
this effect, indicating that the reduction in T2 is
due to low-frequency noise, which we attribute to
magnetic domain noise of the tip material. We
expect that this effect can be mitigated using al-
ternative tip materials such as rare earth ferro-
magnets (27). The coupling strength can be further
improved by using customized nanoresonators
with a larger zero-point motion. Using state-of-
the-art nanofabrication techniques, resonators
with Q > 106, wr/2p ~ 1 MHz (28), Gm ~ 105 T/m,
and a coupling strength of l/2p ~ 10 kHz can
be fabricated (4), which, together with extended
coherence times in isotopically purified diamond
of T2 > 2 ms (29) and faster pulse sequences with
N ~ 136 pulses (23), yield a projected sensitivity
of h < 1 phonon=

ffiffiffiffiffiffi

Hz
p

. Combined with recently
demonstrated single-shot spin readout (30), this
raises the intriguing prospect of using a single
NV center to sense mechanical motion at the
scale of zero-point fluctuations in a single shot.

To assess the feasibility of sensing zero-point
motion (Fig. 4A), we assume that the resonator is
actively cooled near its motional ground state,
using either the spin (4) or an additional system
such as an optical or microwave cavity (12, 13).
Such cooling schemes are always accompanied
by a decreased effective mechanical quality fac-
tor, Qeff ¼ Q=nenv, where nenv is the phonon
occupation number at the temperature of the
surrounding environment. Inserting nth ¼ 0 and
W = 2Qeff/N into Eq. 1, a near maximal sig-
nal S ~ 1/2 is obtained, provided that C ¼
l2Qeff T̃ 2=wr > 1, where T̃ 2 ¼ T2N 2=3 is the
extended spin-coherence time due to dynamical
decoupling (23). This is verified in Fig. 4B, which
demonstrates that for a wide range of realistic
parameters with C > 1, the zero-point motion of
the resonator results in S ~ 1/2. The parameter C
is a fundamental quantity in the physics of spin-
phonon interactions. In direct analogy to the so-
called cooperativity in cQED, C > 1 marks the
onset of coherent quantum effects in a coupled
spin-phonon system. Taking the optimized but
realistic values l/2p = 10 kHz, T2 = 1 ms, Q =
106, wr/2p = 1MHz, and N = 160 pulses, we find
that C ~ 35 can be reached at an environmental
temperature of T = 4 K. Besides detection of
zero-point motion, entering this regime could also
enable coherent, long-range interactions between
individual spins mediated by a mechanical reso-
nator (17), which are of great interest for devel-
oping scalable, spin-based quantum information
systems. Furthermore, by operating at lower envi-
ronmental temperatures of T ~ 100mK, it becomes
possible to use the spin to cool the resonator down
to its ground state (4) and to engineer quantum
superpositions ofmechanicalmotion, which could
be read out using a coherent detection scheme like
the one we present in this work.

The above considerations indicate that our ap-
proach provides an experimentally feasible route
toward reaching strong coupling between single
phonons and spins. Potential applications ranging
from the creation and detection of quantum states of
mechanicalmotion and the realization of quantum

spin transducers to novel approaches for nano-
scale sensing and readout (19, 20) can be foreseen.
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Hydrocarbon Separations in a
Metal-Organic Framework with
Open Iron(II) Coordination Sites
Eric D. Bloch,1 Wendy L. Queen,1,2 Rajamani Krishna,3 Joseph M. Zadrozny,1

Craig M. Brown,2,4 Jeffrey R. Long1,5*

The energy costs associated with large-scale industrial separation of light hydrocarbons by
cryogenic distillation could potentially be lowered through development of selective solid
adsorbents that operate at higher temperatures. Here, the metal-organic framework Fe2(dobdc)
(dobdc4– : 2,5-dioxido-1,4-benzenedicarboxylate) is demonstrated to exhibit excellent performance
characteristics for separation of ethylene/ethane and propylene/propane mixtures at
318 kelvin. Breakthrough data obtained for these mixtures provide experimental validation
of simulations, which in turn predict high selectivities and capacities of this material for the fractionation
of methane/ethane/ethylene/acetylene mixtures, removal of 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.

As a consequence of the similar sizes
and volatilities of the molecules, separa-
tions 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
the chemical industry (1). Because these gas mix-

tures are produced by cracking long-chain hydro-
carbons 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 real-
ized if materials enabling the efficient separation
of olefins and paraffins at higher temperatures
(than currently used in distillation) and atmo-
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spheric pressure were achieved. Competing ap-
proaches toward this end include membrane
designs (2) and 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 cat-
egory, metal-organic frameworks (MOFs), which
offer high surface areas, adjustable pore dimen-
sions, and chemical tunability, have received con-
siderable attention as adsorbents in gas storage
and gas separation applications, with particular
emphasis on the dense storage of methane (4, 5)
and hydrogen (6, 7) and on the efficient removal
of carbon dioxide from flue gas (8) and natural
gas deposits (9, 10). More recently, the potential
utility of these porous structures for the separa-
tion of hydrocarbon mixtures has been exposed
(11–15), specifically for the separation of ethylene/
ethane and propylene/propane mixtures. Herein,
we show that Fe2(dobdc), a metal-organic frame-
work with exposed iron(II) coordination sites ex-
hibiting 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 amethane/ethane/ethylene/acetylene
mixture into its pure components. These simu-
lations further predict that Fe2(dobdc) exhibits
higher adsorption selectivities and hydrocarbon
separation capacity than a number of recently
reported solid adsorbents.

The redox-active metal-organic framework
Fe2(dobdc) (dobdc

4– : 2,5-dioxido-1,4-benzene-
dicarboxylate), 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 bindO2 at the iron centers
in a side-on manner (16). This framework dis-
plays a Brunauer-Emmett-Teller 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 (Fig. 1). With a compact tetra-anionic
bridging ligand, the structure features an extreme-
ly 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, respec-
tively. Thus, it appears to provide a near-optimal
platform for the high-capacity adsorption of small
olefins, such as ethylene and propylene. Further-
more, the Mg2+ or Co2+ analogs of this structure
type have recently been shown to display selective
adsorption for olefins over paraffins (17, 18). 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.

To investigate the ability of Fe2(dobdc) to ad-
sorb light hydrocarbons, pure component equi-
librium adsorption isotherms for methane, ethane,
ethylene, acetylene, propane, and propylene were
measured at 318, 333, and 353 K. Figure 2 shows
the data obtained at 318 K, with the remaining

data presented in fig. S1. As evidenced by the ini-
tial steep rise in the isotherms, Fe2(dobdc) displays
a strong affinity for the unsaturated hydrocarbons
acetylene, ethylene, and propylene. Additional-
ly, 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, although lower than those of
their unsaturated counterparts, are both consider-
ably higher than observed for methane, which has
a lower polarizability and a smaller kinetic diam-
eter. Importantly, all of the isotherms are com-
pletely reversible and exhibit no hysteresis. Further
equilibrium adsorption experiments at 318 K (fig.
S2) indicate no loss in olefin uptake capacity over
15 ethylene adsorption/desorption cycles. Addi-
tionally, no loss in propylene uptakewas observed
after 40 adsorption/desorption cycles, as verified
by thermogravimetric analysis (fig. S2).

