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ABSTRACT: Adsorptive separation of propylene (C3H6) from propane
(C3H8), which could deal with energy-intensive cryogenic distillation
technologies, remains challenging due to their similar physiochemical
properties. Herein, we present a pure silica zeolite with ordered silanols
(OSs), whose crystallographic structure was unraveled by the advanced
three-dimensional electron diffraction (3D ED), displaying the highly
efficient separation of propylene from propane under ambient conditions.
The 3D ED technique enables us to investigate its 8-ring pore opening
transformation from the round one to the elliptical one during the
removal of organic structure-directing agents. Such unique elliptical 8-
ring pore openings can exclude larger-size propane and only adsorb
propylene. Its C3H6/C3H8 separation performance is also confirmed by
column breakthrough experiments, showing a high dynamic adsorption
capacity of 53.36 cm3 g−1 for C3H6 but negligible C3H8 under ambient conditions. The dynamic capacity for C3H6 is superior to that
of the well-known pure silica DDR-type zeolite (31.07 cm3 g−1). The density functional theory calculation demonstrates that the
adsorbed propylene is distributed in the heart-shaped cavity and has a weak interaction with the OSs.

■ INTRODUCTION
Propylene, as an essential building block for various
petrochemical manufacturers, is produced via steam cracking
of naphtha or field nature gas,1 fluid catalytic cracking of gas
oils,2 and other methods (i.e., MTO and PDH).2,3 Its saturated
counterpart propane is inevitably present as the associated gas
which should be removed since propylene applications are
closely guided by their purity grades. Polymer-grade
specifications require a high purity with a 99.5 weight % (wt
%) minimum, while the chemical-grade ones involve a
propylene purity of 92% or higher. The physicochemical
properties of propylene (C3H6) and propane (C3H8) differ
only slightly, as evidenced by a small discrepancy in boiling
points (approximately 5 K) and kinetic diameters (less than
0.4 Å). To separate C3H6 from C3H8, the cryogenic distillation
technique has been conventionally utilized; however, it is quite
costly and energy intensive due to the close boiling/
condensation points between both components. From the
energy conservation and environmental protection points of
view, adsorptive separation based on high-efficiency and low-
cost porous solids represents an alternative approach for
separating C3H6/C3H8.

In recent years, various porous materials have been studied
as suitable adsorbents, such as mesoporous carbon materials,
clays, resins, zeolites, metal−organic frameworks (MOFs),4−8

covalent organic frameworks (COFs),9−12 and hydrogen-

bonded organic frameworks (HOFs).13−17 Among them,
emerging MOFs, COFs, and HOFs hold promise as adsorbents
for hydrocarbon separations benefiting from their inherent
advantages, including excellent tunability in their pore size,
shape, and surface functionality.4,11,17 Nevertheless, the
relatively low thermal stability, expensive linker, and difficult
regeneration may impede the practical application as a
promising adsorbent.

Compared with these novel porous materials, conventional
zeolites composed of TO4 (T = Si, Al, P, etc.) as basic building
units are crystalline porous materials with ordered channels or
cavities, which still play crucial roles in industrial catalysis, gas
separation, and gas storage. Among these significant industrial
zeolites, pure silica zeolites have drawn increasing attention
due to their hydrothermal stabilities,18−20 promising separation
applications,21,22 and structural dynamics.23,24 The silanol in
the pure silica zeolite is a crucially important factor since it can
affect its catalytic performance,25−32 tune hydrophilicity and
hydrophobicity,33−35 and provide open sites for further
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functionalization.26,36−38 Therefore, probing the locations of
silanols at the atomic level enables us to understand pore
openings, channel connectives, and active sites arising from the
presence of silanols, which will further affect the following
structure−activity relationship, especially for small gas
molecule separation and alkane/alkene separation.

