV–vis–nIR spectroscopy and X-ray
absorption spectra confirmed the partial electron transfer from Cr2+ to the bound O2 molecule to
give roughly a Cr3+–superoxide adduct. The charge transfer gives rise to a significantly stronger
interaction compared with the physisorptive adsorption of N2 molecules, resulting in an O2/N2
selectivity factor of 19.3. This selectivity is significantly higher than that observed for most
previously investigated porous solid materials,27 such as a carborane-based porous Co2+-based
framework, which displays a selectivity factor of 6.5 at low pressure.28 Importantly, Cr3(btc)2
displays reversible O2 uptake, and heating of the framework to just 50 °C liberates the majority
of the bound O2. However, following 14 adsorption/desorption cycles, approximately 35% of the
O2 adsorption capacity of the material is lost, presumably as a result of framework
decomposition owing to the highly exothermic nature of the chromium–O2 interaction.
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The O2 adsorption characteristics of Cr3(btc)2 highlight the importance of exposed redoxactive metal centers for the development of new metal–organic frameworks that exhibit selective
O2 adsorption. A simple strategy for preparing new metal–organic frameworks with potential
utility for O2/N2 separations is exemplified by the synthesis of these materials. Although
Cu3(btc)229 or Mo3(btc)230 do not selectively adsorb O2 over N2, replacement of the metal cations
in the structure of these materials with Cr2+ effectively resulted in a material with unprecedented
O2/N2 selectivity. This approach of preparing frameworks of known structure types with redoxactive metals could potentially be expanded to other families of materials and forms the basis for
a portion of the work presented herein.
1.3.2 Hydrocarbon Separations. The strategies for separating O2/N2 mixtures can be
extended to a number of gas separation processes for which cryogenic distillation is currently the
leading technology. Among these are mixtures of saturated and unsaturated hydrocarbons. Thus
far two main strategies for separating paraffin/olefin mixtures with metal–organic frameworks
have been adopted: sieving and adsorption at unsaturated metal centers. Sieving materials such
as ZIFs and zeolites selectively adsorb the alkane via size selectivity, while unsaturated metal
centers preferentially interact with the alkene or alkyne through interaction with the π-system.31
Among the most industrially relevant is the separation of ethane/ethylene mixtures. Ethylene is
primarily generated by refining crude oil, and over 108 tons of it were produced in 2005. After
the cracking process, the series of separations to isolate ethylene from the dozens of other
hydrocarbons present are incredibly complex. The most difficult of which is the separation of
ethylene from ethane.
Metal-organic frameworks containing metals with open coordination sites are well suited for
the separation of ethane/ethylene mixtures. The first investigation into such materials for this
separations was performed with Cu3(btc)2.32 Calculations indicate that ethylene binds stronger
than ethane to the framework based on both hydrogen bonding interactions between the −CH2
protons and the electronegative oxygen atoms in the Cu2(O2C)4 paddlewheel units, as well as
some degree of π-backbonding from the copper cations to the alkene. Given its very limited
backbonding capability, this framework displays an IAST selectivity of only approximately 2 for
an equimolar ethylene/ethane mixture at 1 bar and 298 K. 33 Metal-organic frameworks
containing metal cations more suitable for backbonding are expected to show an increase in
ethylene/ethane selectivity. This idea forms the basis for the work presented in Chapter Four.
As with ethane/ethylene separations, Cu3(btc)2 was among the first metal–organic
frameworks to be studied for propane/propylene separations.34 This material preferentially binds
propylene over propane (−41.8 vs. −28.5 kJ/mol at low coverage) over a wide pressure range.34
GCMC simulations suggest that propane is adsorbed most strongly in the small octahedral
pockets present in the framework and that the strongest propylene binding sites in the framework
are the Cu2+ sites. UV–vis spectroscopy confirms this as the primary propylene adsorption site
because the d–d band associated with the Cu2+ cations centered at 540 nm shifts to a lower
energy upon propylene coordination.35 Propane has little to no effect on the UV–vis spectrum,
supporting the notion that the primary adsorption sites are likely the octahedral cages in the
framework. Although other metal–organic frameworks display moderate propylene/propane
selectivity based on gate opening and kinetic effects, 36 shape selectivity, 37 and pore size
constraints,38 the most selective materials are typically those containing a higher density of
coordinatively unsaturated metal cation sites than in Cu3(btc)2.
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Chapter 2: Metal Insertion in a Microporous Metal-Organic Framework
Lined with 2,2’-Bipyridine
2.1. Introduction
Owing to their high surface areas and tunable pore functionality, metal-organic frameworks
are currently under investigation for a variety of potential applications, including gas storage,1
gas separations,2 and catalysis.3 Of particular promise are frameworks with surfaces bearing
exposed metal centers, since these can dramatically enhance (selective) gas uptake or serve as a
source of catalytic activity.4 Such metal sites have typically been created either by desolvation of
a framework featuring metal-bound solvent molecules, or via some form of postsynthetic
modification to the organic bridging ligands. 5 The direct formation of frameworks bearing
chelating ligand sites that are open to metal insertion is rare,3ab,6 since typically metal binding at
these sites would occur during framework synthesis. In our efforts to generate compounds of this
type, we considered the possibility that a hard oxophilic metal cation might preferentially
coordinate the carboxylate groups of a mixed donor ligand such as 2,2ʹ′-bipyridine-5,5ʹ′dicarboxylate (bpydc2–), leading to a framework with the softer donor groups available to bind
metals. Work presented in this chapter shows that this strategy can indeed be successfully
employed in generating Al(OH)(bpydc) (MOF-253), the first metal-organic framework featuring
open 2,2ʹ′-bipyridine (bpy) ligand sites. Subsequent complexation of Pd2+ and Cu2+ is
demonstrated, with the latter resulting in a material that exhibits a significantly enhanced
selectivity for the adsorption of CO2 over N2.
2.2. Experimental
2.2.1. Synthesis of Al(OH)(bpydc). A solution of AlCl3·6H2O (151 mg, 0.625 mmol) and
glacial acetic acid (859 µL, 15.0 mmol) in 10 mL N,N′-dimethylformamide (DMF) was added to
a Teflon-capped 20 mL scintillation vial containing 2,2′-bipyridine-5,5'-dicarboxylic acid (153
mg, 0.625 mmol). Note that acetic acid is included to achieve optimal crystallinity, but omitted
to achieve optimal porosity. The mixture was heated on a hot plate at 120 °C for 24 h. The
resulting white microcrystalline powder was then filtered and washed with DMF. IR (solidATR): 2930 (w), 2867 (w), 1663 (s) 1597 (s), 1544 (w), 1477 (m), 1423 (s), 1386 (m), 1254 (w),
1171 (w), 1121 (w), 1092 (m), 1027 (w), 992 (s), 855 (w), 785 (s), 709 (m). Anal. Calcd for
C12H7AlN2O5·2.6DMF: C, 49.94; H, 5.33; N, 13.53. Found: C, 50.15; H, 5.35; N, 13.63.
Al(OH)(bpydc)·2.6DMF was washed with methanol via soxhlet extraction for 24 h, after which
the powder was collected by filtration and heated at 250 °C under dynamic vacuum on a Schlenk
line for 12 h. Yield: 141 mg (79%). IR (solid-ATR): 3291 (br w), 1597 (s), 1544 (w), 1477 (m),
1423 (s), 1364 (m), 1244 (w), 1171 (w), 1121 (w), 1054 (w), 1027 (w), 989 (s), 855 (w), 786 (s),
708 (m). Anal. Calcd for C12H7AlN2O5·0.5H2O: Al, 9.14; C, 48.82; H, 2.74; N, 9.49. Found:
Al, 8.68; C, 48.97; H, 2.50; N, 9.59.
2.2.2. Synthesis of Al(OH)(bpydc)·0.83PdCl2. The compounds Al(OH)(bpydc) (0.500 g,
1.75 mmol), PdCl2(CH3CN)2 (0.505 g, 1.95 mmol), and acetonitrile (15 mL) were added to a
Teflon-capped 20 mL scintillation vial and heated on a hotplate at 65 °C for 24 h. The resulting
yellow solid was collected by filtration and soaked in 15 mL of acetonitrile. After 24 h, the
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supernatant was decanted and replaced with fresh acetonitrile. The solvent was exchanged two
times, such that the total soaking time was three days, after which the product was collected by
filtration and heated at 150 °C for 12 h under vacuum. Yield: 720 mg (82%). IR (solid-ATR):
3290 (br w), 1617 (s), 1604 (s), 1481 (m), 1426 (s), 1397 (s), 1296 (w), 1261 (w), 1134 (w),
1050 (w), 1038 (w), 995 (m), 857 (w), 781 (s), 720 (m). Anal. Calcd for
C12H7AlCl1.7N2O5Pd0.83·2.6H2O; C, 30.01; H, 2.57; Al, 5.62; Cl, 12.25; N, 5.83; Pd, 18.39.
Found: C, 29.64; H, 2.40; Al, 5.80; Cl, 13.37; N, 5.16; Pd, 18.35.
2.2.3. Synthesis of Al(OH)(bpydc)·0.08PdCl2. The compounds Al(OH)(bpydc) (0.50 g, 1.8
mmol), PdCl2·(CH3CN)2 (95 mg, 0.37 mmol), and acetonitrile (15 mL) were added to a Tefloncapped 20 mL scintillation vial and heated on a hotplate at 65 °C for 24 h. The resulting yellow
solid was collected by filtration and soaked in 15 mL of acetonitrile. After an additional 24 h, the
colorless supernatant was decanted and the solid was heated at 150 °C for 12 h under vacuum.
Yield: 467 mg (87%). IR (solid-ATR): 3305 (br w), 1598 (s), 1545 (w), 1477 (m), 1422 (s), 1364
(m), 1296 (w) 1244 (w), 1171 (w), 1122 (w), 1053 (w), 1026 (w), 989 (m), 855 (w), 785 (s), 707
(m). Anal. Calcd for C12H7AlCl0.2N2O5Pd0.08·2.7H2O: C, 41.40; H, 3.60; Al, 7.75; Cl, 1.53;
N, 8.05; Pd, 2.29. Found: C, 40.98; H, 2.47; Al, 9.21; Cl, 3.63; N, 7.69; Pd, 2.33.
2.2.4. Synthesis of Al(OH)(bpydc)·0.97Cu(BF4)2. The compounds Al(OH)(bpydc) (0.500
g, 1.75 mmol), Cu(BF4)2 (0.455 g, 1.92 mmol), and acetonitrile (15 mL) were added to a Teflon
capped 20 mL scintillation vial and heated on a hotplate at 65 °C for 24 h. The resulting blue
solid was collected by filtration and soaked in 15 mL of acetonitrile. After 24 h, the supernatant
was decanted and replaced with fresh acetonitrile. The solvent was exchanged two times, such
that the total soaking time was three days, after which the product was filtered and heated at 150
°C for 12 h under vacuum. Yield: 822 mg (91%). IR (solid-ATR): 3124 (br w), 1635 (s), 1600
(s), 1425 (s), 1394 (s), 1245 (w), 1175 (w), 1121 (w), 1047 (br, w), 1022 (w), 990 (s), 855 (w),
776 (s), 708 (m). Anal. Calcd for C12H7AlB1.9Cu0.97F7.8N2O5: C, 27.90; H, 1.37; Al, 5.22;
Cu, 11.93; F, 28.69; N, 5.42. Found: C, 27.57; H, 1.94; Al, 5.13; Cu, 11.21; F, 27.05; N, 5.46.
2.2.5. Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) data were collected
using a Bruker D8-Advance θ-2θ diffractometer in reflectance Bragg-Brentano geometry
employing Ni filtered Cu Kα1,2 lines focused radiation (1.54059 Å, 1.54439 Å) at 1600 W (40
kV, 40 mA) power and equipped with a Na(Tl) scintillation detector fitted at 0.2 mm radiation
entrance slit. Samples were mounted on zero background sample holders by dropping powders
from a wide-blade spatula and then leveling the sample with a razor blade. The best counting
statistics were achieved by collecting samples using a 0.02° 2θ step scan from 1° to 90° with
exposure time of 5 s per step. All measurements were performed at room temperature and
atmospheric pressure. Full pattern decomposition was performed using Pawley refinement
conducted in GSAS using data in the range 2θ = 3-50°. Background was manually fitted with a
12th order Chebyschev polynomial. The profile was calculated starting with the space group and
cell parameters from Al(OH)(bpdc) (bpdc2– = 4,4′- biphenyldicarboxylate) (Imma, a = 22.698 Å,
b = 6.6072 Å, c = 19.239 Å). The refinement was conducted using a Thomson modified pseudoVoigt peak profile (GSAS Function No. 2), followed by refinement of peak asymmetry, unit
cells and zero-shift. Refinement of unit cell parameters, zero shift, peak asymmetry, Lorentz
polarization, crystallite size, and strain led to convergent refinements. Refined parameters: a =
23.59(10) Å, b = 6.911(29) Å, c = 19.84(8) Å. Residuals: Rp = 5.60%, Rwp = 7.86%, χ2 = 2.512.
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The final profile was used to extract |Fobs|. Fourier maps were calculated and visualized using the
FOURIER and FORPLOT modules in GSAS respectively, with a resolution of dmax = 1.8 Å. A
crystal model of Al(OH)(bpydc) was constructed by reducing the occupancy of C4 in
Al(OH)(bpdc) (fractional positions: x/a = 0.19940, y/b = 0.56744, z/c = 0.20173) to 50% and
incorporating a nitrogen atom with 50% occupancy in the same position, consistent with the
disorder expected for 2,2′-bipyridine.
2.2.6. Isosteric Heat of Adsorption (Qst) Calculations. The Clausius-Clapeyron equation
was employed to calculate the enthalpies of adsorption for CO2 on Al(OH)(bpydc) and
Al(OH)(bpydc)·0.97Cu(BF4)2 (at 298, 303, and 308 K). In each case, the data were fit using the
equation: (ln P)n = -(Qst/R)(1/T) + C where P is the pressure, n is the amount adsorbed, T is the
temperature, R is the universal gas constant and C is a constant. The isosteric heat of adsorption
Qst was subsequently obtained from the slope of plots of (ln P)n as a function of 1/T.
2.3. Results and Discussion.
The synthesis of Al(OH)(bpydc) was accomplished in direct analogy with the recently
reported framework Al(OH)(bpdc) (bpdc2– = 4,4ʹ′-biphenyldicarboxylate).7 Reaction of H2bpydc
with AlCl3·6H2O in DMF at 120 °C for 24 h afforded Al(OH)(bpydc)·2.6DMF (1·2.6DMF) as a
white microcrystalline solid. Thermogravimetric analysis of the product revealed a weight loss of
40% upon heating to 200 °C, consistent with loss of 2.6 solvent molecules per formula unit, with
no further weight loss up to 400 °C. Accordingly, the solid was soaked in methanol and then
heated at 250 °C under dynamic vacuum for 24 h to yield the fully-desolvated framework
Al(OH)(bpydc) (1).

Figure 2.1. Synthesis and representative structure of Al(OH)(bpydc) (1, MOF253), with subsequent insertion of PdCl2 into open bpy ligand sites. Orange
octahedra represent Al atoms, while yellow, green, red, blue, and gray spheres
represent Pd, Cl, O, N, and C atoms, respectively; H atoms are omitted for clarity.
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X-ray powder diffraction data show 1 to be isostructural with Al(OH)(bpdc).7 A full-pattern
decomposition of the data was performed through a Pawley refinement using the Al(OH)(bpdc)
unit cell parameters as a starting point, resulting in refined orthorhombic unit cell parameters of a
= 23.59(10) Å, b = 6.91(3) Å, and c = 19.84(8) Å. Based upon the refinement, it is clear that
Al(OH)(bpydc) crystallizes as a sra net with a rod-shaped secondary building unit in an extended
MIL-53 structure. A crystal model of the structure was built by replacing the biphenyl moiety of
Al(OH)(bpdc) with bipyridine (see Figure 2.1). Here, one-dimensional chains of hydroxidebridged, octahedrally-coordinated Al3+ cations are linked via bpdc2– ligands to give a threedimensional framework with rhombic channels running along the b axis. Note that the pyridine
rings should have only a small energy barrier associated with rotation away from the coplanar
configuration depicted, thereby enabling insertion of up to one metal center per bpy unit.
NMR spectroscopy was employed to confirm the bulk composition of 1. As in the activated
form of MIL-53,8 the 1H MAS NMR spectrum exhibits two broad peaks, attributable to the
aromatic and bridging hydroxide protons. The six sharp resonances in the 13C cross polarization
MAS NMR spectrum confirm the presence of bpydc2– in the structure. Most importantly, the
27
Al MAS NMR spectrum shows a solitary signal at δ = –7.38 ppm, consistent with the presence
of a single six-coordinate Al3+ site. The observation of just one 27Al resonance indicates that the
bpy ligands are not coordinated by aluminum, and should therefore be available for the
postsynthetic chelation of various other metal centers.
Low pressure N2 adsorption measurements performed on 1 at 77 K revealed a type I
adsorption isotherm characteristic of a microporous solid (see Figure 2.2, red circles). Fits to the
data gave a pore volume of 0.89 cm3/g, together with BET and Langmuir surface areas of 2160
and 2490 m2/g, respectively. The latter value is in good agreement with the Langmuir surface
area of 2335 m2/g reported for Al(OH)(bpdc).7

Figure 2.2. Isotherms for the adsorption of N2 at 77 K in 1 (red), 1·0.08PdCl2
(green), 1·0.97Cu(BF4)2 (blue), and 1·0.83PdCl2 (orange). Filled and open circles
represent adsorption and desorption data, respectively.

	
  

12	
  

The accessibility of the chelating bpy units within the framework of 1 was confirmed by
soaking the solid in acetonitrile solutions of PdCl2 and Cu(BF4)2 to afford 1·xPdCl2 (x = 0.08,
0.83) and 1·0.97Cu(BF4)2, as confirmed by elemental analyses. Thermogravimetric analysis
showed these metal-loaded samples to exhibit weight losses at 125 °C of 28%, 15%, and 25%,
respectively, with no additional loss occurring up to 350 °C. As evidenced by powder x-ray
diffraction, NMR spectroscopy, and infrared spectroscopy, the underlying framework structure is
maintained upon metal complexation. Consistent with the formulations of 1·0.08PdCl2,
1·0.83PdCl2, and 1·0.97Cu(BF4)2, N2 adsorption measurements at 77 K resulted in type I
adsorption isotherms with reduced BET surface areas of 1780, 355, and 705 m2/g, respectively
(see Figure 2.2). In addition, the estimated pore volumes for the samples were lowered to 0.65,
0.13, and 0.39 cm3/g, respectively.
Extended x-ray adsorption fine structure (EXAFS) spectroscopy was performed on
1·0.83PdCl2 to establish the coordination environment of the Pd atom upon insertion within the
framework (see Figure 2.3). The data were best fit using the usual square planar geometry, with
two Cl– ions and two N atoms from bpy binding the Pd2+ center at distances of 2.296(1) and
2.038(3) Å, respectively (see Figure 2.1). Note that these bond distances are in good agreement
with crystallographic data obtained for the analogous molecular complex (bpy)PdCl2.9

Figure 2.3. Pd K-edge EXAFS Fourier transforms and (inset) EXAFS spectrum
for 1·0.83PdCl2. Solid lines show the experimental data and dashed red lines
show the best fits.
Insertion of metal salts within 1 can be expected to create electric dipoles on the surface that
render the material suitable for gas separations. Indeed, as shown in Figure 2.4, 1·0.97Cu(BF4)2
was found to display a significantly enhanced selectivity for the adsorption of CO2 over N2 under
conditions relevant to its capture from flue gas. Specifically, at 298 K, the selectivity factor,
calculated as the mass of CO2 taken up at 0.15 bar divided by the mass of N2 taken up at 0.75
bar, is seen to increase from 2.8 in 1 to 12 in 1·0.97Cu(BF4)2. Consistently, the average isosteric
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heat of CO2 adsorption, as calculated using isotherm data collected at 298, 303, and 308 K, was
found to increase from 23 to 30 kJ/mol upon insertion of Cu(BF4)2 into the bpy sites of 1. Thus,
metal-loaded variants of 1 are well worthy of further study as CO2 capture materials.

Figure 2.4 Adsorption isotherms collected at 298 K for the uptake of CO2 in 1
(green triangles) and 1·0.97Cu(BF4)2 (green squares) and for the uptake of N2 in 1
(blue triangles) and 1·0.97Cu(BF4)2 (blue squares). Filled and open symbols
represent adsorption and desorption, respectively.
2.4. Outlook and Conclusions
The foregoing results demonstrate the ability of mixed donor ligands to select for hard metal
cations during framework assembly, resulting in the first bpy-lined microporous material. Given
the ubiquitous role of the bpy ligand in coordination chemistry, we anticipate that this framework
will provide a platform for the insertion of a wide variety of metal centers, leading to a broad
range of properties and applications.
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Figure 2.S1. Powder X-ray diffraction patterns for as-synthesized (with acetic
acid) Al(OH)(bpydc) (black), methanol-exchanged Al(OH)(bpydc) (red),
Al(OH)(bpydc)·0.08PdCl2 (blue), Al(OH)(bpydc)·0.83PdCl2 (green), and
Al(OH)(bpydc)·0.97Cu(BF4)2 (orange).

Figure 2.S2. 1H MAS NMR spectra for Al(OH)(bpydc) and its metal-bound
analogs. Chemical shifts are expressed in ppm. Spinning side bands are
symmetrical and marked on the left side with an asterisk.
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Figure 2.S3. 13C cross polarization MAS NMR spectra for Al(OH)(bpydc) and its
metal-bound analogs. Chemical shifts are expressed in ppm (vs. adamantine/KBr).
Spinning side bands are symmetrical and marked on the left side with an asterisk.

Figure 2.S4. 27Al MAS NMR spectra for Al(OH)(bpydc) and its metal-bound
analogs. Chemical shifts are expressed in ppm (vs. 1.0 M Al(NO3)3 in H2O).
Spinning side bands are symmetrical and marked on the left side with an asterisk.
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Figure 2.S5. Thermal gravimetric analysis of as-synthesized Al(OH)(bpydc)
(black), methanol-exchanged Al(OH)(bpydc) (red), Al(OH)(bpydc)·0.08PdCl2
(blue), Al(OH)(bpydc)·0.83PdCl2 (green), and Al(OH)(bpydc)·0.97Cu(BF4)2
(orange). TGAs were collected on a TA instruments TGA 5000 instrument.
Samples were held in a platinum pan under nitrogen atmosphere and heated at 2
°C/min.

