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ABSTRACT: The development of porous solids for adsorptive separation of propylene and propane remains an important and
challenging line of research. State-of-the-art sorbent materials often suffer from the trade-off between adsorption capacity and
selectivity. Here, we report the regulated separation of propylene and propane in a metal−organic framework via designed pore
distortion. The distorted pore structure of HIAM-301 successfully excludes propane and thus achieved simultaneously high
selectivity (>150) and large capacity (∼3.2 mmol/g) of propylene at 298 K and 1 bar. Dynamic breakthrough measurements
validated the excellent separation of propane and propylene. In situ neutron powder diffraction and inelastic neutron scattering
revealed the binding domains of adsorbed propylene molecules in HIAM-301 as well as host−guest interaction dynamics. This study
presents a new benchmark for the adsorptive separation of propylene and propane.

With a projected global production of 160 million metric
tons by 2030, propylene plays a key role in the

petrochemical industry for the manufacture of various
consumer products.1 Currently propylene is produced
primarily via thermal or catalytic cracking of hydrocarbons
where propane coexists as a byproduct, and many synthetic
processes require the propylene stream with a purity of
>99.5%.2,3 Due to the small difference in the volatilities of
propylene and propane, their separation by cryogenic
distillation is identified as the most energy-intensive single
distillation practiced commercially.4 Thus, it is imperative to
develop alternative separation methods with a lower energy
input and suppressed carbon emission; adsorptive separation
by porous solids at ambient conditions emerges as a promising
solution.
Various adsorbents, such as zeolites, carbons, and other

composite materials, have been explored for this separation.2−6

Zeolite 4A and 5A adopt a pore aperture that is similar to the
molecular dimensions of propane and propylene and can
achieve the separation.2 Zeolite 4A adsorbs propylene while
excluding propane; however, the applicability is limited by its
slow adsorption kinetics to propylene. In contrast, zeolite 5A is
capable of accommodating both gases and discriminating them
through thermodynamic separation but with very low
selectivity of ∼2.7 Emerging metal−organic frameworks
(MOFs) hold increasing promise for this separation owing
to their highly tunable pore structures.8,9 MOFs with target
functional groups and/or pore dimensions can be designed
through topology-directed pore size regulation. This is crucial
for achieving the desired properties. A number of MOFs have
been evaluated for propane/propylene separation, and some
outperform traditional sorbents with improved separation
efficiency.8,10−12 These MOFs can be divided into two
categories. The first category operates via specific adsorption
sites to deliver the thermodynamic preference to propylene

over propane.13,14 For example, MOF-74/CPO-27 features
abundant coordinatively unsaturated metal sites along its
channel that can selectively bond to propylene over propane.
The second family are those with optimal pore dimensions
acting as splitters that exhibit kinetic separation or more ideally
selective molecular exclusion, such as KAUST-7 and Co-
gallate.7,15−19 They can adsorb propylene but exclude propane
due to restricted diffusion, behaving similarly to zeolite 4A.
To date, challenges remain in developing efficient sorbents

with both a high adsorption capacity and selectivity. MOFs
with unsaturated metal centers generally show limited
selectivity upon the rapid saturation of these sites. On the
contrary, the very few MOFs showing selective molecular
exclusion feature a high selectivity but a naturally low
adsorption capacity (typically <2 mmol/g) due to their
restricted porosity. Here, we report a new MOF,
Y6(OH)8(eddi)3(DMA)2 (denoted as HIAM-301, HIAM
refers to Hoffmann Institute of Advanced Materials, H4eddi
= 5,5′-(ethene-1,2-diyl)diisophthalic acid, DMA = dimethy-
lammonium), developed via reticular chemistry to achieve a
precisely distorted pore structure. At 298 K and 1 bar, HIAM-
301 fully excludes propane but adsorbs a large amount of
propylene (3.2 mmol/g), notably higher than all previously
reported sorbent materials that exhibit molecular exclusion of
propane, including the best performing JNU-3a reported very
recently.19 Its excellent separation performance has been
confirmed by multicycle breakthrough measurements. In situ
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neutron powder diffraction (NPD) and inelastic neutron
scattering (INS) have enabled the direct observation of
binding domains of adsorbed propylene molecules as well as
host−guest binding dynamics, providing key insights into the
separation mechanism.
The ftw-MOFs,20−23 which are built from hexanuclear

