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Separation of Xenon and Krypton in the Metal-Organic
Frameworks M,(m-dobdc) (M = Co, Ni)

Matthew T. Kapelewski,* Julia Oktawiec,” Tom&e Runcevski,” Miguel I. Gonzalez,™ and Jeffrey R. Long*™ >

Abstract: The separation of Xe and Kr from air is challenging
owing both to the very low atmospheric concentrations of
these gases and the need for their distillation at cryogenic
temperatures. Alternatively, separation processes based on
adsorption could provide a less energy-intensive route to the
isolation of these gases. Here, we demonstrate that the
metal-organic frameworks M,(m-dobdc) (M=Co, Ni; m-
dobdc*” =4,6-dioxido-1,3-benzenedicarboxylate)  effectively
separate Xe and Kr at ambient temperatures based on the
different adsorption enthalpies of each gas at the coordina-
tively-unsaturated M** sites in each material. In situ Xe- and
Kr-dosed powder X-ray diffraction studies further reveal key

differences in the binding of Xe and Kr within the materials.
In particular, while both gases adsorb near the framework
open metal sites at 200 K, much higher Xe occupancies are
observed at these sites relative to Kr, corroborating a
stronger interaction of the polarizing M*" cations with Xe.
Further, while krypton is only found located above the open
metal sites, two additional adsorption sites are observed for
xenon, correlating with the stronger adsorption of Xe over Kr
in these materials. These results suggest the possible utility
of employing M,(m-dobdc) materials in the adsorptive
separation of Xe and Kr.
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1. Introduction

The noble gases xenon and krypton are used in a variety of
applications, such as photography lighting, lasers, and as high-
purity samples in scientific laboratories. Xenon is also used as
a general anesthetic and space propellant,! while Kr is used
as an MRI contrast agent.”) However, obtaining pure Xe and
Kr requires distillation from air, which is energetically and
financially costly due to their very low atmospheric concen-
trations —1.14 and 0.086 ppm for Kr and Xe, respectively.”!
Currently, pure Xe and Kr are obtained by first isolating a
byproduct stream (composed of 80% Kr and 20% Xe) from
the cryogenic distillation of air, compressing this stream to
200 bar, and sending it to a plant where it is separated into the
pure components through a second cryogenic distillation
process.""! The significant energetic cost of this process further
contributes to the high prices of these gases — most notably
Xe, which costs about $5000/kg."

Implementation of an adsorption-based process for a Xe/
Kr separation could potentially lower the overall production
costs for these noble gases, by enabling their separation at
near ambient temperatures. Toward this end, various materials
— including activated carbons,”™ zeolites,”™" porous organic
cages,”! and metal-organic frameworks (MOFs)™® — have
been explored for their ability to separate mixtures of Xe and
Kr. Metal-organic frameworks exhibit particular promise in
this regard, as their highly tunable structures allow for the
design of pore environments that facilitate selective binding.
In particular, various frameworks with coordinatively-unsatu-
rated metal centers exhibit some of the highest Xe/Kr
selectivities,””! as adsorption of these gases is exclusively
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dependent on the polarization of the electron cloud surround-
ing each atom, and the positively charged metal cations are
able to more strongly polarize Xe over Kr. Members of the M,
(dobdc) family of frameworks (also known as M-MOF-74,
CPO-27-M, and M,(dhtp); M=Mg, Mn, Fe, Co, Ni, Cu, Zn,
Cd; dobdc*™=2,5-dioxido-1,4-benzenedicarboxylate)'” have
received particular focus in this regard. For example, selective
adsorption of Xe out of a mixture of Kr and other gases
resulting from nuclear fuel reprocessing was demonstrated in
Ni,(dobdc)."Y! Subsequent work has shown that Co,(dobdc) is
capable of the dynamic separation of a Xe/Kr mixture,"* and
a detailed study of Xe and Kr adsorption sites and pore filling
in M,(dobdc) (M=Mg, Ni) was carried out using in situ
powder X-ray diffraction.'9¢ Computational research has also
provided insight into the effect of different metal centers on
the adsorption of Xe and Kr at the open metal sites."!
Considering the demonstrated utility of M,(dobdc) materi-
als in separating Xe and Kr, we sought to investigate the
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related metal-organic frameworks M,(m-dobdc) (M=Mg, Mn,
Fe, Co, Ni; m-dobdc*” =4,6-dioxido-1,3-benzenedicarboxy-
late)™ for this application. These frameworks are structural
isomers of M,(dobdc) and have been studied extensively for
H, adsorption. The M,(m-dobdc) frameworks notably display
larger hydrogen binding enthalpies than their M,(dobdc)
counterparts, due to increased positive charge at their open
metal sites that results from the altered linker geometry. This
increased charge density induces greater polarization of the H,
electron cloud, resulting in the stronger binding at the open
metal centers in these frameworks relative to M,(dobdc). The
low-cost of the m-dobdc*™ ligand is an added advantage that
lends itself to the economical large-scale synthesis of M,(m-
dobdc) as an adsorbent for industrial separations.15

