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Selective adsorption of ethylene over ethane and
propylene over propane in the metal-organic
frameworks M,(dobdc) (M = Mg, Mn, Fe, Co, Ni, Zn)t

Stephen J. Geier,? Jarad A. Mason,? Eric D. Bloch,® Wendy L. Queen,®®
Matthew R. Hudson, Craig M. Brown®® and Jeffrey R. Long*2¢

A significant reduction in the energy costs associated with the cryogenic separation of ethylene-ethane
and propylene-propane mixtures could potentially be realized through the use of selective solid
adsorbents that operate at higher temperatures. The metal-organic frameworks M,(dobdc) (M = Mg,
Mn, Fe, Co, Ni, Zn; dobdc*™ = 2,5-dioxido-1,4-benzenedicarboxylate) are of particular interest for this
application, owing to their high density of coordinatively unsaturated M?* cation sites that can
selectively interact with unsaturated hydrocarbons. Here, we present gas adsorption data for ethylene,
ethane, propylene, and propane at 45, 60, and 80 °C for the entire series. The means of sample
preparation and activation is found to be important for achieving high separation selectivities and
capacities. While all of the compounds investigated show good performance characteristics, Fe,(dobdc)
and Mn,(dobdc) exhibit the highest selectivities for the separation of ethylene—ethane and propylene—
propane mixtures, respectively. Crystal structures determined from neutron powder diffraction data
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Introduction

Separations of ethylene-ethane and propylene-propane
mixtures are important industrial processes currently carried
out at an enormous scale. To date, the most commonly
employed method for the commercial separation of small
hydrocarbons is cryogenic distillation, a process that is
extremely cost intensive in terms of both capital and energy
input, due primarily to the low temperatures and high pressures
required. Replacing large-scale cryogenic distillation with
higher-temperature separation processes could potentially save
tremendous amounts of energy. Among these are separation
processes that take advantage of selective chemical interactions
with carbon-carbon double bonds, such as the absorptive
separations involving complexation of Cu’ or Ag" ions with
olefin molecules in solution.> Such systems are generally
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elucidate the binding of ethane, ethylene, and propylene in Mny(dobdc) and Co,(dobdc).

somewhat inefficient, however, due to the poor contact between
the hydrocarbons and the liquid absorbent. In addition, heating
the solution of metal ions to liberate the absorbed olefin
molecules can also require significant energy input. Accord-
ingly, porous solid adsorbents, which could potentially result in
a much lower regeneration energy, have also been investi-
gated.*® While cryogenic distillation relies on small differences
in the boiling points of the components of olefin-paraffin
mixtures, adsorptive separations take advantage of other
dissimilar physical properties such as kinetic diameter, dipole
moment (u), quadrupole moment (@), and polarizability («)
(see Table 1).

Metal-organic frameworks are a relatively new class of
microporous materials that have received considerable recent
attention for the adsorptive separation of gas mixtures.® Of the
multitude of structures reported over the past decade, among

Table 1 Relevant physical properties of C;—C3 hydrocarbons?

Kinetic Boiling

diameter  point w(x107*°  O(x10" (107
Gas (A) (K) Cm) Cc m?) cm?)
CH, 3.758 109-113 0 0 25.93
C,Hg 4.4443 184.5 0 2.17 44.3-44.7
C,H, 4.163 169.4 0 5.00 42.52
C3Hg 4.3-5.118 231.1 0.28 0 62.9-63.7
C;Hs 4.678 225.4 1.22 0 62.6
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the most studied has been M,(dobdc) (dobdc*™ = 2,5-dioxido-
1,4-benzenedicarboxylate). This framework, also commonly
referred to as MOF-74, CPO-27, or M,(dhtp), features a hexag-
onal array of one-dimensional channels lined with five-coordi-
nate M*>* ions, each possessing an open coordination site.
Significantly, the use of the compact tetraanionic bridging
ligand dobdc®™ endows this material with an extraordinarily
high density of coordinatively unsaturated metal cation surface
sites. These have been shown to serve as strongly polarizing
sites for gas molecules, which has motivated investigations of
possible applications in the storage of H,,”* CH,,**® and acet-
ylene,* as well as CO,-N,,"* CO,-H,,"” 0,-N,,"* CO,-CH,,** and,
very recently, paraffin-olefin separations.’® An interesting
characteristic of the structure type is the fact that an iso-
structural series of frameworks can be obtained with M = Mg,
Mn, Fe, Co, Ni, and Zn,""**'® which enables the study of how
properties change with variation of just the framework metal
cation. While series of isostructural frameworks are also
known for other materials such as M,(btc); (M = Cr, Fe, Ni,
Cu, Zn, Mo, Ru; btc®™ = 1,3,5-benzenetricarboxylate)” and
M;[(M,C1)3(BTT)g], (M = Mn, Fe, Co, Cu, Cd; BTT*~ = benzene-
1,3,5-tristetrazolate)'® structure types, these materials ulti-
mately have lower separation capacities and further, owing to
lower thermal stability, often cannot be completely desolvated
without collapse of the framework.