Neutron powder diffraction experiments were
carried out to determine the nature of the in-
teractions of these adsorbate molecules within
Fe2(dobdc). In a typical experiment, Fe2(dobdc)
was dosedwith deuterated gas at 300K and cooled
to 4 K for data collection. Rietveld refinements
were performed against these data to provide the
structural models presented in Fig. 1.We recently
employed this technique to investigate the co-
ordination of dioxygen to the iron centers of this
material (16). Analogous to these previous re-
sults, only one adsorption site is apparent, cor-
responding to the open coordination site of the
exposedFe2+ cations, upondosing substoichiometric
equivalents of gas per framework iron. The un-
saturated hydrocarbons 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 sub-

Fig. 1. (Left) A portion of the solid-state structure of Fe2(dobdc)·2C2D4 as
determined by analysis of neutron powder 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. (Right) 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. For
propane in Fe2(dobdc), the adsorbed hydrocarbon molecule has orientational
disorder with respect to the open metal center. Of several refined models, the
single molecule with large displacement parameters is the most reasonable.

1Department of Chemistry, University of California, Berkeley,
CA 94720, USA. 2Center for Neutron Research, National In-
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terials Sciences Division, Lawrence Berkeley National Labora-
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stantially longer than the separations of 2.020(5)
to 2.078(4) Å observed for the diamagnetic com-
plex [Fe(C2H4)4]

2–, one of the very few iron(II)-
olefin species to be structurally characterized
previously (19). The difference suggests that the
metal centers within Fe2(dobdc) maintain a high-
spin 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 even weaker, as
evidenced by the elongated Fe-C distance of ~3Å.
This is in good agreement with the Mg-C dis-
tance 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 a hydrocarbon (20).

Variable-temperature magnetic susceptibility
measurements were performed to probe the elec-
tronic state of the iron centers in Fe2(dobdc) upon
gas binding. As shown in Fig. 3, Fe2(dobdc) itself
displays a cMT value of 6.40 cm

3K/mol at 300 K,
which gradually rises as the temperature decreases
before turning over and dropping sharply below
28K. 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 antiferromag-
netic coupling between chains. Under a pressure
of 1 bar of methane, ethane, ethylene, acetylene,
propane, or propylene, the high-spin electron con-
figuration of the iron(II) centers is maintained,
but the nature of themagnetic exchange along the
chains is altered to varying extents. Weakly in-
teracting adsorbates, such as methane, ethane,
and propane, slightly diminish the strength of the
ferromagnetic exchange,whereas themore strong-
ly interacting propylene, ethylene, and acetylene
perturb the electron density at the iron(II) centers
sufficiently to reverse the nature of the intrachain
coupling from ferromagnetic to antiferromagnet-
ic. 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 propyl-
ene, expressed in terms of absolute loadings, were

fittedwith the dual-Langmuir-Freundlich isotherm
model, whereas methane adsorption data were
fitted with a single-site Langmuir model (21). Iso-
steric heats of adsorption were then calculated
from the fits to compare the binding enthalpies of
these gases under various loadings (fig. S3). Heats
of adsorption for acetylene (–47 kJ/mol), ethyl-
ene (–45 kJ/mol), and propylene (–44 kJ/mol)
show a significant reduction as the loading ap-
proaches the value corresponding to one gas mol-
ecule per iron(II) center, again consistent with
the exposed metal cations presenting the stron-
gest adsorption sites in the material. Propane
(–33 kJ/mol), ethane (–25 kJ/mol), and methane
(–20 kJ/mol) adsorption enthalpies are all con-
siderably lower in magnitude, with the trend re-
flecting the decreasing polarizabilities of these
molecules from propane to ethane to methane.

Adsorption selectivities were calculated using
ideal adsorbed solution theory (IAST) (22), 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 re-
ported (fig. S4). For an equimolar mixture of
ethylene and ethane at 318 K, the adsorption se-
lectivities obtained for Fe2(dobdc) of 13 to 18
are significantly greater than those calculated
for either zeolite NaX or the isostructural metal-
organic framework Mg2(dobdc), which display
selectivities of 9 to 14 and 4 to 7, respectively
(17, 23). The latter result is consistent with the
softer character of Fe2+ relative to Mg2+, leading
to a stronger interaction with the p electron cloud
of the olefin. Similarly, in comparing the perform-
ance of Fe2(dobdc) with other porous materials
for the separation of a propane/propylene mixture
(selectivity = 13 to 15), it is rivaled in selectivity
only by zeolite ITQ-12, which displays adsorp-
tion selectivity of 15 while the other materials
display selectivities from 3 to 9 (24). However,

Fig. 2. (A andB) Gas adsorption isotherms for (A) methane, ethane, ethylene, and acetylene and (B) propane
and propylene 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. (C and D) Experimental breakthrough curves for the adsorption of equimolar (C) ethane/ethylene
and (D) propane/propylenemixtures 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. In an actual separation
scenario, desorption would instead be carried out by applying a vacuum and/or raising the temperature.

Fig. 3. Variable-temperaturemagnetic 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. Full details of the model and fit parameters
can be found in table S17 and accompanying text.
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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 se-
lectivities were also calculated using IAST for
Fe2(dobdc) in an equimolar four-component mix-
ture 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 (25).

To evaluate the performance of Fe2(dobdc)
in an actual adsorption-based separation process,
breakthrough experiments were performed inwhich
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
(Fig. 2). In a typical experiment, the gas mixture
was flowed through 300 to 400 mg of metal-
organic framework crystallites packed into a
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, whereas the
solid adsorbent retained the olefin. For the C3

hydrocarbons, the outlet gas contained undetect-
able levels of propylene, resulting in a propane
feed that appeared to be 100% pure, within the
detection limit of the instrument [~100 parts per
million (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 pro-
pane remaining in the pores of the framework
could be quickly removed, and 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 equi-
molar mixture of ethylene and ethane into the
pure component gases of 99% to 99.5% purity.
Differential scanning calorimetry (DSC) experi-
ments (fig. S5) indicate that energies of 0.84MJ/kg
and 1.3 MJ/kg are needed to release propylene
and ethylene, respectively, and regenerate the ma-
terial for subsequent separation steps.

Although breakthrough experiments are quite
valuable for evaluating the gas separation capa-
bilities of a material, in practice they can be diffi-
cult and time consuming. In order to compare
Fe2(dobdc) with other reported adsorbents for
ethylene/ethane and propylene/propane separa-
tions, we sought to demonstrate that the break-
through characteristics could instead be simulated
with reasonable accuracy. Assuming that (i) in-
tracrystalline diffusion is negligible through an
isothermal adsorption bed in thermodynamic equi-
librium, (ii) plug flow proceeds through the bed,
and (iii) the binary mixture adsorption equilibri-
um in the packed bed of crystallites can be cal-
culated 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 tran-
sient gas composition profiles (figs. S6 and S7)
are in excellent agreement with the experimental
results shown in Fig. 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 fig. S8 over a range of pressures for the zeolites

ITQ-12 at 303 K and NaX at 318 K, and for
the metal-organic frameworks Cu3(btc)2 (btc

3– :
1,3,5-benzenetricarboxylate) at 318 K (26),
Cr3(btc)2 (27) at 308K (fig. S9), and Fe-MIL-100
at 303 K (11). These results indicate that the pro-
pane production capacity of Fe2(dobdc) at 318 K,
which ranges up to 5.8mol/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 ca-
pacity for Fe2(dobdc) than for any other ma-
terial. The compound Mg2(dobdc) exhibits a
lower productivity than Fe2(dobdc), a result of
the lower adsorption selectivity of this mate-
rial. Although zeolite ITQ-12 displayed a com-
parable 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 (fig. S10).