Herein, we detail the investigation of Co,(m-dobdc) and
Niy(m-dobdc) as selective adsorbents for Xe over Kr.
Selectivities predicted by ideal adsorbed solution theory and
calculated differential enthalpies of adsorption — based on fits
to single-component Xe and Kr adsorption isotherms —
confirm that Co,(m-dobdc) and Ni,(m-dobdc) more strongly
adsorb xenon relative to krypton, consistent with the greater
polarizability of xenon. Additionally, in situ gas-dosing
powder X-ray diffraction experiments reveal clear differences
in the xenon and krypton adsorption sites and occupancies,
corresponding well with the results from the gas adsorption
experiments.

2. Experimental Section

Synthesis of M,(m-dobdc). M,(m-dobdc) (M=Co, Ni) were
synthesized using a previously reported procedure."%

Gas Adsorption Measurements. Gas adsorption iso-
therms were measured on either a Micromeritics ASAP2020
HD or 3Flex instrument. Samples were first activated at
120°C under vacuum in a Schlenk flask and then transferred
to a preweighed glass sample tube in a dry box under an N,
atmosphere and capped with a Micromeritics Transeal. The
samples were further activated in the sample tube on the degas
manifold of the ASAP2020 HD instrument at 180°C under
high vacuum for at least 24 h. The sample tube was then
weighed to determine the mass of the degassed sample,
typically 100-500 mg. The tube was then transferred to the
analysis port of the instrument. All measurements used ultra-
high purity (99.999 %) N,, He, Xe, and Kr as well as oil-free
vacuum pumps and pressure regulators. Xenon and Krypton
isotherms were measured at 25, 35, and 45°C using a Julabo
circulating water bath for temperature control. Samples were
heated to 180°C under vacuum after the He free space
measurement was completed in order to ensure full evacuation
of all He in the sample.

Isotherm Fitting, Binding Enthalpy Calculations, and
Ideal Adsorbed Solution Theory Selectivity Calculations.
To ensure high quality fits, the isotherms at all three temper-
atures for each gas were fit simultaneously using a tri-site
Langmuir equation according to the equation below:
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in which n is the amount adsorbed (in mmol/g), g is the
saturation loading at site A, B, or C (in mmol/g), b is the
Langmuir parameter at site A, B, or C (in bar™!), and p is the
pressure (in bar). The value for b was calculated using the
equation below:

b = byer

From the Langmuir equation fits to the isotherm data, data
points at equivalent loadings for each temperature were
interpolated using Wolfram Mathematica 11.0. These points
were then used with the Clausius—Clapeyron relation to
calculate isosteric heats of adsorption for each gas, in each
material, according to the equation:

d(InP)

1)

in which £ is the calculated isosteric heat of adsorption, R is
the ideal gas constant, P is the pressure at a given loading, and

T is the temperature at which the isotherm data was collected
(298.15, 308.15, or 318.15 K).

Ideal Adsorbed Solution Theory (IAST) was used to
determine selectivities for binding Xe over Kr, first by
numerically solving for the spreading pressure and then
identifying the composition of the adsorbed phase at a given
gas phase composition. The selectivity is given by the
following equation:

h= —R

— xXe/xKr
yXe/yKr

in which S is the selectivity, x is the mole fraction in the
adsorbed phase, and y is the mole fraction in the gas phase.