Figure 2.S6 Adsorption isotherms collected at 298 (triangles), 303 (squares), and
308 (circles) K for the uptake of CO2 in Al(OH)(bpydc) (red) and
Al(OH)(bpydc)·0.97Cu(BF4)2.
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Chapter 3: Selective Binding of O2 over N2 in a Redox-Active Metal-Organic Framework
with Open Iron(II) Coordination Sites

3.1. Introduction
With over 100 million tons produced annually, O2 is one of the most widely used commodity
chemicals in the world.1 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 O2 could grow enormously. For implementation of pre-combustion CO2 capture, pure O2 is
needed for the gasification of coal, which produces the feedstock for the water-gas shift reaction
used to produce CO2 and H2.2 In addition, oxyfuel combustion is receiving considerable attention
for its potential utility as an alternative to post-combustion CO2 capture. Here, pure O2 is diluted
to 0.21 bar with CO2 and fed into a power plant for fuel combustion. Since N2 is absent from the
resulting flue gas, the requirement for post-combustion separation of CO2 from N2 is eliminated.3
The separation of O2 from air is currently carried out on a large scale using an energyintensive cryogenic distillation process. 4 Zeolites are also used for O2/N2 separation, 5 both
industrially and in portable medical devices; however, this process is inherently inefficient as the
materials used adsorb N2 over O2 with poor selectivity. By employing materials that selectively
adsorb O2 and can operate near ambient temperatures, lower energy and capital costs could be
realized. Metal-organic frameworks, which have already received considerable attention for
applications in gas storage6 and separation,7 represent a promising new class of potential O2
separation materials.
The high surface areas and open metal coordination sites possible within metal-organic
frameworks make them particularly attractive for the development of an adsorption-based
process for the separation of O2 from air. While coordinatively-unsaturated metal centers have
been generated in such materials via chelation by post-synthetically modified bridging ligands,8
or via insertion into open ligand sites,9 they are most often created by evacuation of frameworks
that have metal-bound solvent molecules. This strategy has been employed to expose M2+ cation
sites in some of the most widely-studied frameworks, such as M2(dobdc) (M = Mg, Mn, Co, Ni,
Zn; dobdc4– = 2,5-dioxido-1,4- benzenedicarboxylate)10 and M3(btc)2 (M = Cu, Cr, Mo; btc3– =
1,3,5-benzenetricarboxylate).11 To achieve a high selectivity for the coordination of O2 over N2,
one can take advantage of the greater electron affinity of the former molecule. Indeed, we
recently showed that the coordinatively-unsaturated CrII centers in Cr3(btc)2 give rise to an
exceptionally strong preference for adsorbing O2 relative to N2 via charge transfer.11c Although
the interaction with O2 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 O2 and N2. In view of its widespread deployment as an O2 carrier in biology,12 FeII
is an obvious candidate for such purposes.
This chapter reports the synthesis and O2 binding properties of Fe2(dobdc), a metal-organic
framework with a high density of coordinatively-unsaturated FeII centers lining the pore surface.
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3.2. Experimental
3.2.1. General. Unless otherwise noted, all procedures were performed under an N2
atmosphere using standard glovebox or Schlenk techniques. Anhydrous, air-free N,Ndimethylformamide (DMF) and methanol were purchased from commercial vendors and further
deoxygenated by purging with N2 for at least 1 h prior to being transferred to an inert atmosphere
glovebox. All other reagents were obtained from commercial vendors at reagent grade purity or
higher and used without further purification.
3.2.2. Synthesis of Fe2(dobdc). Anhydrous ferrous chloride (1.1 g, 9.0 mmol), 1,4dihydroxyterephthalic 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 Fe2(dobdc)·4DMF. Anal. Calcd. for C20H30Fe2N4O10: 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
Fe2(dobdc)·4MeOH as a yellow-ochre powder. Anal. Calcd. for Fe2C12H18O10: 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 µbar) at 433 K for 24 h to yield Fe2(dobdc) as a light green powder.
Anal. Calcd. for Fe2C8H2O6: C, 31.42; H, 0.66. Found: C, 31.55; H, 0.50.
3.2.3. Low-Pressure Gas Adsorption Measurements. For all gas adsorption measurements
200-225 mg of Fe2(dobdc)·4MeOH was transferred to a pre-weighed glass sample tube under an
atmosphere of nitrogen and capped with a Transeal. Samples were then transferred to
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 µbar/min. Evacuated tubes containing degassed samples were then
transferred to a balance and weighed to determine the mass of sample, typically 150-175 mg.
The tube was transferred to the analysis port of the instrument where the outgas rate was again
determined to be less than 2 µbar/min at 433 K. Nitrogen gas adsorption isotherms at 77 K were
measured in liquid nitrogen, while O2 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.
3.2.4. Transmission Infrared and Diffuse Reflectance UV-vis-NIR Spectroscopy. Prior to
O2 dosing, Fe2(dobdc)·4MeOH samples were activated under dynamic vacuum (residual
pressure < 0.1 µbar) 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 Fe2(dobdc) in methanol.
Transmission FTIR spectra were collected at 2-cm−1 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 reflectance sphere. Spectra of the
desolvated framework were recorded on a thick self-supported wafer of the sample. Attenuated
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total reflection (ATR) spectra were recorded on a Bruker single reflection ALPHA-Platinum
ATR spectrometer with a diamond crystal accessory.
3.2.5. Neutron Diffraction Data Collection and Refinement. Neutron powder diffraction
(NPD) experiments were carried out on 0.9698 g and 0.6200 g of Fe2(dobdc) and Fe2(O2)(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 glove box, 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 Å. 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, O2 loading was then carried out. The sample was warmed to
125 K and then exposed to a predetermined amount of gas (2.0 O2 per Fe2+). Upon reaching an
equilibrium pressure at the loading temperature, the sample was then slowly cooled to ensure
complete adsorption of the O2. Data was then collected at 4 K.
NPD measurements of N2-loaded Fe2(dobdc) were performed on the Echidna instrument13
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 configured with a
Ge(331) monochromator using a take-off angle of 140° with no collimation at the
monochromator and fixed tertiary 5' collimation, resulting in a wavelength of 2.4406 Å.
Diffraction data were collected at ~9 K for the evacuated framework and with sequential
loadings of 0.5, 1.0 and 2.0 N2:Fe, where the cryostat and sample were heated above 80 K to
facilitate adsorption of the 99.999% pure N2 gas.
All NPD data were analyzed using the Rietveld method as implemented in EXPGUI/GSAS.14
The activated Fe2(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 employed to locate the adsorbed molecules in
the data collected from the samples subsequently loaded with O2 or N2. The atoms in the
adsorbed molecules were modeled individually. For the N2 adsorbed sample the two N atoms
were constrained to maintain the fractional occupancy and isotropic displacement parameter
within each diatomic molecule. For analysis of Fe2(dobdc) loaded with 2.0 O2 / 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,
Fe2(O2)(dobdc), the modeled O atoms were constrained to maintain the same fractional
occupancies and isotropic displacement parameters. Once a stable structural model was obtained
the isotropic displacement parameters of the adsorbed O2 molecule were allowed to vary
independently of one another and then the displacement parameter for O(1b) were allowed to
refine anisotropically.
3.2.6. Mössbauer Spectroscopy. The Mössbauer spectra of Fe2(dobdc), Fe2(O2)2(dobdc),
and Fe2(O2)(dobdc) were measured at various temperatures between 94 and 298 K with a
constant acceleration spectrometer which utilized a rhodium matrix cobalt-57 source, and was
calibrated at 295 K with α-iron foil. The absorber contained 45(1) mg/cm2 of powder mixed with
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boron nitride. The Fe2(dobdc) absorber was prepared in an N2-filled glovebox, cooled to 77 K
with liquid nitrogen, and inserted into a pre-cooled cryostat under dry helium. The sample of
Fe2(O2)2(dobdc) was prepared in situ by dosing the evacuated cryostat to 300 mbar O2 at 94 K
and allowing 3 h for equilibration. The sample of Fe2(O2)(dobdc) was prepared in situ by
warming the oxidized sample above 250 K in the cryostat. The spectra of Fe2(dobdc) were
measured at 298, 94, and 45 K in the absence of O2, after which the sample was warmed to 94 K
and dosed with O2. 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 3.S3. 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 3.S3.
3.2.7. 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. 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.
3.3. Results and Discussion
3.3.1 Synthesis of Fe2(dobdc). The reaction of anhydrous FeCl2 with H4dobdc in a mixture
of DMF and methanol affords a solvated form of Fe2(dobdc) as a red-orange microcrystalline
powder. Powder x-ray diffraction data (see Figure 3.S1) show the compound to adopt the MOF74 or CPO-27 structure type displayed in Figure 3.1, as previously reported for M2(dobdc) (M =
Mg, Mn, Co, Ni, Zn).10 The compound rapidly changes color to dark brown upon exposure to air,
presumably due to at least partial oxidation of the FeII centers by O2. Based upon color, it is
likely that the brown phase previously reported as Fe2(dobdc) is actually some oxidized form of
the compound.10h Note that, perhaps owing to their air-sensitive nature, only a very few metalorganic frameworks based upon iron(II) have yet been isolated.15
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 diffraction data collected
for Fe2(dobdc) indicate retention of the framework structure with no residual bound solvent (see
Figure 3.S2). Thus, desolvation converts the FeII centers of the framework from an octahedral
coordination geometry with one bound solvent molecule to a square pyramidal geometry with an
open coordination site.
Low-pressure N2 adsorption data obtained for Fe2(dobdc) at 77 K reveal a type I adsorption
isotherm characteristic of a microporous solid. The data indicate a BET surface area of 1360
m2/g (1535 m2/g Langmuir) (see Figure 3.S3). This value is significantly higher than the 920
m2/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 m2/g and 1341 m2/g reported for Ni2(dobdc)
and Co2(dobdc), respectively, indicating full evacuation of solvent molecules from the pores of
the material.16
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Figure 3.1. A portion of the crystal structure of desolvated Fe2(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.

Figure 3.2. Diffuse reflectance UV-visible-NIR spectra of methanol solvated
(red) and desolvated (green) Fe2(dobdc) and H4dobdc (gray).
3.3.2. UV-vis-NIR Spectroscopy. Figure 3.2 shows the electronic absorption spectra for
Fe2(dobdc)·4MeOH, Fe2(dobdc), and H4dobdc. The spectrum for the yellow-ochre compound
Fe2(dobdc)·4MeOH exhibits a low energy doublet with peaks at 11600 cm–1 and 7600 cm–1.
High-spin FeII centers in an octahedral symmetry are expected to show a spin-allowed transition,
5
Eg ← 5T2g, in the near infrared region,17 and in many compounds this band is split into a doublet
due to a lower symmetry ligand field, which lifts the two-fold orbital degeneracy of the 5Eg term.
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At higher energy, a broad component centered at 16000 cm–1 and a strong band with a maximum
around 21000 cm-1 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.18
Heating the solvated material at 433 K in vacuo results in removal of coordinated methanol with
the formation of five-coordinative FeII centers. The corresponding change in symmetry at the
metal site to approximately C4v strongly affects the electronic transitions, which is evident from
the spectrum of the desolvated material. In particular, the band at 21000 cm–1 slightly shifts to
lower energy, mixing with the component at 16000 cm–1 and with the d-d transition, resulting in
a strong absorption extending through 13000 cm–1. The very strong absorption maximum at 4400
cm–1 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 pseudooctahedral to square pyramidal
coordination.

Figure 3.3. Excess O2 adsorption isotherms collected for Fe2(dobdc) at 211
(orange), 226 (purple), 298 K (red) and N2 adsorption at 298 K (blue). Filled and
open circles represent adsorption and desorption, respectively.
3.3.3. O2 and N2 Adsorption. Gas adsorption isotherms indicate that Fe2(dobdc)
preferrentially binds O2 over N2 at all temperatures measured (201, 211, 215, 226, and 298 K).
As shown in Figure 3.3, the O2 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 O2 to some of the FeII centers, while the subsequent gradual increase in
adsorption is likely due to O2 physisorbed to the framework surface. Importantly, the amount of
strongly bound O2 corresponds to 0.5 molecules per iron center. Adsorption of N2 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 O2 adsorbed at 0.21 bar divided by the mass of N2
adsorbed at 0.79 bar, is 7.5. Although this selectivity factor is among the highest reported for
metal-organic frameworks, 19 room temperature O2 adsorption was found to be irreversible.
Attempts to identify conditions to release coordinated O2 by heating at temperatures of up to 473
K under dynamic vacuum ultimately lead to decomposition of the framework.
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Upon dosing Fe2(dobdc) with O2 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 O2 adsorption. Additional O2 adsorption experiments
confirmed this result. As shown in Figure 3.3, at 226 K the framework adsorbs 14.1 wt % O2 at
0.21 bar, or 0.82 O2 molecules per iron site. Although adsorption at this temperature is largely
reversible, O2 uptake decreases to 11.9 wt % after four adsorption/desorption cycles. Lowering
the adsorption temperature to 211 K results in an increased O2 uptake of 18.2 wt %,
corresponding to 1.0 molecules of O2 per iron center. The amount of O2 adsorbed at this
temperature was found to decrease only slightly to 17.5 wt % after eight adsorption/desorption
experiments. However, by cycling at a rapid rate, allowing just 2 min for adsorption and 25 min
for desorption (instead of the 4-5 h typically required for collecting a full isotherm), resulted in
no noticeable loss in adsorption capacity after 13 cycles (see Figure 3.4).

Figure 3.4. Uptake and release of O2 in Fe2(dobdc) over 13 cycles at 211 K.
Adsorption occurred within 2 min upon application of 0.21 bar of O2 and
desorption was carried out by placing the sample under dynamic vacuum for 25
min.
To predict how Fe2(dobdc) would perform as an O2/N2 separation material, ideal adsorbed
solution theory (IAST) was employed at temperatures for which O2 adsorption is reversible. The
O2 and N2 isotherms measured at 201, 211, 215, and 226 K were modeled with dual-site
Langmuir-Freundlich fits (see Figure 3.S5). Isosteric heats of adsorption calculated from these
fits indicate higher enthalpies for O2 adsorption than N2 adsorption over the entire pressure range
measured. The higher propensity of O2 to accept charge from FeII results in a larger initial
isosteric heat of –41 kJ/mol, as compared to that of N2 (–35 kJ/mol). Accordingly, Fe2(dobdc)
displays a high O2/N2 selectivity at 201, 211, 215, and 226 K. As shown in Figure 3.S6, the
selectivity ranges from 4.4 to over 11 and reaches a maximum of 11.4 at 201 K and about 0.4
bar.
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Figure 3.5. Calculated N2 (blue diamonds) and O2 (red squares) breakthrough
curves during adsorption of simulated air (O2:N2 = 0.21:0.79) by Fe2(dobdc) at
211 K.
The high O2/N2 selectivity in conjunction with the rapid and reversible cycling times, suggest
that Fe2(dobdc) warrants further consideration as an adsorbent for O2/N2 separations via a
modified vacuum-swing adsorption (VSA) process. Here, dry air is flowed over a packed bed of
Fe2(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 at 211 and 226 K to evaluate the performance of
Fe2(dobdc) for the separation of O2 from N2 at concentrations similar to those present in air (see
Figure 3.5). The methodology adopted for the breakthrough simulations has been described in
detail elsewhere.20 The x-axis in Figure 3.5 is a dimensionless time, t, obtained by dividing the
actual time, t, by the contact time between the gas and metal-organic framework crystallites,
εL/u. For a given adsorbent, under selected operating conditions, the breakthrough characteristics
are uniquely defined by t, 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 N2 quickly saturates the sample, as evidenced by the low breakthrough
time. The mole % of N2 in the outlet stream as a function of dimensionless time is presented in
Figure 3.S7. In contrast to currently employed VSA processes, in which N2 is selectively
adsorbed on the packed bed while O2 is collected, Fe2(dobdc) would selectively adsorb O2.21
Accordingly, shortly after N2 breakthrough, the gas stream is pure nitrogen while O2 is retained
by the framework. Upon O2 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 N2 and O2 the concentration of O2 quickly increases to near 100 mole % (see Figure 3.S7).
This results in a large supply of pure O2. After a majority of the O2 is removed from the
adsorber, a low-pressure flow of pure N2 would be flowed over the material to fully regenerate
the bed for subsequent cycling.
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Figure 3.6. Mössbauer spectra measured between 94 and 252 K for Fe2(dobdc)
in the presence of O2. The green doublet is attributed to high-spin FeII, while the
blue doublet corresponds to high-spin FeII/III with partial charge transfer to bound
O2. The red spectral components are attributed to high-spin FeIII with differing
environments, one of which presumably corresponds to the O22–-bound species.
3.3.4. Mössbauer Spectra. The different O2 adsorption behavior at low versus room
temperature suggests the existence of two different modes by which O2 binds to the open iron
sites in Fe2(dobdc). Mössbauer spectroscopy was employed to probe the electronic structure at
the metal center. At all temperatures, the spectra of Fe2(dobdc) in the absence of O2 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 O2, a small amount (ca. 5-15%, depending upon temperature) of
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high-spin iron(II) is still observed, presumably because a small portion of the iron(II) sites
remain unoxygenated.
As shown in Figure 3.6, the spectrum obtained in the presence of O2 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 iron(III). This suggests a
partial transfer of electron density from each of the FeII centers in the framework to form a weak
bond with an O2 species that is somewhere between the neutral molecule and superoxide. Thus,
exposure of Fe2(dobdc) to O2 at low temperatures is consistent with the formation of
Fe2(O2)2(dobdc), featuring one weakly held O2 molecule per iron atom. This is fully consistent
with the observation of a reversible adsorption of 18.2 wt % O2 at 211 K. At this point it is not
possible to determine from the Mössbauer spectral results whether the electron transfer is static
or dynamic, with an electron transfer time that is faster than the ca. 10–7 s time scale of the iron57 Mössbauer spectral experiment.
Upon warming to 222 K and above, further changes arise in the Mössbauer 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 temperature at which we first observe the
onset of and irreversible uptake of O2 uptake in gas adsorption experiments (ca. 220 K). The
change in oxidation state together with the irreversible uptake of 9 wt % O2 suggest the
formation of a compound of formula Fe2(O2)(dobdc), in which half of the FeIII centers strongly
bind a peroxide anion. Note that, consistent with the presence of at least two different
coordination environments, one with O22– bound and one without, fitting the spectra requires the
use of at least two doublets for the iron(III) components.
The temperature dependence of the quadrupole splitting of main spectral components
observed for the framework in the presence of O2, corresponding to the FeII centers in
Fe2(dobdc), the FeII/III centers in Fe2(O2)2(dobdc), and the FeIII centers in Fe2(O2)(dobdc), is in
agreement with the Ingalls model,22 the quadrupole splitting of the square pyramidal high-spin
FeII center in Fe2(dobdc) decreases the most with increasing temperature, a decrease that results
from changes in the electronic population of the 3dxy, 3dxz, and 3dyz 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 Mössbauer spectral absorption area of Fe2(dobdc), is well fit
with the Debye model for a solid23 and yields a Debye temperature, ΘD, of 225(7) K, a value that
is reasonable for the compound. Overall, the Mössbauer data point to a situation where, as a
sample of Fe2(dobdc) is warmed under O2, 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.
3.3.5. Infrared Spectra. The presence of various Fe-O2 adducts as a function of temperature
should also be apparent by infrared spectroscopy. Spectra collected in transmission mode on thin
films of Fe2(dobdc) (see Figure 3.7, green), reveal a number of framework vibrations below 1300
cm–1. The reactivity of Fe2(dobdc) towards O2 was followed at both room temperature and near
100 K. Oxygenation of Fe2(dobdc) at low temperature gives rise to the blue spectrum in Figure
3.7, and the most relevant changes are evident in the difference spectrum shown in magenta.
New bands are seen at 1129, 541, and 511 cm–1, while significant shifts are seen in the
frameworks bands originally at 1250, 1198, and 580 cm–1 (causing negative components in the
difference spectrum). The component at 1129 cm–1 is assigned to υ(O-O) of a partially-reduced
(near superoxo) O2 species coordinated to FeII/III sites. The first overtone for this stretching mode
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is also clearly visible at 2238 cm–1. The band at 541 cm–1 is associated with the Fe-O2 vibration
of the of this species, whereas the band at 511 cm–1 is attributed to an Fe-Olinker mode of the
framework, reflecting the O2 adsorption induced modification in Fe-Olinker bonds. 24 The
interaction with O2 at low temperature is completely reversible by applying vacuum to the
sample cell.

Figure 3.7. Infrared spectra obtained for Fe2(dobdc) in the absence of O2 at room
temperature (green) and upon dosing with 30 mbar of O2 at room temperature
(black) and at a low temperature near 100 K (blue). Difference spectra between
the bare and O2-dosed materials at low and room temperature are shown in
magenta and gray, respectively.
Oxygenation of Fe2(dobdc) at room temperature gives rise to the black spectrum depicted in
Figure 3.7, which can be explained in terms of the formation of a peroxo species coordinated to
FeIII centers.25 The main features in this case are a peak at 790 cm–1, due to a υ(O-O) vibrational
mode, and a pair of peaks at 697 and 670 cm–1, arising from the peroxo ring modes of the Fe-(η2O2) unit. The peaks at 550 cm–1 and 507 cm-1 are further assigned to the υasym and υsym modes of
the iron-oxygen bond of the peroxo species. Similar features are more clearly visible in the ATR
spectrum of an oxidized sample. Small changes are also visible in the Raman spectrum of the
sample upon O2 interaction (see Figure 3.S8). Overall, the vibrational spectra are fully consistent
with the model already developed from interpretation of the O2 adsorption data and Mössbauer
spectra.
3.3.6 Structures via Neutron Powder Diffraction. Powder neutron diffraction data provide
direct structural details of the means by which O2 and N2 interact with Fe2(dobdc) (see Figure
3.8). Initial data collected on an evacuated sample of Fe2(dobdc) confirm the presence of
accessible FeII 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 surrounding
dobdc4– ligands. Note that the arrangement of framework O donor atoms is the same in each
depiction shown in Figure 3.8.
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Figure 3.8. First coordination spheres for the iron centers within Fe2(dobdc) and
its O2 and N2 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 N2 at 100 K (upper right), dosed with O2 at 100 K (lower left),
and dosed with O2 at 298 K (lower right). All diffraction data were collected
below 10 K. Values in parentheses give the estimated standard deviation in the
final digit of the number.
A Rietveld refinement was performed against data collected for a sample of Fe2(dobdc) that
was cooled to 100 K, dosed with two equiv of O2 per iron, and then cooled to 4 K. Three
different O2 adsorption sites are evident in the resulting model. The highest occupancy site, with
a refined occupancy of 0.917(8) O2 molecules per iron, is located at the open iron coordination
position. Significantly, the O2 molecule binds in a symmetric side-on coordination mode, with
Fe-O distances of 2.09(2) and 2.10(1) Å. The O-O separation of 1.25(1) Å lies between the
internuclear distances observed for free O2 (1.2071(1) Å)26 and typical of an O2– superoxide unit
(1.28 Å).4 This again is consistent with only partial reduction of O2 under these conditions.
Although symmetric side-on coordination of superoxide and peroxide to other transition metals
has been reported27 this represents, to the best of our knowledge, the first crystallographic
evidence of non-bridging side-on binding of any dioxygen species to iron in a non-enzyme
system.28 The second and third O2 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 Å from the iron
center and organic linker, indicating weak dispersive type interactions between the adsorbate and
the framework walls.
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Rietveld refinement performed against data collected on a sample of Fe2(dobdc) that had
been dosed with an excess of O2 at room temperature, evacuated, and subsequently cooled to 4 K
was also performed. The data were best fit by a model in which O2 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-O distance to 1.6(1) Å, consistent with a two-electron reduction of O2 to
peroxide. With an Fe-O2 centroid distance of 2.26(1) Å, the peroxide unit also appears to have
slipped substantially towards one of the bridging ligands. This type of coordination of peroxide
has been observed previously in naphthalene dioxygenase28a and has also been proposed based
upon spectroscopic evidence for a number of non-heme iron complexes.29
Neutron powder diffraction data were further collected on a sample of Fe2(dobdc) dosed with
0.5, 1.0, and 2.0 equiv of N2 dosed at 80 K. Upon dosing with approximately 0.5 equiv of N2, 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) Å. The N-N distance of
1.133(15) Å is slightly longer than the N-N distance of free nitrogen (1.0977(1) Å).30 Additional
N2 uptake reveals a second site that runs more parallel to the pore walls, with N···O contacts
between 3.4 and 3.6 Å. The close N2-framework interactions are the origins of the relatively high
enthalpy for adsorption. The metal-specific interactions, however, are clearly much weaker than
for O2, which results in interaction of both atoms with the metal, electron transfer, and a
significant compression of the unit cell upon adsorption.
The differences in how O2 binds to iron within Fe2(dobdc) at low versus high temperatures
suggests that the framework undergoes electron transfer processes similar to those reported for
nonheme iron-containing enzymes.31 In these systems, O2 typically progresses through a number
of electron transfer steps starting with superoxo and peroxo. In the case of Fe2(dobdc) at low
temperature, each iron shares one of its electrons with a single O2 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 O2 molecule, the first presumably 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.
3.4. Outlook and Conclusions
The foregoing results demonstrate the ability of Fe2(dobdc), a new microporous metalorganic framework with open iron(II) coordination sites, to selectively bind O2 over N2 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 O2 from air at temperatures as high as 226 K. This is
substantially higher than the cryogenic temperatures currently used to separate O2 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 O2 is no longer possible. Efforts are underway to
synthesize related metal-organic frameworks with an increased activation barrier for the
formation of peroxide, thereby generating a high-capacity O2 separation material that can operate
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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.
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Figure 3.S1. Comparison between the powder X-ray diffraction patterns of assynthesized Fe2(dobdc) (green), Zn2(dobdc) (red), and Mg2(dobdc) (blue).