Several reports have recently emerged demonstrating the
potential use of M,(dobdc) compounds in the separation of
small hydrocarbons," but a complete analysis of the adsorption
and separation of C, and C; olefins and paraffins with these
materials is lacking. Here, adsorption isotherms, isosteric heats
of adsorption, ideal adsorbed solution theory (IAST) selectiv-
ities, and molecular structures are evaluated to assess the utility
of the various members of this isostructural series for ethylene-
ethane and propylene-propane separations.

Results and discussion
Hydrocarbon adsorption isotherms

In order to evaluate the performance of all six isostructural
M,(dobdc) (M = Mg, Mn, Fe, Co, Ni, Zn) compounds for
ethylene-ethane and propylene-propane separations, single-
component gas adsorption isotherms were measured for each
metal (note that the Fe data was taken from our previous
work)*** and hydrocarbon at 45, 60, and 80 °C (Fig. 1 and S2-
S61). Regardless of the metal, the uptake of saturated hydro-
carbons increases with polarizablity (methane'® < ethane <
propane) due to increasing charge-induced dipole interactions
with the exposed cations. While polarizability is an important
factor in unsaturated hydrocarbon adsorption, the electron
donating and accepting properties of the metal center must also
be considered. Specifically, metals more capable of accepting 7
electron density and/or donating electron density into the
empty m* orbital of the olefin are expected to show a stronger
interaction.>*®*?

Although these frameworks have the same three-dimen-
sional structure, the different masses of the metals make a
direct comparison of their gravimetric adsorption isotherms
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cumbersome. To show the differences between frameworks
more clearly, the adsorption isotherms for all hydrocarbons at
45 °C are plotted in Fig. 1 as a function of the amount adsorbed
per M rather than per gram of adsorbent. With the exception of
Mg,(dobdc), the capacity for ethane and propane at 1 bar is
similar for each metal, approaching 0.8 and 0.9 molecules
adsorbed per M atom, respectively. The lower capacities for
Mg,(dobdc) are likely an indication that some Mg>" sites are not
accessible, which could be due to incomplete activation, a large
number of defects, or the presence of an amorphous phase.
These differences are not obvious when plotting the adsorption
isotherms on a gravimetric basis (mmol g~ ') because of the
much lower molecular weight of Mg,(dobdc).

In all cases, the amount of ethylene or propylene adsorbed is
greater than that of ethane or propane over the entire pressure
range measured, from 0 to 1 bar. Significantly, this demon-
strates that all six M,(dobdc) frameworks have potential for
separating mixtures of paraffins and olefins and warrant further
study. Indeed, the Fe, Mn, and Co analogues all have ethylene
capacities approaching 1 molecule adsorbed per M atom, while
with the exception of Mg,(dobdc), the propylene capacity is
similar for each metal, approaching 1.1 molecules adsorbed
per M atom.

