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ABSTRACT: The removal of trace amounts of propyne
from propylene is critical for the production of polymer-
grade propylene. We herein report the first example of
metal−organic frameworks of flexible−robust nature for
the efficient separation of propyne/propylene mixtures.
The strong binding affinity and suitable pore confinement
for propyne account for its high uptake capacity and
selectivity, as evidenced by neutron powder diffraction
studies and density functional theory calculations. The
purity of the obtained propylene is over 99.9998%, as
demonstrated by experimental breakthrough curves for a
1/99 propyne/propylene mixture.

As novel porous materials, metal−organic frameworks
(MOFs) have found various applications in gas storage,

separation, sensing, catalysis, and so on because of their unique
pore structures and designable frameworks.1 Research on
porous MOFs for gas separation and purification has been
mainly focused on those robust MOFs (Scheme 1c).2 Although

flexible or dynamic MOFs (Scheme 1a) can be theoretically
useful as well for gas separation and purification, as indicated by
their single gas sorption isotherms, they have rarely been
explored for separation of gas mixtures,3 mainly because the
separation performance of flexible MOFs for gas mixtures can
be hardly predicted from their single gas sorption isotherms.
Once gas molecules of one type open the pore windows/spaces

of the flexible MOFs, the opened spaces will simultaneously
take up other gas molecules as well.4 Furthermore, flexible
MOFs typically take up negligible amounts of gas at low
pressure, making them unsuitable for gas purification, in which
trace impurities from gas mixtures need to be efficiently
removed.5

During our exploration of porous MOFs for gas separation,
we realized that one unique class of porous MOFs, so-called
flexible−robust ones (Scheme 1b), has basically been over-
looked.6 This class of porous MOFs is different from traditional
flexible (Scheme 1a) and robust ones (Scheme 1c) in that their
guest-free phases or intermediate phases possess robust pore
structures. These phases can preserve their overall structures
within a substantial low-pressure range (before the structures
become fully flexible and transform into large-pore phases at
higher gas pressures) and correspondingly exhibit well-defined
plateaus in their multistep adsorption isotherms. Exploration of
such flexible−robust MOFs can not only significantly broaden
our choices of suitable porous MOFs for gas separation but also
provide us the possibility to make use of different robust phases
for gas separation (such flexible−robust MOFs will exhibit
adsorbate-dependent gas sorption isotherms and thus can be
theoretically applied to separations of different types of gas
mixtures). In this regard, a previously reported flexible−robust
MOF, [Cu(bpy)2(OTf)2] (ELM-12) (bpy = 4,4′-bipyridine,
OTf− = trifluoromethanesulfonate),7 is of special interest. Its
flexible−robust nature has been exclusively established through
N2 gas sorption isotherms and the inclusions of different
solvent molecules (e.g., methanol and tetrahydrofuran). Herein
we report its application for propyne (C3H4)/propylene
(C3H6) separation, in which trace amounts of C3H4 can be
readily removed from a C3H4/C3H6 (1/99) mixture to produce
high-purity propylene (over 99.9998%) under ambient
conditions. As one of most important chemical products
(over 120 million tons produced in 2016), propylene is
currently produced by steam cracking in petroleum refining.
The raw C3H6 product contains a trace impurity of C3H4,
which is highly undesirable.8 The C3H4 concentration in
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Scheme 1. Schematic Illustration of the Representative
Adsorption Isotherms of (a) Flexible, (b) Flexible−Robust,
and (c) Robust MOFs

Communication

pubs.acs.org/JACS

© 2017 American Chemical Society 7733 DOI: 10.1021/jacs.7b04268
J. Am. Chem. Soc. 2017, 139, 7733−7736