Figure 3.S2. Rietveld refinement of the experimental neutron diffraction pattern
of desolvated Fe2(dobdc). The calculated pattern (red line) is in good agreement
with the experimental data (crosses) as evidenced by the difference pattern (blue
line).
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Figure 3.S3. N2 adsorption in Fe2(dobdc) at 77 K.

Figure 3.S4. TGA of Fe2(dobdc) under N2.
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Figure 3.S5.
Dual-site Langmuir-Freundlich fits for Oxygen (left) and Nitrogen
!
(right) adsorption
in Fe2(dobdc). The continuous solid lines are the dual-site
!!!
!
Langmuir-Freundlich
fits.
!
!
!
!
!
!
!
!
!
Figure!S3a.!TGA!of!Fe2(dobdc)!under!N2.!
!

Figure 3.S6. O2/N2 selectivity as a function of pressure at 201 K (blue), 211 K
(black), 214 K (green), and 226 K (red).

	
  

	
  

38	
  

	
  

Figure 3.S7. Calculated N2 breakthrough curve during adsorption of simulated air
(O2:N2 = 0.21:0.79) by Fe2(dobdc) at 211 K (left). Calculated O2 breakthrough
curve during the desorption step of the vacuum-swing adsorption process at 211 K
(right).

Figure 3.S8. Raman spectra collected with 512 nm laser at 5% of power on
sample in a cell cooled by liquid nitrogen. Spectra of activated Fe2(dobdc) (green
curve); partially oxidized sample (black curve); effect of 40 mbar of oxygen on
activated sample (red curve).Raman spectra have been collected on the sample
cooled with a liquid nitrogen flux in order to reduce the laser damaging effects. In
this case a band at 630 cm-1 is the most evident feature of the formation of a
peroxo species. Smaller bands at 674 and 729 are also visible.
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Table 3.S1. Mössbauer Spectral Parameters for Fe2(dobdc) Obtained Before and After Oxygenationa
T,

d,
b

DEQ,

G,

mm/s

mm/s

Area,

Absolute Area,

%

(%e)/(mm/s)

Assignment

K

mm/s

296

1.094(3)

2.02(1)

0.30(1)

100

-

Fe2(dobdc)

94

1.208(1)

2.430(1)

0.289(1)

91.48(2)

16.09(1)

Fe2(dobdc)

1.292(1)

2.860(1)

0.289(1)

5.12(1)

-

Fe2(dobdc)

1.070(1)

0.219(2)

0.468(2)

3.40(1)

-

Fe2(dobdc)

0.772(1)

0.624(2)

0.320(2)

86.4(7)

17.50(14)

1.24(1)

2.57(2)

0.52(3)

13.6(7)

-

114

0.768(1)
1.19(1)

0.651(2)
2.51(2)

0.303(2)
0.49(4)

86.3(8)
13.7(8)

17.06(15)
-

Fe2(O2)2(dobdc)
Fe2(dobdc)

193

0.734(1)

0.539(1)

0.304(1)

85.7(8)

13.93(10)

Fe2(O2)2(dobdc)

1.11(1)

2.24(3)

0.66(4)

14.3(8)

-

0.732(1)

0.523(1)

0.305(2)

85.1(8)

13.35(11)

1.07(1)

2.22(3)

0.74(5)

14.9(8)

0.735(1)

0.518(1)

0.324(2)

84.6((8)

1.06(1)

2.22(3)

0.73(5)

15.4(8)

0.55(1)

1.31(3)

0.35(5)

5.3(7)

-

Fe2(O2)(dobdc)

0.739(1)

0.509(2)

0.318(2)

81(1)

12.11(11)

Fe2(O2)2(dobdc)

1.04(1)

2.18(2)

0.75(7)

14(2)

-

c

94

203

212

222

242

252

c

1.21(2)

c

0.91(3)

c

71(1)

0.725(3)

0.50(2)

0.32(2)

23(1)

1.03(1)

2.10(2)

0.619(5)

0.454(1)

c

1.00(1)
298

0.415(5)

c

0.84(3)
94

d

298

d

1.449(6)

0.47(3)
0.41(1)

c

94.4(1)

2.93(6)

0.50(1)

5.6(1)

1.24(1)

1.395(4)

2.52(1)

0.427(1)

94.4(3)

c

1.200(1)

c

0.502(4)

6(1)
c

2.87(2)

c

0.497(1)

0.52(2)
c

1.153(1)

c

0.389(1)

5.6(3)

c

0.34(1)
c

0.388(1)

c

93.6(1)

13.00(10)

94.4(1)

Fe2(O2)2(dobdc)
Fe2(O2)2(dobdc)

Fe2(dobdc)

11.80(11)

Fe2(O2)(dobdc)

-

Fe2(O2)2(dobdc)

-

Fe2(dobdc)

11.49(4)

10.91(11)

19.83(4)

6.4(1)
c

Fe2(dobdc)

Fe2(dobdc)

c

Fe2(dobdc)

Fe2(dobdc)

c

Fe2(O2)2(dobdc)

Fe2(O2)(dobdc)
Fe2(dobdc)
Fe2(O2)(dobdc)
Fe2(dobdc)
Fe2(O2)(dobdc)
Fe2(dobdc)

c

12.56(1)

Fe2(O2)(dobdc)

0.922(3)
2.93(1)
0.45(1)
5.6(1)
Fe2(dobdc)
The parameters are listed in the order of measurement and the statistical fitting errors are given in parentheses. The
total errors are two to three times larger. bThe isomer shifts are given relative to 295 K a-iron foil. cThe weighted
average of or sum of the three components. dObtained after heating to 298 K.
a
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Chapter 4: Hydrocarbon Separations in a Metal-Organic Framework with
Open Iron(II) Coordination Sites
4.1. Introduction
As a consequence of the similar sizes and volatilities of the molecules, separations of
olefin/paraffin mixtures, such as ethylene/ethane and propylene/propane, must currently be
performed at low temperatures and high pressures, and are among the most energy-intensive
separations carried out at large scale in chemical industry.1 Because these gas mixtures are
produced by cracking long-chain hydrocarbons at elevated temperatures, a substantial energy
penalty arises from cooling the gases to the low temperatures required for distillation. Thus,
tremendous energy savings could be realized if materials enabling the efficient separation of
olefins and paraffins at higher temperatures (than currently used in distillation) and atmospheric
pressure were achieved. Competing approaches toward this end include membrane designs,2
organic solvent-based sorbents,3 as well as porous solid adsorbents featuring selective chemical
interactions with the carbon-carbon double bond in olefins. In this latter category, metal-organic
frameworks (MOFs), which offer high surface areas, adjustable pore dimensions, and chemical
tunability, have received considerable attention as adsorbents in gas storage and gas separation
applications, with particular emphasis on the dense storage of methane4,5 and hydrogen,6,7 and on
the efficient removal of carbon dioxide from flue gas8 and natural gas deposits.9,10 More recently,
the potential utility of these porous structures for the separation of hydrocarbon mixtures has
been exposed,11,12,13,14,15 specifically for the separation of ethylene/ethane and propylene/propane
mixtures. The work presented in this chapter shows that Fe2(dobdc) a metal-organic framework
with exposed iron(II) coordination sites exhibiting high olefin/paraffin selectivities, can be used
for the separation of ethylene/ethane and propylene/propane. Furthermore, simulations that are
validated by the experimental work presented here allow us to predict that this framework may
be further capable of removing acetylene from the ethylene produced by a naphtha cracker and
fractionating a methane/ethane/ethylene/acetylene mixture into its pure components. These
simulations further predict that Fe2(dobdc) exibits higher adsorption selectivities and
hydrocarbon separation capacity than an number of recently reported solid adsorbents.
4.2. Experimental
4.2.1. Synthesis and Low-Pressure Gas Adsorption Measurements. The synthesis of
Fe2(dobdc) was performed as previously reported.20 For all gas adsorption measurements 200225 mg of Fe2(dobdc)·4MeOH was transferred to a pre-weighed glass sample tube under an
atmosphere of nitrogen and capped with a Transeal. Samples were then transferred to
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 µbar/min. Evacuated tubes containing degassed samples were then
transferred to a balance and weighed to determine the mass of sample, typically 150-175 mg.
The tube was transferred to the analysis port of the instrument where the outgas rate was again
determined to be less than 2 µbar/min at 433 K. All measurements were performed using a
recirculating dewar connected to an isothermal bath. For acetylene adorption 99.5 % purity gas
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was used while 99.99% or higher purity gases were used for methane, ethane, ethylene, propane,
and propylene.
4.2.2. Differential Scanning Calorimetry. Thermal analysis was performed on a TA
Instruments Q200 differential scanning calorimeter equipped with a refrigerated cooling system
(RCS40). Through the sample cell 100 % ethylene, propylene, or acetylene were flowed over
hermetically sealed T-Zero aluminum pans that had been pierced under an argon atmosphere.
An empty T-Zero pan provided the reference for thermal analysis. Integrated heats were
calculated with TA Instruments Universal Analysis software suite.
4.2.3. Magnetic Measurements and Susceptibility Fitting Details. Magnetic data were
collected using a Quantum Design MPMS-XL SQUID magnetometer. Measurements on
Fe2(dobdc) were obtained with finely ground microcrystalline powders restrained with a plug of
glass wool within a sealed quartz tube. No effects of crystallite torqueing were observed.
Preparation of the gas-loaded samples was accomplished by attaching a sample of pure
Fe2(dobdc), loaded in a quartz tube, to a Micromeritics ASAP 2020 Surface Area and Porosity
Analyzer. The pressure of the atmosphere of the sample tube was then adjusted to 1 bar of the
specific hydrocarbon gas, the tube cooled in liquid N2, and sealed with a hydrogen flame. Dc
susceptibility measurements were collected in the temperature range 2-300 K under a dc field of
1000 Oe. To avoid possible effects due to flash-freezing of the samples and the sealed gasses, all
samples were cooled slowly from 300 to 2 K during the course of the measurement. Dc magnetic
susceptibility data were corrected for diamagnetic contributions from the sample holder and glass
wool, as well as for the core diamagnetism of each sample (estimated using Pascal’s constants).
The temperature dependence of the magnetic susceptibility of the framework was modeled as
a chain of Heisenberg spins interacting 16 with three other chains in the molecular field
approximation.17 This is represented via the following Hamiltonian:

Here, J represents the intrachain Fe-Fe superexchange coupling constant, SFe(i) and SFe(i+1) the
spin operators for the Fe ions of the chain, MSFe(i) corresponds to the magnetic moment of the
Fe(i) spin, B is the applied field, z the number of interacting nearest-neighbors, J’ the interchain
coupling constant, and <SFe> the mean value of the Sz component of the SFe operator. In section
of the crystal structures reveals that each Fe-chain has 3 other chains to which it is connected.
Therefore, z has been set to 3 for all fits. The equation used to fit the variable temperature
magnetic susceptibility data, derived from the Hamiltonian above, is:
where:
Here, k is the Boltzmann constant, giso is the isotropic Landé g-factor, J is the intra-chain
exchange-coupling constant, and T is the temperature.
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4.2.4. Neutron Powder Diffraction Data. Neutron powder diffraction measurements of the
bare and hydrocarbon-loaded Fe2(dobdc) were performed on the Echidna instrument18 located at
the Bragg Institute of the Australian Nuclear Science and Technology Organisation (ANSTO).
An activated 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 highresolution diffractometer was configured with a Ge(311) monochromator using a take-off angle
of 140° with no collimation at the monochromator and fixed tertiary 5' collimation, resulting in a
wavelength of 2.4406 Å. Diffraction data were collected at ≈9 K for the evacuated framework
and with specified loadings between 0.5 and 1.0 deuterated hydrocarbons per Fe2+. The
hydrocarbons were loaded in to the sample with the cryostat and sample initially at 300 K. The
material was allowed to reach an equilibrium pressure and then slowly cooled to ensure total
adsorption as determined by a zero pressure reading on a pressure gauge above the freezing point
of the gas. Between adsorption of different hydrocarbons the sample was heated to 300 K in-situ
and evacuated with a further ex-situ heating/evacuation at 375 K for a period of at least one hour
and a stable pressure reading of ≈1e-6 mbar. Data were integrated over a central region of pixels
(45 to 73 out of 128) for the position sensitive detectors.
Neutron powder diffraction data were analyzed using the Rietveld method as implemented in
EXPGUI/GSAS.19 The activated Fe2(dobdc) model was refined with all structural and peak
profile parameters free to vary. Fourier difference methods were employed to locate the adsorbed
hydrocarbon molecules for subsequently collected data, which were then modeled using
individual atoms whose fractional occupancy and isotropic atomic displacement parameter
(ADP) were constrained to be the same within each molecule. Further, structural features
including bond angles and distances of the adsorbed molecules were initially restrained to values
expected for the ideal hydrocarbon. With the exception of propane, once a good structural model
was obtained the restrained bond distances and angles were allowed to vary. For the propane
adsorbed Fe2(dobdc), the hydrocarbons appear to have some orientational disorder with respect
to the open metal center. This could be the result of intermolecular interactions between
neighboring adsorbed molecules at loadings above 0.5 per Fe2+, as this molecule now occupies a
significant portion of the pore volume. While the model was refined with multiple orientations of
the hydrocarbon, no significant improvements in the structural refinement were possible, and we
opted to refine the model with anisotropic displacement parameters to capture the distribution of
atomic positions.
4.2.5. Dual-Langmuir-Freundlich Fits of Pure Component Isotherms. The measured
experimental data on pure component isotherms for methane, acetylene, ethylene, ethane,
propane, and propylene in Fe2(dobdc) were first converted to absolute loading using the PengRobinson equation of state for estimation of the fluid densities. The pore volume of Fe2(dobdc)
used for this purpose was 0.626 cm3/g. The pure component isotherm data for acetylene,
ethylene, ethane, propane, and propylene in Fe2(dobdc), expressed in terms of absolute loadings,
were fitted with the dual-Langmuir-Freundlich isotherm model:
ν

qi = qi , A,sat
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ν

+ qi ,B,sat

bi ,B pi i ,B
ν

1 + bi ,B pi i ,B

Where qi,sat is the saturation capacity and bi Langmuir-Freundlich parameters. For adsorption of
methane in Fe2(dobdc) a single-site Langmuir model was sufficiently good for fitting purposes.
Figure 4.S1 shows the pure component isotherm data for methane in Fe2(dobdc) at 318 K, 333 K,
and 353 K, in terms of absolute molar loadings.
4.2.6. Isosteric Heat of Hydocarbon Adsorption. Isosteric heat of adsorption defined as:

⎛ ∂ ln p ⎞
Qst = RT 2 ⎜
⎟
⎝ ∂T ⎠ q
was determined using the pure component isotherm fits. Figure 4.S3 presents data on the loading
dependence of Qst for adsorption of methane, acetylene, ethylene, ethane, propane, and
propylene in Fe2(dobdc). The heat of adsorption of the alkenes is significantly higher than that of
the corresponding alkane at loadings lower than 5 mol/kg. The Qst for alkenes show a significant
reduction as the loadings approach that corresponding to 1 molecule of alkene per Fe atom in the
Fe2(dobdc) framework; this corresponds to a molar loading of 6.5 mol/kg.
4.2.7. IAST Calculations of Adsorption Selectivities.
Using the pure component isotherm fits, the adsorption selectivities defined by

S ads =

q1 q2
p1 p2

can be determined using the Ideal Adsorbed Solution Theory (IAST) of Myers and Prausnitz.26
Figure 4.S4 shows the IAST calculations of the adsorption selectivity, Sads, for equimolar
ethylene/ethane mixtures. It is also to be noted that the NaX selectivity at 298 K is higher than at
323 K. This is the trend that is valid for any porous material; the Sads decreases with increasing T.
The selectivities with Fe2(dobdc) are higher than for both Mg2(dobdcc) and NaX zeolite over the
entire range of pressures.
Figure 4.S4 shows the IAST calculations of the adsorption selectivity, Sads, for equimolar
propylene/propane mixtures in a variety of porous materials. In comparing the separation
performance of Fe2(dobdc) with other porous materials. At total gas pressures greater than 50
kPa, the hierarchy of adsorption selectivities is ITQ-12 (at 300 K) > Fe2(dobdc) (at 318 K) >
Mg2(dobdc) (at 318 K) ≈ NaX (at 318 K) > Cu3(btc)2 (at 318 K) > Cr3(btc)2 (at 308 K) >
FeMIL-100 (at 303 K). We shall see later that the production capacities of propylene and
propane in adsorber are not dictated solely by the adsorptions selectivities.
4.2.8. Simulations of Breakthrough of Propylene/Propane Mixtures in a Packed Bed
Adsorber. Breakthrough experiments were carried out in a 4 mm tube packed with Fe2(dobdc)
crystallites. The sample material of 375 mg was packed within 120 mm of the tube length, i.e. L
= 0.12 m. The volume of the adsorber tube is 1.508 mL. The framework density of Fe2(dobdc) is
1126 kg/m3. The 375 mg sample occupies a volume of 0.333 mL. Therefore the porosity of the
adsorber bed is € = 1-0.333/1.508 = 0.779. The breakthrough experiments with ethylene/ethane,
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and propylene/propane were performed at a temperature of 318 K and atmospheric pressure
conditions. The flow rates of the entering alkane/alkene was maintained at 1 mL/min each. The
superficial gas velocity, u, at the entrance of the tube corresponds to 0.00265 m/s. The
characteristic contact time between the gas and the Fe2(dobdc) crystallites, €L/u = 35.25 s.
Typical breakthrough characteristics for propylene/propane mixture are shown in Figure 4.S6.
The x-axis is a dimensionless time, t, obtained by dividing the actual time, t, by the contact time
between the gas and the crystallites, €L/u.
The first task is to demonstrate that the breakthrough characteristics can be simulated with
reasonable accuracy with the following set of assumptions.
(1)
(2)
(3)
(4)
(5)

Isothermal conditions can be assumed to prevail throughout the bed.
Thermodynamic equilibrium can be assumed to prevail at any location within the packed
adsorber bed.
The binary mixture adsorption equilibrium in the packed bed of Fe2(dobdc) crystallites
can be calculated using the IAST.
Plug flow of gas mixture along the bed.
Intra-crystalline diffusion can be considered to be negligible. This is a reasonable
assumption for the 1 nm channels of Fe2(dobdc) crystallites.

With the above set of assumptions, the breakthrough characteristics require the solution of a set
of partial differential equations:

∂q
1 ∂p i
1 ∂ (up i )
ε
=−
− (1 − ε )ρ i ; i = 1,2,...n
RT ∂t
RT ∂z
∂t
using the numerical procedure described in the work of Krishna and Long.25 For T = 318 K, and
partial pressures of propylene and propane at the gas inlet maintained at p10 = p20 = 50 kPa.
Having established the potency of breakthrough simulations in reproducing the separation
characteristics of the alkane/alkene adsorber, we proceed further in using such simulations for
quantitative evaluation of the separation characteristics of Fe2(dobdc), along with other
materials. From the breakthrough compositions the (dimensionless) time interval Dtads, during
which the exit gas compositions has a purity of 99% propane, can be determined. This purity
specification has been chosen arbitrarily. From a mass balance on the adsorber, the amount of
99% pure propane produced in this time interval can be determined. The production capacities
expressed as the amount of propane produced, with 99%+ purity, per L of Fe2(dobdc), for a
range of total pressures at the inlet to the adsorber are shown in Figure 4.S8 along with the the
propane production capacities of ITQ-12 (at 300 K), NaX (at 318 K), Cu3(btc)2 (at 318 K),
Cr3(btc)2 (at 308 K), and FeMIL-100 (at 303 K). It is to be noted that for FeMIL-100, the
pressures range to 20 kPa because the isotherm fits are only valid for this range. For a fair
comparison of separation characteristics, the volume of adsorbent used in the tube is held
constant at the value corresponding to that used for Fe2(dobdc); this corresponds to 0.333 mL in
the 4 mm tube of packed length 120 mm. The masses of the adsorbent materials are determined
by the framework densities: ITQ-12: 1792 kg m-3; NaX: 1421 kg m-3, Cu3(btc)2: 878 kg m-3,
Cr3(btc)2: 828kg m-3, and FeMIL-100: 593 kg m-3 .
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After the adsorption phase is complete, the contents of the bed are desorbed. The desorption
can be done by purging the contents of the bed with inert, non-adsorbing, gas. The transient
desorption characteristics of the bed, for which the bed constants correspond to the end of the
adsorption cycle in Figure 4.S6. From the desorption characteristics, we note that there is a time
interval Dtdes, during which the exit gas compositions has a purity of 99.5% propylene. This
purity specification corresponds to that of polymer-grade propylene. From a mass balance on the
adsorber, the production capacity of polymer-grade propylene can be determined. The
production capacities expressed as the amount of propylene produced, with 99.5%+ purity, per L
of Fe2(dobdc), for a range of total pressures at the inlet to the adsorber are shown in Figure 4.S8
for various materials. From this plot we note that the polymer-grade propylene production
capacity of Fe2(dobdc) is higher than that of any other material. Mg2(dobdc) has a slightly lower
productivity than Fe2(dobdc), and the reason for this can be traced to a lower adsorption
selectivity. The severe capacity limitation of ITQ-12 is the reason for its remarkably lower
productivity, despite have the highest adsorption selectivity, Sads. The capacity limitation of ITQ12 is due to its extremely low pore volume, 0.134 cm3/g.
4.2.9. Simulations of Breakthrough of Ethylene/Ethane Mixtures in a Packed Bed
Adsorber. For separation of ethylene/ethane mixtures using Fe2(dobdc) the simulations of the
breakthrough characteristics were of the adsorption and desorption cycles are shown in figure
4.S7. From these transient characteristics, the production capacities for ethane (arbitrarily chosen
to be 99% purity), and ethylene (polymer-grade with 99.5%+ purity) can be determined from a
mass balance over the adsorber for the time intervals Dtads, and Dtdes indicated in Figure 4.S9.
The production capacities expressed as the amount of ethane, and ethylene, per L of adsorbent
material, for a range of total pressures at the inlet to the adsorber are shown in Figure 4S9. We
note that the production capacities with Fe2(dobdc) are nearly double that of both Mg2(dobdc)
and NaX zeolite.
4.3. Results and Discussion
The redox-active metal-organic framework Fe2(dobdc) (dobdc4– = 2,5-dioxido-1,4benzenedicarboxylate), also referred to as Fe-MOF-74 or CPO-27-Fe, was selected for testing in
separating olefin/paraffin mixtures owing to its previously demonstrated ability to bind O2 at the
iron centers in a side-on fashion.20 This framework displays a BET surface area of 1350 m2/g and
11-Å wide channels lined with square pyramidal Fe2+ cations, each with an open coordination
site accessible to incoming adsorbate molecules (see Fig. 4.1). With a compact tetra-anionic
bridging ligand, the structure features a unprecedented high surface density of 2.9 FeII
coordination sites available per 100 Å2 on its surface, with spacings of just 6.84(1) and 8.98(2) Å
between iron atoms along and around a channel, respectively. Thus, it appears to provide a near
optimal platform for the high-capacity adsorption of small olefins, such as ethylene and
propylene. Furthermore, the Mg2+ or Co2+ analogues of this structure type have recently been
shown to display selective adsorption for olefins over paraffins.21,22 The higher surface area and
softer metal character of Fe2(dobdc) as compared to the recently reported materials should lend
both higher selectivity and capacity to the iron(II) framework.
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Figure 4.1. Top: A portion of the solid state structure of Fe2(dobdc)·2C2D4 as
determined by analysis of powder neutron diffraction data; orange, red, gray, and
blue spheres represent Fe, O, C, and D atoms, respectively. The view is along the
[001] direction, and shows an ethylene molecule bound to the open coordination
site at each iron(II) center. Bottom: H4(dobdc) ligand and the first coordination
spheres for the iron centers in the solid state structures obtained upon dosing
Fe2(dobdc) with acetylene, ethylene, ethane, propylene, and propane.
To investigate the ability of Fe2(dobdc) to adsorb light hydrocarbons, pure component
equilibrium adsorption isotherms for methane, ethane, ethylene, acetylene, propane, and
propylene were measured at 318, 333, and 353 K. Figure 4.2 shows the data obtained at 318 K,
with the remaining data presented in figure 4.S1. As evidenced by the initial steep rise in the
isotherms, Fe2(dobdc) displays a strong affinity for the unsaturated hydrocarbons acetylene,
ethylene, and propylene. Additionally, the uptake of these gases at 1 bar approaches the
stoichiometric quantity expected if one gas molecule is adsorbed per iron(II) center. The
propane and ethane adsorption capacities under these conditions, though lower than those of their
unsaturated counterparts, are both significantly higher than observed for methane, which has a
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lower polarizability and a smaller kinetic diameter. Importantly, all of the isotherms are
completely reversible and exhibit no hysteresis. Further equilibrium adsorption experiments at
318 K (Figure 4S5) indicate no loss in olefin uptake capacity 15 ethylene adsorption/desorption
cycles. Additionally, no loss in propylene uptake was observed after 40 adsorption/desorption
cycles as verified by thermogravimetric analysis (Figure 4S5).