Since ethylene or propylene would be selectively retained by
each material in an actual separation, the capacities for these
gases will be important for determining the best adsorbent to
use in a particular process (Tables S14 and S15T). Here,
Mn,(dobdc) and Mg,(dobdc) have the highest gravimetric
capacities at 1 bar for ethylene (6.3 mmol g~ ') and propylene
(7.5 mmol g~ "), respectively. For a fixed bed adsorber, it is also
important to consider volumetric capacity, as this will deter-
mine the size of bed necessary to capture a given amount of
gas.” In contrast to gravimetric capacity, the volumetric
capacity is highest in Ni,(dobdc) for both ethylene (7.3 mmol
cm™?) and propylene (8.4 mmol cm™?). It is important to note
that the volumetric capacities are calculated using the ideal
crystallographic densities of each framework. In order to
properly compare the capacities for a realistic application,
differences in the effective packing densities of each material
must be fully evaluated. Nonetheless, these results demonstrate
the importance of fully characterizing the adsorption properties
of the entire M,(dobdc) series since different metals may be
preferred depending on the relative importance of maximizing
volumetric or gravimetric capacity.

Importance of sample preparation and activation

As we have previously shown for MOF-5, the preparation and
handling of metal-organic frameworks can have a tremendous
impact on their gas adsorption properties.** To compare
different frameworks objectively for the separation of various
gas mixtures, it is important to try to ensure their optimal
synthesis and complete activation. Although a number of
investigations into the hydrocarbon separation performance of
several M,(dobdc) analogues have been reported,*” it is difficult
to directly compare the results due to potential differences in
sample preparation and activation. For example, an early study
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Fig. 1
plotted in terms of hydrocarbon molecules per M atom.

by Matzger and coworkers measured ethane and ethylene
adsorption in Co,(dobdc), Ni,(dobdc), and Zn,(dobdc) at
25 °C.*** All three materials adsorbed between 5.4 and 7.9
mmol g~' of either hydrocarbon under these conditions. As
expected, and in good agreement with the results presented
here, all three frameworks adsorbed more ethylene than ethane
at this temperature. The Co and Zn frameworks adsorbed
0.5 and 0.7 mmol g~ ' more ethylene than ethane. The Ni
framework, however, showed a surprising 2.5 mmol g~ differ-
ence in uptake. Interestingly, in the ethylene-ethane and
propylene-propane isotherms reported for various M,(dobdc)
frameworks, there are very few cases in which the adsorption of
an unsaturated hydrocarbon is more than 1.5 mmol g~ * higher
than its saturated counterpart. This may suggest an incomplete
removal of adsorbed ethylene during regeneration before the
ethane measurement was performed, which would lead to an
erroneously low ethane isotherm and too high of a predicted
selectivity.

Deng and coworkers recently reported the ethylene-ethane
and propylene-propane uptake capacities and selectivities of
Mg,(dobdc) at 5, 25, and 45 °C.*** While these results are quite
similar to ours, in which, at a given temperature, hydrocarbon
uptakes at 1 bar generally follow the trend ethane < propane <
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Equilibrium excess adsorption isotherms for ethane (a), ethylene (b), propane (c), and propylene (d) in M5(dobdc) at 45 °C. Note that the amount adsorbed is

ethylene < propylene, other recent reports present conflicting
data. For example, in Co,(dobdc) at both 0 and 23 °C, He and
coworkers report uptakes of propane and propylene that are
over 1.5 mmol g~' smaller than ethane and ethylene.’* This
does not appear to be simply a product of incomplete sample
activation as the ethane and ethylene capacities at 25 °C match
quite closely to the results from Matzger and coworkers.'>*
Furthermore, the reported Langmuir surface area of 1450 m>
¢~ for Co,(dobdc) is in good agreement with numerous values
previously reported for this framework and with the surface area
reported here. The anomalously low propane and propylene
uptake may simply be a result of experimental error or incom-
plete hydrocarbon desorption between experiments.
Inconsistencies in reported isotherms may in some cases be
due to dramatic differences in reported surface areas of the
materials employed in the adsorption measurements. Samples
of M,(dobdc) with lower surface areas will likely have fewer
accessible vacant metal coordination sites, whether a result of
pore blockage or partial occupation of the metal sites by
unreacted ligand or solvent molecules. Given that the primary
binding site is the exposed metal cation, lower surface area
materials are expected to show lower hydrocarbon uptake. For
example, the recent paper by Bae and coworkers discusses the

This journal is © The Royal Society of Chemistry 2013
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separation of propylene-propane mixtures with Mg,(dobdc),
Mn,(dobdc), and Co,(dobdc).** For the Mg and Mn
compounds, gas uptakes are significantly less than those
reported both here and by Deng and coworkers.**” Indeed,
Fig. S111 compares the adsorption of propane and propylene at
25 °C in a sample of Mn,(dobdc) exhibiting a Langmuir surface
area of 1284 m” g~ ! (ref. 15¢) to our data, collected at 45 °C
employing a sample with a Langmuir surface area of 1797 m”
g~ '. Despite collecting the data at a much higher temperature,
we observe a significantly higher capacity for each gas. It is clear
that, in order to properly evaluate and compare the perfor-
mance of these metal-organic frameworks, any bias caused by
inconsistencies in the synthesis or incomplete activation must
be minimized.