clusters M6 (M = Zr4+, Hf4+, Ce4+, Y3+) and planar, tetratopic
linkers, are advantageous for molecular separation as a result of
their large cage-like cavities interconnected through narrow
windows. The former guarantees a high adsorption capacity
while the latter can discriminate molecules with different
dimensions. However, the precise control of window size via a
judicious choice of ligand alone is challenging since the
synthesis of an organic linker with delicate dimensions can be
impractical. Additional control on the pore size of ftw-MOFs
can be achieved by modulating the framework charge via a
replacement of Zr6 clusters by Y6 clusters. While the Zr-MOFs
are charge-neutral, the isostructural Y-analogues feature an
anionic framework with countercations residing in the cavities,
acting as additional regulators of the pore aperture of ftw-
MOFs.
Block-shaped crystals of HIAM-301 were synthesized

solvothermally from Y(NO3)3·9H2O and H4eddi in DMF
with the addition of 2-fluorobenzoic acid as a modulator.
HIAM-301 crystallizes in the space group R3̅c, with a formula
of Y6(OH)8(eddi)3(DMA)2. The overall structure is built on
12-connected hexanuclear Y6(OH)8(COO)12 and 4-connected
eddi4−. Each Y3+ is eight-coordinated to four μ3-OH

− and four
carboxylates from four different eddi4− linkers. The hexanu-
clear clusters are interconnected through eddi4− linkers,
forming a 3D framework with distorted cubic cages
interconnected through small windows (Figure 1 and Figure
S1). As expected, HIAM-301 features a 4,12-c ftw-type

topology; however, the cubic cage (as well as the pore
aperture) in the structure is highly contracted and distorted
compared to that in common ftw-type structures, such as Y-
bptc (Figure 1b and Figures S2−S4). In an ideal 4,12-c ftw
structure, the plane described by the four center of mass of the
octahedrons and the one described by the ligand are
coincident, which is not the case for HIAM-301 as a result
of the mutual rotation of the octahedra and the geometry of
the ligand (Figures S3 and S4). This can be attributed to the
large aspect ratio (1.86) of the H4eddi linker, which deviates
notably from a square shape, resulting in the formation of a
distorted pore structure with better control of guest
accessibility. The excellent stability of HIAM-301 and its
strong resistance toward thermal, moisture, and chemical
environments have been confirmed by powder X-ray
diffraction (PXRD) analysis (Figures S5−S7). In addition,
adsorption measurements on the sample after water treatment
for 1 week shows essentially no loss of adsopriton capacity
(Figure S9).
The distorted cages in HIAM-301 feature 10 × 10 Å2

cavities interconnected through small windows. The presence
of DMA cations in the pore was confirmed by NMR studies
(Figure S10) and their position was determined by NPD (see
below). HIAM-301 exhibited little adsorption of N2 at 77 K
due to the active diffusion caused by the narrow pores.24 Thus,
the porosity of HIAM-301 was evaluated by CO2 adsorption at
195 K (Figure S11). HIAM-301 exhibits a BET surface area of
579 m2/g, a pore volume of 0.26 cm3/g, and a pore size of 4.6
Å (Figure S12), slightly higher than that of Y-bptc,21 which is
constructed from a shorter ligand and gives no adsorption of
propane or propylene.
Single-component adsorption isotherms of propane and

propylene were collected for HIAM-301 (Figure 2a and Figure

Figure 1. (a) Inorganic and organic building units, crystal structure, and topology of HIAM-301. (b) Pore distortion of HIAM-301 compared to
the perfect cubic cage of Y-bptc and the shape of the cage depicted by connecting eight equivalent μ3-O atoms from the vertexes.
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S13). The compound took up 3.16 mmol/g propylene at 298
K and 1 bar. In contrast, the uptake of propane was negligible
(<0.3 mmol/g). Thus, HIAM-301 shows selective molecular
exclusion of propane. Both the gravimetric and volumetric
adsorption capacity of propylene on HIAM-301 (3.16 mmol/g,
93.0 v/v) are significantly higher than those for KAUST-7
(1.41 mmol/g, 56.8 v/v), Y-abtc (1.98 mmol/g, 64.6 v/v), and
Co-gallate (1.79 mmol/g, 66.6 v/v) (Figure 2b). Ideal
adsorption solution theory (IAST)25,26 selectivity was
calculated to be >150 between 0 and 1 bar at 298 K (Figure
S14), which is substantially higher than that (20−60) of the
top-performing MOFs featuring open metal sites and is
comparable to those exhibiting molecular exclusion of propane,
such as KAUST-7, Y-abtc, and Co-gallate.18 The selective
molecular exclusion behavior of HIAM-301 was confirmed by
adsorption kinetics measurements as well as computational
calculations. The adsorption of propylene reached equilibrium
in 20 min while the uptake of propane was negligible ater 180
min under identical conditions (Figure S15). Computional
modeling revealed that propane was excluded by HIAM-301 at
the narrow window site with a diffusion energy barrier >100
kJ/mol. In contrast, the value for propylene is substantially
lower (∼40 kJ/mol), indicating it can easily pass through the
window into the cage (Figure S16).
The high adsorpton selectivity and capacity of HIAM-301 is