In addition to the separation of binary olefin/
paraffin mixtures, there is tremendous current in-
terest in separating ethane, ethylene, and acetylene
from methane for the purification of natural gas.
Indeed, a number of porous materials (23, 28)
are able to selectively separate methane frommix-
tures including C2 hydrocarbons (ethane, ethyl-
ene, 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 uses the
same adsorptive material for the separation and
purification of all four components of a C1/C2

mixture could potentially lead to substantial effi-
ciency and energy savings over current processes.
To establish the feasibility of using Fe2(dobdc)
for this task, we carried out breakthrough calcu-
lations for such a mixture. Figure 4 presents sim-
ulated 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 ofmethane, ethane, ethylene, and acetylene
at a total pressure of 1 bar and a temperature of
318 K. The breakthrough times reflect the rela-
tive adsorption selectivities (acetylene > ethylene >
ethane > methane) for the material, and the curves
indicate a clean, sharp breakthrough transition for
each successive gas.

Based on these results, the diagram at the
right in Fig. 4 demonstrates how it might be
possible to procure pure methane, ethane, ethyl-
ene, and acetylene using three packed beds of
Fe2(dobdc). In this process, a gasmixture 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 compo-
nent of the gas stream, ethylene, is present in the

Fig. 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.
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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 before the breakthrough of acetylene,
pure acetylene can be obtained via desorption.

Ethylene produced in a naphtha cracker con-
tains 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 N,N´-dimethylformamide, but the use of
solid adsorbents could potentially provide an energy-
efficient alternative. We therefore also investi-
gated the use of Fe2(dobdc) for removal of acetylene
from mixtures with ethylene. Simulated break-
through characteristics for a feed mixture contain-
ing 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 (fig. S11).

An alternative to the use of pressure swing
adsorption for olefin/paraffin separations is to
adopt a membrane-based technology. To investi-
gate 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
(29, 30). 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.
Although a membrane of this type would be
challenging to prepare, the following results indi-
cate 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 (29–31).
The calculated ethylene/ethane permeation selec-
tivities lie in the range of 13 to 20 for total up-
stream pressures between 0.1 and 1.0 bar (fig.
S12). 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 struc-
ture. The slowing-down effects are caused by
correlations in the molecular hops of the mo-
bile and tardier species in the mixture within the
one-dimensional channels of structures such as
Fe2(dobdc) and Mg2(dobdc) (31). Such correla-
tions serve to bring the component diffusivities in
the mixture closer to each other.

In other words, strong correlation effects with-
in 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. The calculated permeation
selectivities are expected to be reasonably accu-
rate, irrespective of the accuracy of the force field
information, because the high degree of correla-

tions within the channels tends to eliminate dif-
ferences 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 re-
ported (32). An important further advantage of
the use of Fe2(dobdc) is that the diffusivities within
the 11 Å–wide channels of this material are about
two to three orders of magnitude greater than those
in ZIF-8, conferring both selectivity and perme-
ability advantages. Similar advantages can be ex-
pected for applications of Fe2(dobdc) inmembrane
separations of equimolar propylene/propane mix-
tures, for which permeation selectivities are calcu-
lated to lie in the range of 14 to 16 for total upstream
pressures between 0.05 and 1.0 bar (fig. S13).

The foregoing results demonstrate the extra-
ordinary prospects for using the metal-organic
framework Fe2(dobdc) as a solid adsorbent in the
separation of valuable C1 to C3 hydrocarbons
through pressure/temperature swing adsorption
methods or through membrane-based applications.
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238U/235U Systematics in Terrestrial
Uranium-Bearing Minerals
Joe Hiess,1* Daniel J. Condon,1 Noah McLean,2 Stephen R. Noble1

The present-day 238U/235U ratio has fundamental implications for uranium-lead geochronology and
cosmochronology. A value of 137.88 has previously been considered invariant and has been used
without uncertainty to calculate terrestrial mineral ages. We report high-precision 238U/235U
measurements for a suite of uranium-bearing minerals from 58 samples representing a diverse range of
lithologies. This data set exhibits a range in 238U/235U values of >5 per mil, with no clear relation to
any petrogenetic, secular, or regional trends. Variation between comagmatic minerals suggests that
238U/235U fractionation processes operate at magmatic temperatures. A mean 238U/235U value of
137.818 T 0.045 (2s) in zircon samples reflects the average uranium isotopic composition and
variability of terrestrial zircon. This distribution is broadly representative of the average crustal and
“bulk Earth” 238U/235U composition.

The uranium-lead (U-Pb) system is widely
used as an isotopic chronometer for geo-
logical and meteoritic materials that are

less than 1million to greater than 4.5 billion years
old. This system is particularly useful because
it has two long-lived isotopes, 238U and 235U,

30 MARCH 2012 VOL 335 SCIENCE www.sciencemag.org1610
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Materials and Methods 
1.1 Synthesis and Low-Pressure Gas Adsorption Measurements 
The synthesis of Fe2(dobdc) was performed as previously reported.(16) 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. All measurements were performed using 
a recirculating dewar connected to an isothermal bath.  For acetylene adorption 99.5 % 
purity gas was used while 99.99% or higher purity gases were used for methane, ethane, 
ethylene, propane, and propylene. 
1.2 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. 
1.3 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).(33) 
The temperature dependence of the magnetic susceptibility of the framework was 
modeled as a chain of Heisenberg spins interacting (34) with three other chains in the 
molecular field approximation.(35) 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-



 
 

4 
 

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: 

 
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. The following table presents the 
best fit results of g, J and J’ for the activated framework and the framework under 1 bar 
atmospheres of the studied hydrocarbons. J’ was allowed to vary for the fits, but was 
constrained to stay within 0 > J’ > –1.5 cm–1. 
1.4 Neutron Powder Diffraction Data 
Neutron powder diffraction measurements of the bare and hydrocarbon-loaded 
Fe2(dobdc) were performed on the Echidna instrument (36) 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 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 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.(37,38) 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 
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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. 
 

Supplementary Text 
 
2. Dual-Langmuir-Freundlich fits of pure component isotherms. 
 
2.1 Adsorption in Fe2(dobdc) 
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 Peng-Robinson 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 

Bi

Bi

Ai

Ai

iBi

iBi
satBi

iAi

iAi
satAii pb

pb
q

pb
pb

qq
,

,

,

,

,

,
,,

,

,
,, 11 ν

ν

ν

ν

+
+

+
=  (1) 

The saturation capacities qi,sat, Langmuir-Freundlich parameters bi, along with the 
exponents νi, for the two sites, A, and B, are provided in Tables S1-S5.  
Figure S1 compares the experimental data with the dual-site Langmuir-Freundlich fits. 
For adsorption of methane in Fe2(dobdc) a single-site Langmuir model was sufficiently 
good for fitting purposes; the Langmuir parameters are specified in Table 6. Figure 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. The continuous solid lines are the single-site 
Langmuir fits using the parameters specified in Table 6. 