Figure 4.2. Top: Gas adsorption isotherms for methane, ethane, ethylene, and
acetylene (a) and for propane and propylene (b) in Fe2(dobdc) at 318 K; filled and
open circles represent adsorption and desorption data, respectively. The
adsorption capacities at 1 bar correspond to 0.77, 5.00, 6.02, 6.89, 5.67, and 6.66
mmol/g, respectively. Bottom: Experimental breakthrough curves for the
adsorption of equimolar ethane/ethylene (c) and propane/propylene (d) mixtures
flowing through a 1.5 mL bed of Fe2(dobdc) at 318 K with a total gas flow of 2
mL/minute at atmospheric pressure. After breakthrough of the olefin and return
to an equimolar mixture composition, a nitrogen purge was applied, leading to
desorption of the olefin.
Powder neutron diffraction experiments were carried out to determine the nature of the
interactions of these adsorbate molecules within Fe2(dobdc). In a typical experiment, Fe2(dobdc)
was dosed with deuterated gas at 100 K and cooled to 4 K for data collection. Rietveld
refinements were performed against these data to provide the structural models presented in
Figure 4.1. We recently employed this technique to investigate the coordination of dioxygen to
the iron centers of this material.20 Analogous to these previous results, only one adsorption site is
apparent, corresponding to the open coordination site of the exposed Fe2+ cations, upon dosing
sub-stoichiometric equivalents of gas per framework iron. The unsaturated hydrocarbons
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acetylene, ethylene, and propylene indeed display the anticipated side-on binding modes, with
Fe−C distances lying in the range 2.42(2) to 2.60(2) Å. These distances are substantially longer
than the separations of 2.020(5) to 2.078(4) Å observed for the diamagnetic complex
[Fe(C2H4)4]2–, one of the very few iron(II)-olefin species to be structurally characterized
previously.23 The difference suggests that the metal centers within Fe2(dobdc) maintain a highspin electron configuration when binding these gases, consistent with weaker interactions that
can be reversed with little energy penalty. The interactions of both ethane and propane with the
metal cations in Fe2(dobdc) are weaker, as evidenced by the elongated Fe-C distance of
approximately 3 Å. This is in good agreement with the Mg-C distance reported for methane
adsorption in Mg2(dobdc), a system in which the metal-adsorbate interactions are also a result of
ion-induced dipole interactions between coordinatively-unsaturated metal cations and
hydrocarbon deuterium atoms.24

Figure 4.3. Variable-temperature magnetic susceptibility data in an applied field
of 1 kOe for samples of Fe2(dobdc) in a vacuum (bare) and under 1 bar of the
indicated hydrocarbon. Black lines represent fits to a Hamiltonian derived using
the Fisher model for a one-dimensional chain of exchange-coupled S = 2 ions
with an additional term to account for interchain coupling.
Variable-temperature magnetic susceptibility measurements were performed to probe the
electronic state of the iron centers in Fe2(dobdc) upon gas binding. As shown in Figure 4.3,
Fe2(dobdc) itself displays a χMT value of 6.40 cm3K/mol at 300 K, which gradually rises as the
temperature decreases before turning over and dropping sharply below 28 K. The behavior is
consistent with the presence of high-spin (S = 2) iron(II) centers exhibiting weak (J = 4.1(1) cm–
1
) ferromagnetic coupling along the oxo-bridged chains running parallel to the c axis, together
with still weaker antiferromagnetic coupling between chains. Under a pressure of 1 bar of
methane, ethane, ethylene, acetylene, propane, or propylene, the high-spin electron configuration
of the iron(II) centers is maintained, but the nature of the magnetic exchange along the chains is
altered to varying extents. Weakly interacting adsorbates, such as methane, ethane, and propane,
slightly diminish the strength of the ferromagnetic exchange, whereas the more strongly
interacting propylene, ethylene, and acetylene, perturb the electron density at the iron(II) centers
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sufficiently to reverse the nature of the intrachain coupling from ferromagnetic to
antiferromagnetic. Moreover, the J values resulting from the fits to the data provide a qualitative
measure of the adsorbate binding energy, suggesting that the strength of the iron(II)-hydrocarbon
interactions increase along the series methane < ethane < propane < propylene < acetylene <
ethylene.
The strength of hydrocarbon binding within Fe2(dobdc) was determined quantitatively
through analysis of the gas adsorption data. The data for acetylene, ethylene, ethane, propane,
and propylene, expressed in terms of absolute loadings, were fitted with the dual-LangmuirFreundlich isotherm model, whereas methane adsorption data were fitted with a single-site
Langmuir model.25 Isosteric heats of adsorption were then calculated from the fits to compare
the binding enthalpies of these gases under various loadings (see Fig. S3). Heats of adsorption
for acetylene (–47 kJ/mol), ethylene (–45 kJ/mol), and propylene (–44 kJ/mol) show a significant
reduction as the loading approaches the value corresponding to one gas molecule per iron(II)
center, again consistent with the exposed metal cations presenting the strongest adsorption sites
in the material. Propane (–33 kJ/mol), ethane (–25 kJ/mol), and methane (–20 kJ/mol)
adsorption enthalpies are all considerably lower in magnitude, with the trend reflecting the
decreasing polarizabilities of these molecules from propane to ethane to methane.
Adsorption selectivities were calculated using ideal adsorbed solution theory (IAST)26 using
the fitted isotherms of the experimental isotherm data for relevant gas mixtures in Fe2(dobdc)
and a number of other porous materials for which analogous gas uptake properties have been
reported (see Figure 4.S4). For an equimolar mixture of ethylene and ethane at 318 K, the
adsorption selectivities obtained for Fe2(dobdc)13-22 are significantly greater than those calculated
for either zeolite NaX or the isostructural metal-organic framework Mg2(dobdc), which display
selectivities of 9-14 and 4-7, respectively.27 The latter result is consistent with the softer
character of Fe2+ relative to Mg2+, leading to a stronger interaction with the π electron cloud of
the olefin. Similarly, in comparing the performance of Fe2(dobdc) with other porous materials
for the separation of a propane/propylene mixture (selectivity = 13-15), it is rivaled in selectivity
only by zeolite ITQ-12 which displays adsorption selectivity of 15 while the other materials
display selectivities from 3-9.28 Note, however, that the selectivities of ITQ-12 for this mixture
were calculated from data collected at 303 K, and it is expected that the selectivity of this
material will be lower at higher temperatures. Adsorption selectivities were also calculated using
IAST for Fe2(dobdc) in an equimolar four-component mixture of methane, ethane, ethylene, and
acetylene at 318 K, as relating to the purification of natural gas. For an adsorption-based process
operating at 1 bar, the calculated acetylene/methane, ethylene/methane, and ethane/methane
selectivities are 700, 300, and 20, respectively. These values are much higher than those recently
reported (13.8, 11.1, and 16.6, respectively) for a zinc-based metal-organic framework, also
based on an analogous calculation procedure.29
To evaluate the performance of Fe2(dobdc) in an actual adsorption-based separation process,
breakthrough experiments were performed in which an equimolar ethylene/ethane or
propylene/propane mixture was flowed over a packed bed of the solid with a total flow of 2 mL
per minute at 318 K (see Figure 4.2). In a typical experiment, the gas mixture was flowed
through 300 to 400 mg of metal-organic framework crystallites packed into 1.5 mL glass
column, and the outlet gas stream was monitored by a gas chromatograph equipped with a flame
ionization detector. As expected from the calculated selectivities, in each case, the alkane was
first to elute through the bed, while the solid adsorbent retained the olefin. For the C3
hydrocarbons, the outlet gas contained undetectable levels of propylene, resulting in a propane
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feed that appeared to be 100% pure, within the detection limit of the instrument (~100 ppm).
Upon saturation of the metal centers within the adsorbent, propylene “broke through” and the
outlet gas stream then quickly reached equimolar concentrations. By stopping the gas feed and
flowing a purge of nitrogen through the bed, the small amount of weakly bound propane
remaining in the pores of the framework could be quickly removed, while the iron-bound
propylene then desorbed more slowly. Greater than 99% pure propylene was realized during the
desorption step of the breakthrough experiment. In a similar manner, breakthrough experiments
showed that Fe2(dobdc) can separate an equimolar mixture of ethylene and ethane into the pure
component gases of 99% to 99.5% purity. Differential scanning calorimetry (DSC) experiments
(Fig S5) indicate energies of 0.84 MJ/kg and 1.3 MJ/kg are needed to release propylene and
ethylene, respectively, and regenerate the material for subsequent separation steps.
Although breakthrough experiments are quite valuable for evaluating the gas separation
capabilities of a material, in practice they can be difficult and time consuming. In order to
compare Fe2(dobdc) with other reported adsorbents for ethylene/ethane and propylene/propane
separations, we sought to demonstrate that the breakthrough characteristics could instead be
simulated with reasonable accuracy. Assuming that (i) intra-crystalline diffusion is negligible
through an isothermal adsorption bed in thermodynamic equilibrium; (ii) plug flow proceeds
through the bed; and (iii) the binary mixture adsorption equilibrium in the packed bed of
crystallites can be calculated using IAST, we were able to solve a set of partial differential
equations and calculate breakthrough curves for both ethylene/ethane and propylene/propane
mixtures. The resulting transient gas composition profiles are in excellent agreement with the
experimental results shown in Figure 4.1.
Given this validation we employed analogous simulations to make quantitative comparisons
with other materials. From the simulated breakthrough curves, the time interval during which
the exit gas compositions have a purity of 99% propane can be determined, together with the
amount of 99% pure propane produced in this time interval. The production capacities,
expressed as the amount of propane produced per liter of adsorbent are shown in Figure 4.S8
over a range of pressures for the zeolites ITQ-12 at 303 K and NaX at 318 K, and for the metalorganic frameworks Cu3(btc)2 (btc3– = 1,3,5-benzenetricarboxylate) at 318 K,30 Cr3(btc)2 31 at 308
K(Fig. S9), and Fe-MIL-100 at 303 K.11 These results indicate that the propane production
capacity of Fe2(dobdc) at 318 K, which ranges up to 5.8 mol/L at a total pressure of 1.0 bar, is at
least 20% higher than that of any of these other materials. A similar method was used to
calculate the amount of polymer-grade (99.5%+) propylene that can be produced by these
materials, again leading to a higher capacity for Fe2(dobdc) than for any other material. The
compound Mg2(dobdc) exhibits a lower productivity than Fe2(dobdc), a result of the lower
adsorption selectivity of this material. Although zeolite ITQ-12 displayed a comparable
selectivity to Fe2(dobdc), its capacity limitation, which stems from its low pore volume of 0.134
cm3/g, results in a propylene productivity that is just 47% of that of the metal-organic
framework. For the separation of ethylene/ethane mixtures, the breakthrough simulations
indicate an even greater advantage of Fe2(dobdc) over other adsorbents, with production
capacities that are roughly double those of Mg2(dobdc) and zeolite NaX (Figure 4.S9).
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Figure 4.4. Left: Calculated methane (red), ethane (blue), ethylene (green), and
acetylene (orange) breakthrough curves for an equimolar mixture of the gases at 1
bar flowing through a fixed bed of Fe2(dobdc) at 318 K. Right: Schematic
representation of the separation of a mixture of methane, ethane, ethylene, and
acetylene using just three packed beds of Fe2(dobdc) in a vacuum swing
adsorption or temperature swing adsorption process.
In addition to the separation of binary olefin/paraffin mixtures, there is tremendous current
interest in separating ethane, ethylene, and acetylene from methane for the purification of natural
gas. Indeed, a number of porous materials32 are able to selectively separate methane from
mixtures including C2 hydrocarbons (ethane, ethylene, and acetylene). These materials,
however, are unable to simultaneously purify the ethane, ethylene, and acetylene being removed
from the gas stream. A separation process that utilizes the same adsorptive material for the
separation and purification of all four components of a C1/C2 mixture could potentially lead to
substantial efficiency and energy savings over current processes. In order to establish the
feasibility of using Fe2(dobdc) for this task, we carried out breakthrough calculations for such a
mixture. Figure 4.4 presents simulated data on the gas phase molar concentrations exiting an
adsorber packed with Fe2(dobdc) and subjected to a feed gas consisting of an equimolar mixture
of methane, ethane, ethylene, and acetylene at a total pressure of 1 bar and a temperature of 318
K. Note that the breakthrough times reflect the relative adsorption selectivities (acetylene >
ethylene > ethane > methane) for the material, and that the curves indicate a clean, sharp
breakthrough transition for each successive gas.
Based on these results, the diagram at the right in Figure 4.4 demonstrates how it might be
possible to procure pure methane, ethane, ethylene, and acetylene using three packed beds of
Fe2(dobdc). In this process, a gas mixture is fed into the first bed and methane, the fraction with
the lowest adsorptivity, breaks through first. Pure methane can be collected until the second gas,
ethane, breaks through. When the third component of the gas stream, ethylene is present in the
eluent, the gas flow is diverted to a second bed, from which additional pure methane is collected
during the adsorption step, and from which a mixture of ethane and ethylene is subsequently
desorbed. This ethane/ethylene mixture is then separated into its pure components using a third
adsorbent bed. By halting the feed into the first bed just prior to breakthrough of acetylene, pure
acetylene can be obtained via desorption.
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Ethylene produced in a naphtha cracker contains an impurity of approximately 1% acetylene.
However, there are strict limitations to the amount of acetylene that can be tolerated in the feed
to an ethylene polymerization reactor. The current technology for this purpose uses absorption
with liquid DMF, but the use of solid adsorbents could potentially provide an energy-efficient
alternative. We therefore also investigated the use of Fe2(dobdc) for removal of acetylene from
mixtures with ethylene. Simulated breakthrough characteristics for a feed mixture containing 1
bar of ethylene and 0.01 bar of acetylene at 318 K indicate that final acetylene concentrations on
the order of 10 ppm could be realized.
An alternative to the use of pressure swing adsorption for olefin/paraffin separations is to
adopt a membrane-based technology. To investigate the potential use of Fe2(dobdc) membranes
for the separation of such mixtures, we applied a simulation methodology previously employed
for evaluating idealized Mg2(dobdc) membranes.33,34 Here, an equimolar ethylene/ethane or
propylene/propane mixture permeates through a contiguous, unsupported layer of Fe2(dobdc)
crystals, all aligned such that the channels of the framework are oriented parallel to the gas flow.
While a membrane of this type would be incredibly challenging to prepare, the following results
indicate the utility of an unsupported metal-organic framework membrane. The permeation
fluxes for the gas components are then related to the gradients in the loadings within the crystals
by the Maxwell-Stefan diffusion equations. 35 The calculated ethylene/ethane permeation
selectivities lie in the range of 13 to 20 for total upstream pressures between 0.1 and 1.0 bar.
These values are close to the corresponding adsorption selectivities in Fe2(dobdc) because the
more mobile partner species are slowed-down within the one-dimensional channels of the
structure. The slowing-down effects are caused by correlations in the molecular hops of the
mobile and tardier species in the mixture within the one-dimensional channels of structures such
as Fe2(dobdc), and Mg2(dobdc). Such correlations serve to bring the component diffusivities in
the mixture closer to each other.
In other words, strong correlation effects within the one-dimensional channels of Fe2(dobdc)
cause the permeation selectivities to be close to the adsorption selectivities, which, as discussed
above, are very high. Note that the calculated permeation selectivities are expected to be
reasonably accurate, irrespective of the accuracy of the force field information, because the high
degree of correlations within the channels tends to eliminate differences in the component
mobilities. Thus, much greater selectivity can be expected for membranes based on Fe2(dobdc)
compared to ZIF-8, for which a permeation selectivity of 2.8 was recently reported.36 An
important further advantage of the use of Fe2(dobdc) is that the diffusivities within the 11 Åwide channels of this material are about 2 to 3 orders of magnitude greater than those in ZIF-8,
conferring both selectivity and permeability advantages. Similar advantages can be expected for
applications of Fe2(dobdc) in membrane separations of equimolar propylene/propane mixtures,
for which permeation selectivities are calculated to lie in the range of 14-16 for total upstream
pressures between 0.05 and 1.0 bar.
4.4. Outlook and Conclusions
The foregoing results demonstrate the extraordinary prospects for utilizing the metal-organic
framework Fe2(dobdc) as a solid adsorbent in the separation of valuable C1 to C3 hydrocarbons
via pressure/temperature swing adsorption methods or via membrane-based applications.
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Figure 4.S1. The pure component isotherm data for methane, ethane, ethylene,
propane, propylene, and acetylene in Fe2(dobdc) at 318 K, 333 K, and 353 K, in
terms of absolute molar loadings.
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Figure 4.S2. Extended cycling of propylene adsorption in Fe2(dobdc) via
thermogravimetric analysis (left). Adsorption: pure propylene at 318 K,
Desorption: nitrogen purge at 373 K. Cycling of ethylene in Fe2(dobdc) via
equilibrium adsorption measurements at 318 K. Desorption was achieved by
placing the sample under dynamic vacuum at 373 K for 1 hour.
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Figure 4.S3. Isosteric heats of hydrocarbon adsorption for methane, ethane,
ethylene, and acetylene in Fe2(dobdc) at 318 K, left. Isosteric heats of adsorption
for propane and propylene in Fe2(dobdc) at 318 K, right.

Figure 4.S4. Calculations of the adsorption selectivity, Sads, using Ideal Adsorbed
Solution Theory for ethane/ethylene (upper left), propane/propylene (upper right),
acetylene/ethylene (lower left) and acetylene/methane, ethylene/methane,
ethane/methane (lower right) in Fe2(dobdc) at 318 K.
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Figure 4.S5. Differential scanning calorimetry of hydrocarbon adsorption and
desorption in Fe2(dobdc) for acetylene (top left), propylene (top right), and
ethylene (bottom left). The cycle consisted of adsorption of the hydrocarbon at
318 K, followed by heating under helium while ramping to 373 K, then cooling
under helium to 318 K. The plot in the bottom right is adsorption of ethylene in
Fe2(dobdc) from 373 to 318 K, followed by purging with helium while ramping to
373 K.
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Figure 4.S6. Curves showing mol % (left) and concentration (right) of propane
and propylene during adsorption (upper) and desorption (lower) of a simulated
breakthrough experiment.

Figure 4.S7. Curves showing mol % (left) and concentration (right) of ethane and
ethylene during adsorption (upper) and desorption (lower) of a simulated
breakthrough experiment.
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Figure 4.S8. Left - Production capacity of 99% pure propane, expressed as mol
propane produced per L adsorbent material, as a function of the total pressure at
the inlet to the adsorber. The separation characteristics of Fe2(dobdc) at 318 K are
compared to that of Mg2(dobdc) (318 K), NaX zeolite (318 K), Cu3(btc)2 (318
K), Cr3(btc)2 (308 K), ITQ-12 (303 K), and FeMIL-100 (303 K). Right Production capacity of 99% pure propane, expressed as mol propane produced per
L adsorbent material, as a function of the total pressure at the inlet to the adsorber.

