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• Technical Focus:  
 Chemical study of confinement and reactivity of ions and molecules 
 in micro- and nano-porous materials 
 - zeolites, metal-organic frameworks (MOFs), clays and amorphous silicas 

 
• The study of Structure-Property Relationships on the nanoscale enabling the  
informed testing of the materials for a wide range of interests. 
 
• Structure analysis of host-guest systems on the nanoscale has led to strong 

 collaborations with staff scientists at the APS for synchrotron data collection &  
 Pair Distribution Function (PDF) analysis 

 
• Strong Interdisciplinary Teams working in concert. 

 diverse programs require diverse teams  
 chemists, engineers, computational modelers 
 national labs, universities and industry 

 
• Mentoring: postdocs, young staff and collaborating young professors,  

 strong support of women and minorities into the sciences 

Technical Focus 
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• Raised $35+ Million raised in individual PI grants 
 150+ publications, 13 US Patents, 4 book chapters, h-index = 33 

 
• Developed strong relationships at DOE, resulted in long running programs 

 - DOE/EERE/Office of Industrial Technologies (Advanced Materials) 
 - DOE/EERE/Hydrogen 
 - DOE/Environmental Management 
 - DOE/Office of Nuclear Energy 

Building customers with ARPA-E, DOE/BES, and DOE/Fossil Energy (NETL) 
 
• Research Group works in TRL 1 - 9 
 
• Led 2 different multiyear, multimillion $ CRADAs 

 - SNL, BP, Temec, Coors Ceramics, University Cincinnati:  
  Zeolite Membranes for HC isomer feedstock purification 
 - SNL, Goodyear Chemicals, University Cincinnati:  
  Membranes for Separations of High Volume C4/C5/C6 Mixtures 
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Applications 

Reprocessing: capture on nonburnable 
volatile fission products and lesser actinides 

129I t1/2 =  
85Kr, 14C (CO2), 3H 

• Recycle 
• LLW 

• Re-enrich 
• LLW 
• New fuel 

• Fuel Fab • Fuel Fab 

Remote Fuel Fab 
~30-60 g 
153 Ci 

Stack 

LWR Spent 
Fuel 

1,292 g 
889 Ci 

Disassembly, 
Voloxidation, 

Dissolution 
Primary Separation Steps Fission Product 

Stabilization 

Waste Form 
Testing 

LLLW 

Fuel Testing 

• Product-
Waste Form 
Dev 

• LLW 

• Product-
Waste Form 
Dev 

• Recycle Test • Re-enrich 
Test 

• Waste Form • Waste Form 

129I 
0.3 g 

4.1x10-5 Ci 

292 g 
0.2 Ci 

884-913 g 
0.006 Ci 

9.22 g 
581 Ci 

1.2 g 
0.02 Ci 

Hulls 
292 g 

U 
931 g 

Tc 
1.2 g 

Cs/Sr 
9.22 g 

Pu/Np 
11.8 g 

Am/Cm 
0.70 g 

Fission Product 
36.4 g 

143.6 Ci 

Xe 
8.86 g / ~0 Ci 

Kr 
0.60 g / 11.6 Ci 

Volatiles 3H 
1.0 x 10-4 g 

0.88 Ci 

14C 
1.6 x 10-4 g 
7.4 x 10-4 Ci 

UDS 
~1-5 g 

• Waste Form 

~1-5g 
~1-5 Ci 

• Product-
Waste Form 
Dev 

DOE/NE Fuel reprocessing  
Scheme, ORNL 
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aqueous released 
    (www.IAEA.org) 

Legacy, Accident or Produced rad aqueous waste  
requiring highly specific ion capture 

Elements, Dec 2006 

Hanford Tank Farm 
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Applications: Fission Gases 
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DOE/NE Aqueous Fuel  
Reprocessing Scheme, ORNL 

Applications: Fission Gases 

Thermochemical Evidence for Strong Iodine Chemisorption by ZIF‑8
James T. Hughes,† Dorina F. Sava,‡ Tina M. Nenoff,*,‡ and Alexandra Navrotsky*,†