 
2.2 Adsorption in Mg2(dobdc) 
For comparison of the ethylene/ethane and propylene/propane separation characteristics 
of Fe2(dobdc) with Mg2(dobdc) the experimental data on pure component isotherms at 
318 K reported by Bao et al. were used.  The dual-Langmuir-Freundlich fit parameters 
provided in Table 1 of  Bao et al. could be used directly, with the need for re-fitting.(17) 
 
2.3 Adsorption in zeolite NaX 
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For comparison of the ethylene/ethane and propylene/propane separation characteristics 
of Fe2(dobdc) with NaX zeolite, experimental isotherm data available in the literature 
were used.  
For ethylene  and ethane adsorption, the experimental data of Hyun and Danner, 
(22)determined at temperatures T = 298 K, and 323 K were fitted with equation (1). The 
dual-site Langmuir-Freundlich parameters are provided in Table S7, and S8.  
For propylene and propane adsorption in NaX zeolite, the data provided in Table 4 of the 
paper by Lamia et al. were used;(39) the parameter fits for T = 318 K are specified in 
Table S9. 
 
2.4 Adsorption in FeMIL-100 
For comparison of the propylene/propane separation characteristics of Fe2(dobdc) with 
FeMIL-100, experimental isotherm data at 303 K available in the paper by Yoon et al. 
(11) were fitted with a single-site Langmuir-Freundlich isotherm model. It is noteworthy 
that the pure component experimental data are available up to pressures of 7 kPa.  
Extrapolation to 100 kPa is therefore not justified. The calculations presented here are 
only up to a total pressure of 20 kPa.  The single-site Langmuir-Freundlich parameters 
for propylene and propane isotherms in FeMIL-100 at 303 K are given in Table S10. 
 
2.5 Adsorption in ITQ-12 
For comparison of the propylene/propane separation characteristics of Fe2(dobdc) with 
ITQ-12, experimental isotherm data at 303 K available in the paper by Gutiérrez-
Sevillano et al. (23) were fitted with a single-site Langmuir-Freundlich isotherm model. 
The single-site Langmuir-Freundlich parameters for propylene and propane isotherms at 
303 K are given in Table S11. 
 
2.6 Adsorption in Cu3(btc)2 
For comparison of the propylene/propane separation characteristics of Fe2(dobdc) with 
Cu3(btc)2, the dual-site Langmuir-Freundlich isotherm model parameters at 318 K, 
obtained from the parameters supplied in Table 3 of the paper by Plaza et al.,(25) were 
used. The parameters are specified in Table S12. 
 
2.7 Adsorption in Cr3(btc)2 
For comparison of the propylene/propane separation characteristics of with Cr3(btc)2, 
unpublished experimental data at 308 K, measured in our group were used. The 
experimental data are shown in Figure S2, along with the dual-site Langmuir-Freundlich 
fits using the parameters for propylene and propane isotherms in Cr3(btc)2 at 308 K 
specified in Table S13. 
 
3. Isosteric Heat of Adsorption 

The isosteric heat of adsorption, Qst, defined as 

q
st T

p
RTQ ⎟

⎠
⎞

⎜
⎝
⎛

∂
∂

=
ln2  (2) 

were determined using the pure component isotherm fits. Figure S3 presents data on the 
loading dependence of Qst for adsorption of methane, acetylene, ethylene, ethane, 
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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. A similar loading dependence is observed 
for CO2 adsorption in the Mg2(dobdc), and the discussions of Mason et al. are also 
applicable here.(40) 
 
4. IAST Calculations of Adsorption Selectivities 
 
Using the pure component isotherm fits, the adsorption selectivities defined by 

21

21

pp
qqSads =          

 (3)  
 

can be determined using the Ideal Adsorbed Solution Theory (IAST) of Myers and 
Prausnitz.(22)  
Figure 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 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. 
Figure S4 also shows the IAST calculations of the adsorption selectivity, Sads, for 
equimolar acetylene/ethylene mixtures using Fe2(dobdc). 
 
5. 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 779.0508.1/333.01 =−=ε . The 
breakthrough experiments with ethylene/ethane, 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, uLε  = 35.25 s. Typical breakthrough 
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characteristics for propylene/propane mixture are shown in Figure S5. The x-axis is a 
dimensionless time, τ, obtained by dividing the actual time, t, by the contact time between 
the gas and the crystallites, uLε . 

Our first task is to demonstrate that the breakthrough characteristics can be simulated 
with reasonable accuracy with the following set of assumptions. 

(1) Isothermal conditions can be assumed to prevail throughout the bed. 
(2) Thermodynamic equilibrium can be assumed to prevail at any location within the 

packed adsorber bed. 
(3) The binary mixture adsorption equilibrium in the packed bed of Fe2(dobdc) 

crystallites can be calculated using the IAST.  
(4) Plug flow of gas mixture along the bed. 
(5) 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 

( ) ( ) ni
t

q
z

up
RTt

p
RT

iii ,...2,1;111
=−−−=

∂
∂

ρε
∂

∂
∂

∂
ε  (4) 

using the numerical procedure described in the work of Krishna and Long.(21) For T = 
318 K, and partial pressures of propylene and propane at the gas inlet maintained at p10 = 
p20 = 50 kPa, the molar concentrations of the gas phase exiting the adsorber are shown in 
Figure S5. The corresponding gas compositions expressed in mol% are also shown in 
Figure S5. 

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 Δτads, 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 S6 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  .   

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 S5. From the desorption 
characteristics, we note that there is a time interval Δτdes, during which the exit gas 
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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 
S5 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 ITQ-12 is due to its extremely low pore volume, 0.134 cm3/g. 
Video animations of both the transient adsorption/desorption cycles for 
propylene/propane mixtures in  Fe2(dobdc) and NaX zeolite have been provided as 
supplementary material accompanying this publication. 
 
6. 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 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 Δτads, and 
Δτdes indicated in Figure S7. 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 S8. We note that the production capacities with 
Fe2(dobdc) are nearly double that of both Mg2(dobdc) and NaX zeolite.  

Video animations of both the transient adsorption/desorption cycles for ethylene/ethane 
mixtures using Fe2(dobdc) and NaX zeolite have been provided as supplementary 
material accompanying this publication. 
 
 
7. Investigating the Potential of Fe2(dobdc) Membranes for Alkane/Alkene 
Separations 
 

For a range of upstream pressures, the permeation selectivity, Sperm defined by 

2010

21

pp
NNS perm =   (5) 

were determined by numerical solution of the set of Maxwell-Stefan diffusion equations, 
as described in previous works.(21,28) The adsorption equilibrium is determined by use 
of the IAST, using the same procedure adopted in the breakthrough calculations. All 
calculations were performed for isothermal conditions at 318 K. The pure component 
isotherm data fits provided in Tables 1-5  The Maxwell-Stefan diffusivities, of the pure 
components were determined by performing Molecular Dynamics (MD) simulations, 
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using the methodology described in previous works.(28-30) The force field information is 
provided in Table S14.  
The MD simulated data are presented in Figure S11. The diffusivities of ethylene and 
ethane are within 20% of each other; this is in line with the experimental data of Bao et 
al. for propane and propylene in Mg2(dobdc).  Also in line with the experimental data of 
Bao et al. is the observation that the diffusivities of propylene and propane lie close 
together.  An important consideration in mixture permeation is the proper modeling of 
correlation effects. Such correlation effects have the effect of slowing down the more 
mobile species. Such correlation effects will have the effect of washing out, even further, 
the already small differences in the diffusivities in the ethane/ethane and 
propylene/propane mixtures. For quantification of the correlation effects, the self-
exchange coefficients were determined from MD simulations. The MD simulated data on 
the degree of correlations were fitted with the parameter values presented in Table S15.  
 