Nowadays, there are a variety of conventional approaches to
characterize silanols. For instance, Fourier transform infrared
(FTIR) spectroscopy can provide a typical bond vibration at
3300−3750 cm−1, while solid-state magic angle spinning
(MAS) nuclear magnetic resonance (NMR) could provide
significant chemical shifts of coordination around 1.3−2.2 ppm
for 1H and −90 to −105 ppm for 29Si,26,31,32 respectively.
However, these methods are challenging to identify the atomic
coordinates of silanols. When silanols are distributed orderly,
diffraction methods (X-ray diffraction and electron diffraction)
can be utilized as powerful tools to identify their locations at
the atomic level. Although traditional single-crystal X-ray
diffraction (SCXRD) can be competent for the structure
solution (solving the initial structural model from the
diffraction data) and the following structural refinement, this
approach has a strict requirement on the crystal size (at least
larger than 20 μm). Unfortunately, industrial zeolites normally
crystalize in nano-sizes that are too small to be investigated by
SCXRD. Conventional powder X-ray diffraction (PXRD) can
explore the structural information of nanocrystals at the atomic
level; however, the ambiguity in assigning diffraction intensities
due to the peak overlapping, disorder, undesirable impurities in
bulk materials, and so forth hinder further investigations.39,40

Recently, the emerging three-dimensional (3D) electron
diffraction (ED) technique has been able to collect 3D
structural information in a reciprocal space from one individual
nanocrystal.41−48 The unit cell parameters, space groups, and
even the atomic coordinates can be obtained from the 3D ED
data set. More recently, continuous rotation electron
diffraction (cRED), one of the 3D ED techniques, not only
solves crystallographic structures of nanocrystals but also
further refines their structures against high-quality 3D ED data.

It is attributed to the fact that such a technique can collect 3D
ED data in a short time (minimizing structural deterioration
caused by electrons) and greatly enhance ED data quality
through 3D intensity integration. Although this unique
technique has explored a variety of fascinating functional
materials49,50 and biology macromolecules,51,52 the pure silica
zeolite with ordered silanols (OSs) revealed by cRED is quite
rare.

In this work, we report a pure silica zeolite with OSs whose
crystallographic structure is unraveled by cRED. It is closely
related to a four-connected ITQ-55 zeolite. The cRED
technique enables us to monitor the structural evolution
from ITQ-55 with OSs to fully four-connected ITQ-55 at the
atomic level. Compared with elliptical 8 ring in the four-
connected ITQ-55, less elliptical 8-ring pore openings
delimited by Q3 Si(OH) (OSi)3 and Q4 Si(OSi)4 are present
in the ITQ-55 with OSs, which shows the promising C3H6/
C3H8 separation performance.

■ RESULTS AND DISCUSSION
Identification of Structural Transformation during

the Calcination. ITQ-55 was first reported by Corma’s group
in 2017, which was synthesized by a complex organic structural
directing agent (OSDA) N2,N2,N2,N5,N5,N5,3a6a-octamethy-
loctahydropentalene-2,5-diammonium cation. After the calci-
nation of as-made ITQ-55 in the air at 800 °C (denoted as
ITQ-55-air-800), it has shown promising separation perform-
ance in ethane/ethylene.22 PXRD patterns of as-made ITQ-55
(designated ITQ-55-as) and ITQ-55-air-800 are distinct
(Figure S1a), indicating that crystallographic structures of
ITQ-55 materials change during the calcination process. Such
an interesting phenomenon inspired us to further probe its
structural transformation in detail.
Structure Determination of ITQ-55-as by cRED. A

high-quality 3D ED data set from one individual nanocrystal of
ITQ-55-as (resolution: 0.86 Å; completeness: 76.3%; 720 ED
frames ranging from −48.5 to 67.8°) was collected within 3
min, and the reconstructed 3D reciprocal space is illustrated in

