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Abstract: Hydrogen-bonded organic frameworks
(HOFs) show great potential in energy-saving C2H6/
C2H4 separation, but there are few examples of one-step
acquisition of C2H4 from C2H6/C2H4 because it is still
difficult to achieve the reverse-order adsorption of C2H6

and C2H4. In this work, we boost the C2H6/C2H4

separation performance in two graphene-sheet-like
HOFs by tuning pore polarization. Upon heating, an in
situ solid phase transformation can be observed from
HOF-NBDA(DMA) (DMA=dimethylamine cation) to
HOF-NBDA, accompanied with transformation of the
electronegative skeleton into neutral one. As a result,
the pore surface of HOF-NBDA has become nonpolar,
which is beneficial to selectively adsorbing C2H6. The
difference in the capacities for C2H6 and C2H4 is
23.4 cm3g� 1 for HOF-NBDA, and the C2H6/C2H4 uptake
ratio is 136%, which are much higher than those for
HOF-NBDA(DMA) (5.0 cm3g� 1 and 108% respec-
tively). Practical breakthrough experiments demonstrate
HOF-NBDA could produce polymer-grade C2H4 from
C2H6/C2H4 (1/99, v/v) mixture with a high productivity of
29.2 Lkg� 1 at 298 K, which is about five times as high as
HOF-NBDA(DMA) (5.4 Lkg� 1). In addition, in situ
breakthrough experiments and theoretical calculations
indicate the pore surface of HOF-NBDA is beneficial to
preferentially capture C2H6 and thus boosts selective
separation of C2H6/C2H4.

Introduction

The polymer-grade ethylene (C2H4�99.95%) is a key feed-
stock widely used in producing polymers and high-value
organic chemicals. In recent years, scientists agree that an
economical and energy-efficient alternative purification
method is desired to remove the inevitably existing by-
product (ethane, C2H6) from C2H4.

[1,2] The adsorptive

separation based on porous materials has attracted extensive
attention because of its energy saving and environmental
friendliness, excellent reusability and high production effi-
ciency. However, the extremely similar molecular sizes
between C2H6 (3.81×4.08×4.82 Å3) and C2H4 (3.28×4.18×
4.84 Å3) make it a great challenge for searching appropriate
porous materials. Although it has been reported that C2H6/
C2H4 separation can be achieved by designing molecular
sieve-like materials through pore engineering, it is still very
difficult to realize one-step acquisition of high-purity
C2H4.

[3–11]

Porous materials featuring nonpolar surfaces have been
proven to be certainly beneficial for trapping C2H6 mole-
cules and can be consequently regarded as good candidates
for C2H6-selective adsorbent.[12–18] Hydrogen-bonded organic
frameworks (HOFs) self-assembled by conjugated organic
carboxylic acids through intermolecular hydrogen-bonding
interactions usually have regulatable nonpolar channels and
can be deemed to be potential C2H6-selective
materials.[12,19–21] Recently, molecular building blocks based
on organic carboxylic acids have been developed for
unveiling the self-assembly rules of HOFs to a certain extent
through backbone geometry and directional dimeric hydro-
gen-bonding regulation.[19,22–25] However, effective rules for
rational design and self-assembly of HOFs have not been
clearly established. In part, this is due to its fragile nature
and poor rigidity of hydrogen bonding, allowing frameworks
to often collapse after removal of guest molecules.[22,26]

Common solvents such as alcohols will form O� H···O and/or
N� H···O interactions during the HOFs synthesis process,
occupying a certain space in the channels or even leading to
structural collapse after activation.[26] In particular, the
dimethylamine molecules generated in the synthesis process
can seize the hydrions of the carboxylic acids to form
electropositive dimethylamine cations and further form
hydrogen bond interactions with the carboxylate groups on
the electronegative framework, which results in high polarity
in the HOFs.[24] As we know, highly polar pore surfaces will
simultaneously enhance the affinity for both C2H6 and C2H4

[*] Y. Zhou,+ Dr. C. Chen,+ Dr. Z. Ji, Prof. Dr. D. Yuan, Prof. Dr. M. Wu
State Key Lab of Structural Chemistry, Fujian Institute of Research
on the Structure of Matter, Chinese Academy of Sciences
Fuzhou, Fujian 350002 (China)
E-mail: wumy@fjirsm.ac.cn

Prof. R. Krishna
Van’t Hoff Institute for Molecular Sciences, University of Amster-
dam
Science Park 904, 1098 XH Amsterdam (The Netherlands)

Prof. Dr. M. Wu
University of Chinese Academy of Sciences
Beijing, 100049 (China)

[+] These authors contributed equally to this work.

Angewandte
ChemieResearch Articles
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2023, 62, e202305041
doi.org/10.1002/anie.202305041

Angew. Chem. Int. Ed. 2023, 62, e202305041 (1 of 8) © 2023 Wiley-VCH GmbH

http://orcid.org/0000-0003-2610-285X
https://doi.org/10.1002/anie.202305041
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202305041&domain=pdf&date_stamp=2023-05-10


molecules, which cannot efficiently discriminate C2H6 from
C2H6 and C2H4 mixture. The good news, however, is that
dimethylamine cations can be removed by thermal and/or
vacuum activation, which will significantly reduce the polar-
ity of the pore surface. Though the nonpolar pore surfaces
will weaken the affinity for both C2H6 and C2H4 simulta-
neously, the selective adsorption of C2H6 can be realized.
The reason is that the C2H6 molecule has a higher polar-
izability (44.7×10� 25 cm3) than C2H4 (42.52×10� 25 cm3),
which renders it stronger interactions with the nonpolar
pore surfaces that are full of aromatic moieties, wherein
dispersion and induction interactions may afford major
contribution to the preferential adsorption of C2H6 over
C2H4.

[24,25,27] Therefore, one-step acquisition of pure C2H4

from C2H6/C2H4 mixture can be realized.
Based on the above considerations, we herein report a

strategy of tuning pore polarization to successfully convert
highly polar pore surfaces featuring � COOH···� OOC�
carboxyl dimers into less polar pore surfaces with head-to-
head carboxyl···carboxyl dimers through in situ solid trans-
formation, which realizes the enhancement of one-step
C2H6/C2H4 separation performance. Under solvothermal
condition, the propeller-like hexarboxylic acid 4’,4’’,4’’’’-
nitrilotris(([1,1’-biphenyl]-3,5-dicarboxylic acid)) (abbrevi-
ated as H6NBDA) is employed to synthesize a hydrogen-
bonded organic framework (HOF-NBDA(DMA), DMA=