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.7b04268


polymer-grade propylene is required to be lower than 5 ppm.8c

Compared with cryogenic distillation and catalytic hydro-
genation, adsorptive separation using porous materials is more
environmentally friendly and energy-efficient. However, their
similar molecular sizes (kinetic diameters: C3H4, ∼4.76 Å;
C3H6, ∼4.68 Å)9 make C3H6 purification a great challenge.
ELM-12 consists of a rigid square-grid copper bipyridine

scaffold with dynamic dangling OTf− groups. After guest
removal, ELM-12 still shows porosity (void fraction = 20.5%,
pore volume = 0.141 cm3/g; see Table S2)7a with two kinds of
cavities (I and II; see Figure 1a,b). Type I cavities are dumbbell-
shaped with small pockets (6.1 Å × 4.3 Å × 4.3 Å) at each end
that are connected to each other through a small aperture (3.2
Å × 4.3 Å). Type II cavities are ellipsoid-shaped with a size of
6.8 Å × 4.0 Å × 4.2 Å and are separated from type I cavities by
dynamic OTf− groups. These cavities match well with the size
and shape of C3H4 (6.2 Å × 3.8 Å × 3.8 Å, compared with 6.5
Å × 4.0 Å × 3.8 Å for C3H6), suggesting a potential application
for C3H4 separation.
Single-component adsorption isotherms of guest-free ELM-

12 for C3H4 and C3H6 were measured at 273 and 298 K
(Figure 1e). The C3H4 sorption isotherm of ELM-12 exhibits
type I character with a sharp increase at low pressure (≤0.01
bar), and the uptake reaches 1.83 mmol/g (41 cm3/g) at 298 K
and 0.01 bar (2.37 mmol/g, 53 cm3/g at 273 K and 0.01 bar).
The corresponding isosteric heat of adsorption (Qst) was
calculated to be 60.6 kJ/mol at zero coverage (Figure S2),
which is slightly higher than Qst for C2H2 discovered in other
MOFs with specific binding sites.2a The high capacity and
relatively strong binding affinity of ELM-12 for C3H4 at low
pressure indicate that it could be a promising material for the
capture of C3H4 as a trace component in C3H4/C3H6 mixtures.
Furthermore, the C3H4 adsorption capacity of ELM-12
increases to 2.55 mmol/g at 0.1 bar, about 93% of the total
uptake at 298 K and 1.0 bar, which is critical for C3H6
purification. In contrast, the C3H6 adsorption capacity of

ELM-12 is relatively low (0.67 mmol/g at 0.1 bar and 298 K)
with a far smaller Qst of 15.8 kJ/mol, which implies much
weaker host−guest interaction compared with C3H4. These
results suggest that high C3H4/C3H6 selectivity of ELM-12 for
C3H6 purification is quite likely, breaking the stereotype that
flexible porous materials are inferior for gas separation.
Next, to predict the adsorption selectivity of C3H4/C3H6

mixtures, ideal adsorbed solution theory (IAST) calculations
were performed on both 1/99 and 50/50 C3H4/C3H6 mixtures
at 298 K (Figures 1f and S3). As expected, ELM-12 exhibits
very high C3H4/C3H6 selectivities, up to 84 for the 1/99
mixture and 279 for the 50/50 mixture, and its C3H4 uptake
from the C3H4/C3H6 (1/99) mixture is 0.881 mmol/g (Figures
S3 and S4). The calculated exceptional performance of flexible
ELM-12 for C3H4 adsorption is rare, as indicated by the
abnormally high capacity at low pressure, whereas common
flexible MOFs typically exhibit negligible gas uptakes under
similar conditions.
To determine the nature of C3H4 binding in this MOF

structure, high-resolution neutron powder diffraction (NPD)
measurements were carried out on a C3D4-loaded sample of
ELM-12 at 298 K (Figures S5 and S6). Two preferential C3H4
adsorption sites were clearly identified from the data, as shown
in Figure 1c,d. Two C3D4 molecules were found to be centro-
symmetrically located in cavity I. Each C3D4 in cavity I binds to
two OTf− groups (from two different nets) through relatively
short C−D···O hydrogen bonds (D···O, 2.31−2.36 Å; C−D···
O, 2.80−3.16 Å), which is consistent with the large Qst for
C3H4 observed in ELM-12. Interestingly, hydrogen-bonding
interactions between alkyne and sulfonate groups have also
been observed in ionic liquids containing sulfonates.10 In cavity
II, the C3D4 molecule shows a weaker binding affinity, as
implied by its lower occupancy and longer hydrogen bond (D···
O, 3.07 Å). Structure comparison reveals that the dynamic
OTf− adjusts its position/orientation accordingly upon C3H4
loading, while the overall crystal lattice stays nearly unchanged