 
8. Notation 

bi  dual-Langmuir-Freundlich constant for species i, iν−Pa   
Ði  Maxwell-Stefan diffusivity, m2 s-1 
Ðii self exchange coefficient, m2 s-1 
L  length of packed bed adsorber, m  
Ni  molar flux of species i defined in terms of the membrane area, mol m-2 s-1 
pi  bulk gas pressure of species i, Pa 
qi  component molar loading of species i, mol kg-1 
qi,sat saturation loading of species i, mol kg-1 
Sperm permeation selectivity, dimensionless 
t  time, s  
T  temperature, K  
u  superficial gas velocity, m s-1 
Greek letters 
�  voidage of packed bed, dimensionless 
�i  exponent in the dual-Langmuir-Freundlich isotherm, dimensionless 
�  dimensionless time 

 
Subscripts 
 
i  referring to component i 
A  referring to site A 
B  referring to site B 
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Fig. 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. The continuous solid lines are fits using the parameters specified in Tables S1-
S6. 
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Fig. 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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Fig. 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 ad propylene in 
Fe2(dobdc) at 318 K, right. 
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Fig. 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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Fig. 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 
purgin with helium while ramping to 373 K.  
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Fig. S6 
Curves showing mol % (left) and concentration (right) of propane and propylene during 
adsorption (upper) and desorption (lower) of a simulated breakthrough experiment. 
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Fig. 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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Fig. 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. 
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Fig. S9 
The pure component isotherm data for propylene and propane in Cr3(btc)2 at 308 K. The 
continuous solid lines are the dual-Langmuir-Freundlich fits using the parameters 
specified in Table S13. 
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Fig. S10 
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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Fig. S11 
Transient breakthrough of acetylene/ethylene mixture in an adsorber bed packed with 
Fe2(dobdc).The inlet gas is maintained at partial pressures p1 = 100 kPa, p2 = 1 kPa, at a 
temperature of 318 K. 
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Fig. S12 
MD simulations of the Maxwell-Stefan diffusivities for unary diffusion of ethylene, 
ethane, propylene, and propane in Fe2(dobdc) at 318 K. The diffusivities are plotted as a 
function of the molar loadings. The continuous solid lines are the fits of the diffusivity 
data using the Reed and Ehrlich model 16,24,25. The parameter values used are presented in 
Table S15. 
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Fig. S13 
(Left) The permeation selectivity, Sperm, for ethylene/ethane binary mixtures across 
Fe2(dobdc) membrane at 318 K, plotted as a function of the total upstream pressure, pt0 = 
p10 + p20. The partial pressures in the gas phase in the upstream compartment satisfy 
p10=p20. The downstream partial pressures were maintained at 10 Pa. The thickness of 
crystalline layer = 50 μm. Also plotted in this Figure are the selectivity values for ZIF-8, 
reported in the experimental work of Bux et al.(31) 
(Right) The permeation selectivity, Sperm, for propylene/propane binary mixtures across 
Fe2(dobdc) membrane at 318 K, plotted as a function of the total upstream pressure, pt0 = 
p10 + p20. The partial pressures in the gas phase in the upstream compartment satisfy 
p10=p20. The downstream partial pressures were maintained at 10 Pa for each species. The 
thickness of crystalline layer = 50 μm. Also plotted in this Figure is the selectivity value 
for NaY membrane, reported in the experimental work of Giannakopoulos et al.(41) 
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Table S1. 
Dual-site Langmuir-Freundlich parameters for pure acetylene isotherms in Fe2(dobdc) at 
318 K, 333 K, and 353 K.   
 Site A Site B 

qi,A,sat 
mol/kg 

bi,A 
iν−Pa  

νi,A 
dimensionless 

qi,B,sat 
mol/kg 

bi,B 
iν−Pa  

νi,B 
dimensionless 

318 K 5.3 1.086×10-3 1 3.6 8.69×10-6 1 
333 K 5.3 4.772×10-4 1 3.6 4.776×10-6 1 
333 K 5.3 1.844×10-4 1 3.6 2.782×10-6 1 
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Table S2. 
Dual-site Langmuir-Freundlich parameters for pure ethylene isotherms in Fe2(dobdc) at 
318 K, 333 K, and 353 K.   
 Site A Site B 

qi,A,sat 
mol/kg 

bi,A 
iν−Pa  

νi,A 
dimensionless 

qi,B,sat 
mol/kg 

bi,B 
iν−Pa  

νi,B 
dimensionless 

318 K 3.6 3.71×10-4 1.1 3.3 8.29×10-5 1 
333 K 3.6 1.28×10-4 1.1 3.3 4.89×10-5 1 
333 K 3.6 2.98×10-5 1.01 3.3 9.75×10-5 1 
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Table S3. 
Dual-site Langmuir-Freundlich parameters for pure ethane isotherms in Fe2(dobdc) at 
318 K, 333 K, and 353 K.   
 Site A Site B 

qi,A,sat 
mol/kg 

bi,A 
iν−Pa  

νi,A 
dimensionless 

qi,B,sat 
mol/kg 

bi,B 
iν−Pa  

νi,B 
dimensionless 

318 K 5 1.71×10-8 1.7 1 7.89×10-5 1 
333 K 5 2.19×10-8 1.6 1 4.45×10-5 1 
333 K 5 2.59×10-8 1.5 1 2.74×10-5 1 
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Table S4. 
Dual-site Langmuir-Freundlich parameters for pure propylene isotherms in Fe2(dobdc) at 
318 K, 333 K, and 353 K.   
 Site A Site B 

qi,A,sat 
mol/kg 

bi,A 
iν−Pa  

νi,A 
dimensionless 

qi,B,sat 
mol/kg 

bi,B 
iν−Pa  

νi,B 
dimensionless

318 K 5.2 7.7×10-4 1.42 1.8 1.21×10-4 1 
333 K 6 4.12×10-4 1.26 1.4 2.06×10-5 1 
333 K 5.9 1.56×10-4 1.2 1.1 2.01×10-5 1 
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Table S5. 
Dual-site Langmuir-Freundlich parameters for pure propane isotherms in Fe2(dobdc) at 
318 K, 333 K, and 353 K.  
 Site A Site B 

qi,A,sat 
mol/kg 

bi,A 
iν−Pa  

νi,A 
dimensionless 

qi,B,sat 
mol/kg 

bi,B 
iν−Pa  

νi,B 
dimensionless 

318 K 2.4 4.04×10-10 2.85 3.9 1.93×10-4 1 
333 K 2.2 1.1×10-9 2.53 3.9 1.13×10-4 1 
333 K 2.2 8.28×10-9 2.08 3.6 5.74×10-5 1 
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Table S6. 