In situ Powder X-ray Diffraction. High-resolution
powder X-ray diffraction patterns were collected at Beamline
17-BM-B at the Advanced Photon Source of Argonne National
Laboratory, with an average wavelength of 0.72768 A.
Scattered intensity was recorded by a PerkinElmer a-Si Flat
Panel detector. Prior to measurement, samples were packed in
borosilicate glass capillaries of 1.0 mm diameter under a N,
atmosphere. Each capillary was attached to a custom-designed
gas-dosing cell equipped with a gas valve, which was then
mounted onto the goniometer head and connected to a gas-
dosing manifold for in situ diffraction measurements. Sample
temperature was controlled by an Oxford CryoSystems Cryo-
stream 800. Diffraction patterns were collected at room
temperature under dynamic vacuum to confirm complete
desolvation of the framework. The gas-dosing manifold was
then used to dose the frameworks with low pressures (70—
120 mbar) of Kr or Xe gas at room temperature. After
reaching equilibrium (typically less than fifteen minutes), as
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confirmed by diffraction patterns, the samples were slowly
cooled to 200 K. Rietveld refinement was performed on
powder X-ray diffraction data collected at 250 and 200 K.
Analysis of all diffraction data is provided in the Supporting
Information.

In situ Single-Crystal X-ray Diffraction. Single-crystal
X-ray diffraction measurements of Co,(m-dobdc) were per-
formed on crystals in xenon-dosed capillaries. A methanol-
solvated crystal of Co,(m-dobdc) was first mounted onto a
borosilicate glass fiber using a minimal amount of epoxy,
ensuring accessibility of the crystal pores. The glass fiber was
then inserted into a 1.0 mm borosilicate glass capillary, which
was connected to a capillary-dosing assembly attached to a
port on a Micromeritics ASAP2020 HD instrument. The
sample was evacuated under reduced pressure at 180°C for
24 h to remove all solvent molecules within the crystal. The
capillary was then dosed with 400 mbar of xenon, and finally
flame-sealed with a CH,/O, torch.

X-ray diffraction data for Co,(m-dobdc)(H,0),,-0.7Xe
were collected at Beamline 11.3.1 at the Advanced Light
Source, Lawrence Berkeley National Laboratory, using syn-
chrotron radiation (1=0.7749 A) with a Bruker PHOTON100
CMOS detector on a D8 diffractometer. The samples were
cooled to a 100 K using an Oxford Cryosystems cryostream
prior to data collection. Raw data were integrated and
corrected for Lorentz and polarization effects using Bruker
AXS SAINT"” software and corrected for absorption using
SADABS."® The structures was solved using intrinsic phasing
methods with SHELXT"' and refined using SHELXL™
operated in the OLEX2 interface.”!! Thermal parameters were
refined anisotropically for all non-hydrogen atoms. All frame-
work hydrogen atoms were refined using the riding model.
Hydrogen atoms on coordinated water molecules that partially
occupy the framework Co sites could not be located in the
electron density difference map and were omitted from the
refinement but not the formula.

2. Results and Discussion

Xe and Kr Adsorption Isotherms. Single-component Xe and
Kr isotherms measured for Co,(m-dobdc) and Ni,(m-dobdc)
(Figure 1) indicate that Xe binds significantly more strongly to
both materials than Kr, consistent with the anticipated stronger
van der Waals contacts formed between the more polarizable
Xe atom and the open metal coordination sites of the two
frameworks. Differential heats of adsorption determined for
Xe and Kr as a function of loading (Figure 2a) reveal that their
binding strengths differ by approximately 8-9 kJ/mol in both
frameworks, again likely a result of the large difference in
their polarizabilities (4.01 vs. 2.47 m’, respectively). Further-
more, while Co,(m-dobdc) and Ni,(m-dobdc) have similar
binding enthalpies for Kr, adsorption of Xe in Ni,(m-dobdc) is
~0.6 kJ/mol more exothermic than in Co,(m-dobdc). This
result is attributed to the larger electron cloud and greater
polarizability of Xe, coupled with the ability of the higher
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Figure 1. Xenon (circles) and krypton (squares) single-component
adsorption isotherms for Co,(m-dobdc) (top) and Ni,(m-dobdc)
(bottom) at 25°C (blue symbols), 35°C (orange symbols), and 45°C
(red symbols).

charge density open Ni** coordination sites to more strongly
polarize the adsorbed gas.