Figure 1. (a, b) Schematic diagrams of the two types of cavities (I and II) in ELM-12 (Cu, green; C, gray; O, red; S, yellow; F, light green). (c, d)
Neutron diffraction crystal structure of ELM-12⊃C3D4 showing the preferential binding sites for C3D4 molecules (sites I and II) and their close
contacts with the framework. (e) C3H4 and C3H6 adsorption isotherms of ELM-12. (f) Predicted selectivity of ELM-12 for C3H4/C3H6 (1/99) at
298 K.
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(the average interlayer distance increases by only ∼2%). Also,
the geometric pore volume (0.145 cm3/g) remains almost the
same as that of guest-free ELM-12. In comparison, the fully
opened ELM-12 has a pore volume of 0.287 cm3/g, as observed
from the N2-loaded structure (Table S2).7b Thus, only the
robust intermediate phase of guest-free ELM-12 is utilized for
C3H4 adsorption under ambient conditions.
To further understand the mechanism of the selective C3H4/

C3H6 adsorption in ELM-12, we conducted detailed first-
principles dispersion-corrected density functional theory (DFT-
D) calculations. The optimized C3H4 binding configurations
agree well with the C3D4-loaded structure determined from the
NPD data. For the two binding sites, the DFT-D-calculated
static binding energies (EB) are ∼53.5 and ∼45.0 kJ/mol,
respectively. In contrast, the binding affinity of C3H6 in ELM-
12 is significantly lower than that of C3H4, with calculated
binding energies of only ∼32.3 and ∼25.6 kJ/mol for the two
sites, respectively (Figure S7). All of these results from DFT-D
calculations are fully consistent with those from the
experimental studies, well supporting that the high C3H4/
C3H6 adsorption selectivity originates from the strong binding
of C3H4 with the polar OTf− groups and the confinement of
suitable pore geometry in ELM-12 for the sieving effects
(Figure S8).
Next, to demonstrate the feasibility of C3H4/C3H6

separation, transient breakthrough simulations were conducted
for ELM-12 in fixed-bed adsorption processes. C3H6 first eluted
through the bed to yield a polymer-grade gas, and then C3H4
broke through from the bed at a long time τbreak (Figure S9).
These simulation results indicate that ELM-12 can efficiently
remove trace C3H4 from C3H6 gas (1/99 mixture).
In actual breakthrough experiments, 1/99 and 50/50 C3H4/

C3H6 mixtures were used as feeds to mimic the industrial
process conditions (Figures 2a and S10). The trace C3H4 was
efficiently removed from C3H6 in the fixed bed to yield a
polymer-grade gas. The purity of C3H6 monitored at the outlet
was >99.9998%, which indicated that the C3H4 impurity was
completely removed by the ELM-12 material to a concentration
below 2 ppm. Furthermore, ELM-12 also exhibited excellent
separation performance for the 50/50 C3H4/C3H6 mixture,
reducing the C3H4 impurity concentration to <10 ppm. In the
practical production process of polymer-grade C3H6, the feed
gases are also contaminated by trace levels of C3H8 (<100
ppm), C2H4 (<50 ppm), and CO2 (<50 ppm). Therefore, a
breakthrough experiment with these impurities in the 1/99
C3H4/C3H4 mixture was also performed for ELM-12 (Figure
S11). The results indicate that the presence of C3H8, C2H4, and
CO2 has nearly no effect on ELM-12 for the separation of C3H4
from C3H6.
In the normal industrial environment, the adsorbent should

also possess good regenerability and structural stability. To
ensure the regenerability of ELM-12, C3H4 adsorption and 1/
99 C3H4/C3H6 separation cycling experiments were further
performed at 298 K (Figures 2b, S12, and S13). The
experimental cycling results indicate that there was no
noticeable loss in the C3H4 adsorption and separation capacity
for ELM-12 after 20 cycles. Furthermore, in order to check the
structural stability of ELM-12, an aged ELM-12 sample was
measured by powder X-ray diffraction (PXRD), IR spectros-
copy, C3H4 adsorption, and 1/99 C3H4/C3H6 separation at 298
K (Figure S14). Notably, ELM-12 can retain its structure,
uptake capacity, and separation performance after 2 years of
storage under ambient conditions.