dimethylamine cation), in which deprotonated H5NBDA
unit self-assembles into 2D graphene-sheet-like nets through
intermolecular hydrogen bonds under the rule of reticular
chemistry.[28–31] Furthermore, the electronegative layers are
stacked in -ABCD- manner without interpenetration to
form the 1D open channels along the crystallographic a-axis,
where DMA molecules reside. Upon heating, HOF-NBDA-
(DMA) can transform in situ into HOF-NBDA by loss of
dimethylamine molecules (Me2NH). Therefore, HOF-
NBDA has nonpolar pore surfaces, which are stacked by
electrically neutral 2D net constructed from H6NBDA unit.
As anticipated, HOF-NBDA(DMA) shows an unobvious
difference in C2H6 and C2H4 adsorption capacity as
5.0 cm3g� 1 between C2H6 and C2H4, while HOF-NBDA
shows the preferential adsorption of C2H6 over C2H4 (the
difference in adsorption capacity increases to 23.4 cm3g� 1).
Furthermore, HOF-NBDA exhibits a significantly higher
C2H6/C2H4 (1/99, v/v) selectivity (1.75) than that of HOF-
NBDA(DMA) (1.40). Practical breakthrough experiments
show that HOF-NBDA(DMA) exhibits an inefficient sepa-
ration of the C2H6/C2H4 mixture with a interval of ca.
3.1 ming� 1. In contrast, HOF-NBDA could efficiently cap-
ture C2H6 from 1/99 C2H6/C2H4 mixture at different gas flow
rates and temperatures, providing polymer-grade C2H4 in a
significantly prolonged separation interval (15.5 ming� 1),
which is five times longer than that of HOF-NBDA(DMA)
under the same conditions. The HOF-NBDA packed
column can directly yield in a high C2H4 productivity of
29.2 Lkg� 1 at 298 K and 1 bar, which is about five times as
high as HOF-NBDA(DMA) (5.4 Lkg� 1). In addition, in situ
breakthrough experiments indicate the C2H6/C2H4 separa-
tion performance is greatly improved accompanied with the
gradual heat treatment. Finally, theoretical calculations

indicate that the pore surface of HOF-NBDA is beneficial
to preferentially capture C2H6 rather than C2H4 and thus
boosts selective separation of C2H6/C2H4, which is well
consistent to the experimental result. On the whole, these
results not only provide in-depth insights into conceivable
reticular chemistry of HOFs platform, but also guide hydro-
gen bonding as a mainstream non-covalent interaction to
fabricate artificial porous materials with selective separation
properties in the field of energy-saving gas
purification.[12,19–21,23,24,32–38]

Results and Discussion

The hexacarboxylate skeleton H6NBDA was obtained
through a multi-step synthesis reaction (Scheme S1, Fig-
ure S1, Supporting Information). A solvothermal reaction
for three days afforded the yellow block crystals of HOF-
NBDA(DMA). Single-crystal X-ray diffraction (SCXRD)
analysis revealed that HOF-NBDA(DMA) belongs to the
monoclinic P-1 space group (Table S3). The asymmetric unit
of HOF-NBDA(DMA) consists of two deprotonated
H5NBDA units and two DMA (Figure S2a). Each H5NBDA
unit is connected to three adjacent H5NBDA units through
six sets of intermolecular hydrogen bonds to extend into 2D
honeycomb-like layers. Among them, four are classical
carboxyl···carboxyl dimers (ffO� H···O ranging from 169.8° to
177.8°, d (O� H···O) ranging from 2.46 to 2.63 Å.) (H-1,
Figure 1b and S3a). And the other two are rarely-seen
-COOH···� OOC- hydrogen bonds (ffN� H···O recorded as
146.4° and 148.2°, d (N� H···O) recorded as 2.69 Å and
2.72 Å.) (H-2, Figure 1b and S3a). It is worth noting that the
2D layers skeleton is overall electronegative, and DMA is
connected to the COO� of the skeleton by N� H···O hydro-
gen bonds, thus maintaining the overall electroneutrality. In
the 2D layer, there are three kinds of windows (I, II and III,
See Figure 1b) and the DMA are distributed in type I
window. Interestingly, the layered frameworks are stacked
in parallel in a rarely seen -ABCD- manner without inter-
penetration to form the 1D open channels along the
crystallographic a-axis, with an average interlayer distance
of ca. 3.68 Å (Figure 2a and S4a).

When degassed under dynamic vacuum, the block HOF-
NBDA(DMA) crystals split into many pieces. Fortunately,
the tiny activated samples also meet the requirements for
SCXRD investigations. Therefore, the accurate structure of
HOF-NBDA was successfully obtained. HOF-NBDA be-
longs to the orthorhombic Fddd space group. The asymmet-
ric unit of HOF-NBDA contains a half H6NBDA molecule,
which is not deprotonated (Figure S2b). Each H6NBDA
molecule is hydrogen bonded with three adjacent H6NBDA
exclusively through carboxyl…carboxyl dimers (ffO� H···O
record as 179.2° and 176.2°, d (O� H···O) record as 2.60 and
2.62 Å, respectively) in the bc plane to form an electrically
neutral 2D hexagonal honeycomb net (H-1, Figure 1c and
S3b). Compared with HOF-NBDA(DMA), the 2D layer of
HOF-NBDA consists of two types of windows, i.e. type II
and the larger type IV which is constructed by six
isophthalate groups (Figure 1c). Similar to HOF-NBDA-
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(DMA), the 2D layers of HOF-NBDA are also stacked in a
-ABCD- manner without interpenetration (an interlamellar
separation of 3.73 Å, Figures 1f, 2b and S4b), resulting in a
1D channel along the a-axis. Compared with the wavelike
layers constructed by rigid aromatic tricarboxylated ligands
(such as H3BTB and H3TATB),[22,39] the propeller-like
hexarboxylic acid H6NBDA derived from triphenylamine
scaffolder can facilitate the formation of slip-packed 2D
layered structures that are more similar to the free-standing
graphene sheets.[40]

Hirshfeld surface analysis demonstrates that the electro-
static potential (ESP) on the pore walls is significantly
different between HOF-NBDA(DMA) and HOF-NBDA. A
lot of positive charge centers are formed in the DMA
occupied pores (Figure 2c), which will increase the adsorp-
tion affinity of both C2H6 and C2H4 molecules simultane-
ously due to strong intermolecular electrostatic interactions.
Such polar pore surfaces make it difficult to achieve efficient
selective separation of C2H6/C2H4 mixture. However, in
HOF-NBDA the pore surface becomes less polar, and the
abundant phenyls and the consolidated carboxyl···carboxyl
dimers on the pore walls benefit the preferential adsorption

of C2H6 molecules (Figure 2d). Such great difference in
charge density distribution of the pore surface in these two
crystals will bring special influence on their adsorption
properties (Figure S5).

Both HOF-NBDA(DMA) and HOF-NBDA are com-
posed of hexagonal network framework stacked in -ABCD-
manner, and possess similar 2D layered graphene-sheet-like
topological structure. The main difference between the two
structures is the existence of DMA filled in the channels of
the HOF-NBDA(DMA) framework. Whereas DMA will
decompose at high temperature and the resulting Me2NH
can be removed from the pores by vacuum.[41] Further
experiments have been conducted to investigate this possi-
bility. As expected, it was found that the powder X-ray
diffraction (PXRD) peaks changed obviously and matched
well to the HOF-NBDA pattern when the HOF-NBDA-
(DMA) sample was activated by heating in air or under
vacuum (Figure S6), which indicated a possible solid-state
structural transformation. Therefore, freshly prepared bulk
crystalline powder for in situ monitoring the solid-state
transformation was measured on a Rigaku MiniFlex600
diffractometer after heating at different temperatures. As