†Peter A. Rock Thermochemistry Laboratory, NEAT ORU, University of California, Davis, One Shields Avenue, Davis, California
95616, United States
‡Nanoscale Sciences Department, Sandia National Laboratories, Albuquerque, New Mexico 87185, United States

*S Supporting Information

ABSTRACT: For the first time, using aqueous solution
calorimetry, we clearly identify the chemisorption of an
unusually strong iodine charge-transfer (CT) complex
within the cages of a metal−organic framework.
Specifically, we studied the sorption of iodine gas in
zeolitic imidazolate framework-8 (ZIF-8, Zn(2-methyl-
imidazolate)2). Two iodine-loaded ZIF-8 samples were
examined. The first, before thermal treatment, contained
0.17 I2/Zn on the surface and 0.59 I2/Zn inside the cage.
The second sample was thermally treated, leaving only
cage-confined iodine, 0.59 I2/Zn. The energetics of iodine
confinement per I2 (relative to solid I2) in ZIF-8 are ΔHads
= −41.47 ± 2.03 kJ/(mol I2) within the cage and ΔHads =
−18.06 ± 0.62 kJ/(mol I2) for surface-bound iodine. The
cage-confined iodine exhibits a 3-fold increase in binding
energy over CT complexes on various organic adsorbents,
which show only moderate exothermic heats of binding,
from −5 to −15 kJ/(mol I2). The ZIF-8 cage geometry
allows each iodine atom to form two CT complexes
between opposing 2-methylimidazolate linkers, creating
the ideal binding site to maximize iodine retention.

The unusually strong binding of iodine by the metal−
organic framework (MOF) zeolitic imidazolate frame-

work-8 (ZIF-8, Zn(2-methylimidazolate)2)
1 has been qualita-

tively well documented.2−4 Iodine is well known to form
modestly stable charge-transfer (CT) complexes with aromatic
carbon molecules, and iodine forms a CT complex with two
ZIF-8 linkers, 2-methylimidazolate.5 However, the energetic
magnitude of iodine−framework binding in ZIF-8 is unknown,
and it is unclear whether the strong I2 retention is due to kinetic
or thermodynamic factors or a combination of the two. To
better understand the energetics of iodine binding in ZIF-8,
aqueous solution calorimetry was used to examine the nature of
the interactions both on the surface and within the cages.
Much focus in the literature has been on greenhouse gas

capture (e.g., CO2, CH4).
6−9 There is also a great need and

industrial push for the selective capture and eventual long-term
storage of fission gases from the nuclear energy arena.
Radioactive iodine (namely the isotope 129I, which has a half-
life of ∼107 years) presents a unique challenge because iodine is
a mobile and soluble species that is easily absorbed by humans
and other animals and is concentrated in the thyroid. Currently
silver-exchanged zeolites are the preferred sorbent, and recently
the iodine capture mechanism in silver-exchanged mordenite
has been described.10−12 Yet the relatively low sorption capacity

and high cost of Ag-loaded zeolites limit their wide-scale
implementation.13 Activated carbon offers an inexpensive
option for a high-surface-area, high-capacity sorbent; however,
beyond 200 °C activated carbon becomes ineffective, and in
environments with high humidity or NOx gases its performance
deteriorates.13,14

In this context, MOFs, a relatively new class of porous hybrid
organic−inorganic materials, have been shown to address some
aspects of the thermal and chemical limitations of activated
carbon. Previous studies on ZIF-8 have shown the framework
to have a high sorption capacity for I2, up to 125 wt%: only 25
wt% I2 binds to the surface, while ∼100 wt% I2 is efficiently
contained within the sodalite cages of ZIF-8.2−4 The cage-
trapped I2 is securely confined until framework decomposition
at ∼300 °C. Simple thermal or pressure treatments on the
iodine-loaded ZIF-8 can induce amorphization, kinetically
trapping the bound iodine within the structure.3,4 ZIF-8 was
purposely selected, as its pore opening is nearly identical to the
cross section of molecular iodine and it has high surface area

Received: June 17, 2013
Published: October 22, 2013

Figure 1. (a) Space-filling (left) and ball-and-stick (right)
representation of the six-membered-ring window in ZIF-8, showing
the preferential I2 interaction with opposing 2-methylimidazolate
linkers for the cage-bound I2. (b) Favorable iodine loading energetics
and location of molecular iodine binding sites within the ZIF-8
framework. H atoms are omitted for clarity; zinc, green; carbon, gray;
nitrogen, blue; iodine, fuchsia.