In summary, we have realized a flexible−robust porous MOF
for the challenging task of C3H4/C3H6 separation/purification.
The basic mechanism of this MOF for the specific recognition
of C3H4 has been clearly demonstrated through neutron
diffraction studies and theoretical calculations. The robust
guest-free ELM-12 has suitable pore structure as well as strong
binding sites to trap C3H4 molecules, similar to those revealed
in robust MOFs for their recognition of small gas molecules.
This work will initiate extensive interest in flexible−robust
MOFs for their gas separation and purification properties and
thus expand the dictionary of porous MOFs for these very
important applications. The high efficiency of ELM-12 to
remove the trace C3H4 from important raw C3H4/C3H6
mixtures under ambient conditions to produce high-purity
C3H6 indicates that this MOF might be potentially useful for
this industrially important separation. The realization of this
unique porous MOF for the challenging C3H4/C3H6 separation
has initiated the promise of porous MOFs for this very
important industrial application. It is expected that extensive
research on porous MOFs will eventually lead to some
practically useful materials at a reasonable cost in the near
future for important hydrocarbon separation and purification
processes.
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Figure 2. (a) Experimental column breakthrough curves for a C3H4/
C3H6 mixture containing 1% C3H4 (298 K, 1.01 bar) in an absorber
bed packed with ELM-12. (b) C3H4/C3H6 (1/99) separation cycles
lasting for 4000 min. Each separation process was carried out at 298 K
and 1.01 bar, while regeneration was performed using a He flow (100
mL/min) at 323 K for 30 min.
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Experimental procedures, PXRD patterns of ELM-12,
crystallographic and refinement parameters for C3D4-
loaded ELM-12, NPD data, heats of adsorption,
adsorption selectivities of C3H4/C3H6 (1/99 and 50/
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1. Experimental section 

1.1 Materials 
[Cu(bpy)2(OTf)2] (ELM-12): The synthetic method described by Kondo et al.[1] was 

improved as follows: A solution of bpy (10.0 mmol/L, 10.0 mL) in ethanol was 

carefully layered onto an aqueous solution (10 mL) of Cu(OTf)2 (5 mmol/L) in a 

watch glass with no stirring. Then, the mixture was placed in a 298 K in cubator for 7 

days to give sheet crystals as [Cu(bpy)2(OTf)2]·2EtOH·H2O. Then, the crystals were 

collected and activated under 10−6 bar at 393 K until no further weight loss was 

observed to give [Cu(bpy)2(OTf)2] as a guest free struture. [Cu(bpy)2(OTf)2] has 2D 

structure, which was constructed with Cu2+ and bpy as the layer and bridging OTf− to 

integrated into a three-dimensional structure. 

1.2 Powder x-ray diffraction experiment and FTIR spectroscopy 

The crystallinities and phase purities of the samples were measured by powder X-ray 

diffraction (PXRD) with a Rigaku Mini Flex II X-ray diffractometer employing 

Cu-Kα radiation operated at 30 kV and 15 mA, scanning over the range 5–40° (2θ) at 

a rate of 1°/min. Fourier Transform infrared (FTIR) spectroscopy was performed by 

using an IRAffinity-1 (SHIMADZU) spectrometer. 