Figure 1. (a) The molecular structure of H6NBDA. (b) Representation of the three kinds of hexagonal windows (named as I, II and III, respectively),
and the resulting monolayer network in HOF-NBDA(DMA). (c) Upon heating, HOF-NBDA(DMA) in situ transforms into HOF-NBDA, accompanied
with the removal of dimethylamine molecules and the reorganization of hydrogen bond dimers. (d) Scheme of H6NBDA molecule and its
simplified six-connected model. (e) For HOF-NBDA(DMA), the layered frameworks are stacked in a -ABCD- manner without interpenetration, with
the dimethylamine cations distributed in the pores. (f) The stacking structure of HOF-NBDA.
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shown in Figure 3, the as-prepared HOF-NBDA(DMA)
shows no obvious change before 80 °C. When the temper-
ature rises to 130 °C, the curves have pronounced changes.
Especially the peaks located at 6.9° and 7.5° gradually
weaken and completely disappear, and the peak located at
7.1° becomes a single independent peak when the temper-
ature rises to 130 °C, as well as a new peak appears at 8.6°.
Under this heating condition, the HOF-NBDA(DMA)
sample is successfully converted to HOF-NBDA as evi-
denced by the consistency in their corresponding PXRD
patterns. Continuous heat treatment does not result in any
signal change, even when the temperature reaches 200 °C,
indicating the occurrence of completely heat-induced struc-
tural transformation (Figure 3). In a word, we have achieved
the removal of DMA and the reorganization of carboxyl···-
carboxyl dimers through in situ heating, and then realized
the strategy of tuning pore polarization by changing the
porous surface charge density distribution.

What makes sense is that the HOF-NBDA can be
synthesized on a large scale in the laboratory by rapid
synthesis methods (Figure S6), which greatly improves the

application possibilities of the material. The scanning
electron microscope photographs show that the rapidly
scale-up synthesized HOF-NBDA crystals are block and
about 10 μm in size with an irregular polygonal shape
(Figure S7). In addition, the high stability of materials is also
a prerequisite for their practical application. HOF-NBDA
shows exceptional chemical stability and maintains its
crystallinity upon exposure to some common chemical
solvents, such as EtOH, acetone, CH3CN, and CHCl3 etc. at
room temperature (Figure S8). Even treated in boiling water
or harsher chemical environment such as 12 M HCl for 24 h,
their corresponding PXRD patterns are also consistent with
the simulated ones (Figure S9). It also can be witnessed that
there are almost unchanged in the variable-temperature
PXRD patterns that measured up to 200 °C in air atmos-
phere (Figures S10–S11, Table S4). The above experiments
demonstrated the excellent thermal stability of both the in
situ transformed crystalline HOF-NBDA and the quickly
synthesized samples in large quantity.

The permanent porosities of HOF-NBDA(DMA) and
HOF-NBDA were disclosed by N2 sorption measurement.
N2 isotherm at 77 K shows that HOF-NBDA(DMA)
possesses typical type I sorption profile and takes up the N2

amount of 168 cm3g� 1 at 1 bar, confirming its microporous
nature with the BET surface area of 590 m2g� 1 (Figure 4a).
In contrast, analysis by the PLATON program[42] shows that
about 40.5% of the volume in HOF-NBDA is solvent-
accessible after removing Me2NH in the pores, which is
much higher than that of HOF-NBDA(DMA) (about
31.5%). As anticipated, HOF-NBDA by scale-up synthesis
shows good adsorption behavior for nitrogen, and takes up
297 cm3g� 1 N2 at 77 K and 1 bar. The isotherm also exhibits
the type I sorption behavior and the BET surface area of
HOF-NBDA is calculated to be 965 m2g� 1, which is also
much higher than that of HOF-NBDA(DMA). More
importantly, N2 adsorption isotherms show that N2 uptake of
HOF-NBDA have only a slight decrease (279, 275 and
284 cm3g� 1, respectively) after harsh treatments such as

Figure 2. A cross-section view of the hexagonal porous windows in (a)
HOF-NBDA(DMA) and (b) HOF-NBDA. The layered frameworks are
stacked in slippage in a -ABCD- manner without interpenetration with
average interlayer distances of ca. 3.68 and 3.73 Å, respectively. The
steric electrostatic potential on the hexagonal channels of (c) HOF-
NBDA(DMA) and (d) HOF-NBDA. The gradation on the scale bar is in
Hartree/e.

Figure 3. PXRD patterns collected after continual heating treatments at
different temperatures confirm the in situ structural transformation
from HOF-NBDA(DMA) to HOF-NBDA.
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being evacuated at 180 °C for 3 h, being soaked in boiling
water for 24 h and 12 M HCl for 24 h (Figure S12). These
results indicate that HOF-NBDA possesses excellent struc-
tural robustness which is consistent with the PXRD results
and has potential application in the gas adsorption and
separation.

Examination of the single-component adsorption iso-
therms of C2H6 and C2H4 at 298 and 273 K was carried out
after corroborating the permanent porosity in HOF-NBDA-
(DMA) and the robust HOF-NBDA. Interestingly, both
these two materials have successfully realized the reverse-
order characteristic C2H6/C2H4 adsorption. As shown in
Figure 4b, the C2H6 uptake amount (65.2 cm3g� 1) of HOF-
NBDA(DMA) is slightly higher than that of C2H4

(60.2 cm3g� 1) at 298 K and 100 kPa, affording an adsorption
amount difference of 5.0 cm3g� 1, and an C2H6/C2H4 uptake
ratio of 108%. In comparison, HOF-NBDA exhibits an
obviously preferential adsorption of C2H6 over C2H4 during
the entire range of 1 bar (Figure 4b). HOF-NBDA displays
an extremely high loading of C2H6 (89.2 cm3g� 1) at 298 K,
which is 1.4 times higher than that of HOF-NBDA(DMA).
In addition, for HOF-NBDA the C2H6 uptake is much
higher than that of C2H4 (65.8 cm3g� 1), resulting an
adsorption amount difference of 23.4 cm3g� 1, and a greatly
enlarged C2H6/C2H4 uptake ratio of 136%. Such preferential
adsorption of C2H6 over C2H4 is also monitored at 273 K
(Figure S13). Cyclic tests demonstrate that HOF-NBDA can
be facilely reactivated and the sorption isotherms of C2H6

have no obvious decrease after four cycles (Figure 4c). The
experimental isosteric heats (Qst) difference values between
C2H6 and C2H4 for HOF-NBDA(DMA) and HOF-NBDA
are increased from 2.2 to 3.6 kJmol� 1, which indicates that
the separation performance for C2H6 and C2H4 is signifi-