Communication

pubs.acs.org/JACS

© 2013 American Chemical Society 16256 dx.doi.org/10.1021/ja406081r | J. Am. Chem. Soc. 2013, 135, 16256−16259

Zeolites – I2 capture/storage MOFs – small pore for  
large quantity I2 capture 

MOFs – large pore for competitive 
I2 vs H2O, and large volumes 
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� In order to achieve stable processing, the cesium adsorption apparatus 
(SARRY) were installed and the augmentation of the adsorption apparatus was 
completed (Aug.18).  NISA confirmed its safety. 

��Decontamination factor* of the cesium adsorption apparatus is 5 x 105 (as of 
Nov. 29). 

 

2) Installation of the desalination processing facility  
� The following desalination processing facility (reverse osmosis membrane 

method) was installed to process water decontaminated by the accumulated 
radioactive water processing facility (Kurion-Areva) (Jun. 17).  

� Additionally, the evaporative concentration apparatus was installed (three lines, 
Aug.7, Aug. 31, Oct. 9) and augmented the desalination facility.  

� Ascertained that chlorine concentration had decreased from 1,700 ppm to 
approx. 3ppm utilizing the reverse osmosis equipment (per the Nov.1 results) 
and that there was a decrease from 9,000 ppm to below approx. 1 ppm utilizing 
the evaporative concentration apparatus (per the Nov. 29 results.)  

Oil separator Decontamination instruments (Areva) Cesium adsorption apparatus (Kurion)

Accumulated water processing facility (Kurion - Areva)

W
ater 

desalinations 

Augmentation of accumulated water processing facility (SARRY) 

CSTs used in Cs+ cleanup of  
160M+ gallons from seawater 
in Fukushima buildings 

4

Immobilization and condensation of radioactive Immobilization and condensation of radioactive 
substancessubstances�� (adsorption tower)(adsorption tower)

�Removal by adsorption tower
�Remove radioactive substances and contaminants by coursing accumulated water 

through adsorption tower filled with absorbent
�As a basic design, zeolite is used as absorbent to remove oil, technetium (Tc), cesium 

(Cs) and iodine (I).
� Purify water by using ion-exchange effect of zeolite and absorbing radioactive 

substances such as cesium.
� Zeolite is a generic term for those with relatively large voids in the crystal structure 

of aluminosilicate. Inorganic materials and have excellent resistance to radiation.
� Using zeolite proven at Three Mile power station in the U.S. and improved zeolite. 
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Cs+ captured in CST cage 

Applications: Rad Ion Capture 
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MOF Amorphization for Gas Storage 
JACS, 2011,133(46),18583  
US Patent 9,162,914; 2015 

Example 1:  Nanoporous Materials (Zeolites, 
Molecular Sieves & MOFs), Radiological Ion and Gas Capture 

CST, Cs+ removal from 
water to Pollucite Waste Form 
US Patents 6,479,427; 6,110,378 

SOMS Molecular Sieve,  
Sr2+ getter,  
1-step to Perovksite WF   
JACS, 2002,124(3), 1704 
US Patent 7,122,164; 2006 

I2/ZIF-8 MOF, Encapsulation 
to Waste Form 
JACS, 2011,133(32),12398  
JACS 2013, 135, 16256  

CST, Molecular Sieve: 
R&D100 1996 
JACerS, 2009, 92(9), 2144  
JACerS, 2011, 94(9), 3053  
Solvent Extr. & Ion Exch, 2012, 30, 33  

Design, Produce, Test and 
Commercialize Materials with  

Specific Selectivity to Ion/Gas by 
Size & Chemistry of Nanopore 

Thermochemical Evidence for Strong Iodine Chemisorption by ZIF‑8
James T. Hughes,† Dorina F. Sava,‡ Tina M. Nenoff,*,‡ and Alexandra Navrotsky*,†