a notable advancement as the trade-off between adsorption
capacity and selectivity represents the main challenge in this
separation. Adsorbents showing selective molecular sieving

would endow the highest possible selectivity. However, the
stringent requirement on pore dimensions of the adsorbents
largely restricts their pore volume, leading to a limited
propylene uptake amount (pore volumes for KAUST-7, Y-
abtc, and Co-gallate are 0.095, 0.18, and 0.21 cm3/g,
respectively). The larger pore volume of HIAM-301 (0.26
cm3/g) contributes to a higher adsorption capacity for
propylene. In addition, its optimal pore structure also allows
for efficient packing of propylene in the cages with a packing
density of propylene in HIAM-301 being 0.53 g/cm3

(equivalent to ∼87% of the liquid propylene density of 0.61
g/cm3 at 225 K), thus noticeably higher than that for Co-
gallate (0.36 g/cm3). The isosteric heat of adsorption (Qst) for
propylene on HIAM-301 was calculated to be ∼27 kJ/mol
(Figure S17), slightly lower than that of JNU-3a19 (∼29.3 kJ/
mol) and notably lower than those of the MOFs bearing open
metal sites and KAUST-7, Y-abtc, and Co-gallate (in the range
f 41−57 kJ/mol).7,18,21 This is a significant advantage for
practical applications where the energy required for regener-
ation can be reduced.
Column breakthrough experiments with an equimolar

mixture of propane and propylene were conducted (Figure
3a). HIAM-301 exhibited clear separation. Propane eluted out
at the beginning of the process, confirming the complete
exclusion by the sorbent. In contrast, propylene was retained in
the column for a substantially longer time of ∼35 min/gram,
with a dynamic propylene capacity of 46.4 cm3/g. Three
consecutive runs showed full retention of the separation

Figure 2. (a) Adsorption isotherms of propylene and propane on
HIAM-301 at 298, 308, and 318 K. Desorption branches are omitted
here for calarity and are included in the Supporting Information. (b)
Comparison of propylene/propane IAST selectivity for an equimolar
binary mixture and propylene gravimetric uptake (298 K and 1 bar)
for different porous materials. IAST selectivity of MOFs showing
molecular sieving, which is not quantified here, is largely uncertain as
a result of the negligible uptake of propane but is generally notably
higher than 100. (b) is adapted from ref 18. Copyright [2020]
American Chemical Society.

Figure 3. Separation of propane and propylene by HIAM-301. (a)
Three consecutive runs of column breakthrough with a feed of an
equimolar propane/propylene binary mixture at room temperature.
Filled symbols, propane; open symbols, propylene. (b) Composition
of desorbed gas following a column breakthrough experiment with a
feed of binary mixture of propane/propylene = 5:95. Desorption was
performed by heating the column from room temperature to 150 °C
under nitrogen flow.
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capability of HIAM-301. A main challenge is to produce
polymer-grade propylene (99.5+% purity) for industry. To this
end, we carried out a column breakthrough measurement with
a feed of propylene/propane = 95:5 (v/v), which can be easily
obtained through simple distillation or other separation
processes, and propylene with a purity of 99.6% and a recovery
capacity of 38.5 cm3/g was obtained at the outlet through a
temperature swing adsorption process (Figure 3b). This
confirms the feasibility of using HIAM-301 for the production
of polymer-grade propylene.
Refinement of NPD data of activated HIAM-301, which was