Figure 1. (a) 3D reciprocal lattice of ITQ-55-as reconstructed from the cRED data. Insert is the TEM image of the ITQ-55 nanocrystal from which
the cRED data were collected. (b−d) 2D slices of 0kl, h0l, and hk0. The reflection conditions are hkl: h + k = 2n, 0kl: k = 2n, h0l: h = 2n, hk0: h + k
= 2n, and h00: h = 2n. The possible space groups are C2, Cm, and C2/m. (e) 3D projections of the framework structure solved by cRED along the
[010] direction, showing the terminal silanol groups and the less elliptical 8-ring pore openings. Bridging oxygen atoms in the framework have been
omitted for clarity; (f) unique channel system of ITQ-55; (g,h) locations of OSDA in the heart-shaped cavity and fluoride ion in the bea cage
determined through Rietveld refinement.
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Figure 1a. The monoclinic unit cell parameters could be
deduced from this data set, and possible space groups (C2, Cm,
and C2/m) can be obtained based on the reflection conditions
as demonstrated in Figure 1b−d. Subsequently, the direct
methods implemented in SHELXT were applied to this 3D
data set for the initial structure solution. It turns out that all the
10 T and 23 O atoms in the asymmetric unit can be identified,
and it is worth noting that Si3 connects with three Si atoms
through bridging oxygen atoms, leaving one terminal silicon
hydroxyl group (Figure 1e, Tables S1 and S2). It indicates that
ITQ-55-as has OSs. ITQ-55-as can be considered as the
assembly of heart-shaped zeolite cavities (Figures 1f and 2a).
In the ac-plane at the same height, a pair of heart-shaped
zeolite cavities are connected through 8 ring denoted as ring A
(Figure 2b). Pairs of heart-shaped cavities in ITQ-55-as are
linked with adjacent pairs through ring B along the b-axis,
generating a 2D channel system (Figures 1f, 2c, and S1b−g).
As illustrated in Figure S2, peaks in the solid-state 1H−13C
cross-polar MAS NMR spectrum from ITQ-55-as were in good
agreement with those in the liquid 13C NMR spectrum from
the pure OSDA, confirming that it was kept intact during the
synthesis process. Locations of OSDAs and fluoride ions were
determined through Rietveld refinement against PXRD data. It
is of significance to note that there are three possible isomers
of OSDAs which are challenging to determine based on the
diffraction method (Figure S3). Therefore, we calculated the
potential energies of different isomers within a heart-shaped
cavity and found that isomer III was the most matched
conformation with a relative energy of −3.99 eV (Figure S4).
When isomer III was considered as a rigid-body fragment and

the simulated annealing algorithms implemented in TOPAS-
V5.0 was further employed to determine its initial position,
final Rietveld refinement results converged Rwp 3.37% and
GOF 2.302 (as displayed in Figure S5a and Table S3). It shows
that the complicated OSDA and fluoride ion are located in the
heart-shaped cavity and bea cage (Figure 1g,h), respectively.
Structural Comparisons between ITQ-55-as and ITQ-

55-air-800. It would be of interest to compare ITQ-55-as with
ITQ-55-air-800. As shown in Figure 2e, a pair of heart-shaped
cavities observed in ITQ-55-air-800 are connected through
elliptical 8 rings (denoted as ring C, as displayed in Figure 2f).
It is quite distinct from the scenario observed in ITQ-55-as
that contains ring A decorated with four silanols as illustrated
in Figure 2b. More importantly, the elliptical 8-ring pore
openings (denoted as ring D shown in Figure 2g) of cavities
are observed in the ITQ-55-air-800 structure, while less
elliptical ring B could be identified in ITQ-55-as. The
interesting and unique OSs result in the interrupted double
6 rings (d6rs) in ITQ-55-as (Figure 2c). After the calcination,
OSs disappear while the classical d6rs emerge in ITQ-55-air-
800 (Figure 2g). Such structural transformation was also
supported by the 29Si solid-state MAS NMR technique. The
29Si signals at −104.6 and −101.5 ppm (Figure 2d) arising
from Q3 species31 are present in ITQ-55-as, which are different
from scenarios observed in ITQ-55-air-800 (Figure 2h). These
striking structural features, OSs, are responsible for maintain-
ing the pore opening of ring B as the main diffusion pathway.
Propylene/Propane Adsorptive Separation. To ex-

plore the separation performance of ITQ-55 with OSs, OSDAs
occluded in its cavities should be removed, and simultaneously