1.3 Neutron diffraction experiment 

Powder neutron diffraction data were collected using the BT-1 neutron powder 

diffractometer at the National Institute of Standards and Technology (NIST) Centre 

for Neutron Research. A Ge(311) monochromator with a 75° take-off angle, λ = 

2.0787(2) Å, and in-pile collimation of 60 minutes of arc was used. Data were 

collected over the range of 1.3-166.3° (2θ) with a step size of 0.05°. Fully activated 

ELM-12 sample was loaded in a vanadium can equipped with a capillary gas line. A 

closed-cycle He refrigerator was used to control the sample temperature. The bare 

MOF sample was measured first at the temperatures of 298 K. To probe the propyne 

adsorption locations, a pre-determined pressure (1 bar) of C3D4 was loaded into the 

sample at room temperature. Diffraction data were then collected on the C3D4-loaded 

MOF sample. Rietveld structural refinement was performed on the neutron diffraction 

data using the GSAS package.[2] Refinement on lattice parameters, atomic coordinates, 

thermal factors, gas molecule occupancies, background, and profiles all converge with 

satisfactory R-factors. Crystallographic data and refinement information are 

summarized in Table S1. CCDC 1545782 contains the supplementary crystallographic 

data of C3D4-loaded ELM-12. This data can be obtained free of charge from the 

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

 

1.4 Density-functional theory calculations 

Density-functional theory (DFT) calculations were performed using the 

Quantum-Espresso package.[3] A semi-empirical addition of dispersive forces to 

conventional DFT was included in the calculation to account for van der Waals 

http://www.ccdc.cam.ac.uk/data_request/cif
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interactions.[4] We first optimized the structure of ELM-12, the optimized structure 

agrees well with the reported ELM-12 (Guest-free) structure.[1] C3H4 and C3H6 guest 

gas molecules were then introduced to various locations of the MOF pore, followed 

by a full structural relaxation. The static binding energy (at T = 0 K) was calculated 

using: EB = E(MOF) + E(gas) – E(MOF+gas). 

1.5 Single-component adsorption measurements 

The purities of the propyne and propylene are higher than 99.9999%. Their adsorption 

isotherms were collected with an Intelligent Gravimetric Analyser (IGA 001, Hiden, 

UK). Samples were activated overnight under vacuum at 393 K or until no further 

weight loss was observed.  

1.6 Breakthrough separation experiments  

The breakthrough curves of were measured on a homemade apparatus for gases 

mixtures C3H4/C3H6 (1/99) and C3H4/C3H6 (50/50) at 298 K and 1.01 bar. In the 

separation experiment, ELM-12 (4.1380 g) particles with diameters of 200-300 μm 

were prepared and packed into Φ 9×150 mm stainless steel column, and the column 

was activated under reduced pressure at 393 K overnight. The experimental set-up 

consisted of two fixed-bed stainless steel reactors. One reactor was loaded with the 

adsorbent, while the other reactor was used as a blank control group to stabilize the 

gas flow. The gas flows were controlled at the inlet by a mass flow meter as 2 mL/min, 

and a gas chromatograph (TCD-Thermal Conductivity Detector, detection limit 0.1 

ppm) continuously monitored the effluent gas from the adsorption bed. Prior to every 

breakthrough experiment, we activated the sample by flushing the adsorption bed with 

helium gas for 2 hours at 373 K. Subsequently, the column was allowed to equilibrate 

at the measurement rate before we switched the gas flow. 

 

Breakthrough experiments apparatus 
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2. Calculation of the separation potential of ELM-12 

2.1 Fitting of pure component isotherms 
The experimentally measured excess loadings for C3H4 and C3H6 at temperatures of 

273 and 298 K for ELM-12 were fitted with the dual-Langmuir-Freundlich isotherm 

model 
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The parameters are provided in Table S3. 

 

2.2 Isosteric heat of adsorption 

The binding energies of C3H4, and C3H6 for ELM-12 are reflected in the isosteric heat 

of adsorption (Figure S2), Qst, defined as 

q

st
T

p
RTQ 














ln2
 

These values were determined by analytic differentiation of the pure component 

isotherm fits.  

 

2.3 IAST calculations of adsorption selectivities 

In order to establish the feasibility of C3H4/C3H6 separations we performed 

calculations using the ideal adsorbed solution theory (IAST) of Myers and Prausnitz.[5] 

The adsorption selectivities and uptakes were determined for 1/99 (Figure 1e) and 

50/50 C3H4/C3H6 (Figure S3) mixtures at 298 K. 