Figure 4.S9. Production capacities of 99% pure ethane (left), and 99.5% pure
ethylene (right), expressed as mol produced per L adsorbent material, as a
function of the total pressure at the inlet to the adsorber, as a function of the total
pressure at the inlet to the adsorber. The separation characteristics of Fe2(dobdc)
at 318 K are compared to that of Mg2(dobdc) (at 318 K), and NaX zeolite at
temperatures of 298 K, and 323 K.
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Chapter 5: Reversible CO Binding Enables Tunable CO/H2 and CO/N2 Separations in
Metal-Organic Frameworks with Exposed Divalent Metal Cations

5.1 Introduction
The coordination of carbon monoxide to transition metals has been rigorously investigated
for over a century, and has played an essential role in the development of our understanding of
chemical bonding.1 Since the original synthesis of Pt(CO)2Cl2, carbonyl complexes have been
isolated and characterized for nearly every transition metal, in varying oxidation states and
overall coordination numbers.2 The vast majority of these species feature CO irreversibly bound
to low-valent, low-spin transition metal centers that are able to engage in the metal-to-CO pbackbonding required for strong binding. For systems in which p-backbonding is absent or
diminished, such as complexes containing d0 or high-spin metals in higher oxidation states,
carbonyl complexes remain elusive. 3 Here, we show that CO can reversibly bind to the
coordinatively-unsaturated M2+ cations lining the surfaces within the metal-organic frameworks
M2(dobdc) (M = Mg, Mn, Fe, Co, Ni, Zn; dobdc4– = 2,5-dioxido-1,4-benzenedicarboxylate),
providing the first crystallographically characterized magnesium and zinc carbonyl compounds
and the first high-spin manganese(II), iron(II), cobalt(II), and nickel(II) carbonyl species.
Although high-spin metals with open coordination sites typically either reject CO binding or
undergo a reduction in spin upon CO coordination, the weak-field ligand dobdc4– enforces a
high-spin electron configuration for the M2+ centers in M2(dobdc)4 even in the presence of the
strong-field ligand CO. Furthermore, the metal-organic framework lattice likely helps to
maintain a high-spin state, as these materials would have to undergo significant structural
changes to accommodate the smaller low-spin M2+ ions. As a result, these materials can be
anticipated to display weak to moderate CO binding and complete reversibility, a property that
could potentially be exploited for removing CO from various gas mixtures, enabling, for
example, the energy-efficient separation of CO from H2 at high capacities and various levels of
purity.
Indeed, in addition to its fundamental significance, carbon monoxide has become an
increasingly important chemical for the synthesis of a variety of chemical commodities,
including many monomers and polymers, ethanol and other alcohols, and acetic acid. There are
currently a number of competing technologies for its synthesis, the main products of which are
carbon monoxide and hydrogen (syngas), typically present in H2:CO ratios between 1 and 3.5 To
use carbon monoxide as a feedstock, the ratio must be reduced. Although energy-intensive
cryogenic distillation is currently employed to separate these mixtures, a number of alternative
methods, including membrane6 and adsorptive separations,7 have recently been investigated for
use in the production of pure carbon monoxide. Given their high density of coordinativelyunsaturated metal cation sites, metal-organic frameworks of the M2(dobdc) structure type8 hold
considerable promise for the adsorptive separation of gas streams, including mixtures of
CO2/N2,8f,9 CO2/H2,10 O2/N2,8g CH4/N2,11 paraffins/olefins,12 and stand poised for the separation
of gas mixtures containing carbon monoxide.
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5.2. Experimental
5.2.1. Sample Preparation. All reagents were obtained from commercial vendors and used
without further purification. The compounds Mg2(dobdc),8f Fe2(dobdc),8g Mn2(dobdc),12c
Co2(dobdc),8f Ni2(dobdc),8f and Zn2(dobdc)8f were synthesized according to previously published
methods.
5.2.2. Adsoroption Isotherm Fitting. Prior to fitting all CO, N2, and H2 adsorption
isotherms, experimentally measured excess adsorption (nex) values were converted to total
adsorption (ntot) using Eqn 1, with the total pore volumes (Vp; Table 5.S1) calculated from 77 K
N2 isotherms (P/P0 = 0.9) and the bulk gas density (rbulk) at each temperature and pressure
obtained from the NIST Refprop database.13
Total adsorption isotherms for each M2(dobdc) compound were then fit with either a single-,
dual-, or triple-site Langmuir equation (Eqn 2), where n is the total amount adsorbed in mmol/g,
P is the pressure in bar, nsat,i is the saturation capacity in mmol/g, and bi is the Langmuir
parameter in bar−1 for up to three sites 1, 2 and 3.
The Langmuir parameter can be expressed using Eqn 3, where Si is the site-specific molar
entropy of adsorption in J/mol·K, Ei is the site-specific binding energy in kJ/mol, R is the gas
constant in J/mol·K, and T is the temperature in K. The fitted parameters for CO and N2 or H2
adsorption can be found in Tables 5.S2 and 5.S3, respectively. Plots of the total adsorption
isotherms with the corresponding single-, dual-, or triple-site Langmuir fits can be found in
Figures 5.S1-5.S6. Note that the CO adsorption isotherm data at 25, 35, and 45 °C were fit
simultaneously for each material with a single set of parameters.
5.2.3. Isosteric Heat of Adsorption Calculations. Using the single-, dual-, and triple-site
Langmuir fits, the isosteric heat of adsorption, −Qst, was calculated for each compound as a
function of the total amount of CO adsorbed using the Clausius-Clapeyron relation (Eqn 4).
where R is the ideal gas constant, P is the pressure, and T is the temperature. Note that the
isosteric heat of adsorption for a single-site Langmuir model is constant by definition. For dualand triple-site Langmuir models, however, it is necessary to calculate the loading dependence of
the isosteric heat of adsorption. As written, dual- and triple-site Langmuir equations specify the
amount adsorbed as a function of pressure, while the pressure as a function of the amount
adsorbed is needed to use the Clausius-Clapeyron relation. To calculate the isosteric heat of
adsorption for evenly spaced loadings, each dual- and triple-site Langmuir equation was solved
for the pressures that correspond to specific loadings at 25, 35, and 45 °C, and these calculated
pressures were then used in Eqn 4 to determine the heat of adsorption as a function of the total
amount of CO adsorbed. Note that the isosteric heat of adsorption is only reported over the CO
loading range that was experimentally measured and mathematically fit for each compound.
5.2.4. Ideal Adsorbed Solution Theory Calculations. Since binary gas adsorption
isotherms cannot be measured in a straightforward manner, it is often necessary to use an
adsorption model, such as ideal adsorbed solution theory (IAST),14 to predict mixed gas behavior
from experimentally measured single-component isotherms. The accuracy of the IAST
procedure has already been established for adsorption of a wide variety of different gases in
zeolites and metal-organic frameworks.12b,15 Here, IAST is used to estimate the selectivity, Sads,
of all M2(dobdc) analogues for mixtures of CO and H2 at 25 °C and a total pressure of 1 bar.
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Note that the selectivity factor, S, is defined according to Eqn 5, where ni is the amount adsorbed
of each component as determined from IAST and xi is the mol fraction of each component in the
gas phase at equilibrium.
It is important to note that calculated IAST selectivities are highly dependent on the
adsorption model used to describe the single-component isotherm data. Specifically, isotherm
fits at low pressures are most important for the strongest adsorbing component of a mixture
(CO), while isotherms fits at high pressures are most important for the weakest adsorbing
component (H2). Here, the CO adsorption isotherms are very well described by single-, dual-,
and triple-site Langmuir models for all M2(dobdc) frameworks, including in the steep lowpressure region of the isotherm (Figure 5.S7).
When fitting the H2 isotherm data with Langmuir models, it is insufficient to consider just
low-pressure adsorption, as was done for CO, even though the IAST calculations are performed
at a total pressure of only 1 bar. This is because integrating the pure-component H2 isotherms to
calculate spreading pressure requires extrapolation to very high pressures. For instance, the
IAST selectivity calculation for a 50:50 mixture of CO:H2 in Fe2(dobdc) at 1 bar and 25 °C
involves integrating the pure-component CO and H2 isotherms up to 0.501 and 254 bar,
respectively. As a result, the IAST selectivity is particularly sensitive to the H2 saturation
capacity, nsat, of the Langmuir model. Since estimating the saturation capacity of H2 from lowpressure isotherm data is difficult, high-pressure H2 isotherms for Ni2(dobdc) and Mg2(dobdc) at
25 °C were used to estimate the high-pressure H2 loadings when performing all isotherm fits.
Note that the high-pressure H2 data for Mg2(dobdc) was previously reported,16 while the highpressure H2 isotherm for Ni2(dobdc) was measured in this work. While the IAST selectivities are
sensitive to the fitted H2 saturation capacity, this sensitivity does not significantly affect the
overall magnitude of the calculated selectivity factor or of the trends between different
M2(dobdc) frameworks. This was confirmed by fitting the H2 isotherm data for Ni2(dobdc),
Fe2(dobdc), and Mg2(dobdc) with a range of plausible H2 saturation capacities and performing
IAST calculations (Figure 5.S8).
5.2.5. High-Pressure Gas Adsorption. The high-pressure H2 adsorption isotherm for
Ni2(dobdc) was measured on a HPVA-II-100 from Particulate Systems, a Micromeritics
company. A detailed discussion of the accuracy of high-pressure measurements on this
instrument was previously reported.17 Here, 0.43 g of activated sample was loaded into a tared
2-mL stainless steel sample holder inside a glove box under an N2 atmosphere. Prior to
connecting the sample holder to the VCR fittings of the complete high-pressure assembly inside
the glove box, the sample holder was weighed to determine the sample mass. The fully
assembled sample holder was transferred to an ASAP 2020 low-pressure adsorption instrument,
fitted with an isothermal jacket, and evacuated at the original activation temperature of the
material for at least 1 h. Then, an N2 adsorption isotherm was measured at 77 K. This data was
used to verify that the high-pressure sample mass was correct and the sample was still of high
quality by comparing the resulting Langmuir surface area to the expected. Note that a specially
designed OCR adapter was used to connect the stainless steel high-pressure adsorption cell
directly to the ASAP 2020 analysis port, allowing the measurement of accurate low-pressure
isotherms on the exact same samples used for high-pressure measurements in the same sample
holders. Prior to measuring Ni2(dobdc), H2 background measurements were performed at 25 °C
on a sample holder containing nonporous glass beads that occupied a similar volume as a typical
sample. A small positive background was observed, which may be due to errors in volume
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calibrations, temperature calibrations, and/or the equation of state used to perform the
nonideality corrections. Regardless, the background H2 adsorption was consistent across several
measurements and was well described by a 3rd order polynomial (Figure 5.S9). This polynomial
was then used to perform a background subtraction on the raw high-pressure H2 data for
Ni2(dobdc).
5.2.6. Infrared Spectroscopy. FTIR spectra were collected in transmission mode on a selfsupported wafer of sample, in a controlled atmosphere using a custom-built infrared cell. The
spectra were recorded at 2 cm–1 resolution on a Bruker IFS 66 FTIR spectrometer, equipped with
a MCT detector. Adsorption and desorption of CO were followed at 77 K.
5.2.7. Mössbauer Spectroscopy. Mössbauer spectra of Fe2(dobdc)·CO were measured at
various temperatures between 20 and 275 K with a constant acceleration spectrometer, which
utilized a rhodium matrix cobalt-57 source and was calibrated with α-iron foil. The absorber
contained 55(1) mg/cm2 of powder mixed with boron nitride. The absorber was prepared in an
N2-filled glovebox and placed in a Schlenk flask. The flask was removed from the glovebox,
evacuated, and filled with CO. The sample was then cooled to 77 K with liquid nitrogen and
inserted into a precooled cryostat under dry helium.
5.2.8. Magnetic Susceptibility. Magnetic data were collected using a Quantum Design
MPMS-XL SQUID magnetometer. Measurements on Fe2(dobdc) were obtained with finely
ground microcrystalline powders restrained with a plug of glass wool within a sealed quartz tube.
No effects of crystallite torqueing were observed. Preparation of the CO-loaded sample was
accomplished by attaching a sample of pure Fe2(dobdc), loaded in a quartz tube, to a
Micromeritics ASAP 2020 Surface Area and Porosity Analyzer. The pressure of the atmosphere
of CO gas in the sample tube was then adjusted to 1 bar, the tube cooled in liquid N2, and sealed
with a hydrogen flame. Dc susceptibility measurements were collected in the temperature range
of 2-300 K under a dc field of 1000 Oe. To avoid possible effects due to flash-freezing of the
samples and sealed gas, the samples were cooled slowly from 300 to 2 K during the course of the
measurement. Dc magnetic susceptibility data were corrected for diamagnetic contributions from
the sample holder and glass wool, as well as for the core diamagnetism of each sample
(estimated using Pascal’s constants).18
5.2.9. Neutron Powder Diffraction. Neutron powder diffraction (NPD) experiments were
carried out on activated M2(dobdc) samples (M = Co, Fe, Mg, Mn, Ni, Zn) using the highresolution neutron powder diffractometer, BT1, at the National Institute of Standards and
Technology Center for Neutron Research (NCNR). The samples were placed in a He purged
glove box and 0.9702, 0.7286, 1.0010, 0.8576, 1.078, and 1.0761 g Co2-, Fe2-, Mg2-, Mn2-, Ni2-,
and Zn2(dobdc), respectively, loaded into vanadium sample cans equipped with a gas loading
valve, and sealed using an indium O-ring. NPD data were collected using a Ge(311)
monochromator with an in-pile 60’ collimator corresponding to a wavelength of 2.078 Å. The
samples were connected to a gas-manifold of known volume and exposed to a known dose of
approximately 0.75 CO molecules per M2+ at 298 K (refined composition given in Tables 5.S5–
5.S12). After equilibration times on the order of a hour, the sample cells were then placed in a
dry ice bath to fully adsorb any residual CO, if any, as determined by a zero pressure reading on
a pressure gauge and then allowed to equilibrate for another hour. The samples were sealed and
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allowed to further equilibrate at room temperature for several hours before loading onto a
bottom-loading closed cycle refrigerator and slow cooling, to ensure full equilibration and
complete adsorption, to 10 K for the data collection. In the case of Fe2(dobdc), two subsequent
gas doses, 1.5 and 2.0 CO per Fe2+, were considered for comparability with our previous
adsorption studies on this system, heating the sample in-line to 298 and 250 K, respectively,
before dosing additional CO to ensure that the dose occurred above the temperature of the
previous full equilibration and then slowly cooling to 10 K for data collection.12b,c
NPD data were analyzed using the Rietveld method as implemented in EXPGUI/GSAS.19,20
Starting models for the activated M2(dobdc) frameworks were taken from our previous data on
the bare materials and the atomic positions and isotropic atomic displacement parameters (ADPs)
were left free to refine during the analysis process.8e,12b,c,21 Fourier difference methods were
employed to locate the adsorbed CO molecules. A dose of 0.75 CO per M2+ was chosen to
provide clarity in the structure model for the active site in eliminating potential CO
intermolecular interactions based on previous knowledge of adsorption in M2(dobdc). In each
instance, the CO atomic coordinates and isotropic ADPs were left free to refine, as was the
occupancy of both the carbon and oxygen atoms. The carbon and oxygen atoms refined to
identical occupancies within one standard deviation; however, these values were eventually
constrained to be identical in each case for consistency. For all samples, the refined CO bond
distance was equivalent to the accepted value for carbon monoxide within error; however, in the
cases of Mn2(dobdc) and Zn2(dobdc), the value trended too long and was restrained to the ideal
case, while in Co2(dobdc), the distance trended too short and was also restrained to the ideal
value. As per the structural discussion in the text, the result was a metal-carbonyl interaction via
the carbon (M2+–CO). In particular for the Mg2(dobdc), but in several instances, the model was
refined with the reverse orientation of the carbon monoxide (i.e. Mg–OC) and attempts to freely
refine the CO in this orientation resulted in a very low occupancy for the carbon (with a negative
isotropic ADP) and a very high occupancy for the oxygen atom (and very large isotropic ADP),
as the model attempted to fit the available excess scattering density almost entirely through the
presence of the lone oxygen. This indicates the metal-carbonyl interaction is via the carbon with
no possibility of a reverse conformation. The additional CO molecules in the refinement of the
1.5 and 2.0 CO per Fe2+ NPD data were refined with constrained C and O occupancies and bond
distances, and free isotropic ADPs. The 1.5 CO per Fe2+ shows an additional adsorption site in
the channels of the framework in a similar location as determined for the secondary
physisorption oxygen site, but at a perpendicular geometry to O2.5 The third CO adsorption site,
observed in the 2.0 CO dose, refines to a location in the very central portion of the channel
furthest from the framework. This was modeled with very large isotropic ADPs indicative of a
large positional disorder and potential condensation of CO in the channels at very high CO
loadings.
5.2.10. Density Functional Theory Calculations. To study CO adsorption in M2(dobdc)
systems from first principles, we used density functional theory within the generalized gradient
approximation of Perdew, Burke, and Ernzerhof (PBE) 22 and a van der Waals dispersioncorrected functional.23 The VASP program package24 with a planewave basis set and projector
augmented wave25 pseudopotentials was used for all calculations. A Hubbard-like U parameter26
was employed to better treat the localized d-states of the transition metal centers. We used an
energy cutoff of 1000 eV for the planewave basis set and Brillouin zone sampling at the Γ-point,
leading to binding energies that converged to within 1 kJ/mol.
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To generate binding enthalpies, we first optimized periodic M2(dobdc) crystals in a triclinic
primitive unit cell of 54 atoms using a PBE+U approach, beginning from the experimental
Zn2(dobdc) structure and substituting in other divalent 3d transition metal cations (Mg, Mn, Fe,
Co, and Ni) at all metal sites, until the residual forces were smaller than 0.01 eV/Å and the stress
tensor components were smaller than 0.2 kbar. The computed lattice parameters are all within
2% of the experimental results. For open-shell cations, we employ Hubbard-like U corrections.
Values of U used were 4.0, 4.0, 3.3, and 6.4 eV for Mn, Fe, Co, and Ni, respectively; these
values were taken from Ref. 27, where they were determined for each metal center to reproduce
the experimental oxidation energy of the metal-monoxide to M2O3. For all M2(dobdc)
compounds, we found a high-spin ground state, and then assumed ferromagnetic ordering along
the metal-oxide chain direction and antiferromagnetic ordering between the chains, as observed
experimentally for the ground state magnetic ordering within Fe2(dobdc).28
To predict adsorption geometries, molecules were relaxed inside rigid periodic M2(dobdc)
frameworks using vdW-DF2+U (Ref. 23) at a loading of one molecule per six metal sites. VdWDF2 was shown in previous work to provide excellent binding energetics for CO2 adsorption in
M2(dobdc) systems.29 VdW-DF2+U was also used in single-point calculations to compute the
energies of the bare M2(dobdc) compounds for use in calculating binding enthalpies.
Binding enthalpies at 308 K were calculated by including quantum zero-point energies (ZPEs)
and finite-temperature thermal energies (TEs) at the level of a harmonic approximation. The
enthalpy of adsorption of a molecule in a MOF is calculated as:
–∆H = H(CO + MOF) – H(CO) – H(MOF),
where H(MOF), H(CO), and H(CO + MOF) are the enthalpies of the bare MOF without CO, the
enthalpy of CO in the gas phase, and the enthalpy of the MOF with CO adsorbed, respectively.
5.2.11. ETS-NOCV Analysis. Cluster models were cropped from the experimental crystal
structures. This model was designed30 to retain the local structure of framework about the
central metal ion while remaining small enough for the electronic structure calculations. For M
= Mn, Fe, Co, Ni, the two exterior metal sites were substituted by closed shell ZnII centers while
the central metal that binds the CO remained in its high-spin (ground) state. Hydrogen atoms
were used to cap the truncated cluster model.
Constrained geometry optimizations were performed where the experimental framework and CO
were held fixed while the capping H atoms from the cluster truncation were relaxed. The PBE
functional31 was used in the TURBOMOLE V6.4 201232 software package. Resolution of the
identity (RI)33,34 and associated auxiliary basis functions35,36,37 were employed. The def238 basis
sets were used. For metal, oxygen, and the binding CO the def2-TZVP basis set was used, while
for all C and H the def2-SVP basis set was used.
5.2.12. Bond Analysis. The extended transition state (ETS) method for energy
decomposition, combined with the natural orbitals for chemical valence (NOCV) theory (ETSNOCV)39 was used to decompose the metal-CO bond into different components (e.g., σ, π) and
evaluate the magnitudes of their contributions to the total bond energy. This analysis was
performed with the Amsterdam Density Functional (ADF) version 2013 software package.40,41,42
The M06-L functional43 was used with the DZP basis set and an increased integration grid of 8.
The zero-order regular approximation (ZORA) was used to treat relativistic effects.
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5.3. Results and Discussion
5.3.1. Infrared Spectroscopy. As an initial probe of the interaction of CO with the square
pyramidal M2+ cations lining the ~12-Å wide channels in M2(dobdc), we turned to in-situ
infrared spectroscopy (Figure 5.1). 44 For all six frameworks, a single adsorption band is
observed at low coverage between 2160 and 2178 cm–1,45 which is blue-shifted with respect to
the stretching mode of free CO (2143 cm–1)45 (see the Supporting Information for further details
on the infrared spectra). These values are consistent with those previously reported for M2+ ions
in weak ligand field environments.3 Most metal-CO interactions feature a synergistic interaction
between σ charge donation and π back-donation.46,47 For classical transition metal carbonyl
complexes, the average υ(CO) is red-shifted, because the M→CO π back-donation is the
dominant effect, significantly weakening the C-O bond compared to that of free CO. When
back-donation is absent or diminished, υ(CO) is blue-shifted in a phenomenon that is termed
nonclassical CO adsorption. Of the more than 20,000 reported M-CO stretching frequencies,
only approximately 250-300 can be considered nonclassical.3b

Figure 5.1. Background subtracted FTIR spectra of M2(dobdc) collected at 77 K
in the presence of CO. Light to dark lines represent increasing CO coverages on
samples pre-activated at 453 K. The C–O stretching frequencies for all six metals
are blue-shifted with respect to free CO (2143 cm–1).
Of the six materials investigated, carbonyl coordination is most simply described within
Mg2(dobdc) and Zn2(dobdc). The Mg2+ ions in the former lack d electrons and are thus unable to
back-donate into the empty CO π* orbitals. Additionally, the empty Mg 3d levels are high in
energy and do not provide a good match for σ donation from the lone pair electrons of CO. The
Mg2+–CO interaction is thus primarily electrostatic in nature, an effected that is expected to
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increase the C-O stretching frequency as the CO bonding orbitals become less polarized toward
the more electronegative oxygen and thus more covalent.48 As a result, Mg2(dobdc) displays the
highest-energy infrared stretch of 2178 cm–1, consistent with those reported for CO adsorption in
Mg2+-exchanged zeolites.49 On the other hand, the Zn2+ ions in Zn2(dobdc) have a fully occupied
set of 3d orbitals that are therefore not available to accept σ donation from CO, resulting in a
similarly high infrared stretch of 2173 cm–1. In both cases, the metal-carbonyl interaction is
primarily a result of ion-induced dipole interactions. Similar behavior is observed in the case of
Mn2(dobdc), in which the υ(CO) of 2172 cm–1 is red-shifted with respect to Mg2(dobdc), as a
result of diminished polarization by the larger-radius, softer Mn2+ ions and presumably only a
very small, nearly negligible π backbonding contribution. The metal ions in both Fe2(dobdc) and
Co2(dobdc) are smaller and more polarizing than Mn2+; however, the C-O stretching frequencies
displayed by these materials (2160 cm–1 for Fe2+ and 2164 cm–1 for Co2+) are the lowest reported
here, suggesting slightly more pronounced π interactions. The compound Ni2(dobdc) displays
the highest CO stretching frequency among the transition metal cations (2178 cm–1), since Ni2+ is
the smallest and most polarizing ion. Given the small, charge-dense nature of Ni2+, its lower
energy π-type 3d orbitals are less well-suited for back-donation into CO than either Fe2+ or Co2+.