Figure 2. Structural comparisons of ITQ-55-as and ITQ-55-air-800. (a,e) Heart-shaped cages (highlighted in green and orange) in both structures;
(b,f) inter-connection 8 rings; (c,g) projections along the [010] direction of ITQ-55-as and ITQ-air-800 structures; ring B and interrupted d6r in
ITQ-55-as and ring D and classical d6r in ITQ-55-air-800 are enlarged for clarity. (d,h) 29Si MAS NMR spectra of ITQ-55-as and ITQ-55-air-800.
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OSs will be maintained. It is challenging to obtain pure phase
ITQ-55 with OSs and without OSDAs in the cavities calcined
in the air (Figure S6). It results from the fact that a lower
calcined temperature results in the incomplete combustion of
OSDA, while a higher one facilitates OSs to fuse, generating
the four-connected ITQ-55-air-800 phase (Figure S6). There-
fore, we attempt to calcine as-made samples in the presence of
ozone at different temperatures, removing OSDAs at a lower
temperature. A series of samples were calcined at temperatures
ranging from 200 to 600 °C and denoted as ITQ-55-O3-T (T:
calcination temperature) as illustrated in Figure S7. It turns out
that ITQ-55-O3-400 maintains the structural features of OSs.
The effective removal of OSDAs within their cavities has also
been confirmed by FTIR spectroscopy (Figure S8).

Subsequently, the cRED technique was also utilized to
characterize the crystallographic structure and directly validate
the preservation of OSs in the ITQ-55-O3-400 sample
(Figures 3a, S9, Tables S1, and S4). The 29Si solid-state

MAS NMR spectrum of ITQ-55-O3-400 exhibited peaks at
−104.9 and −101.6 ppm (Figure S10), which is similar to
ITQ-55-as and further supports the preservation of OSs in the
ITQ-55-O3-400 sample. The vibrational features of SiOH

within ITQ-O3-400 were also probed by FTIR spectroscopy as
displayed in Figure S11.

Moreover, the crystallographic structure of ITQ-55-O3-400
is also confirmed by Rietveld refinement against high-quality
PXRD data (Figure S5b and Table S3). It is of interest to note
that its 8-ring pore opening is approximately 4.7 Å × 3.1 Å as
shown in Figure 3b. The Ar adsorption isotherm at 87 K is
conducted (Figure S12), revealing the microporous nature of
ITQ-55-O3-400 with the saturated adsorption of 229 cm3 g−1

at 1 bar. The Brunauer−Emmett−Teller surface area is
calculated as 648 m2 g−1. Furthermore, ITQ-55-O3-400
demonstrated excellent thermal stability of up to approximately
400 °C and remarkable resistance to chemical treatments, as
verified by the PXRD analysis illustrated in Figure S13. All
such features indicate that ITQ-55-O3-400 might be a
promising adsorbent for olefin/paraffin separation.

The single-component adsorption isotherms of C3H6 and
C3H8 were collected at 298 K. A notable amount of C3H6
(59.25 cm3 g−1) was adsorbed by ITQ-55-O3-400 at 298 K
and 1 bar, while there was a negligible amount of C3H8
adsorption (2.31 cm3 g−1) under the identical condition as
shown in Figure 4a. The C3H6 uptakes were found to be
consistently maintained across five successive adsorption−
desorption cycles (as evidenced in Figure S14a,b), indicating
its excellent stability and recycling capacity. In addition, kinetic
adsorption measurements at 298 K and 1 bar were conducted
as demonstrated in Figure S14c,d. It indicated that the uptake
of C3H6 and C3H8 was comparable to those in Figure 4a and
that the adsorption rate of C3H6 was much faster than that of
C3H8. Based on adsorption isotherms at 273 and 298 K, the
isosteric heat of adsorption (Qst) at zero loading was calculated
as 29.3 kJ mol−1 using the virial method (Figure S15a−c). The
heat of adsorption is quite low compared with those of
MOFs,53−55 indicating that ITQ-55-O3-400 is desirable for
facile regeneration under mild conditions. Moreover, the ideal
adsorbed solution theory56 selectivity was calculated as >103

between 0 and 1 bar at 298 K (Figure S15d).
Motivated by the selective molecular exclusion of ITQ-55-