2.4 Transient breakthrough simulations 

The performance of industrial fixed bed adsorbers is dictated by a combination of 

adsorption selectivity and uptake capacity. For a proper comparison of various MOFs, 

we perform transient breakthrough simulations using the simulation methodology 

described in the literature (Figure S8).[6] For the breakthrough simulations, the 

following parameter values were used: length of packed bed, L = 0.3 m; voidage of 

packed bed,  = 0.4; superficial gas velocity at inlet, u = 0.04 m/s. The framework 

density of ELM-12 is 1406 kg m-3. The transient breakthrough simulation results are 

presented in terms of a dimensionless time, , defined by dividing the actual time, t, 

by the characteristic time, 
u

L
. 
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Notation 

bA  Langmuir-Freundlich constant for species i at adsorption site A, iA
Pa   

bB  Langmuir-Freundlich constant for species i at adsorption site B, iB
Pa   

ci  molar concentration of species i in gas mixture, mol m-3 

ci0  molar concentration of species i in gas mixture at inlet to adsorber, mol m-3 

E   energy parameter, J mol-1 

L  length of packed bed adsorber, m  

pi  partial pressure of species i in mixture, Pa 

pt  total system pressure, Pa 

qi  component molar loading of species i, mol kg-1 

Qst   isosteric heat of adsorption, J mol-1 

t  time, s  

T  absolute temperature, K  

u  superficial gas velocity in packed bed, m s-1 

 

Greek letters 

  voidage of packed bed, dimensionless 

  Freundlich exponent, dimensionless 

  framework density, kg m-3 

  time, dimensionless 
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3. Synthesis and characterization of ELM-12. 

3.1 Crystal structure of ELM-12. 
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Figure S1. Powder X-ray diffraction (PXRD) patterns of the synthesized and 

activated ELM-12 samples are very similar to simulated structural data, which further 

confirm the phase purity of these samples. (a-b) ELM-12 consists of a rigid 

square-grid copper bipyridine scaffold with dynamic dangling OTf− groups. After the 

guest removal, ELM-12 still shows porosity with two kinds of cavities (cavity I and II) 

(Cu, green; C, gray; O, red; H, white; S, yellow; F, blue). 
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Calculation of the separation potential of ELM-12 

 

 

Figure S2. Adsorption heat of C3H4 (red) and C3H6 (blue) for ELM-12, respectively.  

 

 

 

Figure S3. IAST selectivity of ELM-12 for C3H4/C3H6 (50/50) mixtures at 298 K. 
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Figure S4. Mixture adsorption isotherms predicted by IAST of ELM-12 for 

C3H4/C3H6 (1/99) mixtures at 298 K. 

 

3.2 Crystallographic data of C3D4-loaded ELM-12 

 
Figure S5. Experimental (circles), calculated (line), and difference (line below 

observed and calculated patterns) powder neutron diffraction profiles for a 

C3D4-loaded sample of ELM-12 measured at 298 K. Goodness of fit parameters of the 

Rietveld refinement are shown as insets. 
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Structural comparison of guest-free and C3D4-loaded ELM-12 

 

 

Figure S6. The two preferential C3D4 binding sites and structure-change of ELM-12, 

as determined by neutron powder diffraction. Cavity II has slightly expansion from 

6.8 × 4.0 × 4.2 Å3 to 7.2 × 4.2 × 4.3 Å3 after the C3D4 adsorption, which indicates the 

relatively strong host-guest interaction between C3D4 and ELM-12. 
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4. C3H6 adsorption in ELM-12 calculated by DFT-D method.  

 

Figure S7. First-principles DFT-D-calculated C3H6 binding sites (the nearest H···O 

distance: site I ~2.70 Å; site II ~4.05–4.43 Å) in ELM-12. The calculated static 

binding energies are ~32.3 (site I) and 25.6 kJ/mol (site II) for the two adsorption 

sites, respectively. 