Isosteric heats of adsorption

In an initial attempt to assess the potential of each material for
ethylene-ethane and propylene-propane separations, isosteric
heats of adsorption, Qy, were calculated as a function of loading
using the adsorption isotherms at 45, 60, and 80 °C. Here, a
dual-site Langmuir-Freundlich equation (eqn (1)) was used to
independently fit every adsorption isotherm at each tempera-
ture, T, where 7 is the absolute amount adsorbed in mmol g™,
P is the pressure in bar, g, ; are the saturation capacities in

mmol g, b; are the Langmuir parameter in bar ', and v; are
the Freundlich parameters for two sites a and b.
n= qsat.abapva qsat,bbbpvb (1)
1+b,P 14 b,P

Recent work has demonstrated the ability of the dual-site
Langmuir-Freundlich equation to accurately describe adsorp-
tion in metal-organic frameworks with strong binding
sites.’*'*?* A complete description of the isosteric heat calcu-
lations and tables of fitted parameters can be found in the ESL.T
Calculating the isosteric heat of adsorption was not possible for
ethylene adsorption in Niy(dobdc) due to a slight hysteresis
observed in the 45 °C adsorption isotherm. A similar hysteresis
was previously observed by Matzger and coworkers.'™ Since
some nickel(n) species are known ethylene polymerization
catalyst precursors,* the small amount of irreversible ethylene
adsorption could be a result of some Ni*" sites in the framework
showing unusually high reactivity. Further studies into the
reactivity of Ni,(dobdc) towards ethylene activation are
underway.

After using the isotherm fits to solve for equilibrium pres-
sures that correspond to the same adsorbate loading at each
temperature, the Clausius-Clapeyron equation (eqn (2)) can be
employed to determine the isosteric heat of adsorption for a
given amount adsorbed.

_ Qa1

Specifically, a line is fit to a plot of 1/T vs. In P for each
loading, with the slope affording —Qg/R. An error in the isos-
teric heat for a given loading can be calculated from the stan-
dard error in the slope of the best-fit line. Fundamentally, this
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error describes the quality of agreement between the fitted
isotherms and the Clausius-Clapeyron relation. It is important
to note that the Clausius-Clapeyron equation assumes that the
isosteric heat of adsorption does not vary with temperature.
This is generally true over a narrow temperature range, but
could lead to larger errors when a wide temperature range is
used, even with high quality adsorption data and accurate
isotherm fits.

The isosteric heats of adsorption as a function of loading are
plotted for each metal and hydrocarbon in Fig. S7.7 It is
important to note that the heat of adsorption is influenced by
both framework-hydrocarbon and hydrocarbon-hydrocarbon
interactions, making direct comparisons between the different
isosteric heats of adsorption curves challenging. Intermolecular
interactions appear to be particularly significant for ethane and
propane, as evidenced by the steady increase in —Qg with
loading, which is consistent for all metals. This trend was also
observed in a previous study of hydrocarbon adsorption in
Mg,(dobdc).**

To better compare the different binding affinities for the
hydrocarbons in each M,(dobdc) analogue, the isosteric heats
of adsorption are plotted at a loading of 1 hydrocarbon mole-
cule per 6 M atoms, since intermolecular interactions are
expected to have a smaller contribution to the overall isosteric
heat at low surface coverage (Fig. 2). Although comparing the
binding strengths of each hydrocarbon across the series of
exposed metal cation sites is difficult owing to the relatively
small differences in the values and the size of the error bars,
there are several important trends worth noting. As expected,
—Qg increases consistently for each metal with ethane <
propane < ethylene < propylene. This is due to the greater
polarizability of C; hydrocarbons relative to C, hydrocarbons
and to the interaction of the exposed metal cations with the
olefin 7 bond. Significantly, all six materials show much greater
affinities for unsaturated C, or C; hydrocarbons than saturated,
with differences in isosteric heats of adsorption between
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Fig. 2 Isosteric heats of adsorption at a loading of 1 hydrocarbon molecule per
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10-20 kJ mol '. Interestingly, the strongest interaction with
ethylene is observed for M = Fe, and does not appear to be a
simple function of the charge density at the exposed M>* ion.
Perhaps more surprising, the large Mn** ion shows the highest
affinity for propylene, although the —Q observed for M = Ni is
within error.