O3-400 shown by the single component adsorption, we further
evaluated its C3H6/C3H8 separation performance by carrying
out binary gas (C3H6/C3H8, 50/50, v/v) column breakthrough
measurements. Since DDR-type pure silica zeolite has been
considered as the promising adsorbent for separating C3H6/
C3H8, it is selected as the reference adsorbent. C3H8 was eluted
at the very beginning of the process, indicating no noticeable
adsorption of C3H8 in the column, whereas C3H6 underwent a

Figure 3. (a) Structural model of ITQ-55-O3-400 solved by cRED;
(b) its elliptical 8-ring pore opening; (c) location of adsorbed
propylene within the heart-shaped cavity and its interaction with the
OS, which are investigated by density functional theory (DFT)
calculations.

Figure 4. (a) Adsorption isotherms of propylene and propane on ITQ-55-O3-400 at 298 K. (b) Comparison of column breakthrough performance
between the DDR-type pure silica zeolite and ITQ-55-O3-400 adsorbents. (c) Two consecutive column breakthrough runs with an equimolar
propane/propylene binary mixture feed at room temperature. Red symbols, propane; black symbols, propylene.
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long retention time of ∼51.04 and 39.19 min g−1 (Figure 4b)
for ITQ-55-O3-400 and DDR-type pure silica zeolite,
respectively. Correspondingly, the dynamic propylene adsorp-
tion capacity of ITQ-55-O3-400 was calculated as 53.36 cm3

g−1, which is higher than that of the DDR-type pure silica
zeolite (31.07 cm3 g−1). Repeated runs of column break-
through measurements in the separation of C3H6/C3H8
revealed essentially no loss of adsorption capacity, suggesting
the excellent recyclability of ITQ-55-O3-400 (Figure 4c).
More importantly, DFT calculations demonstrate that the
adsorbed propylene molecule is distributed in the heart-shaped
cavity, interacting with the OS through the weak hydrogen
bonding (Si−OH···C propylene) (Figure 3c).

■ CONCLUSIONS
In summary, pure silica zeolite with OSs was directly unraveled
by the 3D ED technique at the atomic level. The OSs can not
only maintain the proper elliptical 8-ring pore opening size but
also offer a weak interaction site with the adsorbed propylene
molecules, achieving the promising C3H6/C3H8 separation
performance. The deeper understanding of the structural
features of ITQ-55 with OSs is expected to enable further
development toward new superior adsorbents for advanced
adsorptive separation technologies.

■ EXPERIMENTAL SECTION
Preparation of ITQ-55-as. The OSDAs were directly purchased

from Wuhan Sun-shine Bio-technology Co., Ltd. Before usage, iodine-
form OSDAs were exchanged into the hydroxyl form with Ag2O
(Aladdin reagents, 99%). Then, the concentration of the OSDA
aqueous solution was determined by titration with a standard HCl
solution (1 M). Typically, 1.25 g silica gel (Ludox-AS40, 40% wt.)
was added into the 8.36 g OSDA solution (7.18% wt.) with vigorous
stirring. Once the clear solution formed, 0.21 g HF (40% wt.) was
added dropwise. Afterward, the white paste was dried in an oven at
353 K overnight to remove excess water. Finally, the gel with the
general composition�SiO2/0.25 OSDA(OH)2/0.5 HF/5 H2O�was
transferred into a 25 mL Teflon-lined autoclave and reacted at 433 K
for 14 days. The as-made zeolite white powders were obtained by
filtration, washed with deionized water, and dried in an air oven at 373
K overnight.
Preparations of ITQ-55-O3-400 and ITQ-55-air-800. ITQ-55-