The significant difference in Xe and Kr binding affinity at
these open metal sites suggests that Co,(m-dobdc) and Ni,(m-
dobdc) may be capable of separating a mixture of these gases
in an adsorptive-based separation, potentially providing high
selectivities while requiring significantly lower energy input
than cryogenic distillation. To evaluate the potential of both
frameworks in a Xe/Kr separation, we calculated selectivities
for a mixture of Xe and Kr over a wide range of compositions
using ideal adsorbed solution theory (IAST, Figure 2b).
Notably, both materials exhibit selectivities greater than 10 for
all Xe:Kr compositions (ranging from 95:5-5:95). These
values are among the highest reported in the literature,
comparable to Ag@Ni,(dobdc)™**! and are only surpassed
by CaSDB (SDBZ’:4,4—sulf0nyldibenzoate, also known as
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Figure 2. (Top) Calculated isosteric heats of adsorption calculated
for Xe (circles) and Kr (squares) in Co,(m-dobdc) (purple) and Ni,
(m-dobdc) (green). (Bottom) Ideal Adsorbed Solution Theory (IAST)
selectivities for Xe/Kr in Co,(m-dobdc) (purple) and Ni,(m-dobdc)

(green).

SB-MOF-1).* This material binds Xe in a very snug binding
pocket, leading to strong selectivity of 16 for Xe of Kr but
also slower kinetics of diffusion in and out of the material.
The higher density of strong binding sites in M,(m-dobdc) and
larger apertures are expected to yield higher capacities and
faster diffusion of the gases through the pores, which is borne
out in the Xe capacity of >5.5 mmol/g in Co,(m-dobdc) and
Ni,(m-dobdc) compared with only 1.4 mmol/g in CaSDB. This
combination of faster diffusion, higher capacity, and high
selectivity (~11.8 for an 80:20 Kr: Xe mixture in both Co,(m-
dobdc) and Ni,(m-dobdc)) make these materials leaders for
this separation.

The selectivity values in M,(m-dobdc) are comparable to
those reported for Co,(dobdc), despite the expected stronger
polarization by the M,(m-dobdc) frameworks as a result of
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increased charge density at their metal sites."" Interestingly,
Ni,(m-dobdc) exhibits a broader selectivity range than Co,(m-
dobdc) over the investigated compositions, and the origin of
this difference is unknown at present. Additional experiments,
including multicomponent adsorption measurements, would be
valuable to determine actual selectivities in a mixed-gas
system.

In Situ X-ray Diffraction Experiments. In situ gas-
dosing powder X-ray diffraction studies were carried out to
better understand the mechanism of Xe and Kr binding in Co,
(m-dobdc) and Ni,(m-dobdc). In each framework, at 250 K a
single Kr adsorption site was located directly over the open
metal centers at a distance of 3.122(9) Ain Co,(m-dobdc) and
3.156(14) A in Ni,(m-dobdc) (Figure 3a), with respective
refined site occupancies of 55.0(3)% and 42.5(4)%. At 200 K,
no additional electron density was found that would corre-
spond to additional adsorption sites. A single adsorption site
above the metal center was also located for Xe-loaded Co,(m-
dobdc) and Ni,(m-dobdc), although the site occupancies were
substantially higher at 65.0(4)% and 72.6(2)%, respectively, at
250 K (see Figures S6-7 and Supporting Info for full details).

3.156(14) A

-==@

Ni,(m-dobdc)+2.3Xe

Figure 3. Structural models of Kr- (top) and Xe-loaded (bottom) Ni,
(m-dobdc) as determined by Rietveld refinement using powder X-ray
diffraction data collected at 200 K. Green, red, gray, white, purple,
and pink spheres represent Ni, O, C, H, Kr, and Xe atoms,
respectively.

The same Xe adsorption sites were found to increase in
occupancy for both frameworks at 200 K (Co: 97.9(4)%, Ni:
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96.09)% ), and the metal-Xe interaction distances were
determined to be 3.22(3) A for Co,(m-dobdc) and 3.17(4) A
for Ni,(m-dobdc) (Figure 3b). Although these distances are
longer than the measured metal-Kr distances, after accounting
for differences in the van der Waals radii of the two gases, the
distances indicate that the metal-Xe interaction is significantly
stronger than the metal-Kr interaction. We note that a similar
Co-Xe distance of 3.1772(13) A was observed in the 100-K
single-crystal ~X-ray diffraction structure of Co,(m-
dobdc)(H,0),,:0.7Xe.