cantly enhanced after the structure transformation (Fig-
ure S14). The C2H6 uptake of HOF-NBDA (3.98 mmolg� 1)
at 1 bar and 298 K is notably higher than those of bench-
mark HOF-BTB (3.09 mmolg� 1),[43] ZJU-HOF-10
(2.19 mmolg� 1),[20] HIAM-102 (2.15 mmolg� 1),[21] and HOF-
76a (2.95 mmolg� 1),[12] but is slightly less than ZJU-HOF-1
(4.87 mmolg� 1).[19] Furthermore, the C2H6/C2H4 uptake ratio
(136%) of HOF-NBDA at 1 bar outperforms most of the
reported C2H6-selective HOFs materials except HOF-76a
(177%), further proving its excellent selectivity (Table S5).
Based on the remarkable reverse-order C2H6/C2H4 adsorp-
tion, we further calculated the separation performance of
these two HOFs at 298 K by the ideal adsorbed solution
theory (IAST). For HOF-NBDA, with increasing pressure,
the final IAST selectivity of C2H6/C2H4 (1/99, v/v) at 298 K is
1.75 (Figure 4d), which is higher than that of HOF-NBDA-
(DMA) (1.40). The value is larger than the reverse-order
characteristic HOF-BTB (1.4), and is comparable to ZJU-
HOF-10 (1.9), HIAM-102 (1.9), HOF-76a (2.0), and ZJU-
HOF-1 (2.25) (Figure S15 and Table S5). Overall, the above
results clearly show that through tuning pore polarization
the uptake of C2H6, the C2H6/C2H4 uptake ratio as well as
the C2H6/C2H4 selectivity has been greatly improved. Sig-
nificantly, HOF-NBDA is one of the outstanding C2H6-
selective HOFs materials reported and may serve as the
high-efficiency adsorbent for one-step acquisition of C2H4

from C2H6/C2H4 mixture.
In order to further verify that the strategy of tuning pore

polarization is beneficial for practical C2H6/C2H4 separation,
practical breakthrough experiments of the feed gas C2H6/
C2H4 in a volume ratio of 1/99 are conducted with a flow
rate of 2 mLmin� 1 at 298 K. Firstly, the breakthrough
experiments were performed with HOF-NBDA(DMA). As
shown in Figure 5a, C2H4 flows out of the HOF-NBDA-
(DMA) packed column firstly at 33.4 ming� 1, and the C2H6

is quickly detected at a small interval of ca. 3.1 ming� 1. The
production of pure C2H4 from the C2H6/C2H4 (1/99, v/v)
mixture by HOF-NBDA(DMA) adsorbent is calculated to
be 5.4 Lkg� 1. Obviously, HOF-NBDA(DMA) is not a good
adsorbent for one-step separation of the C2H6/C2H4 mixture.
However, for HOF-NBDA the C2H4 elutes through the
fixed bed first at ca. 47.5 ming� 1 to yield an outflow of
polymer-grade gas (C2H4�99.95%) with the undetectable
amount of C2H6 (the detection limit of the GC instrument is
100 ppm). Subsequently, the C2H6 breaks through the
adsorption bed at ca. 63.0 ming� 1 because C2H6 molecules
are more efficiently adsorbed. As a result, there is a
significant interval of 15.5 ming� 1 between C2H4 and C2H6

experimental breakthrough times, which is about five times
as many as HOF-NBDA(DMA). It is worth mentioning that
this result is consistent with the simulated one (ca.
16.5 ming� 1) (Figure S16). In addition, the production of
pure C2H4 from the C2H6/C2H4 (1/99, v/v) mixture for HOF-
NBDA adsorbent is ca. 29.2 Lkg� 1, which is about four
times higher than that of HOF-NBDA(DMA) and is in
accord with the transient breakthrough simulations
(31.1 Lkg� 1). Furthermore, the breakthrough experiments
for HOF-NBDA with other C2H6/C2H4 mixtures (1/15 and
1/9 C2H6/C2H4) are also carried out (Figure S17–S21). As

Figure 4. (a) N2 adsorption isotherms of HOF-NBDA and HOF-NBDA-
(DMA) at 77 K. (b) Adsorption isotherms of C2H6 and C2H4 of HOF-
NBDA(DMA) (blue line) and HOF-NBDA (red line) at 298 K respec-
tively. (c) C2H6 sorption cycles for HOF-NBDA at 298 K. (d) C2H6/C2H4

(1/99, v/v) IAST selectivity of HOF-NBDA and HOF-NBDA(DMA) at
298 K.
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seen in Figure S17 and S18, for 1/15 and 1/9 C2H6/C2H4

mixtures, pure C2H4 first elutes through the column and the
seperation intervals are 10.4 and 10.2 ming� 1 respectively,
which match well with the simulated ones (11.4 and
11.3 ming� 1). It is obvious that through tuning pore polar-
ization HOF-NBDA which has nonpolar pore surfaces
realizes the efficient C2H6/C2H4 separation. To our surprise,
HOF-NBDA can keep the separation performance after
several continuous measurement cycles, indicating its out-
standing recyclability for C2H6/C2H4 separation (Figure 5b
and Figures S19–S20). Additionally, as shown in Figures 5c-
d, effective separation of C2H6/C2H4 can be achieved in
breakthrough measurements at different gas flow rates (1 to
4 mLmin� 1, respectively) and different temperatures (298,
313, 318, 323 and 328 K), which indicate that HOF-NBDA
can achieve the one-step separation of C2H6/C2H4 mixtures
in the complex working conditions.

To get a deeper understanding of the separation effect
caused by the pore polarization changes, we performed a
series of continual breakthrough experiments on a HOF-
NBDA(DMA) packed adsorption bed. Following by the in
situ programmed heating process, HOF-NBDA(DMA)
experienced a solid transformation to HOF-NBDA, and the
corresponding separation performance for C2H6/C2H4 (1/99,
v/v) mixture was real-time monitored. As expected, increas-
ing activation temperature, HOF-NBDA(DMA) is gradually
transformed into HOF-NBDA, and the separation time
intervals of C2H6/C2H4 (1/99, v/v) mixture are getting longer.
When the packed column is gradually heated from 40 to
160 °C, the breakthrough time intervals are increased from

7.2 to 25.6 minutes (calculated as 14.4 ming� 1 by mass ratio)
between C2H4 and C2H6, which is 4.6 times as much as that
of original HOF-NBDA(DMA) (Figure 6). The PXRD
patterns and the 1H NMR spectrum confirm that HOF-
NBDA(DMA) completely transforms to HOF-NBDA fi-
nally (Figures S1 and S6). These results indicate the in situ
thermal activation can not only promote the complete
structural transformation, which changes the pore polarity
but also boost the C2H6/C2H4 separation efficiency simulta-
neously.

To gain precise insight into the binding sites of ethane
and ethylene in HOFs, we performed calculations using
Grand Canonical Monte Carlo (GCMC) method (Figure 7).
In HOF-NBDA(DMA), C2H6 molecule interacts with two
phenyl rings and three carboxylic oxygen atoms to form
triple C� H···π interactions (H···π distances, 3.54, 4.19 and
4.23 Å; corresponding C···C separations, 3.56, 3.72 and
3.87 Å, respectively) and triple C� H···O interactions (H···O
distances, 2.78, 2.80 and 2.91 Å, respectively).[12,19,44] The
planar C2H4 molecule shows two strong C� H···O interactions
(H···O distances, 2.52 and 2.56 Å, respectively) as well as
electrostatic interactions with an adjacent DMA and a
phenyl ring (corresponding C···C separations, 3.88, 3.46 and
3.57 Å, respectively).[12,19,45,46] The corresponding static bind-
ing energies of HOF-NBDA(DMA) for C2H6 and C2H4

molecules are calculated as 43.2 and 40.2 kJmol� 1, with a
difference in value of 3.0 kJmol� 1. As shown in Figures 7c
and 7d, for HOF-NBDA, C2H6 molecule slightly stands up
in the pore to form three C� H···π interactions with the
nearest phenyl ring (H···π distances from 2.95 to 4.32 Å), as
well as the C···C separations (3.66, 3.86 and 3.99 Å,
respectively). There are also quadruple C� H···O interactions
and the H···O distances are calculated to be 2.64, 2.77, 3.16
and 3.18 Å. In comparison, the C2H4 molecule laid flat in the
channel and showed only three C� H···O interactions (H···O
distances, 2.88, 2.90 and 2.92 Å, respectively), as well as
electrostatic interactions between its planar skeleton and
two adjacent phenyl rings (corresponding C···C separations,
3.88 and 3.98 Å, respectively). The corresponding static
binding energies of HOF-NBDA for C2H6 and C2H4