Figure 5.2. Structures from powder neutron diffraction. (Upper left) A view down
a channel (along the c axis) in the structure of Fe2(dobdc)·1.5CO, as determined
by Rietveld analysis of powder neutron diffraction data. At this loading, the
occupancy of the metal-bound CO molecules are all close to the expected value of
75%. (Upper right) Coordination environment for a single Fe2+ site in
Fe2(dobdc)·1.5CO. (Lower) First coordination sphere for the M2+ ions in
M2(dobdc)·1.5CO, with M–CO distances and M–C–O angles indicated.
5.3.2. Structural Characterization. Given our prior success in elucidating crystal structures
of a number of adsorbent molecules in M2(dobdc),8g,12b,c we turned to neutron powder diffraction
experiments to further characterize the carbonyl adducts M2(dobdc)⋅1.5CO (Figure 5.2).
Consistent with the large range in CO infrared stretching frequencies, we see a range of M-C-O
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angles, from 161.2(7)° for Zn to 176.9(6)° for Fe, in excellent agreement with previous
calculations on the Mg, Ni, and Zn analogues,50 and with a good correlation observed between
υ(CO) and the M–C–O angle (Figure 5.3). In the cases of the Fe and Co homologues, where a
greater degree of π backbonding is observed via infrared spectroscopy, more linear carbonyl
adducts are formed, while in the cases where electrostatic effects play a major role, bent
structures are observed. Additionally, the structures display a large range in M-C bond
distances, ranging from 2.09(2) Å for Ni to 2.49(1) Å for Zn, with an excellent correlation
between adsorption enthalpy and M-C distance (Fig. 5.3). The Mn, Fe, Co, and Ni frameworks
bind CO with M-CO distances of 2.44(2), 2.27(2), 2.18(2) and 2.09(2) Å, respectively, a trend
that is consistent with the Irving-Williams stability order. The value for Ni is in good agreement
with what was previously found from EXAFS data and ab initio molecular modeling.51

Figure 5.3. (Upper) Variations of M–C–O angle (open black diamonds) and C–O
stretching frequency (blue circles) with metal center in M2(dobdc), indicating the
correlation between greater backbonding and a more linear metal–carbonyl
adduct. (Lower) Variations of M–CO distance (open black diamonds) and
isosteric heat of CO adsorption (Qst, blue circles) with metal center in M2(dobdc).
Error bars indicate the estimated standard deviations from the crystal structure
refinements.
Overall, these distances are much longer than those typically found for divalent first-row
transition metal carbonyl complexes, which rarely exceed 2.0 Å.3 Divalent manganese carbonyl
complexes, often generated by the chemical52 or electrochemical53 one-electron oxidation of
analogous manganese(I) complexes, are low-spin and feature Mn-C distances below 1.9 Å. A
number of iron(II)-carbonyl species obtained by the binding of CO to coordinatively-unsaturated
iron cations of various overall coordination numbers have been isolated.4 In all but three cases,
the iron cations in these molecules are diamagnetic upon CO coordination and display Fe-C
	
  

70	
  

distances of 1.75 to 1.90 Å. Both nickel(II)- and cobalt(II)-carbonyl are similarly rare and feature
low-spin metal cations and short M-C distances.54 The unusually long M-C distances observed
here are a result of the weak field oxo-donors of dobdc4– and the framework lattice enforcing an
unprecedented high-spin configuration for each of these metals in the presence of CO.
Furthermore, Mg2(dobdc)⋅1.5CO and Zn2(dobdc)⋅1.5CO, with M-CO distances of 2.41(2) and
2.49(1) Å, respectively, represent the first crystallographically characterized magnesium and zinc
carbonyl complexes, regardless of oxidation state.49,55
5.3.3. Spin-State Characterization. Magnetic susceptibility data were collected to confirm
the high-spin character of the iron(II) centers in the CO-adsorbed phase Fe2(dobdc)·2CO. At 300
K, the value of χMT for Fe2(dobdc) is 6.40 cm3K/mol, slightly higher than that expected (6.00
cm3K/mol) for two high-spin (S = 2) iron(II) centers with g = 2.00.12b As the temperature is
lowered, χMT gradually increases, reaching 7.88 cm3K/mol at 28 K, before dropping to 1.01
cm3K/mol at 2 K. In contrast, when dosed with carbon monoxide gas, Fe2(dobdc)·2CO displays
a monotonic decrease in χMT with lowering temperature, falling from 6.49 cm3K/mol at 300 K
(consistent with high-spin iron(II)) to 0.39 cm3K/mol at 2 K. The arrangement of metal ions in
Fe2(dobdc) suggests two dominant magnetic interactions: magnetic coupling between ions along
each chain and coupling between ions belonging to different chains. The Fisher Model56 was
employed with a molecular field approximation57 to fit the data and extract the relative strengths
of these interactions for Fe2(dobdc)·2CO, as has been done in previous work.12e The specific
Hamiltonian used is represented as equation 6.
In equation 6, J is the intrachain Fe-Fe superexchange coupling constant, and SFe(i) and SFe(i+1)
are the spin operators for the iron ions of the chain. MSFe(i) corresponds to the magnetic moment
of the Fe(i) spin, B is the applied field, z the number of interacting nearest-neighbors, J’ the
interchain coupling constant, and <SFe> the mean value of the Sz component of the SFe operator.
In this model, a positive sign for J and J’ indicates a ferromagnetic interaction while a negative
sign indicates an antiferromagnetic interaction. The best fits for Fe2(dobdc)·2CO yielded J = 1.6(2) cm-1 and J’ = -1.12(2) cm-1, in contrast to J = -4.12(6) cm-1 and J’ = -1.12(1) cm-1 for the
bare framework (figure 5.S18). Note that zero-field splitting was not accounted for with this
analysis but could be substantial.58 Previous work on the magnetic susceptibility of Fe2(dobdc) in
the presence of gases revealed a strong correlation between gas-binding strength and intrachain
magnetic coupling.12b Weakly binding gases weakened the magnitude of J but retained the sign.
In contrast, strongly binding gases served to change the electron density around the iron(II) ions
enough to invert the intrachain coupling from ferro- to antiferromagnetic in nature. As seen for
Fe2(dobdc)·2CO, χMT plots of the framework under strongly binding gases are thus devoid of
any maximum at low temperatures.
Mössbauer spectra further confirm the assignments of high-spin iron(II) (Fig. 5.S19). In the
absence of CO, the spectra of Fe2(dobdc) feature a simple quadrupole doublet, which at 40 K
exhibits an isomer shift of 1.094(3) mm/s and a quadrupole splitting of 2.02(1) mm/s. In the
presence of CO, these values shift slightly to 1.198(5) and 2.60(1) mm/s, respectively, consistent
with high-spin iron(II) in an octahedral coordination environment.
The result for
Fe2(dobdc)·2CO is without precedent. Of the nearly 9,000 iron-carbonyl structures reported in
the Cambridge Crystal Structure Database, only three are paramagnetic, all featuring
intermediate-spin (S = 1) iron(II) centers in a trigonal bipyramidal coordination environment, for
which an S = 0 spin state is generally not possible.59 Thus, Fe2(dobdc)·2CO represents the first
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example of a paramagnetic octahedral iron carbonyl compound and, to our knowledge, the first
reported S = 2 iron carbonyl.

Figure 5.4. DFT calculated C-O stretching frequency shift relative to free isolated
CO (upper left), M-C-O angle (upper right), M-CO distance (lower left), and
binding enthalpy (lower right) in M2(dobdc) in comparison to experimental values
(black cross marks).

Figure 5.5. Contours of NOCVs for CO binding in Fe2(dobdc). The two orbitals
with the largest contributions to the binding enthalpy are shown. Only the positive
eigenvalue NOCVs are shown as the negative have similar character.
5.3.4. Electronic Structure Calculations. Density functional theory calculations (vdW–
DF2+U) were employed to explore CO binding from first principles. To account for distortions
in the framework structure upon binding, CO-metal distances were fixed as predicted by the
vdW-DF2+U calculation and a subsequent relaxation of the MOF+CO system was performed at
the PBE+U level. A final relaxation of CO in the rigid but distorted MOF was then performed at
the vdW-DF2+U level. This procedure leads to good agreement for both local adsorption
geometries (which are well described with vdW-DF2+U) and lattice parameters (which are better
described by PBE+U). As shown in Figure 5.4, we see excellent agreement between predicted
and experimental values for a number of metrics. Specifically, DFT predicts blue-shifted CO
stretching frequencies upon coordination to all six frameworks, with Fe2(dobdc) displaying the
least blue-shifted value. Accordingly, DFT also predicts a wide range of M–C–O angles.
Although the calculated M–CO distances are slightly overestimated, from 0.12 Å for Mg to
0.27 Å for Ni, a known tendency of the vdW-DF2 functional, the trend in binding distance is
captured quite accurately. Importantly, DFT predicts the Mn, Fe, Co, and Ni frameworks to have
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a high-spin ground state, which is maintained upon CO coordination. The accuracy of these
DFT calculations is quite important as it can be extended to metal-organic frameworks for which
synthetic conditions have yet to be realized.11
We also utilized electronic structure calculations to investigate the relative strength of the
metal–CO π* back donation by using the extended transition state (ETS) method, in combination
with natural orbitals for chemical valence (NOCV) theory. The purpose of this decomposition is
to gain a qualitative interpretation of the nature of this bond for M = Mn, Fe, Co, and Ni between
two pre-defined fragments. In this case, fragment 1 (F1) was chosen to be the model cluster of
the M2(dobdc), and fragment 2 (F2) was chosen to be CO. From performing calculations on the
two isolated fragments (in their complexed geometry) and then performing a calculation on the
complex, a deformation density is calculated. This may then be partitioned into the NOCVs,
which have just a few significant contributors to the bond. In agreement with the interpretation
of the infrared spectra, iron displays the strongest π back-bonding contribution, with Fe > Co >
Ni >> Mn. A comparison of the relative energy contributions for σ- and π-type interactions
reveals that back-bonding is the more important orbital interaction. As examples, the two NOCV
orbitals with the largest contribution to CO binding in Fe2(dobdc) are plotted in Figure 5.5.
Bond analysis indicates that Fe→CO π back-donation accounts for approximately 70% of the
orbital interaction energy. The same trend is found for Mn, Co, and Ni, and is expected as dz2 is
singly occupied when these ions are in a high-spin octahedral coordination environment and thus
poorly suited for CO→M σ donation.
5.3.5. Gas Adsorption. To investigate the CO uptake within these frameworks under
various conditions, pure component adsorption isotherms were measured at 298, 308, and 318 K,
and isosteric heats of adsorption were calculated for each metal (Figure 5.6). At 298 K, the CO
adsorption isotherms for the Fe, Co and Ni frameworks approach the value expected for one CO
molecule per open metal site. The loading capacities for these materials, which climb as high as
6.0 mmol/g and 156.8 cm3/cm3 for Fe2(dobdc) at 298 K and 1.2 bar, are much greater than
typically observed in metal-organic frameworks, a result of the high gravimetric density of open
metal sites in the structures. Importantly, in all cases, the bound CO could be completely
desorbed upon application of dynamic vacuum and/or heat, and subsequent CO adsorption
isotherms showed no loss of uptake capacity. The isosteric heats of adsorption calculated from
the data vary widely with metal, from –52.7 to –27.2 kJ/mol, with the CO binding strength
following the order Ni > Co > Fe > Mg > Mn > Zn (Fig. 5.6). The trend is in distinct contrast to
that observed for CO2 adsorption in these materials, an interaction that is predominately
electrostatic in nature, where the Mg framework displays the highest binding enthalpy.60 This
suggests, as discussed above, that the coordination of carbon monoxide is not purely a result of
electrostatics, but indeed involves some σ and π orbital interactions.
Isosteric heats of CO adsorption computed within a harmonic approximation agree with the
experimental trend,50 predicting isosteric heats of adsorption from –25.7 kJ/mol for Zn to –
40.4 kJ/mol for Ni at 308 K. The comparison of calculated values to experimentally determined
values of isosteric heats of adsorption is shown in Figure 5.4d. We note that the largest
discrepancies arise for the metal centers that give rise to the strongest orbital interactions: Fe, Co,
and Ni.
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Figure 5.6. (Upper) Carbon monoxide isotherms measured at 298 K. For the Fe,
Co, and Ni analogs, CO uptake approaches one molecule per metal cation site at
1.2 bar. (Lower) Isosteric heats of CO adsorption calculated from isotherms
measured at 298, 308, and 318 K.

Figure 5.7. Ideal adsorbed solution theory (IAST) selectivities for mixtures of
CO/H2 (upper) and CO/N2 (lower) of varying compositions at 298 K and 1 bar.
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The extraordinary ability of these materials to bind CO reversibly and at high capacity
suggests their application in removing CO from gas mixtures, such as CO/N261,62 and CO/CH4,63
and, in particular, for the purification of CO from syngas. In order to determine the CO/H2
selectivities, we employed ideal adsorbed solution theory (IAST),64 the accuracy of which has
already been established for adsorption of a wide variety of different gases in zeolites and metalorganic frameworks (see the Supporting Information for details on the IAST calculations).65 To
reflect the varying H2:CO ratios found in syngas, IAST selectivities were calculated over a range
of compositions (Figure 5.7), and were found to vary widely, from a minimum of 45 in the case
of Zn2(dobdc) to over 5200 for Ni2(dobdc) at low CO concentrations. Significantly, these
selectivities are all much higher than those observed for metal-organic frameworks lacking
coordinatively-unsaturated metal cations, such as the value of 2.7 determined for MOF-5.66
The IAST selectivities are indicative of the purity at which CO could be produced in a
separation, with, for example, the values of 47 and 1705 for an equimolar CO/H2 mixture at 1 bar
and 298 K enabling Zn2(dobdc) and Ni2(dobdc) to produce CO with purities of 97.9% and
99.9%, respectively. Thus, the importance of having materials exhibiting a range of different CO
binding energies becomes clear: one can select the M2(dobdc) compound that will provide just
the minimum level of CO purity required, thereby minimizing the regeneration energy associated
with CO desorption. Finally, we note that the high CO/N2 selectivities of these materials (Figure
5.7) bodes particularly well for their use in the separation of CO from syngas contaminated with
N2 .
5.4 Conclusions and Outlook
Metal-organic frameworks of the M2(dobdc) structure type provide an excellent platform for
the investigation of new coordination chemistry via gaseous substrate binding at coordinativelyunsaturated metal sites. Significantly, the weak ligand field presented by the oxo and
carboxylate donor ligands enforces a high-spin electron configuration for the divalent metal
cations, even in the presence of the prototypical strong field ligand CO. The rigidity of the
evacuated materials, together with their highly crystalline nature, has thus enabled the generation
and crystallographic characterization of the first high-spin manganese(II), iron(II), cobalt(II), and
nickel(II) carbonyl species, as well as the first magnesium and zinc carbonyls. The fully
reversible CO binding at high capacity and moderate adsorption enthalpies further make these
materials outstanding candidates for applications in the efficient separation of CO from more
weakly adsorbing gases, such as H2 and N2.
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5.S1. Supplementary Discussion
5.S.1.1 Effects of Void Space on CO/H2 Selectivity. The CO/H2 IAST selectivity and
predicted CO purity calculations assume a perfect single crystal of each M2(dobdc). In a real
separation process, a bed filled with the solid adsorbent will contain interparticle void space that
does not have any selectivity for CO over H2. As a result, this void space will lead to a lower
selectivity and a lower CO purity. To evaluate the magnitude of this effect on the CO/H2
separation performance of M2(dobdc), it is possible to calculate the expected CO/H2 selectivity
and CO purity for a 50:50 mixture at 1 bar and 25 °C using an extreme case of an adsorbent bed
that contains 50% void space. Under these conditions, the amount of CO and H2 in the void
space and in the adsorbent can be calculated using the bulk gas density from the NIST Refprop
database and IAST, respectively. These values can be used to calculate the change in CO/H2
selectivity and CO purity for 50% void space (Table 5.S4). While the predicted selectivity
decreases as expected with this large amount of void space, the predicted CO purity is not
significantly affected.
5.S.1.2 Infrared Spectroscopy. Figure 5.S11 shows the background subtracted FTIR spectra
of CO (20 mbar) adsorbed on Co2(dobdc), collected during the progressive lowering of CO
coverage. For simplicity the results will be discussed from low to high coverage (black to red).
At low coverage of CO only a single IR absorption band at 2164 cm-1 is seen. Upon progressive
increment in CO coverage (black curves) this band becomes broad and too intense (out of scale)
that it is not possible to determine its exact maxima. At higher CO coverage this band shows
asymmetric broadening shifting the peak center to lower frequency. This has been also observed
for CO adsorbed on Ni2(dobdc). Concurrently, growth of some minor bands on both the low and
high frequency side of this main band is observed. Specifically, absorption bands are seen at
2205, 2197, 2122 and 2114 cm-1. The main IR band centered at 2164 cm-1 is assigned to the
stretching mode ν(CO) of the CO in Co2+−CO adducts. The blue frequency shift of 21 cm-1 with
respect to the stretching mode of free CO (2143 cm-1) lies in between the value observed for
Co2+−CO adducts observed in Co exchanged zeolites66 and cobalt oxides. Due to the high
heterogeneity of the M2+ sites in the zeolite and the complexity of the CO adsorption data it is
difficult to have a direct comparison with the penta-coordinated M5c2+−CO adduct in the zeolite.
However, in case of oxide systems adsorption of CO on variously coordinated metal sites is very
well addressed.66 For example CO adsorbed on Co5c2+−CO in a CoO/MgO solid solution shows
an IR band at 2118 cm-1, red shifted by 25 cm-1 with respect to the free CO (2143 cm-1). The
negative shift or red shift indicates the π-back bonding is present in the formation of Co5c2+−CO.
In the case of Co2(dobdc), the observed blue shift of CO stretching frequency which is smaller in
comparison with Co-exchanged zeolites and higher in comparison to cobalt oxide indicates
intermediate polarizing power of Co2+ sites. This has been also observed for Ni2+ sites
Ni2(dobdc).
Based on the calculation for isotopic 13CO (1% natural abundance) the minor feature at 2114
cm-1 is assigned to the stretching mode of 13CO in the Co5c2+−13CO adduct. The other minor IR
bands at 2205, 2197 and 2122 cm-1, based on their position and the data from literature the main
IR band (2164 cm-1) can be argumentatively assigned to the combination modes of the ν(CO)
mode with phononic bands involving Co2+ sites
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Table 5.S1. Langmuir surface areas, total pore volume (77 K N2, P/P0 = 0.9), and the loadings
that correspond to one gas molecule per M2+ for all M2(dobdc) analogues.
Langmuir surface
area (m2/g)

Total pore
volume (cm3/g)

Loading for 1 molecule
per M2+ (mmol/g)

Co2(dobdc)

1433

0.51

6.41

Fe2(dobdc)

1535

0.53

6.54

Mg2(dobdc)

1957

0.69

8.24

Mn2(dobdc)

1797

0.61

6.58

Ni2(dobdc)

1574

0.49

6.42

Zn2(dobdc)

1105

0.35

6.16

Table 5.S2. Single-, dual-, or triple-site Langmuir parameters for CO adsorption at 25, 35, and
45 °C in all M2(dobdc) analogues.
nsat,1
S1
E1
(mmol/g) (J/mol•K) (kJ/mol)

nsat,2
S2
E2
(mmol/g) (J/mol•K) (kJ/mol)

nsat,3
S3
(mmol/g) (J/mol•K)

E3
(kJ/mol)

Co2(dobdc)

4.1

15.6

49.5

2.1

13.4

38.3

1.0

12.8

21.9

Fe2(dobdc)

6.1

15.1

43.6

6.8

12.0

21.7

-

-

-

Mg2(dobdc)

6.3

13.5

35.4

-

-

-

-

-

-

Mn2(dobdc)

6.0

12.0

29.7

-

-

-

-

-

-

Ni2(dobdc)

3.8

15.8

53.0

1.8

15.0

44.9

7.7

11.6

20.0

Zn2(dobdc)

5.7

11.8

27.2

-

-

-

-

-

-

Table 5.S3. Single-site Langmuir parameters for N2 and H2 adsorption at 25 °C in all M2(dobdc)
analogues.
H2 nsat,1 H2 b1 N2 nsat,1 N2 b1 N2 nsat,2 N2 b2
(mmol/g) (bar−1) (mmol/g) (bar−1) (mmol/g) (bar−1)

Co2(dobdc

14.8

0.0047 6.85

0.093 6.39

.0089

Fe2(dobdc) 15.1

0.0049 11.0

0.059 -

-

Mg2(dobd 16.3
c)
Mn2(dobd 15.2
c)
Ni2(dobdc) 14.8

0.0038 15.0

0.067 -

-

0.0039 12.0

0.041 -

-

0.0045 11.0

0.069 -

-

0.0035 9.0

0.035 -

-

)

Zn2(dobdc

14.0

)
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Table 5.S4. The CO/H2 selectivity and CO purity for a 50:50 mixture at 1 bar
compared for an adsorbent bed with no void space and 50% void space.
crystallographi IAST
IAST
% CO purity
c
density selectivity
selectivity
(no voids)
(g/cm3)
(no voids)
(50% voids)
Ni2(dobdc)
1.19
1705
275
99.9
Fe2(dobdc)
1.17
507
194
99.8
Mg2(dobdc)
0.91
170
79
99.4
Zn2(dobdc)
1.25
47
27
97.9
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and 25 °C are
% CO purity
(50% voids)
99.6
99.5
98.7
96.5

	
  
Table 5.S5. Atomic parameters from Rietveld refinement of Co2(dobdc) data (10 K) at a loading
of 0.75 CO per Co2+ (R-3, a = 25.8695(8) Å, c = 6.8394(3) Å, V = 3963.9(3) Å3). Values in
parentheses indicate one standard deviation in the refined value. Goodness-of-fit parameters: χ2 =
1.19; wRp = 2.42 %; Rp = 2.00 %. Refined composition: Co18H18C72O54(CO)14.57.
Atom
X
Y
Z
Occupancy
U(ISO) (Å2)
Multiplicity
0.3862(9)
0.355(1)
0.142(3)
0.009(6)
Co
1
18
0.3236(4)
0.2962(4)
0.356(1)
0.014(3)
O1
1
18
0.3000(4)
0.2290(4)
0.596(1)
0.004(2)
O2
1
18
0.3560(4)
0.2737(4)
0.001(1)
0.003(3)
O3
1
18
0.3162(4)
0.2480(4)
0.427(1)
0.023(3)
C1
1
18
0.3270(4)
0.2065(4)
0.286(1)
0.019(3)
C2
1
18
0.3459(4)
0.2242(4)
0.089(1)
0.017(3)
C3
1
18
0.3513(4)
0.1828(5)
-0.032(1)
0.017(3)
C4
1
18
0.3618(8)
0.1912(7)
-0.160(3)
0.021(4)
H
1
18
0.4584(4)
0.3465(5)
0.273(2)
0.018(4)
C1a
0.81(1)
18
0.5000(6)
0.3488(7)
0.330(2)
0.043(5)
O1a
0.81(1)
18