In the case of Xe, powder X-ray diffraction data revealed a
second adsorption site located 4.50(7) A (Ni, Figure 3b) and
4.42(3) A (Co) from the primary adsorption site, and situated
on a mirror plane that runs through the pore. Xenon located at
the secondary site exhibits lower occupancies compared to the
primary site (68.5(9)% for Co,(m-dobdc) and 42.3(14)% for
Niy(m-dobdc)). Finally, a third xenon adsorption site was
found at the center of the pore approximately 4.67 A (Ni,
Figure 3b) and 4.76 A (Co) from the second site, with
occupancies of 68.7(15)% and 54(2)% in Co,(m-dobdc) and
Ni,(m-dobdc), respectively. The higher occupancies observed
for Co,(m-dobdc) relative to Ni,(m-dobdc) at all sites likely
arise from the slightly higher pressure of xenon that was dosed
into the Co,(m-dobdc) sample relative to Ni,(m-dobdc).
Notably, these Xe---Xe contact distances between sites are
only slightly longer than those seen between xenon molecules
in crystal structures of the pure gas (~4.34 A) collected at
26 K, as well as the van der Waals diameter of xenon
(4.32 A).?' The packing of xenon atoms within the pore
channels also closely resembles the hexagonal close packing
in the crystal structure of the pure gas at 26 K, with the first
and third site forming a hexagonal arrangement, followed by a
layer of three symmetry-equivalent secondary sites (see
Supporting Information Figures S9-S10). The hexagonal space
group of the frameworks likely helps template this arrange-
ment, as all adsorption sites are either on special positions or
above the open metal sites.

The significant differences between the adsorbed krypton
and adsorbed xenon structures agree well with the more
exothermic enthalpy of adsorption of xenon in comparison to
krypton, as discussed above. Moreover, the lack of secondary
and tertiary Kr binding sites at temperatures where these sites
are observed for Xe indicates that Xe interactions with the
frameworks and nearby Xe atoms further contribute to its
stronger adsorption by Co,(m-dobdc) and Ni,(m-dobdc). We
note that the structural differences between adsorbed krypton
and xenon in Co,(m-dobdc) and Ni,(m-dobdc) are similar to
those observed for M,(dobdc) in previous reports.”*** For
example, Xe has been shown to adsorb at three unique sites in
Ni,(dobdc). However, Co,(m-dobdc) and Ni,(m-dobdc) do not
show evidence for a second Kr adsorption site, unlike studies
on Ni,(dobdc) obtained at lower temperatures and higher
pressures.”** The distances between the metal and adsorbed
gases in these previously reported structural studies are also
similar to those found in this report.
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3. Conclusions

We have shown that the metal-organic frameworks Co,(m-
dobdc) and Ni,(m-dobdc) adsorb xenon with greater affinity
and selectivity than krypton, consistent with the greater
polarizablity of Xe and the large positive charge density at the
coordinatively-unsaturated metal cation sites within both
frameworks. Both frameworks exhibit a negative enthalpy of
adsorption for xenon that is ~8-9 kJ/mol larger in magnitude
than for krypton, and, as a result, IAST selectivities greater
than 10 for Xe:Kr compositions between 95:5 and 5:95 at
25°C. In situ gas-dosing powder X-ray diffraction data further
confirmed that xenon has a stronger interaction with the open
metal sites of both materials, as evident from the larger
occupancies for adsorbed xenon over the framework open
metal. Strikingly, adsorbed xenon at higher occupancies also
shows preferences for two additional sites within the frame-
work channels, leading to close Xe--Xe contacts reminiscent
of the crystal structure of xenon at 26 K. Such a close packing
likely contributes to the high adsorption capacities observed
for xenon at higher pressures in gas adsorption measurements,
relative to the much lower capacities observed for krypton.
Overall, these results offer an interesting comparison to
previously reported studies of Xe/Kr adsorption in M,(dobdc)
and suggest that Co,(m-dobdc) and Ni,(m-dobdc) may be
efficient adsorbents for the separation of Xe/Kr, and therefore
promising alternatives to cryogenic distillation. Further experi-
ments are needed to evaluate the affinities and selectivities
under more realistic mixed-gas conditions.

Associated Content

Supporting Information. Additional framework character-
ization, experimental details, powder X-ray diffraction analy-
sis details, single-crystal X-ray diffraction data, and other
details are available in the supporting information. This
material is available free of charge via the internet.
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