IAST selectivities

The significant differences in isosteric heats of adsorption
suggest that highly selective olefin—paraffin separations are
feasible with these materials. Since binary gas adsorption
isotherms cannot be conveniently and rapidly measured, it is
necessary to use an adsorption model, such as ideal adsorbed
solution theory (IAST), to predict mixed gas behavior from
experimentally measured single-component isotherms. The
accuracy of the IAST procedure has already been established for
a wide variety of gas mixtures in different zeolites*® and metal-
organic frameworks.”'** Here, IAST is used to estimate the
ethylene-ethane and propylene-propane selectivities for all six
frameworks. An alkene-alkane selectivity factor, S, can be
calculated using the dual-site Langmuir-Freundlich fits and
eqn (3), where 7 is the amount of each component adsorbed as
determined from IAST and x is the mole fraction of each
component in the gas phase at equilibrium.

_ nalkcnc/nulkunc (3)
xalkcnc/xalkanc

Since the exact composition of the olefin-paraffin mixture
may vary significantly depending on the application, the
ethylene-ethane and propylene-propane IAST selectivities at 45
°C and a total pressure of 1 bar are calculated over a range of
compositions (Fig. 3). For all M,(dobdc) compounds, the
resulting selectivity is higher for propylene-propane than for
ethylene-ethane. The Mg and Zn analogues exhibit the lowest
IAST selectivities for both separations, which is primarily due to
the weaker interactions between these metal cations and the
unsaturated hydrocarbons. While Fe,(dobdc) has the highest
selectivity for ethylene-ethane at all mixture compositions,
Mn,(dobdc) shows the greatest selectivity for propylene-
propane. Note that the propylene-propane selectivity increases
for mixtures with greater propylene content, while the ethylene—
ethane selectivity decreases or is unchanged regardless of the
composition.

Crystal structures

Powder neutron diffraction experiments were carried out to
investigate the nature of the interaction of adsorbed hydro-
carbon molecules with the accessible metal cation sites in
selected M,(dobdc) compounds. Owing to their crystalline
nature, experiments of this type are frequently used to char-
acterize the local structures associated with metal-adsorbate
interactions in metal-organic frameworks. For example, in situ
neutron diffraction experiments have recently been utilized
to reveal the binding of D,,*? N,,** 0,,"® and C,/C; hydro-
carbons™ to the Fe®" ions in Fe,(dobdc). Here, sub-
stoichiometric equivalents of deuterated ethane, ethylene, or

2058 | Chem. Sci., 2013, 4, 2054-2061
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Fig. 3 Ideal adsorbed solution theory (IAST) selectivities for mixtures of
ethylene-ethane (top) and propylene—propane (bottom) of varying compositions
at 45 °C and a total pressure of 1 bar.

propylene (Table S17t) were dosed into activated samples of
Mnj,(dobdc) and Co,(dobdc) at room temperature. To minimize
thermal distortions, the hydrocarbon-dosed samples were
slowly cooled to 10 K for data collection. Rietveld refinements
performed against these datasets led to the structural models
presented in Tables S18-S25; full refinement details are avail-
able in the ESL.T As is suggested by the isotherm data, in which
saturation capacities approach one molecule per metal center,
the strongest binding sites in these materials are confirmed
through the neutron diffraction data to be at the exposed metal
cation sites.