†Peter A. Rock Thermochemistry Laboratory, NEAT ORU, University of California, Davis, One Shields Avenue, Davis, California
95616, United States
‡Nanoscale Sciences Department, Sandia National Laboratories, Albuquerque, New Mexico 87185, United States
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ABSTRACT: For the first time, using aqueous solution
calorimetry, we clearly identify the chemisorption of an
unusually strong iodine charge-transfer (CT) complex
within the cages of a metal−organic framework.
Specifically, we studied the sorption of iodine gas in
zeolitic imidazolate framework-8 (ZIF-8, Zn(2-methyl-
imidazolate)2). Two iodine-loaded ZIF-8 samples were
examined. The first, before thermal treatment, contained
0.17 I2/Zn on the surface and 0.59 I2/Zn inside the cage.
The second sample was thermally treated, leaving only
cage-confined iodine, 0.59 I2/Zn. The energetics of iodine
confinement per I2 (relative to solid I2) in ZIF-8 are ΔHads
= −41.47 ± 2.03 kJ/(mol I2) within the cage and ΔHads =
−18.06 ± 0.62 kJ/(mol I2) for surface-bound iodine. The
cage-confined iodine exhibits a 3-fold increase in binding
energy over CT complexes on various organic adsorbents,
which show only moderate exothermic heats of binding,
from −5 to −15 kJ/(mol I2). The ZIF-8 cage geometry
allows each iodine atom to form two CT complexes
between opposing 2-methylimidazolate linkers, creating
the ideal binding site to maximize iodine retention.

The unusually strong binding of iodine by the metal−
organic framework (MOF) zeolitic imidazolate frame-

work-8 (ZIF-8, Zn(2-methylimidazolate)2)
1 has been qualita-

tively well documented.2−4 Iodine is well known to form
modestly stable charge-transfer (CT) complexes with aromatic
carbon molecules, and iodine forms a CT complex with two
ZIF-8 linkers, 2-methylimidazolate.5 However, the energetic
magnitude of iodine−framework binding in ZIF-8 is unknown,
and it is unclear whether the strong I2 retention is due to kinetic
or thermodynamic factors or a combination of the two. To
better understand the energetics of iodine binding in ZIF-8,
aqueous solution calorimetry was used to examine the nature of
the interactions both on the surface and within the cages.
Much focus in the literature has been on greenhouse gas

capture (e.g., CO2, CH4).
6−9 There is also a great need and

industrial push for the selective capture and eventual long-term
storage of fission gases from the nuclear energy arena.
Radioactive iodine (namely the isotope 129I, which has a half-
life of ∼107 years) presents a unique challenge because iodine is
a mobile and soluble species that is easily absorbed by humans
and other animals and is concentrated in the thyroid. Currently
silver-exchanged zeolites are the preferred sorbent, and recently
the iodine capture mechanism in silver-exchanged mordenite
has been described.10−12 Yet the relatively low sorption capacity

and high cost of Ag-loaded zeolites limit their wide-scale
implementation.13 Activated carbon offers an inexpensive
option for a high-surface-area, high-capacity sorbent; however,
beyond 200 °C activated carbon becomes ineffective, and in
environments with high humidity or NOx gases its performance
deteriorates.13,14

In this context, MOFs, a relatively new class of porous hybrid
organic−inorganic materials, have been shown to address some
aspects of the thermal and chemical limitations of activated
carbon. Previous studies on ZIF-8 have shown the framework
to have a high sorption capacity for I2, up to 125 wt%: only 25
wt% I2 binds to the surface, while ∼100 wt% I2 is efficiently
contained within the sodalite cages of ZIF-8.2−4 The cage-
trapped I2 is securely confined until framework decomposition
at ∼300 °C. Simple thermal or pressure treatments on the
iodine-loaded ZIF-8 can induce amorphization, kinetically
trapping the bound iodine within the structure.3,4 ZIF-8 was
purposely selected, as its pore opening is nearly identical to the
cross section of molecular iodine and it has high surface area