Table 5.S6. Atomic parameters from Rietveld refinement of Fe2(dobdc) data (10 K) at a loading
of 0.75 CO per Fe2+ (R-3, a = 25.9915(9) Å, c = 6.9541(3) Å, V = 4068.5(3) Å3). Values in
parentheses indicate one standard deviation in the refined value. Goodness-of-fit parameters: χ2 =
1.61; wRp = 3.46 %; Rp = 2.75 %. Refined composition: Fe18H18C72O54(CO)14.57.
Atom
X
Y
Z
Occupancy
U(ISO) (Å2) Multiplicity
0.3844(2) 0.3531(2)
0.1443(8)
0.006(1)
Fe
1
18
0.3222(4) 0.2931(4)
0.356(2)
0.020(3)
O1
1
18
0.3019(5) 0.2284(5)
0.594(2)
0.013(3)
O2
1
18
0.3534(5) 0.2729(4)
0.013(2)
0.017(3)
O3
1
18
0.3184(5)
0.2461(5)
0.419(1)
0.030(3)
C1
1
18
0.3275(4) 0.2060(4)
0.289(1)
0.019(3)
C2
1
18
0.3440(4) 0.2215(4)
0.090(1)
0.015(3)
C3
1
18
0.3510(4) 0.1826(5)
-0.020(1)
0.024(3)
C4
1
18
0.3615(8) 0.1909(7)
-0.160(3)
0.024(5)
H
1
18
0.4625(6) 0.3482(4)
0.268(2)
0.006(5)
C1a
0.80(3)
18
0.5029(8) 0.3479(6)
0.324(2)
0.029(6)
O1a
0.80(3)
18
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Table 5.S7. Atomic parameters from Rietveld refinement of Mg2(dobdc) data (10 K) at a loading
of 0.75 CO per Mg2+ (R-3, a = 25.871(1) Å, c = 6.8952(4) Å, V = 3996.8(3) Å3). Values in
parentheses indicate one standard deviation in the refined value. Goodness-of-fit parameters: χ2 =
1.796; wRp = 3.17 %; Rp = 2.59 %. Refined composition: Mg18H18C72O54(CO)14.05.
Atom
X
Y
Z
Occupancy
U(ISO) (Å2)
Multiplicity
0.3823(4)
0.3535(4)
0.137(1)
0.013(3)
Mg
1
18
0.3262(4)
0.2948(4)
0.360(1)
0.019(3)
O1
1
18
0.3018(5)
0.2288(5)
0.596(1)
0.016(2)
O2
1
18
0.3548(4)
0.2757(4)
0.007(2)
0.025(3)
O3
1
18
0.3190(4)
0.2461(4)
0.419(1)
0.032(3)
C1
1
18
0.3280(5)
0.2058(4)
0.289(1)
0.043(3)
C2
1
18
0.3444(4)
0.2218(4)
0.089(1)
0.029(3)
C3
1
18
0.3511(4)
0.1826(4)
-0.020(1)
0.029(3)
C4
1
18
0.3611(6)
0.1900(6)
-0.159(2)
0.014(4)
H
1
18
0.4656(7)
0.3490(5)
0.276(2)
0.024(5)
C1a
0.781(6)
18
0.5121(9)
0.3564(8)
0.323(2)
0.049(7)
O1a
0.781(6)
18

Table 5.S8. Atomic parameters from Rietveld refinement of Mn2(dobdc) data (10 K) at a loading
of 0.75 CO per Mn2+ (R-3, a = 26.278(1) Å, c = 7.0842(3) Å, V = 4236.4(4) Å3). Values in
parentheses indicate one standard deviation in the refined value. Goodness-of-fit parameters: χ2 =
1.70; wRp = 3.40 %; Rp = 2.77 %. Refined composition: Mn18H18C72O54(CO)13.35.
Atom
X
Y
Z
Occupancy
U(ISO) (Å2)
Multiplicity
0.3895(7)
0.3615(8)
0.142(3)
0.020(5)
Mn
1
18
0.3238(7)
0.2915(6)
0.356(2)
0.044(5)
O1
1
18
0.2996(5)
0.2281(5)
0.591(2)
0.011(3)
O2
1
18
0.3543(6)
0.2732(7)
0.012(2)
0.037(4)
O3
1
18
0.3197(5)
0.2464(5)
0.415(2)
0.036(4)
C1
1
18
0.3282(6)
0.2050(5)
0.292(2)
0.045(4)
C2
1
18
0.3445(6)
0.2220(6)
0.089(2)
0.034(3)
C3
1
18
0.3526(5)
0.1843(5)
-0.016(1)
0.023(3)
C4
1
18
0.3607(7)
0.1916(8)
-0.161(3)
0.011(5)
H
1
18
0.4675(6)
0.3509(7)
0.290(2)
0.042(5)
C1a
0.74(1)
18
0.5082(7)
0.353(1)
0.348(3)
0.071(8)
O1a
0.74(1)
18
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Table 5.S9. Atomic parameters from Rietveld refinement of Ni2(dobdc) data (10 K) at a loading
of 0.75 CO per Ni2+ (R-3, a = 25.575(2) Å, c = 6.8269(7) Å, V = 3867.2(6) Å3). Values in
parentheses indicate one standard deviation in the refined value. Goodness-of-fit parameters: χ2 =
1.343; wRp = 2.72 %; Rp = 2.27 %. Refined composition: Ni18H18C72O54(CO)16.164.
Atom
X
Y
Z
Occupancy
U(ISO) (Å2)
Multiplicity
0.3845(5)
0.3531(5)
0.150(1)
0.029(3)
Ni
1
18
0.3230(7)
0.2966(7)
0.357(2)
0.016(5)
O1
1
18
0.3003(8)
0.2265(8)
0.595(2)
0.012(4)
O2
1
18
0.3605(7)
0.2772(7)
0.009(3)
0.019(6)
O3
1
18
0.3216(8)
0.2527(7)
0.429(2)
0.026(5)
C1
1
18
0.3399(9)
0.2057(9)
0.289(3)
0.064(7)
C2
1
18
0.3425(9)
0.2239(8)
0.082(3)
0.044(6)
C3
1
18
0.3522(7)
0.1805(8)
-0.032(2)
0.010(5)
C4
1
18
0.364(1)
0.194(1)
-0.164(4)
0.018(8)
H
1
18
0.4574(7)
0.3486(8)
0.269(3)
0.017(6)
C1a
0.90(2)
18
0.5033(9)
0.355(1)
0.304(3)
0.07(1)
O1a
0.90(2)
18

Table 5.S10. Atomic parameters from Rietveld refinement of Zn2(dobdc) data (10 K) at a
loading of 0.75 CO per Zn2+ (R-3, a = 25.8420(9) Å, c = 6.8749(3) Å, V = 3976.0(3) Å3). Values
in parentheses indicate one standard deviation in the refined value. Goodness-of-fit parameters:
χ2 = 1.26; wRp = 3.67 %; Rp = 2.95 %. Refined composition: Zn18H18C72O54(CO)13.40.
Atom
X
Y
Z
Occupancy
U(ISO) (Å2)
Multiplicity
0.3837(4)
0.3553(4)
0.136(1)
0.006(3)
Zn
1
18
0.3216(4)
0.2910(4)
0.365(1)
0.005(3)
O1
1
18
0.3007(4)
0.2260(4)
0.596(1)
0.008(2)
O2
1
18
0.3548(4)
0.2752(4)
0.010(1)
0.005(3)
O3
1
18
0.3159(4)
0.2448(4)
0.426(1)
0.020(2)
C1
1
18
0.3276(4)
0.2057(4)
0.288(1)
0.024(3)
C2
1
18
0.3451(4)
0.2244(4)
0.091(1)
0.022(3)
C3
1
18
0.3501(4)
0.1811(4)
-0.023(1)
0.014(3)
C4
1
18
0.3614(7)
0.1920(6)
-0.173(2)
0.011(4)
H
1
18
0.4639(5)
0.3446(5)
0.295(2)
0.013(4)
C1a
0.74(1)
18
0.5096(5)
0.3528(7)
0.336(2)
0.043(5)
O1a
0.74(1)
18

	
  
	
  

85	
  

	
  

Figure 5.S1. Langmuir fits (lines) for the 25 °C (squares) 35 °C (circles), and 45°C
(triangles) total CO (red symbols) or N2 (dark yellow symbols) adsorption isotherms of
Mg2(dobdc).

Figure 5.S2. Langmuir fits (lines) for the 25 °C (squares) 35 °C (circles), and
45°C (triangles) total CO (blue symbols), N2 (dark yellow symbols), and H2 (gray
symbols) adsorption isotherms of Mn2(dobdc).

Figure 5.S3. Langmuir fits (lines) for the 25 °C (squares) 35 °C (circles), and
45°C (triangles) total CO (orange symbols), N2 (dark yellow symbols), and H2
(gray symbols) adsorption isotherms of Fe2(dobdc).
	
  
	
  

86	
  

	
  

Figure 5.S4. Langmuir fits (lines) for the 25 °C (squares) 35 °C (circles), and
45°C (triangles) total CO (purple) and H2 (gray symbols) adsorption isotherms of
Co2(dobdc).

Figure 5.S5. Langmuir fits (lines) for the 25 °C (squares) 35 °C (circles), and
45°C (triangles) total CO (green symbols) and N2 (dark yellow symbols)
adsorption isotherms of Ni2(dobdc).

	
  
	
  

Figure 5.S6. Langmuir fits (lines) for the 25 °C (squares) 35 °C (circles), and
45°C (triangles) total CO (black symbols), N2 (dark yellow symbols) and H2 (gray
symbols) adsorption isotherms of Zn2(dobdc).
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Figure 5.S7. Single-, double-, and triple-site Langmuir fits (lines) for the 25 °C
total CO adsorption isotherms (symbols) of all M2(dobdc) frameworks. The xaxis is plotted on a logarithmic scale to emphasize the agreement between
experimental isotherm data and the Langmuir fits in the steep, low-pressure
region.

Figure 5.S8. The IAST selectivity is plotted is as a function of the mol fraction
of CO for a CO/H2 mixture at 25 °C and a total pressure of 1 bar. Different
saturation capacities are used in the single-site Langmuir fits for H2 in Ni2(dobdc),
Fe2(dobdc), and Mg2(dobdc) to confirm that the H2 saturation capacity does not
significantly affect the IAST results.

	
  
	
  

Figure 5.S9. Background H2 adsorption isotherms at 25 °C for the HPVA sample
holder containing nonporous glass beads. The black line represents a 3rd order
polynomial fit to the background adsorption that was subsequently applied as a
correction to the high-pressure H2 isotherm of Ni2(dobdc) at 25 °C.
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Figure 5.S10. Background subtracted FTIR spectra of CO adsorbed to
Co2(dobdc) at room temperure under successive loadings. The final equilibrium
pressure was 0.020 bar.

Figure 5.S11. Infrared spectra of M2(dobdc) in the presence of CO.
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Figure 5.S12. Rietveld refinement of 10 K neutron diffraction data of Co2(dobdc) dosed with
0.75 CO per Co2+. The calculated pattern (red trace) is in good agreement with the experimental
data (black circles) as evidenced by the difference pattern (blue trace).

Figure 5.S13. Rietveld refinement of 10 K neutron diffraction data of Fe2(dobdc) dosed with
0.75 CO per Fe2+ as described in the text. The calculated pattern (red trace) is in good agreement
with the experimental data (black circles) as evidenced by the difference pattern (blue trace).

Figure 5.S14. Rietveld refinement of 10 K neutron diffraction data of Mg2(dobdc) dosed with
0.75 CO per Mg2+ as described in the text. The calculated pattern (red trace) is in good
agreement with the experimental data (black circles) as evidenced by the difference pattern (blue
trace).
	
  
	
  

90	
  

	
  

Figure 5.S15. Rietveld refinement of 10 K neutron diffraction data of Mn2(dobdc) dosed with
0.75 CO per Mn2+ as described in the text. The calculated pattern (red trace) is in good
agreement with the experimental data (black circles) as evidenced by the difference pattern (blue
trace).

Figure 5.S16. Rietveld refinement of 10 K neutron diffraction data of Ni2(dobdc) dosed with
0.75 CO per Ni2+ as described in the text. The calculated pattern (red trace) is in good agreement
with the experimental data (black circles) as evidenced by the difference pattern (blue trace).

Figure 5.S17. Rietveld refinement of 10 K neutron diffraction data of Zn2(dobdc) dosed with
0.75 CO per Zn2+ as described in the text. The calculated pattern (red trace) is in good agreement
with the experimental data (black circles) as evidenced by the difference pattern (blue trace).
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Figure 5.S18. Variable-temperature magnetic susceptibility data in an applied field of 1kOe for
samples of Fe2(dobdc) in a vacuum (orange) and under 1 bar of CO (green). Black lines
represent fits.
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Figure 5.S19. Mössbauer spectra of Fe2(dobdc)·2(CO) at the indicated temperatures. The green
doublet is attributed to residual high-spin FeII, while the orange doublet corresponds to high-spin
FeII with partial charge transfer to bound CO. The blue doublet is attributed to oxidized
Fe2(dobdc) coordinated to O2-. At 40 K Fe2(dobdc)·2(CO) displays a doublet with isomer shift
of 1.198(5) mm/s and quadrupole splitting of 2.60(1) mm/s. At 250 K these values decrease to
1.09(3) and 2.28(5) mm/s, respectively.
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Chapter 6: Strong Binding and Slow Release of Nitric Oxide in Fe2(dobdc)
6.1. Introduction
Metal-organic frameworks, which have received considerable attention for gas storage and
separation applications,1 have recently shown promise for applications in the biomedical field,
typically for drug storage and delivery.2 Although a number of structures have been synthesized
from biologically active ligands,3 bioactive molecules can also be incorporated into a metalorganic framework post-synthetically.4 One example of this is the adsorption and release of nitric
oxide by frameworks featuring coordinatively-unsaturated metal cations. The first investigation
involved the widely studied metal-organic framework Cu3(btc)2 (btc3– = 1,3,5-benzenetricarboxylate, HKUST-1).5,6 This material adsorbed nearly 4.0 mmol/g of the biologically
active molecule nitric oxide, a significant improvement over zeolites which have been shown to
adsorb NO with maximum adsorption capacities of 1 mmol/g.7 Upon exposing the framework to
humid air a slow release of a fraction of the coordinated NO was released over the course of an
hour. Although the released amount, approximately 2 µmol/g, was very limited it was sufficient
to inhibit platelet aggregation in biological experiments. In addition to antithrombotic
applications, porous materials that can store and deliver the important biological signaling
molecule NO may be useful for antibacterial and wound healing applications.8
In order to improve upon the NO release properties of HKUST-1, storage and release by
Ni2(dobdc) and Co2(dobdc) were subsequently studied.9,10 These materials feature incredibly
high densities of coordinatively-unsaturated cations and are unable to form the M(I)–NO+
adducts likely responsible for the poor NO release displayed by HKUST-1. Indeed, the
frameworks adsorbed close to 7 mmol/g NO at room temperature and released the entire quantity
within 15 hours of exposure to humid air. These frameworks, however, suffer biocompatibility
issues as they are based on Co2+ and Ni2+. The NO storage and release properties of a family of
biocompatible MIL-88(Fe) based metal-organic frameworks were recently reported.11 However,
the materials adsorbed and released (< 0.35 mmol/g) significantly less NO than the M2(dobdc)
frameworks.
6.2. Experimental
6.2.1. Sample Preparation. All reagents were obtained from commercial vendors and used
without further purification. Fe2(dobdc) was synthesized according to the previously published
method.12 Fe2(NO)2(dobdc) was prepared by placing 1-2 grams of activated Fe2(dobdc) in a
Schlenk flask in a nitrogen filled glovebox, transferring to a Schlenk line, and slowly dosing the
evacuated flask with gaseous NO at room temperature. After allowing the sample to equilibrate
for 30 minutes excess NO was removed from the flask by vacuum, after which the sample was
stored in an N2 filled glovebox.
6.2.2. NO Adsorption Experiment. 200 mg of Fe2(dobdc) was transferred to a preweighed
glass sample tube under an atmosphere of nitrogen and capped with a Transeal. The sample was
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. The sample was considered
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activated when the outgas rate at 433 K was less than 2 µbar/min. The evacuated tube containing
degassed sample was then transferred to a balance and weighed to determine the mass of sample.
The tube was transferred to the analysis port of the instrument where the outgas rate was again
determined to be less than 2 µbar/min at 433 K. Nitric oxide adsorption was performed using a
recirculating dewar connected to an isothermal bath.
6.2.3. Neutron Powder Diffraction. Neutron powder diffraction measurements of the NOloaded Fe2(dobdc) were performed on the Echidna instrument13 located at the Bragg Institute of
the Australian Nuclear Science and Technology Organisation (ANSTO). The sample weighing
0.9 g was transferred to a vanadium cell in an Ar-filled glovebox. The high-resolution
diffractometer was configured with a Ge(311) monochromator using a take-off angle of 140°
with no collimation at the monochromator and fixed tertiary 5' collimation, resulting in a
wavelength of 2.4406 Å. Diffraction data were collected at ≈9 K. Data were integrated over a
central region of pixels (48 to 63 out of 128) for the position sensitive detectors.
Neutron powder diffraction data were analyzed using the Rietveld method as implemented in
EXPGUI/GSAS.1415 The Fe2(dobdc) model was based on that previously determined,12 with the
scale-factor, and unit cell allowed to vary. Fourier difference methods were employed to locate
the adsorbed NO. Models clearly indicate that the connectivity of Fe:N-O is preferred.
6.2.4. FTIR and DR-UV-Visible-NIR Spectroscopies. In situ transmission FTIR spectra
were collected on very thin self-supporting pellets inserted in a home-made quartz IR	
  cell with
KBr window, at 2 cm–1 resolution on a Bruker Vertex 70 spectrophotometer equipped with a
MCT detector. DRS spectra were recorded on a thick self supported wafer inserted in the homemade cell equipped with a quartz optical window on a Cary 5000 by Varian spectrophotometer
equipped with reflectance sphere. Pellets were made inside a glove box in order to avoid contact
with oxygen and moisture. Before NO dosages, Fe2(dobdc) samples were activated under
dynamic vacuum (residual pressure <10-4 mbar ) at 433 K for 18 h.
6.2.5. Nitric Oxide Release. Quantification of NO release was performed using a Sievers
NOA 280i chemiluminescence Nitric Oxide Analyzer. The instrument was calibrated by passing
air through a zero filter (<1 ppb NO) and 91.0 ppm NO gas (Air Products, balance nitrogen). The
flow rate was set to 200 mL/min with a cell pressure of approximately 6.5 Torr and an oxygen
pressure of 6.1 psig. To measure NO release from the materials, nitrogen gas of known humidity
(11% R.H.) was passed over the powders at room temperature, the resultant gas was directed into
the analyzer and the concentration of NO recorded as a function of time.
6.2.6. Mössbauer Spectroscopy. The Mössbauer spectra of Fe2(NO)2(dobdc) were measured
at various temperatures between 50 and 250 K with a constant acceleration spectrometer which
utilized a rhodium matrix cobalt-57 source and was calibrated at 295 K with α-iron foil. The
absorber contained 57(1) mg/cm2 of powder mixed with boron nitride and was prepared in an
N2-filled glovebox.
6.2.7. Magnetic Measurement. Magnetic data were collected using a Quantum Design
MPMS-XL SQUID magnetometer. Measurements on Fe2(NO)2(dobdc) were obtained with
finely ground microcrystalline powder restrained with a plug of glass wool within a sealed quartz
tube. No effects of crystallite torqueing were observed.
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6.3. Results and Discussion
One of the more recently discovered members of the M2(dobdc) series, Fe2(dobdc), 16
combines the advantages of both systems, the high density of accessible sites found in
M2(dobdc) and the biocompatibility of MIL-88(Fe). Furthermore, we have shown that the iron
analog is the only member of the M2(dobdc) family to display strong, selective interactions with
O2 based on the accessible redox nature of the Fe(II) ions in the material. Given these promising
properties, we sought to investigate NO storage and release in Fe2(dobdc).
The 298 K nitric oxide adsorption isotherm (figure 6.1) offers an initial indication that
Fe2(dobdc) may show utility for NO storage and release. Under these conditions the isotherm is
incredibly steep, approaching saturation near 0.007 bar. At this pressure the adsorption
corresponds to 0.95 NO molecules per iron site and reaches 1.00 at 1.2 bar. In contrast, the
adsorption of NO in Co2(dobdc) and Ni2(dobdc) reaches one molecule per accessible metal site
at pressures greater than 0.2 bar.9 All three frameworks show significant hysteresis in their
adsorption isotherms. While the cobalt and nickel analogues desorb approximately 1-2 mmol/g
at low pressure, Fe2(dobdc) retains 0.95 NO/Fe upon desorption to 0.007 mbar. Similar to the
adsorption of O2 in this framework the bright green sample turns dark brown upon adsorption of
NO, indicating oxidation of the Fe2+ sites.16

Figure 6.1. Adsorption of NO in Fe2(dobdc) at 25 °C, closed and open symbols
represent adsorption and desorption, respectively. Saturation is nearly achieved by
7 mbar (inset).
Infrared spectroscopy offers a convenient handle on the nature of NO binding and has been
widely employed to probe the interaction of NO with iron(II) cations.17 The N–O stretching
frequency of free nitric oxide is 1880 cm-1 and can range from 1500–1900 cm-1 when
coordinated to a transition metal cation depending on the mode of coordination, where lower
frequencies usually corresponding to a bent M–N–O angle. In the case of iron(II), these values
typically fall in the range of 1700–1860 cm-1.17b,d Accordingly, Fe2(NO)2(dobdc) displays a
single peak at low NO coverage of 1782 cm-1, the small peak around 1810 cm-1 is an effect of
background subtraction (Figure 6.2). The observed red shift is significantly larger than that
measured on the isostructural Ni2(dobdc) (1845 cm–1) system,10 and is even larger than that
observed upon dosing NO on very active surface sites such as Cr(II) (1810 cm–1)18a or Fe(II)
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(1860-1845 cm–1)17a on silica or Cu(I) (1810-1790 cm–1)17b-e in zeolites. This indicates a
substantial charge transfer from the iron cations in Fe2(dobdc) to NO. The highest coverage
spectrum reported in Figure 6.2 corresponds to an NO equilibrium pressure (PNO) of 0.04 mbar.
Further increases of PNO results in the saturation of the 1782 cm-1 band, that does not move in
frequency (reflecting the isolated nature of the Fe(II)−NO oscillator inside the framework.17d The
steep increase of the Fe(II)−NO band in the low PNO region, fully supports the adsorption data
reported in Figure 6.1. No additional band ascribable to nitrosylic species were observed at any
pressure, indicating that the mono-nitrosyl complex does not evolve into iron poly-nitrosyls as
observed in zeolites17a. This confirms the 1:1 stoichiometry measured in the volumetric
adsorption experiment. After NO adsorption, O2 was introduced onto the framework as a probe
for accessible iron(II) sites. As shown in figure 6.S1 the spectrum is nearly unchanged with a
minimal amount of hydroxyl formation observed. This additional experiment demonstrates that
the NO coordinated to Fe prevents oxidation with O2 and the subsequent framework
decomposition we have previously seen upon exposing the material to air.16 Evacuation at 80 °C
does not result in any appreciable NO desorption, while the N-O band disappears almost
completely upon evacuation at 160 °C (orange and red spectra in Figure 6.S1).

Figure 6.2. Infrared spectra of Fe2(dobdc) in the presence of increasing NO
pressure at room temperature (0-0.04mbar interval), the IR spectrum of activated
Fe2(dobdc) has been subtracted. Inset: Diffuse reflectance UV–Vis–NIR spectra
of Fe2(dobdc) (green) and Fe2(NO)2(dobdc) (red).
The formation of a stable Fe(III)−NO complex with a bent Fe–N–O geometry is also
suggested by the UV-Vis spectra (inset in Figure 6.2) showing the disappearance of the d−d
bands around 5,000 and 12,000 cm-1 accompanied by the appearance of three new electronic
transitions at 14,000, 17,000 and 20,000 cm-1 related to d−d transitions with mixed p character.
Extensive mixing of the metal and ligand wave functions in the molecular orbitals of the
complex does not allow a distinction between ligand field and charge transfer for these
transitions.
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Both Mössbauer spectroscopy and dc susceptibility confirm the charge transfer from iron(II).
At room temperature the Mössbauer spectrum of Fe2(dobdc) features a simple doublet. This
doublet exhibits an isomer shift and quadrupole splitting of 1.094(3) and 2.02(1) mm/s,
respectively, both consistent with high-spin iron(II). The Mössbauer spectra of Fe2(NO)2(dobdc)
indicates oxidized iron cations with substantially reduced isomer shift and quadrupole splitting
(figure 6.3). At 250 K these values, 0.563(4) and 1.057(7) mm/s, respectively, are consistent with
high-spin iron(III) in an octahedral coordination environment. Although Mössbauer studies on
{Fe-NO}7 systems are relatively rare, the parameters for Fe2(NO)2(dobdc) are in good agreement
with reported values.19 The room temperature χMT value of 3.40 cm3K/mol indicates an S = 3/2
system, as would be consistent with an S = 5/2 iron(III) antiferromagnetically coupled to an S = 1
NO–.