 

 

Dynamic adsorption on ELM-12 

 

 

Figure S8. C3H4 and C3H6 dynamic adsorption on ELM-12 at 298 K and 1 bar. The 

results showed that C3H4 and C3H6 have the similar adsorption equilibrium time, the 

difference of diffusion rates of C3H4 and C3H6 is negligible. Therefore, high 

C3H4/C3H6 selectivity can be mainly attributed to the binding and sieving effect of 

ELM-12. 
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5. Breakthrough curves for C3H4/C3H6 separation 

 

Figure S9. Simulated column breakthrough curves for C3H4/C3H6 (1/99) mixtures 

separation. 

 

 

Figure S10. Experimental breakthrough curves of C3H4/C3H6 (50/50) mixtures 

separation for ELM-12 materials at 298 K and 1.01 bar. 
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Figure S11. Experimental breakthrough curves for separation of (1/98.98/0.01/0.005/ 

0.005) C3H4/C3H6/C3H8/C2H4/CO2 mixtures at 298 K and 1.01 bar. 
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6. Adsorption cycling experiments for ELM-12 

 

 

Figure S12. C3H4 (a) and C3H6 (b) adsorption cycles for ELM-12. After each 

adsorption process, sample was evacuated under 10-6 bar for 30 minutes.  
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7. Separation cycling experiments for ELM-12 

 

 

Figure S13. (a) Cycling column breakthrough curves of C3H4/C3H6 separation (1/99) 

for ELM-12 at 298 K and 1 bar. The breakthrough experiments were carried out at a 

flow rate of 2 mL/min. Regeneration with He flow (100 mL/min) for 2 hours at 323 K. 

(b) PXRD patterns of ELM-12 samples after adsorption and separation cycles.  
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8. Structural stability experiments for ELM-12 
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Figure S14. (a) PXRD, (b) C3H4 adsorption, (c) FTIR spectroscopy, and (d) 

breakthrough experiment of C3H4/C3H6 (1/99) mixture for ELM-12 samples (fresh 

sample and two-years aging sample), respectively. 
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Table S1. Comparison of the crystallographic and refinement parameters for 

guest-free and C3D4-loaded ELM-12. 

Crystal data ELM-12 (Guest-free)# ELM-12 (C3D4) 

System Monoclinic Monoclinic 

Space group C2/c C2/c 

MF C22H16CuF6N4O6S2 C24H16CuD3F6N4O6S2 

FW 674.05 706.28 

a/Å 27.08 27.499 

b/Å 15.096 14.9307 

c/Å 16.136 16.565 

α/o 90.00 90.0 

β/o 111.344 110.550 

γ/o 90.00 90.0 

Volume/Å3 6144 6368.6 

Z 8 8 

Density/g/cm3 1.457 1.406 

Theoretical pore volume/cm3/g 0.141a 0.145a 

Refinement indices R1 = 0. 1415, wR2 = 0.3556 Rp = 0.0101, Rwp = 0.0121 

a Calculated based on the MOF crystal structures using PLATON software. 

# Parameters from Kondo, A. et al. J. Am. Chem. Soc. 2007, 129, 12362. 

 

Table S2. Comparison of porosity parameters for guest-free, C3D4-loaded (298 K) and 

N2-loaded (77 K) ELM-12. 

Crystal data ELM-12 (Guest-free)# ELM-12 (C3D4) ELM-12 (N2)# 

Theoretical pore 

volume/cm3/g 
0.141 0.145 0.287 

Density/g/cm3 1.457 1.406 1.321 

Porosity 20.5% 20.4% 38 % 

# Kondo, A. et al. J. Am. Chem. Soc. 2007, 129, 12362. 

Table S3. Dual-Langmuir-Freundlich fitting parameters for C3H4 and C3H6 isotherms. 

 Site A Site B 

 qA,sat 

mol 

kg-1
 

bA0 

iPa  

EA 

kJ 

mol-1 

A 

dimensionless 

qB,sat 

mol 

kg-1 

bB0 

iPa  

EB 

kJ 

mol-1 

B  

dimensionless 

C3H4 2.2 
2.0710-5 5 1.45 

1.2 
4.4710-12 52 0.45 

C3H6 1.5 
6.6210-12 36 1 

0.6 
1.4610-6 14 1 
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