Received: June 17, 2013
Published: October 22, 2013

Figure 1. (a) Space-filling (left) and ball-and-stick (right)
representation of the six-membered-ring window in ZIF-8, showing
the preferential I2 interaction with opposing 2-methylimidazolate
linkers for the cage-bound I2. (b) Favorable iodine loading energetics
and location of molecular iodine binding sites within the ZIF-8
framework. H atoms are omitted for clarity; zinc, green; carbon, gray;
nitrogen, blue; iodine, fuchsia.
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MOF Cu-BTC:  
I2 from Humid 
Gas Stream 
Chem. Mater. 2013,  
25(13), 2591  

Glass Composite Material 
GCM: 

Universal  Core-Shell Iodine  
Glass Waste Form & Getter 
 JACerS, 2011, 94(8), 2412 
US Patent 8,262,950; 2012  

  
 

 

Progressively higher magnification images of TiO2 porous nanofibers fabricated for this milestone. 
 

 
 Optical image of nanofiber membrane.     SEM image of Nanofiber membrane  
       (20 micron scale bar)   

 
SEM image of nanofibers (500 nm scale bar) 
 

 
SEM image of nanopores in the nanofibers (500 nm scale bar).  
Evaluation indicates that nanopores in fibers are !5 - 10 nm in diameter. 

TiO2 Nanoporous 
Nanofibers 
Volatile Gas Removal 
US Patent Application,2011 

Binder Free MOF 
Pelletization 
    US Patent 
    Pending 2014 

As 
made 

I2  
loaded 
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H2 Purification 
Nature Mater., 2015,	7, 377;  Chem. Rev. 2007, 107, 4078 
MRS Bulletin, 2006, 31(10), 735 (cover; Editor Nenoff)  

   

increase markedly with reaction time beyond 12 h;
for a given temperature and starting gel composi-
tion, a similar value is found for all reaction times
ranging from 12 to 48 h. In certain regions, the

zeolitic layer is separated and raised from the
alumina support. This is likely due to the me-
chanical breaking of the membrane necessary for
the SEM examination and not a result of the
membrane growth technique. An EDAX profile of
the cross section showed that essentially no Al was
present in the bulk of the zeolite layer, where our
EDAX quantitative Si/Al detection limit is an 80/1
atomic ratio [29]. The alumina substrate did not
thus significantly contaminate the zeolite film.
Powder X-ray diffraction, shown in Fig. 6, detects
only MFI type zeolite. Preferred orientation of the
zeolite on the membrane is noticeable by the dif-
ferences in relative peak intensity between the two
patterns [30].

The single gas permeation results compiled in
Table 2 show that the membranes have an ideal
selectivity He/SF6 at least equal to 25; this corre-
sponds to more than four times the Knudsen fac-
tor for these gases. Since the kinetic diameter of
SF6 is intermediate to the dimensions of the two
types of pore channels in MFI type zeolite, a very
small permeance for this gas is to be expected.

Fig. 5. Enlargement of a cross section view. It emphasizes the
interface between the top zeolitic film and the alumina sub-
strate, which is the globular material.
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Fig. 6. X-ray powder diffraction pattern of the membrane (top pattern) and as a reference bulk silicalite seeds (bottom pattern), 2-
Theta scan from 5! to 30!, step width: 0.04, step time: 1 s. The membrane pattern shows the presence of well-crystallized high silica
ZSM-5 along with a-alumina. Since the thickness of the low absorbing zeolite layer is about 10 lm, the peaks of the Al2O3 substrate, as
denoted by the star, are always evident even when full coverage was achieved.

186 F. Bonhomme et al. / Microporous and Mesoporous Materials 66 (2003) 181–188

ZSM-5 Zeolite membrane for  
H2 from CO2 separations 
Micro Meso Mater, 2003, 66, 181 

∼5% decrease in H2 permeance. The results indicate that there
was no silica film deposited on the TEOS-modified membrane
surface to block the pore entrances for MDES molecules.

The NH3-TPD measurements for the TEOS- and MDES-
modified MFI zeolite particles (Si/Al=111) revealed that the
number of acidic sites in the MDES-modified sample was sub-
stantially smaller than that in the TEOS-modified sample. This
suggests that the internal surface acidic sites were eliminated by
MDES whereas only the external surface acidic sites were
eliminated by TEOS CCD. The zeolite particles (Si/Al = 111)
were also examined by BET measurement before and after the
CCD modification with MDES. The BET surface area, pore
volume, andmeanpore sizewere 454( 4.6m2/g, 0.187 cm3/g, and
0.561 nm, respectively, before modification and were 428 ( 3.8
m2/g, 0.175 cm3/g, and 0.521 nm, respectively, after modification.
The small decreases in pore volume and mean pore size indicate
limited silica deposition in the zeolite channels, which is the key to
maintaining low-transport-resistance high H2 permeance.