Figure 5. (a) Experimental breakthrough curves for C2H6/C2H4 (1/99, v/
v) mixture in freshly prepared HOF-NBDA(DMA) (blue) and rapid
synthesized HOF-NBDA (red) packed columns respectively with gas
flow rate of the 2 mLmin� 1 at 298 K. (b) The cycling breakthrough
experiment tests for a C2H6/C2H4 (1/99, v/v) mixture with gas flow rate
of the 2 mLmin� 1 at 298 K. (c) Experiment breakthrough experiments
under different gas flow rates at 298 K. (d) The breakthrough experi-
ment under different temperatures with gas flow rate of the
2 mLmin� 1.

Figure 6. Experimental breakthrough curves for C2H6/C2H4 (1/99, v/v)
mixture (gas flow rate of 2 mLmin� 1) in the real-time monitoring of a
packed column with in situ transformation of HOF-NBDA(DMA) to
HOF-NBDA.
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molecules are calculated as 35.8 and 31.0 kJmol� 1. The
difference in static binding energies of HOF-NBDA is
4.8 kJmol� 1, which is higher than that in HOF-NBDA-
(DMA). The results of the theoretical calculation agree with
the experimental isosteric heats (Qst), which further proves
that compared with HOF-NBDA(DMA), HOF-NBDA with
nonpolar pore surfaces possesses high ethane adsorption
and separation performance.

Conclusion

In conclusion, we have successfully tuned the pore polar-
ization through in situ solid-state structural transformation
between HOF-NBDA(DMA) and HOF-NBDA. Featuring
larger and nonpolar pores, HOF-NBDA shows a dramati-
cally enhanced performance on C2H6-selective adsorption
compared with HOF-NBDA(DMA). For HOF-NBDA, the
difference in adsorption capacities for C2H6 and C2H4 is
23.4 cm3g� 1, and the C2H6/C2H4 uptake ratio is 136%, which
are significantly improved (For HOF-NBDA(DMA),
5.0 cm3g� 1 and 108% respectively). The experimental break-
through curves confirmed that HOF-NBDA can efficiently
adsorb C2H6 from C2H6/C2H4 (1/99, v/v) mixture to straight-
forwardly produce high-purity C2H4 with a significant
interval of ca. 15.5 ming� 1, which is about a four-fold
increase over HOF-NBDA(DMA). The production of
polymer-grade C2H4 produced by HOF-NBDA is

29.2 Lkg� 1, which is much higher than that of HOF-NBDA-
(DMA) (5.4 Lkg� 1). The effective C2H6/C2H4 separation can
also realize under different gas flow rates and temperatures
on the HOF-NBDA packed column. In addition, in situ
breakthrough experiments indicate the C2H6/C2H4 separa-
tion performance is greatly improved accompanied with the
gradual heat treatment. Finally, theoretical calculations
indicated that the pore surface of HOF-NBDA is enriched
with C2H6-affinity sites, which can enhance the preferential
binding of C2H6 over C2H4 and thus boost selective
separation of C2H6/C2H4. These findings should inspire
extensive research on new kind of C2H6-selective HOF
materials for one-step C2H6/C2H4 separation.
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Materials and Instrumentation: 

Unless otherwise stated, all reagents and solvents used in studies were purchased from commercial sources and 

were used without further purification.  

1H NMR spectra were obtained on a Bruker AVANCE III 400 (400 MHz) spectrometers. Crystallographical data 

were collected on a XtaLAB Synergy R, HyPix diffractometer equipped with Cu Kα radiation (λ = 1.54184 Å). 

Powder X-ray diffraction (PXRD) patterns were performed on a MiniFlex 600 diffractometer equipped using Cu 

Kα (λ = 1.5406 Å), scanning at 1°/ min in a range of 4~50°. In order to collect the PXRD patterns at different 

temperatures, the sample was heated in air to the anticipated temperature and maintained for 10 min. The 

thermogravimetric analysis (TGA) was performed on a NETZSCH STA 449C unit at a heating rate of 10 ℃·min-1 

under nitrogen atmosphere. The morphology of HOF-NBDA was characterized by using scanning electron 

microscopy ZEISS SIGMA 300 microscope. 

Experimental Section: 

 

Scheme S1. Synthesis routine of the H6NBDA ligand. 

 

Synthesis of Et6NBDA  

The organic compound Et6NBDA was synthesized by using the Suzuki-Miyaura coupling reaction. A mixture of 

tris(4-bromophenyl)-amine (1.5 g, 3.0 mmol), (3,5-bis(ethoxycarbonyl)phenyl)-boronic acid (5.2 g, 15.0 mmol), 

Cs2CO3 (6.5 g, 20.0 mmol) and Pd(PPh3)4 (0.2 g, 0.2 mmol) were dissolved in 250 mL degassed 1,4-dioxane 



S2 
 

solvent, and then heated at 85 °C for 72 h under N2 atmosphere. After the reaction was completed and cooled to 

room temperature, the organic solvent was removed under vacuum. 200 mL deionized water was added to the 

concentrated mixture, followed by extraction with dichloromethane (3 × 50 mL), and the combined extraction was 

dried with anhydrous Mg2SO4. After filtration, the dichloromethane was removed under vacuum, and then the 

crude product was purified by silica gel column chromatography to give 2.3 g yellow powdery solid Et6NBDA 

(yield: 85 %). 1H NMR (400 MHz, CDCl3): δ, 1.31 (t, 18H), 4.47 (q, 12H), 7.31 (d, 6H), 7.65 (d, 6H), 8.49 (s, 6H), 

8.66 (s, 3H). 

Synthesis of H6NBDA 

The purified intermediate Et6NBDA (5.0 g, 5.5 mmol) was dissolved in THF (200 mL), and 100 mL of KOH 

aqueous solution (4.5 M) was added. The resulting mixture was heated at 85 °C to stir and refluxed for 12 h. The 

volatiles were removed in vacuum, and then 250 mL deionized water was added to give a bright yellow clear 

solution. Then the solvent pH value was adjusted to 1 with concentrated hydrochloric acid. The resulting yellow 

solid was collected by filtration and washed several times with deionized water until neutral. After drying, yellow 

compound 3.7 g was obtained (yield: 90 %). 1H NMR (400 MHz, DMSO-d6) (Figure S1): δ, 7.26 (d, 6H), 7.78 (d, 

6H), 8.41 (t, 9H), 13.42 (s, 6H). 