O3-400 was obtained by calcination of ITQ-55-as at 673 K for 12 h in
the presence of ozone. The as-made powders were placed in a quartz
tube, and 130 g/Nm3 ozone was then introduced into the tube at a
constant flow rate of 0.6 cm3 min−1. The ozone was produced by an
electrical discharge ozone generator (OSAN-CFG), and the ozone
concentration entering the unit was monitored by an ozone gas
analyzer (UVOS-3300) purchased from OSAN Environmental and
Technology (Dalian) Co., Ltd. ITQ-55-air-800 was prepared by the
calcination of ITQ-55-as at 1073 K for 6 h in air.
Powder X-ray Diffraction. The PXRD data for the phase

identification were collected on a Bruker D8 ADVANCE equipped
with the Cu Kα radiation source (λ = 1.5418 Å) at 40 kV and 40 mA.
The whole pattern was collected in the 2θ range of 5−50° with the
increment of 0.2°/s at a fixed step size of 0.015°. The temperature-
dependent PXRD was recorded on an Empyrean X-ray Diffractometer
equipped with an in situ heating cell of XRK900 from Anton-Paar.
The measurement parameters included a scan speed of 4.5°/min and
a scan range of 2θ from 5 to 40°. The high-resolution PXRD data for
Rietveld refinement were collected on the STOE STADP
diffractometer with a monochromatic Cu Kα1 source (λ = 1.5406
Å) in the Debye−Scherrer geometry. The PXRD data were collected
in the 0.2 mm capillary. The whole Rietveld refinement was
performed with TOPAS academic suite V5.0. The Rietveld refinement
process is described as follows: the Pawley fitting was performed
against the high-resolution PXRD data of the as-made zeolite ITQ-55,

and it turns out that unit cell parameters are a = 23.4640 Å, b =
13.23943 Å, c = 15.4005 Å, and β = 97.7305°. The structural model
solved by cRED was further optimized based on the experimental unit
cell parameters. It means that the geometry restraints of Si−O: 1.61 Å,
O−T−O: 109.5°, and T−O−T: 145° with proper weights were
imposed on the target zeolite framework. After optimizing the zeolite
framework, the scale factor was calculated by using the 2theta angle
region of 45−105° and then applied to the whole pattern. In this case,
the difference electron density map was obtained, which corresponds
to OSDAs occluded in the cage and missing fluoride ions. Based on
the DFT calculations (see below), it turns out that isomer III matches
the framework well. Therefore, the initial location of isomer III was
obtained by the simulated annealing algorithm implemented in
TOPAS academic suite V5.0. Final Rietveld refinement results are
displayed in Table S3.
Electron Microscopy. The selected area electron diffraction

(SAED) patterns for reconstructing 3D ED cRED data were collected
on JEOL 2100plus equipped with an ASI camera at 200 kV. The
obtained series of SAED patterns were reconstructed by REDp
software. Scanning electron microscopy was performed on a Hitachi
SU8020 microscope with an accelerating voltage of 2 kV.
FTIR and Physical Sorption. FTIR spectra of ITQ-55-as, ITQ-

55-O3-400, and ITQ-55-air-800 in the region of 400−4000 cm−1

(resolution: 4 cm−1) were measured using KBr containing pellets on a
Bruker Tensor 27 spectrophotometer at room temperature as shown
in Figure S8. In order to remove the effect from water, ITQ-55-O3-
400 and ITQ-55-air-800 were pretreated at 300 °C for 60 min in
vacuum. FTIR spectra of ITQ-55-O3-400 and ITQ-55-air-800 in the
region of 2500−4000 cm−1 (Figure S11) were collected on a Bruker
Tensor 27 instrument equipped with an MCT detector. Self-
supported wafers of both samples (20 mg) were placed into an in
situ quartz cell equipped with CaF2 windows. Physical adsorption of
Ar was performed on a Micromeritics ASAP 2460 Version 3.00
analyzer at 87 K. Physical adsorption of N2 was performed on a
Micromeritics 3Flex analyzer at 77 K. Before the adsorption, the
calcined zeolite was activated for 4 h at 623 K. The specific surface
area and pore size distribution were evaluated by the adsorption
branch. The time-dependent kinetic adsorption isotherms were
collected at 100 kPa on a BSD-DVS instrument from Beishide
Instrument Technology (Beijing) Co., Ltd.
NMR. Liquid state 13C NMR was collected on a Bruker AVANCE

400 spectrometer at a resonance frequency of 100.6 MHz. Solid-state
29Si MAS NMR experiments were performed on a Bruker AVANCE
III 600 spectrometer at a resonance frequency of 119.2 MHz. 29Si
MAS NMR spectra with high-power proton decoupling were recorded
on a 4 mm probe with a spinning rate of 10 kHz, a π/4 pulse length of
2.6 μs, and a recycle delay of 80 s. The chemical shifts of 29Si were
referenced to TMS.
Determination of OSDA Configuration by DFT Calculation.