Parameters for single-site Langmuir model 
bp
bpqq sat

+
=

1
 adsorption of CH4 in Fe2(dobdc) at 

318 K, 333 K, and 353 K.   
 qsat 

mol/kg 
b 

1Pa −  
b0 

1Pa −  
Ε 

kJ/mol 

CH4 5 
⎟
⎠
⎞

⎜
⎝
⎛=

RT
Ebb exp0

 1.13×10-9 19.5 
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Table S7. 
Dual-site Langmuir-Freundlich parameters for pure ethylene isotherms in NaX zeolite at 
298 K, and 323 K. The experimental data are from Hyun and Danner.   
 Site A Site B 

qi,A,sat 
mol/kg 

bi,A 
iν−Pa  

νi,A 
dimensionless 

qi,B,sat 
mol/kg 

bi,B 
iν−Pa  

νi,B 
dimensionless 

298 K 1.5 1.23×10-2 0.55 1.5 1.02×10-4 1.06 
323 K 1.5 4.86×10-3 0.55 1.5 4.24×10-5 1.06 
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Table S8. 
Dual-site Langmuir-Freundlich parameters for pure ethane isotherms in NaX zeolite at 
298 K, and 323 K. The experimental data are from Hyun and Danner.   
 Site A Site B 

qi,A,sat 
mol/kg 

bi,A 
iν−Pa  

νi,A 
dimensionless 

qi,B,sat 
mol/kg 

bi,B 
iν−Pa  

νi,B 
dimensionless 

298 K 1.5 2.75×10-4 0.73 1.5 2.7×10-7 1.54 
323 K 1.5 1.71×10-4 0.73 1.4 6.38×10-8 1.54 
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Table S9. 
Dual-site Langmuir-Freundlich parameters for propylene and propane isotherms in NaX 
zeolite at 318 K. The parameter fits are based on re-fitting the data provided in Table 4 of 
the paper by Lamia et al.  
 Site A Site B 

qi,A,sat 
mol/kg 

bi,A 
iν−Pa  

νi,A 
dimensionless 

qi,B,sat 
mol/kg 

bi,B 
iν−Pa  

νi,B 
dimensionless 

propylene 1.1 4.47×10-3 1 1.44 3.4×10-4 1 
propane 1.1 1.28×10-4 1 1.1 4.44×10-4 1 
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Table S10. 
Single-site Langmuir-Freundlich parameters for propylene and propane isotherms in 
FeMIL-100 at 303 K. The parameter fits are based on fitting the data provided in Figure 2 
of the paper by Yoon et al. 
 qi,A,sat 

mol/kg 
bi,A 

iν−Pa  
νi,A 
dimensionless 

propylene 2.1 6.21×10-3 0.64 
propane 7 1.53×10-5 1 
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Table S11. 
Single-site Langmuir-Freundlich parameters for propylene and propane isotherms in 
ITQ-12 at 303 K. The parameter fits are based on fitting the data provided in the paper by 
Gutiérrez-Sevillano et al.   
 qi,A,sat 

mol/kg 
bi,A 

iν−Pa  
νi,A 
dimensionless 

propylene 1.4 2.38×10-4 1 
propane 1.41 1.56×10-5 1 
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Table S12. 
Dual-site Langmuir-Freundlich parameters for propylene and propane isotherms in 
Cu3(btc)2 at 318 K. The parameter fits are based on Table 3 of the paper by Plaza et al.  
 Site A Site B 

qi,A,sat 
mol/kg 

bi,A 
iν−Pa  

νi,A 
dimensionless 

qi,B,sat 
mol/kg 

bi,B 
iν−Pa  

νi,B 
dimensionless 

propylene 5.6 5.37×10-4 1 0.96 7.45×10-6 1.25 
propane 4.9 1.05×10-5 1.2195 0.9 2.56×10-12 3.125 
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Table S13. 
Dual-site Langmuir-Freundlich parameters for propylene and propane isotherms in 
Cr3(btc)2 at 308 K.   
 Site A Site B 

qi,A,sat 
mol/kg 

bi,A 
iν−Pa  

νi,A 
dimensionless 

qi,B,sat 
mol/kg 

bi,B 
iν−Pa  

νi,B 
dimensionless 

propylene 8.2 2.98×10-4 1 1.9 2.98×10-4 1 
propane 7.9 2.62×10-6 1.4 1 3.14×10-3 1 
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Table S14. 
The alkane-alkane interactions were determined using the force field of Dubbeldam et 
al.(42) The alkene-alkene interactions were determined using the force field of Ban et 
al.(43) The metal-organic framework structure was considered to be rigid in the 
simulations. For the atoms in the Fe2(dobdc), the generic UFF(44)  and  DREIDING(45)  
force fields were used to determine the Lennard-Jones parameters given below. The 
framework charges were estimated using the quantum chemical calculations with the 
software provided in Materials Studio, Accelrys, San Diego. The Lorentz-Berthelot 
mixing rules were applied for calculating for guest-host interactions.   

 
(pseudo-) atom σ / Å ε/kB / K charge 
Fe 27.68 4.04 0.2846 
OA 48.16 3.03 -0.1215 
OB 48.16 3.03 -0.1778 
OC 48.16 3.03 -0.176 
CA 47.86 3.47 0.1917 
CB 47.86 3.47 -0.0374 
CC 47.86 3.47 0.0723 
CD 47.86 3.47 -0.0661 
H 7.65 2.85 0.0301 



 
 

38 
 

Table S15. 
Reed-Ehrlich parameters for a variety of species in Fe2(dobdc) at 318 K.  

Molecule Ði(0) / 
10-8 m2 s-1 

Coordination 
number 

φi 

ethane 3.9 2 2.1  
ethylene 4.3 2 3.1  
propane 2.4 2 1.1  
propylene 2.6 2 1.1  
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Table S16. 
The degree of correlations, Ði/Ðii, in Fe2(dobdc) at 318 K were fitted using the constants 
specified below.   

Molecule  Ði/Ðii 
ethane 1.2 
ethylene 1.2 
propane 1.2 
propylene 1.2 
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Table S17. 
Parameters used to fit susceptibility curves for hydrocarbons adsorbed in Fe2(dobdc)   
 giso J (cm–1) J’ (cm–1) 

Activated 2.083(3) 4.12(6) –1.12(1) 

CH4 2.015(4) 3.3(1) –0.95(1) 

C2H6 2.043(4) 3.19(8) –0.97(1) 

C3H8 1.99(2) 3.0(3) –1.00(5) 

C2H2 2.14(1) –3.1(3) -1.1(3) 

C2H4 2.17(1) –3.9(2) -1.1(3) 

C3H6 2.146(1) –1.11(7) -1.18(7) 
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Table S18. 
Rietveld refinement results (9 K data) of bare Fe2(dobdc). Values in parenthesis indicate 
one standard deviation of the parameter value. 
Space group R-3, a = 26.0983(5) Å, c = 6.8512(2) Å, cell volume = 4041.3(1) Å. 
Goodness-of-fit parameters: wRp = 3.59 %, Rp = 2.82 %, reduced χ2 = 2.84. 

Atom x y Z Multiplicity Occupancy Uiso (Ǻ2) 
Fe 0.3824(2) 0.3521(2) 0.1430(6) 18 1.0 0.012(2) 
O1 0.3272(3) 0.2938(4) 0.363(1) 18 1.0 0.003(3) 
O2 0.3010(4) 0.2272(4) 0.599(2) 18 1.0 0.023(3) 
O3 0.3551(4) 0.2732(4) 0.007(1) 18 1.0 0.009(2) 
C1 0.3161(4) 0.2440(4) 0.421(1) 18 1.0 0.022(2) 
C2 0.3259(4) 0.2038(3) 0.286(1) 18 1.0 0.002(2) 
C3 0.3430(3) 0.2226(4) 0.095(1) 18 1.0 0.012(2) 
C4 0.3487(3) 0.1819(4) -0.034(1) 18 1.0 0.003(2) 
H 0.3613(6) 0.1919(6) -0.168(2) 18 1.0 0.01(1) 
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Table S19. 
Rietveld Refinement (9 K data) of Fe2(dobdc)-0.5(ethane).  
Space group R-3, a = 26.0836(5) Å, c = 6.8551(2) Å, cell volume = 4039.1(2) Å. 
Goodness-of-fit parameters: wRp = 4.35 %, Rp = 3.44 %, reduced χ2 = 2.215. 