The structure of desolvated Mn,(dobdc), reported here for
the first time, shows a significant distortion in the square
pyramidal geometry at the metal center. While the Mn atom lies
in the plane created by the four equatorial O atoms, O-Mn-O
bond angles vary widely from 74(1)° to 111(1)° and Mn-O bond
lengths range from 1.94(3) to 2.27(2) A within this plane
(Fig. S10T). The axial Mn-O bond lies at an angle of approxi-
mately 80° from the plane of the equatorial oxygen atoms.
Interestingly, the structural models developed for Mn,(dobdc)
dosed with ethane, ethylene, or propylene show anomalously
long Mn-hydrocarbon interactions, which could be an artifact
of the structural model not adequately accounting for frame-
work disorder. Nonetheless, in the case of ethane adsorbed

This journal is © The Royal Society of Chemistry 2013
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within Mn,(dobdc), a clear secondary binding site is apparent
in the center of the hexagonal channels of the framework
(Fig. 4). Significantly, this is the first time such a site has been
observed. Most likely this is a result of the larger pores in
Mn,(dobdc), associated with the larger ionic radius of the Mn**
ions, which lead to a more efficient hydrocarbon packing.

Rietveld refinements against data collected upon dosing
hydrocarbons in Co,(dobdc) afforded the structure fragments
depicted at the bottom of Fig. 4. For ethane, only one adsorption
site is apparent, with Co-D distances of 2.34(4) A and 2.50(4) A.
We note that these are slightly shorter than the analogous Fe-D
distances of 2.59(2) A in Fe,(dobdc),'* despite a similar isosteric
heat of adsorption. It is worthwhile to note that crystal struc-
tures of transition metal-alkane o-complexes are rare with the
only other examples being our previously reported Fe,(dobdc)-
ethane and -propane structures,** and iron(u)-heptane,* rho-
dium(i)-norbornane® and uranium(m)-methylcyclohexane
complexes.>

The unsaturated hydrocarbons ethylene and propylene bind
the Co”" ions in Co,(dobdc) in the expected side-on fashion,
with Co-C distances of 2.60(4) A and 2.66(5)/2.73(6) A, respec-
tively. Despite the existence of several well-known cobalt(u)
polymerization catalyst precursors, to the best of our knowl-
edge, these represent the first structures determined for

Mn,(dobdc)-2C,D,

Biogam A 2604 AN .'2504;,& 2.73(6) A‘ '255
Co,(dobdc)-2C,D, Co,(dobdc)-2C,D, Co,(dobdc)-2C,D,

Fig. 4 Upper: a portion of the crystal structure of Mn,(dobdc)-2C;Dg, as
determined by powder neutron diffraction. Lower: first coordination sphere for
the cobalt centers upon dosing Co,(dobdc) with ethane, ethylene, and propylene;
green, red, gray, light blue, and purple represent Mn, O, C, D, and Co atoms,
respectively. Values in parentheses indicate one standard deviation in the refined
intermolecular distances.
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ethylene or propylene bound to a Co** ion. The Co-C distances
observed here are much longer than those observed in cobalt(i)-
ethylene complexes (1.908-2.055 A),”’ a cobalt(m)-ethylene
complex (2.034-2.040 A),*® and a cobalt(—1)-ethylene complex
(2.007-2.039 A).*> The major differences here are consistent
with the high-spin nature of the cobalt(u) centers in Co,(dobdc),
as enforced by the weak ligand field of the five oxo donor
ligands, which leads to an essentially ionic interaction with
little to no m-backbonding. The longer metal-olefin bond
lengths for Co,(dobdc) compared to the Fe-C distances of
2.42(2) A for ethylene and 2.56(2)/2.60(2) A for propylene in
Fe,(dobdc) are consistent with the lower magnitudes of the Qg
values of —43.6 k] mol ™" for ethylene and —50.2 k] mol " for
propylene compared to the respective values of —47.5 and —52.2
k] mol ' in Fe,(dobdc). These results are further consistent
with the lower IAST selectivities of Co,(dobdc).

Conclusions

The foregoing results demonstrate the potential utility of the
M,(dobdc) frameworks in ethylene-ethane and propylene-
propane separations. Owing to their high density of exposed
metal cations and the preferential interaction that these sites
have with unsaturated hydrocarbons over saturated, all frame-
works studied here have high ethylene and propylene capacities
and promising IAST selectivities. In determining the best
framework for an actual separation process, other factors such
as cost, recyclability, stability, processability, and environ-
mental impact will also need to be considered.
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