Synthesis of HOF-NBDA(DMA) 

H6NBDA (120 mg, 0.2 mmol) was added to 3 mL DMF in a 25 mL Teflon vessel of the hydrothermal bomb and 

sonicated for 5 minutes. Then 60 μL glacial acetic acid was added to the mixture. The vessel was heated at 120 °C 

for two days and then slowly cooled to room temperature within one day. The yellow bulk crystals 

HOF-NBDA(DMA) ([(Me2NH2)2(H5NBDA)2]n) suitable for single crystal X-ray diffraction were obtained (80 mg, 

yield 66.7 %). 1H NMR (400 MHz, DMSO-d6): δ, 2.57 (s, 6H), 7.25 (d, 6H), 7.75 (d, 6H), 8.42 (t, 9H), 13.42 (s, 

6H). 

Synthesis of HOF-NBDA 

The HOF-NBDA(DMA) crystals were exchanged with dry methanol for 3 days by replacing fresh methanol 

every 6 hours at room temperature. Then, the samples were degassed under dynamic vacuum at 100 °C for 10 h to 

afford HOF-NBDA, which can be demonstrated by PXRD patterns and 1H NMR spectrum (Figure S1). Though the 

crystals break into pieces, fortunately the tiny crystals are suitable for single crystal X-ray diffraction. 1H NMR 

(400 MHz, DMSO-d6): δ, 7.26 (d, 6H), 7.78 (d, 6H), 8.40 (t, 9H), 13.42 (s, 6H). 

Scale-up synthesis of HOF-NBDA 
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In order to obtain a good deal of sample in one batch for adsorption and separation experiments, H6NBDA (10.0 

g, 13.5 mmol) was dissolved in 150 mL dry DMF in a beaker and the mixture was filtrated by a filter membrane 

(50 mm, 0.22 μm). Then 500 mL dry methanol was slowly added to the mixture with stirring, and yellow crystals 

were rapidly precipitated. The products were separated by suction filtration and further washed several times with 

methanol, which can be characterized by PXRD patterns and 1H NMR spectrum. 1H NMR (400 MHz, DMSO-d6): 

δ, 7.26 (d, 6H), 7.78 (d, 6H), 8.42 (t, 9H), 13.43 (s, 6H). 

Single-Crystal X-ray Crystallography 

The X-ray diffraction data for HOF-NBDA(DMA) and HOF-NBDA were performed on a XtaLAB Synergy R, 

HyPix diffractometer with Cu Kα radiation at 150K (λ = 1.54184 Å). Absorption corrections were performed using 

a multi-scan method. The structures were solved by direct methods and were refined by the least-squares method 

with SHELXL-2018 program package. All non-hydrogen atoms were refined with anisotropic displacement 

parameters. Hydrogen atoms of the ligands were located by geometrical calculations, and their positions and 

thermal parameters were fixed during structural refinement. We use the “squeeze” command of the PLATON to 

clear the above-mentioned residual electron-density peaks to improve the quality of crystal structure data.  

Adsorption/desorption experiments 

All gas adsorption measurements were measured on Micromeritics 3 Flex. All the sorption experiments were 

maintained at 77 K with liquid nitrogen, at 273 K in an ice-water bath and 298 K in a water bath. The fresh sample 

of HOF-NBDA(DMA) was exchanged with dry methanol for 7 days and then the supercritical carbon dioxide 

(sc-CO2) drying was used to obtain guest-free HOF-NBDA(DMA) with sc-CO2 in a Tousimis™ Samdri® PVT-3D 

critical point dryer. After sc-CO2 treatment, guest-free HOF-NBDA(DMA) was tranfered to Micromeritics 3 Flex to 

carry out the experiment. In order to investigate the solid transformation of HOF-NBDA(DMA) into HOF-NBDA, 

guest-free HOF-NBDA(DMA) with sc-CO2 was heated at 100 °C for 10 hours under a high vacuum to obtain 

HOF-NBDA. For HOF-NBDA, the scale-up synthesis sample was exchanged with dry methanol for 7 days and 

then vacuumed at room temperature for 12 hours. The above sample was then heated at 100 °C for 10 hours under a 

high vacuum. Then, guest-free HOF-NBDA was tranfered to Micromeritics 3 Flex to carry out the experiment.  
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Fitting of unary isotherm data 

The unary isotherms for C2H6 and C2H4 measured at different temperatures in HOF-NBDA(DMA) and 

HOF-NBDA were fitted with excellent accuracy using either the 1-site Langmuir-Freundlich model: 

1

satq bp
q

bp




=

+
 (S1) 

In eq (S1), the Langmuir-Freundlich parameter b  is temperature dependent, 

0 exp
E

b b
RT

 
=  

 
 (S2) 

In eq (S2), E  is the energy parameter. 

The unary isotherm fit parameters for HOF-NBDA and HOF-NBDA(DMA) are provided in Table S1 and Table S2. 

Table S1. 1-site Langmuir-Freundlich parameter fits for C2H6 and C2H4 in HOF-NBDA.  

 qsat (mol∙kg-1) b0 (Pa-v) E (kJ∙mol-1) v 

C2H6 6.8 3.636E-11 27.3 1.16 

C2H4 8.25 1.409E-10 22.5 1.13 

Table S2. 1-site Langmuir-Freundlich parameter fits for C2H6 and C2H4 in HOF-NBDA(DMA).  

 qsat (mol∙kg-1) b0 (Pa-v) E (kJ∙mol-1) v 

C2H6 4.15 8.794E-11 28.5 1.09 

C2H4 4.25 1.287E-10 26.3 1.1 

Isosteric heat of adsorption 

The isosteric heat of adsorption, Qst, is defined as 

2 ln
st

q

p
Q RT

T

 
= −  

 
 (S3) 

where the derivative in the right member of eq (S3) is determined at constant adsorbate loading, q. The derivative 

was determined by analytic differentiation of the combination of eq (S1), eq (S2), and eq (S3). 

Separation potential 

C2H6(1)/C2H4(2) mixture separations are envisaged to be carried out in fixed bed adsorbers. In such devices, the 

separations are dictated by a combination of adsorption selectivity and uptake capacity. Using the shock wave 
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model for fixed bed adsorbers, Krishna[1-2] has suggested that the appropriate metric is the separation potential, 

1q
. 

20
1 2

10

y
q q q

y
 = −  (S4) 

In eq (S4) y10, y20 are the mole fractions of the feed mixture during the adsorption cycle. In the derivation of eq 

(S4), it is assumed that the concentration “fronts” traversed the column in the form of shock waves during the 

desorption cycle. The molar loadings q1, q2 of the two components are determined using the Ideal Adsorbed 

Solution Theory (IAST) of Myers and Prausnitz using the unary isotherm fits as data inputs.[3] The physical 

significance of ∆q is the maximum productivity of pure C2H4(2) that is achievable in the adsorption cycle of PSA 

operations. 

Transient breakthrough experiments vs simulations 

Transient breakthrough experiments were carried out for binary 1/99 C2H6(1)/C2H4(2) mixtures at a total 

pressure of 0.15 MPa and 298 K. The sample mass of HOF in the packed bed, mads is 1.4 g. The flow rates at the 

inlet, Q0 = 2 mL min-1. Transient breakthrough simulations were carried out for the exact same set of operating 

conditions as in the experiments, using the methodology described in earlier publications.[1-2, 4-6]  In these 

simulations, intra-crystalline diffusion influences are ignored. There is very good match between the experiments 

and simulations. From the transient breakthrough simulations, it is established that polymer grade C2H4 is 

recoverable. The productivities of purified C2H4 are determined as follows. 