In this work, the single-point energy calculations were performed at
the level of B3LYP57 with the 6-31G(d) basis set for all atoms. All
DFT calculations were performed using the Gaussian 16 program.58 A
pure silica fragment containing the heart-shaped cavity and the bea
CBU was cut from the 3D framework, and it was terminated by the
OH group. The positive charges from OSDAs were balanced by the
two fluoride ions which were determined by PXRD refinement.
Single-point energies between the framework and OSDAs with three
configurations (Figure S4) were calculated by DFT calculations. The
final results show that isomer III is more favorable for the framework.
Determination of Adsorbed Propylene (C3H6) Molecules in

a Pair of Heart-Shaped Cavities by DFT Calculations. A pair of
heart-shaped cavities’ structural model was generated using Material
Studio59 program. To simplify the calculation, the case of one C3H6
molecule adsorbed within a pair of heart-shaped cavities was taken.
Ten different C3H6 adsorption sites were predicted by employing the
adsorption locator module involving the Monte Carlo method in
statistical mechanics combined with the COMPASS II force field.
They were further optimized by DFT in CP2K package.60 To ensure
the sufficient convergence, the auxiliary plane wave grid cutoff was set
as 500 Ry. They were geometrically optimized using Perdew−Burke−
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Ernzerhof gradient-corrected exchange correlation functional,61 and
Grimme’s semi-empirical DFT-D3 scheme of dispersion correction
was adopted to describe the van der Waals interactions within the
cavities.62 The most stable one is displayed in Figure 3c.
Breakthrough Measurements. Breakthrough tests were carried

out in an auto mixed-gas breakthrough apparatus (3P MIXSORB)
using a stainless-steel column (I.D. 6 mm, length 100 mm). The
adsorbents were activated at 350 °C under helium purging (10 mL/
min). When the temperature cooled down to 25 °C, helium flow was
stopped and the feed mixed gases (C3H6/C3H8, 50/50, v/v) at a flow
rate of 1 mL/min were introduced into the adsorption column. The
outlet gas was analyzed by using a mass spectrometer (MKS). The
adsorbent was heated at 473 K under helium flow for 1 h for
regeneration.
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(41) Kolb, U.; Gorelik, T.; Kübel, C.; Otten, M. T.; Hubert, D.
Towards automated diffraction tomography: Part I-Data acquisition.
Ultramicroscopy 2007, 107, 507−513.
(42) Kolb, U.; Gorelik, T.; Otten, M. T. Towards automated

diffraction tomography. Part II-Cell parameter determination. Ultra-
microscopy 2008, 108, 763−772.
(43) Kolb, U.; Krysiak, Y.; Plana-Ruiz, S. Automated electron

diffraction tomography - development and applications. Acta
Crystallogr., Sect. B: Struct. Sci., Cryst. Eng. Mater. 2019, 75, 463−474.
(44) Wan, W.; Sun, J.; Su, J.; Hovmöller, S.; Zou, X. Three-

dimensional rotation electron diffraction: software RED for
automated data collection and data processing. J. Appl. Crystallogr.
2013, 46, 1863−1873.
(45) Smeets, S.; Zou, X.; Wan, W. Serial electron crystallography for

structure determination and phase analysis of nanocrystalline
materials. J. Appl. Crystallogr. 2018, 51, 1262−1273.
(46) Nannenga, B. L.; Shi, D.; Leslie, A. G. W.; Gonen, T. High-

resolution structure determination by continuous-rotation data
collection in MicroED. Nat. Methods 2014, 11, 927−930.
(47) Shi, D.; Nannenga, B. L.; Iadanza, M. G.; Gonen, T. Three-

dimensional electron crystallography of protein microcrystals. eLife
2013, 2, No. e01345.
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