Themechanisms of CCDof silanemolecules on the aluminum-
containing MFI zeolite surface have been studied in the litera-
ture.23 In this study, the online GC-MS analysis found H2, CO2,
CO, CH4, C2H4, H2O, and C2H5OH in the permeate stream
during CCD of MDES. These molecular species are expected

in accordance with the reactions of silane chemisorption and
decomposition on the zeolite surface except for CO.13,23 The
appearance of CO is likely a result of the reverse WGS reaction
of the H2/CO2 carrier gas at elevated temperatures (>573 K)
(i.e., H2 + CO2 S CO + H2O).

The FTIR spectra of the unsupported zeolite samples (Si/Al=
111) are shown in Figure 4. Silanols (∼3740 cm-1) were found in
the fresh zeolite. After adsorbing MDES vapor at 423 K, the
silanol peaks disappeared, andpeaks for Si-OC2H5 (∼2990 cm-1),
Si-H (∼2160 cm-1), and Si-CH3 (∼1405 cm-1) appeared as a
result of the chemical and physical adsorption ofMDES, which is
consistent with the three sorbate species proposed by Masuda
et al.13 In the sample treated at 573K, the peaks for Si-HandSi-
CH3 disappeared whereas the silanol peak reemerged and the Si-
OC2H5 peak remained strong. When the modification tempera-
ture increased to 723 K, the Si-OC2H5 peak also disappeared
with a strong silanol peak remaining at∼3740 cm-1. This suggests
that the final deposits are likely to be (OH)3Si[O-Sit]framework in
the H2/CO2 carrier gas.

23 The peaks of bridging hydroxyl groups
(Si-OH-Al) at 3610 cm-1 and hydrogen-bonded species
at ∼3475 cm-1 23,24 existed in all samples with very small varia-
tions in intensity because of water adsorption when in contact
with the atmosphere during ex situ sample preparation and
measurements. Masuda et al.13 suggested that the effective size
of the MFI zeolitic channels was 0.36-0.47 nm at locations
deposited with molecular SiO2 (after firing at 823 K in air).
Therefore, when the deposits are in the form of silanols, the
effective pore size is likely to be <0.36 nm.

The decomposition of the chemisorbed Si-H, Si-CH3, and
Si-OC2H5 at >573 K may be facilitated by the reverse-WGS-
produced H2O. This is evidenced by the results of thermogravi-
metric analysis for the CCD modification of the MFI zeolite
particleswith a Si/Al ratio of 111 using dryHeandH2/CO2 carrier
gases, respectively. The MDES sorption rates were virtually

Figure 2. Separation results for an equimolar H2/CO2 mixture
during theCCDmodification. (I)Heating from∼298 to 723K; (II)
dwelling at 723 K; (III) first MDES CCD; (IV) annealing in H2/
CO2 feed without MDES; (V) second MDES CCD; and (VI) H2/
CO2 feed without MDES.

Figure 3. H2/CO2 separation resultsduring theCCDmodification
of a disk membrane using TEOS and MDES.

Figure 4. FTIR spectra of MFI zeolite samples (a) before mod-
ification, (b) forMDESadsorbed at 423K, (c) forMDESadsorbed
at 573 K, and (d) modified by MDES at 723 K.