C2H4 product purity C2H4 productivity 

99.95%+ 1.39 mol∙kg-1  (31.1 L∙kg-1) 

99.9%+ 1.6 mol∙kg-1 

For 1/15 C2H6(1)/C2H4(2) mixtures the sample mass of HOF in the packed bed, mads is 1.7 g, The transient 

breakthrough simulations yielded the productivities of purified C2H4 as follows.  

C2H4 product purity C2H4 productivity 

99.95%+ 1.00 mol∙kg-1 

99.9%+ 1.11 mol∙kg-1 
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For 1/9 C2H6(1)/C2H4(2) mixtures the sample mass of HOF in the packed bed, mads is 1.7 g, The transient 

breakthrough simulations yielded the productivities of purified C2H4 as follows. 

C2H4 product purity C2H4 productivity 

99.95%+ 0.9 mol∙kg-1 

99.9%+ 1.03 mol∙kg-1 

 

Column breakthrough experiments 

The breakthrough separation experiments for C2H6/C2H4 (1/99, v/v) were conducted in a fixed bed under 

ambient conditions. A quartz column with a length of 500 mm and an inner diameter of 3 mm was used for sample 

packing. The flow rate of the gas was regulated by a mass flow controller, and the gas flow out of the 

chromatographic column was detected by a gas chromatography (GC) with FID detector. All measurements were 

performed following a protocol established by the literature. In a vacuum glove box, 1.84 g HOF-NBDA(DMA) 

activated by sc-CO2 was quickly loaded into a quartz column. After each separation experiment, the sample was in 

situ blowed with a He flow (20 mL∙min-1) for 4.0 h at a given temperature. For HOF-NBDA, in a vacuum glove 

box, 1.40 g sample was loaded into a quartz column. After each separation experiment, the HOF-NBDA sample 

was blowed under He flow (20 mL∙min-1) for 2.0 h at 373 K. For 1/9 and1/15 C2H6/C2H4 mixture, the sample mass 

of HOF-NBDA in the packed bed was 1.70 g, and other conditions being the same to the above experiment. 

Computational details 

The binding sites for C2H6 and C2H4 in HOF-NBDA(DMA) and HOF-NBDA were determined through classical 

molecular simulations. The single X-ray crystallographic structures were subject to geometry optimization through 

the Dmol3 module implemented with the Materials Studio program, using the generalized gradient approximation 

(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional and the double numerical plus d-functions (DNP) basis 

set. The energy, force, and displacement convergence criteria were set as 1 × 10−5 Ha, 2 × 10−3 Ha/Å and 5 × 10−3 Å, 

respectively. The calculated electrostatic potential for HOF-NBDA(DMA) and HOF-NBDA was mapped onto the 

Connolly surface with a probe radius of 1.0 Å. Simulated annealing (SA) calculations were performed for a single 

molecule of C2H6 and C2H4 through a canonical Monte Carlo (NVT) process, and all HOF atoms were kept fixed at 

their positions throughout the simulations. The initial configurations were further optimized to ensure a more 

efficient energy landscape scanning for every HOF-C2Hx complex, and the optimized configuration having the 

lowest energy was used as the global minimum for the subsequent analysis and calculation. The static binding 

energy (at T= 0 K) was then calculated: △E = EHOF + Egas − EHOF+gas. 
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Additional Data and Pictures 

 

Figure S1. 1H NMR (DMSO-d6, 400 MHz) spectrum of H6NBDA, HOF-NBDA, scale-up synthesized 

HOF-NBDA, HOF-NBDA from in situation breakthrough and HOF-NBDA(DMA). 

 

 

Figure S2. The asymmetric units of (a) HOF-NBDA(DMA) and (b) HOF-NBDA. 
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Figure S3. (a) H6NBDA molecules are arranged to form four sets of carboxyl…carboxyl dimers (∠O–H···O 

ranging from 169.8° to 177.8°, d (O–H···O) ranging from 2.46 to 2.63 Å.) and two pairs of N–H···O hydrogen 

bonds (∠N–H···O recorded as 146.4° and 148.2°, d (N–H···O) recorded as 2.69 Å and 2.72 Å) in 

HOF-NBDA(DMA). (b) The adjacent H6NBDA molecules are interconnected through solo carboxyl…carboxyl 

dimers (∠O–H···O record as 179.2° and 176.2°, d (O–H···O) record as 2.60 and 2.62 Å, respectively.) in 

HOF-NBDA. 
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Figure S4. A cross-section view of the hexagonal porous windows in (a) HOF-NBDA(DMA) and (b) 

HOF-NBDA. The layered frameworks are stacked in slippage in a -ABCD- manner without interpenetration with 

average interlayer distances of ca. 3.68 and 3.73 Å, respectively. The porous window details of A, B, C and D 

layers with different pore sizes are described. 
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Figure S5. The changes of electrostatic potential (ESP) on the guests loaded pore walls, (a) 

C2H6@HOF-NBDA(DMA), (b) C2H4@HOF-NBDA(DMA), (c) C2H6@HOF-NBDA and (d) 

C2H4@HOF-NBDA, respectively. The gradation on the scale bar is in Hartree/e. The molecular electrostatic 

potential (MEP) of the C2H4 and C2H6 molecules mapped onto the Connolly surface. 

 

 

Figure S6. PXRD patterns of simulated HOF-NBDA, HOF-NBDA, the scale-up synthesized HOF-NBDA, 

HOF-NBDA from in situation breakthrough, simulated HOF-NBDA(DMA) and HOF-NBDA(DMA). 
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Figure S7. The scanning electron microscope photographs of the scale-up synthesized HOF-NBDA crystals. 

 

Figure S8. PXRD patterns of HOF-NBDA after treated with different solvents for one day. 
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Figure S9. The PXRD patterns of HOF-NBDA are almost unchanged after heating at 180 °C in air atmosphere, 

and even soaking in boiling water or harsher chemical environment such as 12 M HCl for 24 h. 

 

Figure S10. Variable-temperature PXRD patterns for HOF-NBDA in air atmosphere. 
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Figure S11. TGA curve of HOF-NBDA(DMA) (blue) and HOF-NBDA (red). The freshly synthesized 

HOF-NBDA experienced a weight loss before 100 °C, which was due to the removal of solvent molecules in the 

voids. The synthesized HOF-NBDA(DMA) experienced a weight loss before 200 °C, which was due to the 

removal of solvent molecules and the DMA molecules in the voids.  

 

 

Figure S12. N2 adsorption isotherms (77 K) of HOF-NBDA after treated under different conditions. In addition, 

the damaged samples can be easily reproduced by dissolving in DMF solution, and the N2 uptake of recrystallized 

sample is almost the same as the original sample. 
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Figure S13. C2H6 and C2H4 adsorption isotherms of HOF-NBDA(DMA) (blue) and HOF-NBDA (red) at 273 K. 