Atom X Y Z Occupancy Uiso(Ǻ)2 Multiplicity 
Fe 0.3810(2) 0.3508(2) 0.1434(6) 1 0.0118(9) 18 
O1 0.3263(4) 0.2949(4) 0.354(1) 1 0.021(3) 18 
O2 0.3022(4) 0.2293(4) 0.591(1) 1 0.033(3) 18 
O3 0.3491(4) 0.2747(3) 0.009(1) 1 0.004(2) 18 
C1 0.3164(3) 0.2452(3) 0.420(1) 1 0.006(2) 18 
C2 0.3251(3) 0.2042(3) 0.287(1) 1 0.007(2) 18 
C3 0.3414(3) 0.2229(3) 0.086(1) 1 0.006(2) 18 
C4 0.3487(3) 0.1794(4) -0.030(1) 1 0.011(2) 18 
H 0.3649(5) 0.1922(6) -0.171(2) 1 0.008(3) 18 

C1a 0.5244(8) 0.8465(8) 0.651(3) 0.466(3) 0.048(5) 18 
C2a 0.5110(8) 0.8571(8) 0.850(3) 0.466(3) 0.048(5) 18 
D3 0.491(1) 0.803(1) 0.604(3) 0.466(3) 0.077(3) 18 
D4 0.526(1) 0.8793(9) 0.555(3) 0.466(3) 0.077(3) 18 
D5 0.5681(8) 0.8522(9) 0.646(4) 0.466(3) 0.077(3) 18 
D6 0.5452(9) 0.899(1) 0.902(3) 0.466(3) 0.077(3) 18 
D7 0.469(1) 0.8554(8) 0.853(4) 0.466(3) 0.077(3) 18 
D8 0.5101(9) 0.8242(9) 0.948(3) 0.466(3) 0.077(3) 18 
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Table S20. 
Rietveld refinement results (9 K data) of Fe2(dobdc)-0.75(ethylene).  
Space group R-3, a = 25.8784(9) Å, c = 6.9669(4) Å, cell volume = 4040.6(3) Å. 
Goodness-of-fit parameters: wRp = 3.92 %, Rp = 3.10 %, reduced χ2 = 1.855. 

Atom X Y Z Occupancy Uiso(Ǻ)2 Multiplicity 
Fe 0.3877(4) 0.3523(4) 0.145(1) 1 0.008(3) 18 
O1 0.3183(5) 0.2939(5) 0.349(2) 1 0.003(4) 18 
O2 0.3044(5) 0.2275(6) 0.595(2) 1 0.006(4) 18 
O3 0.3558(6) 0.2748(6) 0.006(2) 1 0.004(5) 18 
C1 0.3167(6) 0.2471(6) 0.419(2) 1 0.003(3) 18 
C2 0.3254(6) 0.2055(6) 0.284(2) 1 0.001(3) 18 
C3 0.3431(7) 0.2248(7) 0.095(2) 1 0.040(5) 18 
C4 0.3496(5) 0.1813(6) -0.016(2) 1 0.002(4) 18 
H 0.365(1) 0.195(1) -0.169(3) 1 0.016(7) 18 

C11 0.9712(9) 0.7895(8) 0.853(3) 0.735(7) 0.023(7) 18 
C12 1.000(1) 0.789(1) 1.001(3) 0.735(7) 0.024(8) 18 
D1a 0.922(1) 0.7684(9) 0.867(3) 0.735(7) 0.062(9) 18 
D2b 1.048(1) 0.818(1) 1.001(3) 0.735(7) 0.05(1) 18 
D2a 0.9787(8) 0.775(1) 1.140(3) 0.735(7) 0.06(1) 18 
D1b 0.9898(9) 0.8142(8) 0.7293(25) 0.735(7) 0.029(7) 18 
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Table S21. 
Rietveld refinement results (9 K data) of Fe2(dobdc)-acetylene.  
Space group R-3, a = 25.9202(5) Å, c = 6.9505(2) Å, cell volume = 4044.1(2) Å. 
Goodness-of-fit parameters: wRp = 3.46 %, Rp = 2.77 %, reduced χ2 = 1.964 

Atom X Y Z Occupancy Uiso(Ǻ)2 Multiplicity 
Fe 0.3862(2) 0.3515(2) 0.1485(6) 1 0.0065(9) 18 
O1 0.3184(3) 0.2922(3) 0.348(1) 1 0.0034(9) 18 
O2 0.3026(3) 0.2265(3) 0.592(1) 1 0.0034(9) 18 
O3 0.3529(3) 0.2711(3) 0.009(1) 1 0.0034(9) 18 
C1 0.3141(3) 0.2458(2) 0.423(1) 1 0.0064(6) 18 
C2 0.3276(3) 0.2059(3) 0.282(1) 1 0.0085(6) 18 
C3 0.3435(3) 0.2214(3) 0.0912(9) 1 0.0080(6) 18 
C4 0.3510(3) 0.1810(3) -0.0272(9) 1 0.0108(6) 18 
H 0.3604(5) 0.1913(5) -0.175(2) 1 0.007(3) 18 
C5 0.1466(2) 0.6872(3) 0.530(1) 0.856(4) 0.028(2) 18 
C6 0.1225(2) 0.6706(3) 0.678(1) 0.856(4) 0.028(2) 18 
D1 0.1697(3) 0.6992(5) 0.399(1) 0.856(4) 0.120(6) 18 
D2 0.1049(3) 0.6540(4) 0.816(1) 0.856(4) 0.053(4) 18 
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Table S22. 
Rietveld refinement results (9 K data) of Fe2(dobdc)-0.75(propane).  
Space group R-3, a = 26.0468(6) Å, c = 6.8282(2) Å, cell volume = 4011.8(2) Å. 
Goodness-of-fit parameters: wRp = 4.43%, Rp = 3.60 %, reduced χ2 = 1.819 

Atom X Y Z Occupancy   Multiplicity 
Fe 0.3799(3) 0.3482(3) 0.1455(9) 1 Uiso 0.012(1) 18 
O1 0.3278(5) 0.2944(4) 0.350(2) 1 Uiso 0.022(4) 18 
O2 0.3025(5) 0.2197(5) 0.567(2) 1 Uiso 0.022(3) 18 
O3 0.3453(5) 0.2675(4) 0.007(2) 1 Uiso 0.022(3) 18 
C1 0.3174(4) 0.2452(4) 0.416(1) 1 Uiso 0.002(2) 18 
C2 0.3289(4) 0.2059(3) 0.300(1) 1 Uiso 0.002(2) 18 
C3 0.3431(4) 0.2241(4) 0.091(1) 1 Uiso 0.002(2) 18 
C4 0.3494(4) 0.1811(4) -0.025(1) 1 Uiso 0.002(2) 18 
H 0.3657(6) 0.1988(6) -0.1630(3) 1 Uiso 0.001(4) 18 