Figure 6.3. Mössbauer spectrum of Fe2(NO)2(dobdc) recorded at 50 K. The red
doublet, attributed to high-spin FeIII, exhibits an isomer shift and quadrupole
splitting of 0.645(8) and 1.092(1) mm/s, respectively.
We turned to neutron powder diffraction to further investigate the binding of NO to
Fe2(dobdc). Rietveld refinement was performed against data collected for a sample of
Fe2(NO)2(dobdc) at 4 K. From this model a single adsorption site is apparent with nitric oxide
coordinated to iron with a refined occupancy of 0.970(5) NO molecules per Fe site. As
expected, NO is N-bound with a bent geometry featuring an Fe–N distance of 1.785(7) Å and
Fe–N–O angle of 151.4(6)° (figure 6.4). Both of these values are consistent with previously
reported FeIII–NO- species. Accordingly, the equatorial Fe–O bonds decrease from 2.086 to
2.045 Å upon oxidation. As we have previously seen in Fe2(OH)2(dobdc),20 the Fe–O bond trans
to the NO molecule elongates substantially upon NO coordination from 2.13(2) to 2.31(1) Å.
The N–O distance of 1.17(1) Å is elongated from that of free NO (1.154),21 consistent with the
formation of NO-.
To monitor NO release by this material a sample of Fe2(NO)2(dobdc) (see Supporting
Information for full experimental procedures) was exposed to N2 at 11 % relative humidity and
the amount of NO released was quantified by chemiluminescence. As shown in figure 6.5, the
framework initially releases a short burst of NO, which is likely attributed to physisorbed gas.
Over the duration of the experiment the material slowly released approximately 2/3 of the
strongly bound NO. Although the total quantity released by Fe2(dobdc) was less than that
released by both Ni2(dobdc) and Co2(dobdc) it was delivered in a much more controlled manner,
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still releasing biologically relevant concentrations after 10 days. As there is approximately 2-2.5
mmol/g of NO remaining, this material has the possibility to release NO for an even longer
period of time. Similar release behavior was observed at room temperature (figure 6.S4).

Figure 6.4. Structures of Fe2(dobdc) and Fe2(NO)2(dobdc) as determined from
Rietveld analysis of neutron powder diffraction data. Orange, blue, red, gray, and
white spheres represent Fe, N, O, C, and H atoms, respectively. Values in
parentheses give the estimated standard deviation in the final digit of the number.

Figure 6.5. Release of NO by Fe2(NO)2(dobdc) on contact with humidified N2 at
310 K. The red curve quantifies the total NO released in mmol/g while the black
curve shows the framework is still releasing after 10 days.
6.4. Outlook and Conclusions
The foregoing results demonstrate that Fe2(dobdc) can serve as a biocompatible metal
containing porous platform for the slow, moisture-triggered release of NO. The strong binding of
nitric oxide to the coordinatively-unsaturated redox-active iron(II) cations in Fe2(dobdc) is
attributed to the formation of FeIII–NO– adducts, as characterized by a number of spectroscopic
methods as well as neutron powder diffraction. Given the strong nature of NO binding in this
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material it was found to slowly release biologically relevant concentrations of nitric oxide over
the course of 10 days.
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Table 6.S1. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of structural model of Fe2(dobdc) doesd with 1.0 NO per
Fe(II), 10 K, Trigonal, R-3, a = 25.7807(3) Å, c = 6.8226(1) Å, V = 3927.1(1) Å3. Values in
parentheses indicate one standard deviation in the refined value. Goodness-of-fit parameters: χ2
= 3.181, wRp = 0.0461, Rp = 0.0358
Atom
Fe
O1
O2
O3
C1
C2
C3
C4
H
N
O

X

Y

Z

Occupancy

U(ISO) (Å2)

0.3912(2)
0.3206(3)
0.3008(3)
0.3530(3)
0.3138(3)
0.3246(3)
0.3426(2)
0.3488(3)
0.3608(5)
0.1063(2)
0.1329(4)

0.3500(2)
0.2944(3)
0.2308(3)
0.2725(3)
0.2462(3)
0.2074(3)
0.2207(3)
0.1801(3)
0.1894(4)
0.4482(2)
0.4720(4)

0.1502(7)
0.3486(9)
0.589(1)
-0.004(1)
0.4190(9)
0.2853(9)
0.0831(9)
-0.031(1)
-0.176(2)
0.7289(8)
0.586(1)

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.970(5)
0.970(5)

0.0059(8)
0.0037(9)
0.0037(9)
0.0037(9)
0.0099(5)
0.0099(5)
0.0099(5)
0.0099(5)
0.0059(5)
0.012(1)
0.038(3)

Multiplicity
18
18
18
18
18
18
18
18
18
18
18

Figure 6.S1. IR spectra of activated Fe2(dobdc) (gray), 0.1 mbar eq. pressure of
NO (blue), increasing doses of O2: 2 mbar, 8, 15, 30 mbar of equilibrium pressure
(black), outgassing at 80 °C for 30 minutes (orange), and outgassing at 160 °C
for 30 minutes (red).
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Figure 6.S2. IR spectra of Fe2(dobdc) (black), Fe2(NO)2(dobdc) (red), and
Fe2(NO)2(dobdc) after evacuation at 180 °C for 4 hours. As indicated in the plot,
NO and Fe-N stretches can be seen at 1779 cm-1 and 503 cm1, respectively.

Figure 5.S3. Variable-temperature magnetic susceptibility data in an applied field
of 1 kOe for Fe2(NO)2(dobdc).
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Figure 6.S4. Release of NO by Fe2(NO)2(dobdc) on contact with humidified N2 at
298 K. The red curve quantifies the total NO released in mmol/g while the black
curve shows the framework is still releasing after 10 days.

Figure 6.S5. Mössbauer spectra of Fe2(NO)2(dobdc) collected at the indicated
temperatures.
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Figure 6.S6. Powder neutron diffraction data for NO adsorbed in Fe2(dobdc). The
green line, crosses, and red line represent the background, experimental, and
calculated diffraction patterns, respectively. The blue line represents the
difference between experimental and calculated patterns.

	
  

106	
  

Chapter 7: Hydrogen Storage and Selective Oxygen Adsorption in Cr-BTT - a MetalOrganic Framework with Open Chromium(II) Coordination Sites

7.1 Introduction
Metal-organic frameworks have been rigorously investigated for more than a decade.
Motivation behind the exponential increase in publications in this area has been steeped in both
practical and fundamental roots. On the practical side, these materials have been studied for gas
storage 1 and separation applications, 2 ionic conductivity, 3 sensing, 4 catalysis, 5 and drug
delivery. 6 From a fundamental perspective, metal-organic frameworks offer a unique
opportunity for the isolation and characterization of species not seen in molecular inorganic
chemistry. The insight into structure-functionality relationships gleamed from fundamental
studies has informed the next generation of metal-organic framework materials. There are,
however, a number of classes of metal-organic framework structures that lie on the border
between practical and fundamental research. Perhaps most recognizable among these have been
the M3(btc)2 and M2(dobdc) frameworks. The former has been synthesized with a variety of
metal cations, including, Fe, Co, Ni, Cu, Zn, Mo, and Ru.7 M2(dobdc) has been prepared with
Mg, Mn, Fe, Co, Ni, Cu, Zn, and Cd.8 The isostructural nature of these materials has allowed for
a number of systematic studies, one for example is their performance as CO2/N2 separation
materials.9 Metal-organic frameworks of the M-BTT structure type have also been synthesized
for a wide array of metal cations (Mn, Fe, Co, Cu, Cd) and have typically been studied as
hydrogen storage materials.10 The work presented in this chapter describes the design, synthesis,
and characterization of a new member of the M-BTT family, Cr-BTT. Although this framework
displays H2 storage properties in line with those previously reported for these materials, the
redox-active nature of the chromium(II) cations in this framework endow it with excellent O2/N2
selectivity.
7.2 Experimental
7.2.1. General. Unless otherwise noted, all procedures were performed under an N2
atmosphere using standard glovebox or Schlenk techniques. Anhydrous, air-free N,Ndimethylformamide (DMF) and methanol were purchased from commercial vendors and further
deoxygenated by purging with N2 for at least 1 h prior to being transferred to an inert atmosphere
glovebox. All other reagents were obtained from commercial vendors at reagent grade purity or
higher and used without further purification.
7.2.2. Synthesis of Cr-BTT. Anhydrous chromium(II) chloride (1.1 g, 9.0 mmol), 1,4H3BTT (0.71 g, 3.6 mmol), DMF (300 mL) and triflic acid (3.2 mL 3.6 mmol) were added to a
500-mL Schlenk flask. The reaction mixture was heated at 393 K and stirred for 72 h to afford a
light brown precipitate. The solid was collected by filtration and washed with 100 mL of DMF to
yield 2.0 g (91%) of Cr-BTT. 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 Cr-BTT·MeOH as a tan
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powder. A sample of this compound was fully desolvated by heating under dynamic vacuum (<
10 µbar) at 433 K for 24 h to yield Cr-BTT as a light tan powder.
7.2.3. Low-Pressure Gas Adsorption Measurements. For all gas adsorption measurements
200-225 mg of Cr-BTT·MeOH was transferred to a pre-weighed glass sample tube under an
atmosphere of nitrogen and capped with a Transeal. Samples were then transferred to
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 µbar/min. Evacuated tubes containing degassed samples were then
transferred to a balance and weighed to determine the mass of sample, typically 150-175 mg.
The tube was transferred to the analysis port of the instrument where the outgas rate was again
determined to be less than 2 µbar/min at 433 K. Nitrogen and hydrogen gas adsorption isotherms
at 77 K and 87 K were measured in liquid nitrogen or liquid argon, respectively, while O2
measurements above 273 K were performed using a recirculating dewar connected to an
isothermal bath.
7.2.4. Neutron Powder Diffraction. NPD data were collected on the high-resolution neutron
powder diffractometer, BT1, at the National Institute of Standards and Technology (NIST)
Center for Neutron Research. Cr-BTT was first activated under dynamic vacuum for 48 hours at
150 °C. The remaining 0.82 grams of activated Cr-BTT was pumped in a He purged glove box,
loaded into an vanadium sample can, and subsequently attached to a gas loading lid using an
indium o-ring. The lid was then attached to a custom made collar that fit on a bottom-loading
closed cycle refrigerator. The sample was cooled to 10 K and NPD data was collected using a
Ge(311) monochromator (λ = 2.0781 Å) and a 60 minute collimator. The data were analyzed
using the Rietveld method as implemented in EXPGUI/GSAS software package. Bond distances
and angles of framework atoms were allowed to vary independently of one another. In order to
reduce the degrees of freedom, Uisos for framework atoms with the same identity were
constrained to be equivalent throughout the refinement process. Fourier difference analysis
carried out on the bare framework revealed minimal excess scattering density remaining in the
framework channels revealing that the material was sufficiently activated. The sample was
warmed to 100 K, dosed with 12 D2 per unit cell, and then slowly cooled to 10 K for data
collection. For subsequent data sets . The sample was then warmed to room temperature under
dynamic vacuum to remove remaining gas. The procedure was repeated for N2 and then O2 gas,
with dosing temperatures of 150 K and 300 K, respectively. After each gas dosing, the sample
was allowed to reach an equilibrium before it was slowly cooled to 10 K for data collection.
Rietveld analysis followed by Fourier Difference analysis revealed the locations and orientations
of the surface bound guest species. The D2 molecules were modeled as double occupancy atoms
due to quantum mechanical rotations that make the molecules almost spherical.
High-resolution neutron diffraction data were also collected on the C2 diffractometer at the
Canadian Neutron Beam Center using a 1.2 g sample of Cr-BTT. The sample preparation, data
collection of the bare and D2 loaded frameworks, and data analysis were carried out using
procedures similar to those previously described. For data collection a wavelength of 2.3704
wavelength was used to collected data from ≈ 2.8° to 117° in 2q.
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7.3 Results and Discussion
The reaction of anhydrous CrCl2, Cr(CO)6, H3BTT, and triflic acid in DMF affords solvated
Cr3[(Cr4Cl)3(BTT)8]2 as a light brown microcrystalline powder. X-ray powder diffraction data
confirms the material adopts the M-BTT structure type previously reported and shown in figure
7.1. The framework was activated by soaking in fresh DMF, followed by methanol exchange to
remove coordinated DMF, then heated at 150 °C under dynamic vacuum overnight to produce
activated Cr-BTT. Powder neutron diffraction data indicate the framework crystallizes in the
expected Pm-3m spacegroup with a = 18.6688(3) Å. Of the published M-BTT frameworks only
Cu-BTT, which features a significant Jahn-Teller distortion, has a smaller unit cell with a =
18.595(7) Å. Given the relatively large ionic radius of Cr2+, as compared to the other metals of
the series, one would perhaps expect a larger unit cell. However, high-spin Cr2+ is a d4 metal ion
and is expected to display a Jahn-Teller distortion, analogous to d9 Cu2+ in Cu-BTT. Indeed, the
equatorial Cr-N distance of 2.078(2) Å is shorter than the M-N distance in all M-BTT
frameworks except Cu-BTT.10 Nitrogen adsorption isotherms at 77 K reveal the framework to
have Langmuir and BET surface areas of 2295 and 2030 m2/g, respectively. These values are in
good agreement with those previously reported for M-BTT frameworks, which display BET
surface areas ranging from 1710 to 2100 m2/g.10

Figure 7.1. (Left) A portion of the crystal structure of Cr-BTT as determined by
neutron powder diffraction. Dark green, light green, gray, blue, and white spheres
represent Cr, Cl, C, N, and H atoms respectively. Charge balancing Cr atoms have
been omitted for clarity. (Right) Close up of Cr-BTT dosed with D2. At this
loading two binding sites are apparent with Cr-D2 and Cl-D2 distances of 2.78(3)
and 3.54(2) Å, respectively.
Given the combination of high surface area and accessible metal cation sites displayed by CrBTT, along with the fact that H2 storage properties of Cr2+ based metal-organic frameworks are
incredibly rare, we sought to compare H2 adsorption in Cr-BTT with previously reported M-BTT
frameworks. Low-pressure adsorption isotherms measured at 77 and 87 K are presented in
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figure 7.2. At 77 K the H2 isotherm is relatively steep, as expected for a metal-organic
framework containing coordinatively-unsaturated metal cation sites. Hydrogen uptake reaches a
value of approximately 12 mmol/g (2.35 wt %) at one bar. This value is consistent with those
reported for the Mn-, Fe-, and Cu-BTT frameworks (2.3, 2.3, and 2.4 wt % respectively).10
There is no clear trend between BET surface area and low-pressure H2 storage capacity at 77 K
as under these conditions H2 uptake is dramatically effected by both surface area as well as the
presence of open coordination sites. We have previously shown that though the copper cation
sites in Cu-BTT interact with H2 the weakest, overall there are more accessible sites as both FeBTT and Mn-BTT are unstable to complete desolvation. Analogous to Cu-BTT, and as
confirmed by neutron powder diffraction and infrared spectroscopy, Cr-BTT can be completely
desolvated to reveal a high density of open Cr2+ sites. Indeed, the isosteric heat of H2 adsorption
plotted as a function of loading (inset figure 7.2) indicates a low coverage isosteric heat of -10.0
kJ/mol. This value is significantly higher than that reported for Cr3(btc)2 as the paddlewheel
based HKUST-1 analog features Cr–Cr quadruple bonds. The low coverage adsorption enthalpy
in Cr-BTT is in good agreement with those previously reported for Cu-, Mn-, and Fe-BTT at 9.5, -10.1, and -11.9 kJ/mol, respectively.10

Figure 7.2. Low-pressure H2 adsorption isotherms in Cr-BTT collected at 77 K
(blue) and 87 K (red). Closed and open symbols represent adsorption and
desorption, respectively, and the solid lines represent dual-site Lanmuir fits to the
data. (Inset) Isosteric heat of H2 adsorption plotted as a function of loading.
To further investigate the interaction of D2 with Cr-BTT we turned to neutron powder
diffraction, which has previously proved valuable for structural elucidation in the M-BTT series.
Upon dosing 2 equivalents of D2 and cooling the framework to 10 K two adsorption sites are
apparent. Consistent with neutron powder diffraction studies on Mn-, Fe-, and Cu-BTT the
strongest two binding sites are the open Cr2+ cation which binds deuterium with a Cr-D2 distance
of 2.57(3) Å. This value is longer than those previously reported for this structure type (2.172.47 Å) and is a result of the relatively large ionic radius of Cr2+ and the significant distortion
displayed by this d4 metal.
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Figure 7.3. (upper) Excess O2 (red) and N2 (blue) adsorption isotherms collected
for Cr-BTT at 298 K, the black lines represent Langmuir-Freundlich fits to the
data. (Lower) Uptake of O2 at 200 mbar in Cr-BTT over 10 cycles at 298 K.
Adsorption experiments were performed over 30 minutes and desorption was
carried out by placing the sample under dynamic vacuum at 423 K for 30 minutes.
Although the H2 storage properties of Cr-BTT fall in line with results published for the other
members of the M-BTT family, the redox-active nature of Cr2+ bodes particularly well for other
separations. Indeed, we have previously shown that the only other reported chromium(II) based
metal-organic framework, Cr3(btc)2 is highly selective for the adsorption of O2 over N2 based on
selective electron transfer to the former. 11 To investigate the selective oxygen adsorption
capability of Cr-BTT, oxygen and nitrogen isotherms were measured at 298 K. The adsorption
of N2 is minimal at this temperature and climbs gradually to just 0.69 wt % at 1 bar. The oxygen
adsorption isotherm, however, is incredibly steep reaching 7.01 wt % at 0.20 bar before
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saturating at 7.59 wt % at 1 bar. This value does fall short of the 11.3 wt % adsorption expected
if every Cr2+ cation in Cr-BTT binds an O2 molecule and suggests a portion of the framework
cations are incapable of strongly binding oxygen. However, the room temperature one bar
adsorption of 7.59 wt % is among the highest reported for metal-organic frameworks and only
trails Fe2(dobdc) and Cr3(btc) at 10 and 12 wt %, respectively. In an effort to determine the
isosteric heat of O2 and N2 adsorption isotherms were additionally collected at 285 and 273 K.
In order to predict how Cr-BTT would perform for the separation of an O2/N2 mixture, ideal
adsorbed solution theory (IAST) was employed as binary gas adsorption isotherms cannot be
conveniently and rapidly measured. This procedure has been widely established for a variety of
gas mixtures in zeolites and metal-organic frameworks. The 298 K N2 and O2 adsorption
isotherms were modeled with single- and triple-site Langmuir-Freundlich fits, respectively. For
the separation of a 1:4 O2:N2 mixture at 298 K Cr-BTT displays an IAST selectivity in excess of
650. This value corresponds to the production of 99.5 % pure O2 from concentrations relevant to
separation from air. To access 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 7.3, the framework displays a moderate loss in capacity after the first adsorption
desorption cycle showing a reduced uptake of 5.75 wt % on the second cycle. Capacity loses are
reduced over the next 8 cycles and uptake seems to plateau near 4 wt % after 10 adsorption
cycles. The loss in framework capacity doesn’t appear to be due to material degradation as both
the surface area and X-ray powder diffraction pattern are unchanged after cycling. Further
experiments to understand the loss in capacity are ongoing.
The interaction between the Cr2+ cations in Cr-BTT and O2 was probed by infrared
spectroscopy. There have been a number of relatively recent studies on O2 binding to molecular
Cr2+ species. Bound in both end-on and side-on configurations these Cr(III)-O22- adducts feature
O-O stretching frequencies ranging from 1200-1070 cm-1 with the lower values typically
corresponding to the side-on species.12 The molecular species which exhibits the chromium
coordination environment most similar to that found in Cr-BTT features a Cr2+ cation
coordinated to four equatorial nitrogen atoms and an axial chloride. This molecule was found to
coordinate O2 with the resulting Cr3+-O22- complex displaying an O-O stretching frequency of
1170 cm-1. This complex also represented the first crystallographically characterized end-on
chromium(III)-superoxo complex. Accordingly, activated Cr-BTT displays two new IR peaks
upon exposure to O2. The O-O stretching frequency of 1193 cm-1 is suggestive of end-on
superoxide while the Cr-O stretch at 773 cm-1 is consistent with this interpretation.
In order to gain unambiguous insight into the nature of O2 binding we again turned to neutron
powder diffraction. A Rietveld refinement was performed against data collected for a sample of
Cr-BTT that was dosed with 1 equivalents of O2 then cooled to 10 K. Similar to the adsorption of
D2 two adsorption sites are apparent at this loading. The highest occupancy site, with a refined
occupancy of 0.834(16) O2 molecules per chromium, is the open chromium coordination site.
Consistent with our interpretation of the IR result, the O2 molecule binds in an end-on
coordination mode with a Cr–O distance of 1.84(2) Å and a Cr–O–O angle of 129(2)°. The Cr–O
distance is in good agreement with the only other crystallographically characterized end-on
chromium-superoxo complex, which features a Cr–O distance of 1.876(4) Å.12 The Cr–O–O
angle here is significantly smaller than the 146.3(4)° reported for the molecular system, likely a
result of the reduced steric bulk around the chromium cations in Cr-BTT. Consistent with the
formation of Cr3+–superoxide, the O-O distance of 1.26(2) Å is elongated compared to that of
free O2 (1.2071(1) Å). Accordingly, the Cr–N and Cr–Cl distances of 2.064(3) and 2.569(20) Å
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in Cr-BTT decrease to 2.026(4) and 2.524(19) Å upon oxidation. At this loading a secondary
adsorption site 3.517 Å above the chloride ion with a refined occupancy of 0.25.

Figure 7.4. First coordination spheres for the chromium centers within O2 and N2 dosed Cr-BTT
as determined from Rietveld analysis of neutron powder diffraction data. Dark green, light gree,
red, and blue spheres represent Cr, Cl, O, and N atoms, respectively. Values in parenthesis give
the estimated standard deviation in the final digit of the number.
Neutron powder diffraction data were also collected on a sample of Cr-BTT dosed with N2.
At a dosing of 0.75 N2 molecules per Cr2+, binding sites at both the chromium cation and the
chloride are apparent. In agreement with the weaker heat of adsorption as compared to oxygen,
nitrogen coordinates at a much longer distance of 2.35(3) Å in an end-on geometry with Cr-N-N
angle of 180°. As high-spin Cr2+ is not expected to activate N2, the N-N distance is only slightly
elongated compared to free N2 (1.11(1) vs. 1.0977(1) Å). At the secondary binding site the Cl-N2
distance of 3.62(1) is similar to the distances found for both D2 and O2 at this site. The overall
weak binding of N2 to Cr-BTT as compared to O2 endows this framework with excellent O2/N2
selectivity.
	
  
7.4. Outlook and Conclusions
The foregoing results demonstrate the ability of Cr-BTT, a new microporous metal-organic
framework with open chromium(II) coordination sites, to bind O2 over N2 via selective electron
transfer interactions. Infrared spectroscopy and powder neutron diffraction experiments were
utilized to confirm the mechanism of selective O2 adsorption. IAST calculations from singlecomponent gas adsorption isotherms indicate that the material should be capable of the highcapacity separation of O2 from air at room temperature. This is substantially higher than the
cryogenic temperatures currently used to separate O2 from air on a large scale. Hydrogen
adsorption experiments indicate H2 binding properties similar to previously reported M-BTT
materials.
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