 

Figure S14. Calculated isosteric heats of adsorption of C2H6 and C2H4 in HOF-NBDA (red line) and 

HOF-NBDA(DMA) (blue line). The experimental isosteric heats (Qst) of C2H6 and C2H4 for HOF-NBDA(DMA) 

exhibit comparable values, 26.1 and 23.9 kJ∙mol-1 respectively, and the differential is only 2.2 kJ∙mol-1. The 

experimental Qst of C2H6 and C2H4 for HOF-NBDA are 23.5 and 19.9 kJ∙mol-1, and the differential grows to 3.6 

kJ∙mol-1, indicating the separation performance for C2H6 and C2H4 is significantly enhanced after the structure 

transformation. 
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Figure S15. C2H6 uptake and IAST selectivity among representative reverse-order characteristic HOFs. 

 

Figure S16. The simulated and experimental breakthrough curves with C2H6/C2H4 (1/99, v/v) in the HOF-NBDA 

packed column at 298 K. 
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Figure S17. The simulated and experimental breakthrough curves with C2H6/C2H4 (1/15, v/v) separation in the 

HOF-NBDA packed column at 298 K. 

 

Figure S18. The simulated and experimental breakthrough curves for C2H6/C2H4 (1/9, v/v) in the HOF-NBDA 

packed column at 298 K. 
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Figure S19. (a) The cycling breakthrough experiments for C2H6/C2H4 (1/15, v/v) mixture with gas flow rate of 2 

mL∙min-1 at 298 K. (b) The breakthrough experiment under different temperatures with gas flow rate of 2 mL∙min-1. 

 

 

Figure S20. (a) The cycling breakthrough experiments for C2H6/C2H4 (1/9, v/v) mixture with gas flow rate of 2 

mL∙min-1 at 298 K. (b) The breakthrough experiment under different temperatures with gas flow rate of 2 mL∙min-1. 

 

Figure S21. The separation potentials (Δq) of HOF-NBDA for different C2H6/C2H4 mixtures. For 1/99, 1/15 and 

1/9 C2H6/C2H4 mixtures, the separation potentials are calculated as 2.2, 2.0 and 1.9 mol∙kg-1 respectively. 



S18 
 

Table S3. Crystallographic data of HOF-NBDA(DMA) and HOF-NBDA.  

 HOF-NBDA(DMA) HOF-NBDA 

CCDC number 2235806 2235816 

Empirical formula C44H34N2O12 C42H27NO12 

Formula weight 782.73 737.65 

Temperature/ K 150 298 

Crystal system Triclinic Orthorhombic 

Space group P-1 Fddd 

a/ Å 14.6965(3) 14.9194(5) 

b/ Å 15.9293(3) 28.7711(6) 

c/ Å 24.0212(3) 49.9580(15) 

α/° 84.6990(10) 90 

β/° 80.9440(10) 90 

γ/° 68.800(2) 90 

Volume/Å3 5173.71(17) 21444.4 (11) 

Z 4 16 

ρcalc (g/cm3) 1.005 0.914 

F(000) 1632.0 6112.0 

void space /% 31.5 40.5 

Goodness-of-fit on F2 1.021 1.057 

R1,
a wR2

b [I>2sigma(I)] R1 = 0.0781, wR2 = 0.2299 R1 = 0.0470, wR2 = 0.1353 

R1,
a wR2

b [all data] R1 = 0.0847, wR2 = 0.2377 R1 = 0.0547, wR2 = 0.1410 
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Table S4. Comparison of stabilities for some typical HOFs. 

HOF materials Water Acid Thermostability Ref. 

HOF-NBDA √ √ ~400 ℃a This Work 

HOF-BTB √ √ ~300 ℃b [7] 

HIAM-102 √ √ ~250 ℃a [8] 

HOF-76a √ √ ~350 ℃a [9] 

ZJU-HOF-1 √ √ ~340 ℃a [10] 

ZJU-HOF-10 — — ~340 ℃a [11] 

HOF-TCBP √ √ ~395 ℃a [12] 

HOF-4a — — ~400 ℃a [13] 

PFC-1 √ √ ~250 ℃b [14] 

Ex-1 √ — ~215 ℃d [15] 

1⊂AN √ — ~100 ℃a [16] 

HOF-FJU-1a √ √ ~250 ℃e [17] 

HOF-6a √ — ~350 ℃b [18] 

TTBI — — ~440 ℃a [19] 

SOF-1a — — ~420 ℃ [20] 

PFC-5 √ √ ~90 ℃d [21] 

HOF-GS-10 √ — ~320 ℃a [22] 

HOF-19a √ — ~400 ℃a [23] 

CPBTQ-1a √ × ~360 ℃d [24] 

CPHATN-1a √ × ~360 ℃d [25] 

PFC-25 √ — ~300 ℃a [26] 

CB6-H — √f ~300 ℃d [27] 

a TGA under N2 atmosphere. b TGA under air atmosphere. c TGA under Ar atmosphere. d VT-PXRD under air 

atmosphere. e VT-PXRD under N2 atmosphere. f HOF material remains stable when exposed to SO2.  
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Table S5. Summary and comparison of reverse-order adsorption characteristic HOFs with adsorption capacity and 

C2H6/C2H4 selectivity under ambient conditions. 

 

  

Adsorbents IAST C2H6 Uptake C2H4 Uptake 
C2H6/C2H4 

uptake ratio 
Ref. 

HOF-BTB 

(295 K) 

1.4 

69.2 cm3∙g-1 

3.09 mmol∙g-1 

55.7 cm3∙g-1 

2.48 mmol∙g-1 

124% [7] 

HIAM-102 

(298 K) 

1.9 

48.25 cm3∙g-1 

2.15 mmol∙g-1 

44.39 cm3∙g-1 

1.98 mmol∙g-1 

109% [8] 

HOF-76a 

(296 K) 

2.0 

66.1 cm3∙g-1 

2.95 mmol∙g-1 

37.4 cm3∙g-1 

1.67 mmol∙g-1 

177% [9] 

ZJU-HOF-1 

(298 K) 

2.25 

109 cm3∙g-1 

4.87 mmol∙g-1 

ca. 89 cm3∙g-1 

3.97 mmol∙g-1 

122% [10] 

ZJU-HOF-10 

(296 K) 

1.9 

49.1 cm3∙g-1 

2.19 mmol∙g-1 

42.1 cm3∙g-1 

1.88 mmol∙g-1 

117% [11] 

HOF-NBDA(DMA) 

(298 K) 

1.40 

65.2 cm3∙g-1 

2.91 mmol∙g-1 

60.2 cm3∙g-1 

2.69 mmol∙g-1 

108% 
This 

Work 

HOF-NBDA 

(298 K) 

1.75 

89.2 cm3∙g-1 

3.98 mmol∙g-1 

65.8 cm3∙g-1 

2.93 mmol∙g-1 

136% 
This 

Work 
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Notation  

b     Langmuir-Freundlich constant, Pa-v 

ci     molar concentration of species i, mol∙m-3 

ci0    molar concentration of species i in fluid mixture at inlet, mol∙m-3 

E     energy parameter, J∙mol-1 

L     length of packed bed adsorber, m 

mads   mass of adsorbent packed in fixed bed, kg 

q     component molar loading of species i, mol∙kg-1 

qsat    saturation loading, mol∙kg-1 

Q0    volumetric flow rate of gas mixture entering fixed bed, m3∙s-1 

T     absolute temperature, K 
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