C1a 0.5236(8) 0.8635(8) 0.646(2) 0.617(2) Uani 0.040* 18 
C2a 0.5027(8) 0.8566(8) 0.853(3) 0.617(2) Uani 0.048* 18 
D4 0.5103(8) 0.8872(7) 0.556(3) 0.617(2) Uani 0.050* 18 
D5 0.5690(6) 0.8772(7) 0.645(2) 0.617(2) Uani 0.049* 18 
D6 0.5335(9) 0.8923(8) 0.937(4) 0.617(2) Uani 0.116* 18 
D7 0.4655(8) 0.8618(6) 0.867(4) 0.617(2) Uani 0.099* 18 
D8 0.499(1) 0.8181(9) 0.924(3) 0.617(2) Uani 0.185* 18 
C3a 0.4909(9) 0.804(1) 0.570(6) 0.617(2) Uani 0.292* 18 
D9 0.458(2) 0.793(2) 0.458(6) 0.617(2) Uani 0.582* 18 
D10 0.4695(7) 0.7786(7) 0.708(6) 0.617(2) Uani 0.328* 18 
D11 0.519(1) 0.788(3) 0.502(7) 0.617(2) Uani 0.700* 18 

*Uaniso C1a = [U11 U12  U13 U22 U23 U33 ] =  [0.04(1) 0.021(7) 0.00(1) 0.04(1) 0.00(1) 0.04(1)]  
Uaniso C2a = [U11 U12  U13 U22 U23 U33 ] = [0.05(1) 0.021(9) -0.00(1) 0.05(1) -0.00(1) 0.04(1)]  
Uaniso D4 = [U11 U12  U13 U22 U23 U33 ] = [0.06(1) 0.026(9) -0.02(1) 0.05(1) -0.04(1) 0.04(1)]  
Uaniso D5 = [U11 U12  U13 U22 U23 U33 ] = [0.027(9) 0.025(7) 0.047(7) 0.08(1) -0.051(8) 0.03(1)]  
Uaniso D6 = [U11 U12  U13 U22 U23 U33 ] = [0.14(2) 0.078(8) 0.04(2) 0.03(1) 0.05(2) 0.22(3)]  
Uaniso D7 = [U11 U12  U13 U22 U23 U33 ] = [0.12(1) 0.090(7) -0.06(2) 0.048(9) -0.09(1) 0.19(2)]  
Uaniso D8 = [U11 U12  U13 U22 U23 U33 ] = [0.20(2) 0.03(1) 0.04(2) 0.12(2) -0.16(1) 0.18(2)]  
Uaniso C3a = [U11 U12  U13 U22 U23 U33 ] = [0.02(1) 0.09(1) -0.01(2) 0.29(2) 0.21(3) 0.59(5)]    
Uaniso D9 =  [U11 U12  U13 U22 U23 U33 ] = [0.52(5) 0.29(3) -0.08(5) 0.48(4) 0.40(4) 0.80(9)]    
Uaniso D10 = [U11 U12  U13 U22 U23 U33 ] = [0.129(9) 0.158(6) 0.12(2) 0.17(1) -0.13(2) 0.80(6)]    
Uaniso D11 = [U11 U12  U13 U22 U23 U33 ] =  [0.18(5)  0.00(6) -0.15(5)  0.80(1) 0.35(1)  0.80(1)]   
For propane in Fe2(dobdc) the adsorbed hydrocarbon molecule has orientational disorder 
with respect to the open metal center. Of several refined models, the single-molecule with 
large displacement parameters is the most reasonable.
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Table S23. 
Rietveld refinement results (9 K data) of Fe2(dobdc)- 0.75(propylene).  
Space group R-3, a = 25.8998(9) Å, c = 6.9448(3) Å, cell volume = 4033.8(3) Å. 
Goodness-of-fit parameters: wRp = 3.81%, Rp = 3.14 %, reduced χ2 = 2.821 

Atom X Y Z Occupancy   Multiplicity 
Fe 0.3865(4) 0.3531(4) 0.157(1) 1 Uiso 0.015(3) 18 
O1 0.3174(5) 0.2935(6) 0.356(2) 1 Uiso 0.003(2) 18 
O2 0.3046(6) 0.2337(6) 0.591(2) 1 Uiso 0.002(2) 18 
O3 0.3561(6) 0.2773(6) 0.002(2) 1 Uiso 0.008(2) 18 
C1 0.3218(6) 0.2466(6) 0.416(2) 1 Uiso 0.025(2) 18 
C2 0.3257(6) 0.2042(5) 0.282(2) 1 Uiso 0.002(2) 18 
C3 0.3388(6) 0.2229(5) 0.090(2) 1 Uiso 0.006(2) 18 
C4 0.3502(5) 0.1812(6) -0.016(2) 1 Uiso 0.003(2) 18 
H 0.368(1) 0.188(1) -0.177(4) 1 Uiso 0.036(9) 18 

C11 0.9664(9) 0.7912(9) 0.841(3) 0.699(5) Uiso 0.019(5) 18 
C12 0.9983(9) 0.7964(8) 0.998(2) 0.699(5) Uiso 0.009(5) 18 
D1a 0.9204(8) 0.7694(8) 0.839(3) 0.699(5) Uiso 0.002(4) 18 
D2b 1.0446(7) 0.8186(7) 0.988(2) 0.699(5) Uiso 0.005(4) 18 
D2a 0.9787(8) 0.7691(8) 1.112(2) 0.699(5) Uiso 0.003(4) 18 
D3a 0.980(2) 0.869(1) 0.686(5) 0.699(5) Uiso 0.096(4) 18 
D3b 0.977(1) 0.814(1) 0.538(4) 0.699(5) Uiso 0.061(4) 18 
D3c 1.0373(8) 0.8559(9) 0.680(2) 0.699(5) Uiso 0.004(4) 18 
C13 0.993(2) 0.835(2) 0.679(7) 0.699(5) Uani 0.34398* 18 
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Movie S1 
MD simulation of ethane/ethylene in the channels of an Fe2(dobdc) membrane at 318 K. 
 
Movie S2 
MD simulation of propane/propylene in the channels of an Fe2(dobdc) membrane at 318 
K. 
 
Movie S3 
Simulated breakthrough for the adsorption of ethane and ethylene in Fe2(dobdc) at 318 K. 
 
Movie S4 
Simulated breakthrough for the desorption of ethane and ethylene in Fe2(dobdc) at 318 K. 
 
Movie S5 
Simulated breakthrough for the adsorption of ethane and ethylene in zeolite NaX at 298 
K. 
 
Movie S6 
Simulated breakthrough for the desorption of ethane and ethylene in zeolite NaX at 298 
K. 
 
Movie S7 
Simulated breakthrough for the adsorption of an equimolar 
methane/ethane/ethylene/acetylene mixture in Fe2(dobdc) at 318 K. 
 
Movie S8 
Simulated breakthrough for the adsorption of propane and propylene in Fe2(dobdc) at 318 
K. 
 
Movie S9 
Simulated breakthrough for the desorption of propane and propylene in Fe2(dobdc) at 318 
K. 
 
Movie S10 
Simulated breakthrough for the adsorption of propane and propylene in zeolite NaX at 
318 K. 
 
Movie S11 
Simulated breakthrough for the desorption of propane and propylene in zeolite NaX at 
318 K. 
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