(23) O’Connor, C. T.; M
::
oller, K. P.; Manstein, H. CatTech 2001, 5, 172–182. (24) Li, L.; Guan, N. Microporous Mesoporous Mater. 2009, 117, 450–457.
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Letter

H2 Purification from Syngas 
Langmuir, 2009, 25(9), 4848 

Example 2: Zeolite/MOF Membranes 
   for Light Gas & Hydrocarbon Separations 

T. M. Nenoff, tmnenof@sandia.gov                 9 

Effect of Metal in M3(btc)2 and M2(dobdc) MOFs for O2/N2
Separations: A Combined Density Functional Theory and
Experimental Study
Marie V. Parkes,† Dorina F. Sava Gallis,‡ Jeffery A. Greathouse,*,† and Tina M. Nenoff*,‡

†Geochemistry Department, Sandia National Laboratories, Albuquerque, New Mexico 87185-0754, United States
‡Nanoscale Sciences Department, Sandia National Laboratories, Albuquerque, New Mexico 87185-1415, United States

*S Supporting Information

ABSTRACT: Computational screening of metal−organic framework (MOF)
materials for selective oxygen adsorption from air is used to identify new
sorbents for oxyfuel combustion process feedstock streams. A comprehensive
study on the effect of MOF metal chemistry on gas binding energies in two
common but structurally disparate MOFs has been undertaken. Dispersion-
corrected density functional theory (DFT) methods were used to calculate
the oxygen and nitrogen binding energies with each of 14 metals, respectively,
substituted into two MOF series, M2(dobdc) and M3(btc)2. The accuracy of
DFT methods was validated by comparing trends in binding energy with
experimental gas sorption measurements. A periodic trend in oxygen binding
energies was found, with greater oxygen binding energies for early transition-
metal-substituted MOFs compared to late transition metal MOFs; this was
independent of MOF structural type. The larger binding energies were
associated with oxygen binding in a side-on configuration to the metal, with
concomitant lengthening of the O−O bond. In contrast, nitrogen binding energies were similar across the transition metal series,
regardless of both MOF structural type and metal identity. Taken together, these findings suggest that early transition metal
MOFs are best suited to separating oxygen from nitrogen and that the MOF structural type is less important than the metal
identity.

1. INTRODUCTION
Molecular oxygen is an important component in a number of
industrial processes, including medical oxygen concentrators,1

on-board oxygen generators for use in military airplanes,2−4 and
oxyacetylene welding.5 Additionally, there has recently been
interest in burning oxygen-enriched air (“oxyfuel”) in fossil-fuel
power plants.6−8 Oxyfuel combustion offers several advantages
over air combustion: the furnace burns with higher flame
temperature and therefore greater thermal efficiency; energy
efficiency is increased because inert nitrogen is not heated in
the furnace; flue gas volume is decreased by 75%; NOx
emissions are nearly eliminated due to a greatly reduced
nitrogen presence in the combustion stream; and postcombus-
tion carbon dioxide capture is simplified because the flue gas is
more than 90% carbon dioxide.9 In order to make oxyfuel
combustion in power plants economically feasible, an energy-
efficient and effective process for generating large amounts of
relatively pure oxygen must be available.
Industrial-scale separation of oxygen from air is generally

carried out by cryogenic separation, an energy-intensive
process.10 Cryogenic distillations can produce oxygen in very
high purity, but require large facilities and expensive equip-
ment.11 Alternatives to cryogenic distillation include polymer
membrane separation techniques and pressure-swing adsorp-

tion (PSA) employing porous materials, such as zeolites;10 both
are usually carried out on a smaller scale and result in lower
final-purity separation (∼94%). Polymer membranes can be
highly selective, but are not particularly permeable, requiring
large membrane areas for an efficient separation.12 PSA
processes rely on the difference in kinetic selectivity of oxygen
adsorption from other gases in air (primarily nitrogen).1,13−15

The physical and chemical similarities of nitrogen and oxygen
molecules make this process ineffective, and high-purity gas is
difficult to produce. Currently, zeolites with nitrogen-to-oxygen
selectivity ratios up to 14 are used in PSA processes.16

Metal−organic frameworks (MOFs) are porous, crystalline
solids consisting of metal clusters connected by multidentate
organic linkers forming a three-dimensional extended network.
MOFs have found recent application in a wide variety of areas,
including contaminant sensing,17,18 luminescence,19−21 catal-
ysis,22,23 nuclear waste remediation,24,25 and drug delivery.26,27

Because of their extremely high specific surface areas (up to
6000 m2·g−1),28 MOFs are able to adsorb and store great
amounts of adsorbates.29−33 MOFs have the potential to
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