synthesized using deuterated DMF, confirmed the highly
distorted pore structure and yielded three independent D-
DMA sites in the cage near the window (in between two
adjacent Y6 vertexes) and thus would regulate the pore
aperture of the MOF (Figure S18). NPD studies on C3D6-
loaded HIAM-301 was subsequently performed with two
different C3D6 loadings of Y6(OH)8(eddi)3(DMA)2·1.30C3D6
and Y6(OH)8(eddi)3(DMA)2·2.33C3D6 (Figures S19−S21).
At both loadings, two C3D6 adsorption sites have been

identified (Figure 4a−d). Site I is the predominant position
with a higher occupancy, and the C3D6 molecule is anchored
between two adjacent Y6 clusters by strong hydrogen bonds
(DC3D6

···Oligand = 2.49−2.95 Å). Site II locates further toward
the center of the pore and mainly interacts with the aromatic
ligand through π···π stacking interactions (CC3D6

···Cligand =
3.45−4.01 Å). The multiple host−guest interactions between
C3D6 and the Y-MOF lead to the high uptake of propylene and
enable the effective retention of propylene from gas mixtures
under flow conditions.
To investigate the host−guest binding dynamics, INS

measurements of the gas-loaded MOFs and pure gas molecules
were conducted (Figure 4e,f and Figure S22). The INS spectra
of C3H6 and C3H6 adsorbed in HIAM-301 (namely, Diff-C3H6,
which was obtained by subtracting INS spectrum of bare
HIAM-301 from that of the HIAM-301·0.8C3H6) are shown in
Figure 4e. Sharp features are observed in both spectra below
700 cm−1, indicating a reduced molecule recoil. An intense
lattice mode for solid C3H6 was observed at a low energy

Figure 4. NPD and INS results for gas-loaded HIAM-301. (a and b) Views of two C3D6 sites in Y6(OH)8(eedi)3(DMA)2·2.26 determined by NPD
data at 10 K: (a) view along c-axis showing packing of the guest molecules in the pore and (b) view from the side of the pore showing the packing
of the two C3D6 sites. (c) Details of the hydrogen bonding interactions between Site I C3D6 with the Y−O clusters. (d) π interactions between Site
II C3D6 and the eedi

4− ligand. Y, cyan; O, red; Cligand, gray; H, white; CsiteI, purple; Csite II, blue; D, lilac; DMA cations are not shown for clarity. (e)
Comparisons of the experimental difference INS spectrum of C3H6 and that of the solid C3H6 at 10 K. (f) Comparisons of the experimental
difference INS spectrum of C3H8 and that of the solid C3H8 at 10 K.
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(<140 cm−1), which became an unresolved peak upon
adsorption in HIAM-301, indicating the disappearance of the
long-range order of the C3H6 molecules in the pore. In
addition, the clearly resolved doublet at 218 and 231 cm−1

corresponding to in-phase and anti-phase torsion of C−CH3 in
solid C3H6 became a broadened peak covering a wider
frequency range upon adsorption. This indicates that the
interaction between adjacent C3H6 molecules in the solid state
is broken when adsorbed in HIAM-301, and each −CH3 group
rotates according to its own local environment due to the
strong interactions with the framework. In contrast, for C3H8,
the difference INS spectrum shows almost identical features to
that of the solid C3H8 (Figure 4f), indicating the absence of
host−guest interactions, thus justifying its low uptake.
The efficient separation of propane and propylene remains a

great challenge in the petrochemical industry. We have
designed a ftw-type MOF, HIAM-301, featuring a distorted
and optimal pore structure that allows for distinct adsorption
of propylene and the total exclusion of propane. Having large
sized inner cages, HIAM-301 offers the highest adsorption
capacity for propylene compared to all previously reported
adsorbents that exhibit a similar molecular exclusion of
propane. Excellent adsorption selectivity and capacity of an
adsorbent marks a significant advance for the challenging
industrial spearation of propylene/propane. The capability of
HIAM-301 for the dynamic separation and purification of
propylene from propane has been confirmed by breakthrough
measurements. Through NPD/INS analysis, we have also
identified the domains of the DMA cations and adsorbed
propylene molecules in HIAM-301 as well as the MOF−
proplyene binding dynamics. This study not only demonstrates
the power of pore structure optimization guided by reticular
chemistry but also provides useful information and insight for
the future development of target-specific sorbent materials
capable of addressing most challenging problems in separation
technology.
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