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Fine-regulation of gradient gate-opening in
nanoporous crystals for sieving separation of
ternary C3 hydrocarbonsf
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The adsorptive separation of ternary propyne (CszH,)/propylene (CsHg)/propane (CsHg) mixtures is of
significant importance due to its energy efficiency. However, achieving this process using an adsorbent
has not yet been accomplished. To tackle such a challenge, herein, we present a novel approach of fine-
regulation of the gradient of gate-opening in soft nanoporous crystals. Through node substitution, an
exclusive gate-opening to CzH,4 (17.1 kPa) in NTU-65-FeZr has been tailored into a sequential response
of CzH4 (1.6 kPa), CsHg (19.4 kPa), and finally CsHg (57.2 kPa) in NTU-65-CoTi, of which the gradient
framework changes have been validated by in situ powder X-ray diffractions and modeling calculations.
Such a significant breakthrough enables NTU-65-CoTi to sieve the ternary mixtures of CzH4/C3sHe/CsHg

under ambient conditions, particularly, highly pure CsHg (99.9%) and CzHg (99.5%) can be obtained from
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Accepted 17th March 2024 the vacuum PSA scheme. In addition, the fully reversible structural change ensures no loss in

performance during the cycling dynamic separations. Moving forward, regulating gradient gate-opening

DOI: 10.1039/d3sc05489f can be conveniently extended to other families of soft nanoporous crystals, making it a powerful tool to
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Introduction

Efficient separation of the ternary C3 hydrocarbons is crucial for
the petrochemical industry as C3Hs is an essential feedstock for
valuable commodities." Currently, the separation process
involves energy-intensive catalytic hydrogenation and cryogenic
distillation, which accounts for nearly 3% of all separation
energy."” Therefore, there is a need for a more energy-efficient
technology for this task. Adsorption separation using porous
materials, specifically porous coordination polymers (PCPs),
shows great promise due to their finely designed pore
chemistry.*** In this regard, recent progress has been made in
binary separations using strategies such as m-complexation,
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optimize these materials for more complex applications.

sieving strategies and kinetic diffusion."*** However, the
similar molecular sizes and kinetic diameters exacerbate the
challenge of C;H,/C3Hs/C3Hg separation, particularly by one
material.

Recent research has shown that the purification of ethylene
from a complex mixture of C2 hydrocarbons and carbon dioxide
can be achieved using sequentially packed sorbents, where the
three impurities were captured by three PCPs.>* Although this
strategy requires overcoming the difficulties of preparation of
the three materials, and also their rational packing, it enables
us to believe that integrating gradient sorbent-sorbate interac-
tions may address the challenge of C3H,/C3H¢/C3Hg separation
in a single domain, as well as the precise understanding of
hierarchical sites or gradient gate-openings.

The concept of hierarchical sites holds certain theoretical
feasibility, but its implementation is hindered by the significant
limitations in rational assembly of these sites in a confined
nanospace. Comparably, the strategy of gradient gate-openings
shows promising prospects. Since the early reports of soft
crystals,??® the soft nature of these materials has been gradu-
ally understood, that is, the stronger the interaction, the earlier
the gate-opening.””*® In addition, soft frameworks can exhibit
sensitive responses to even extremely small stimuli.*?** Given
these advantages, significant efforts have been dedicated to the
construction of soft PCPs;**?*23* however, neither the fine
predesign nor function-oriented synthesis of such a material,
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Scheme 1 |llustration of fine-regulation of gradient gate-opening in
soft NTU-65-series via node substitution for sieving separation of C3
hydrocarbons in a single domain.

whose framework can sequentially recognize these similar
molecules, has yet been reported.

During our investigation of porous materials,*****” we have
reported a soft crystal, NTU-65, [Cu(L),(SiFe)] (L = 1,4-di(1H-
imidazolyl)benzene). The temperature dependent gate-opening
allows it to show a sieving separation of C,H,/C,H,/CO,
mixtures.

However, this framework cannot separate the equimolar
C3H¢/C3Hg due to a small difference in uptake at this ratio
caused by the gate-opening effect which either occurs too early
or too late (Fig. S2t). Inspired by reticular chemistry*® and NTU-
65, herein, we report a fine tuning of the framework softness via
node substitution in a series of PCPs (NTU-65-series: NTU-65-
FeZr, NTU-65-FeTi, NTU-65-CoZr and NTU-65-CoTi, Scheme 1),
as the metal nodes may alter the transformation characteristics
of soft structures. As expected, a sole gate-opening toward C;H,
in NTU-65-FeZr evolves into a gradient response to C;H, and
C3H, in NTU-65-CoTi, yielding an unprecedented breakthrough
of sieving separation of C;H,/C3;Hs/C3Hs.

Results and discussion

Solvothermal reactions of L and the corresponding metal salt
provide NTU-65-series (Fig. S3t). They crystallize in the mono-
clinic system (Table S1f) and adopt the same coordination
configurations. The M1 centres (M1: Fe** or Co®") of NTU-65-
series are connected by four imidazole N atoms in a planar
configuration from four L and two F atoms in the axial vertex
from two M,Fes>~ (M,: Zr"* or Ti*") ions. As a result, cross-linked
2D channels are observed in the packed frameworks, although
the window apertures undergo minimal changes (Fig. 1a, b and
S4-S8t), along with similar accessible volumes (43.5%, 44.8%,
42.4% and 44.8%).* To reach the adjacent nodes, the dihedral
angle between the benzene and imidazole rings in L in NTU-65-
series shows significant changes. For example, the angle of the
L¢is in NTU-65-FeZr is as large as 14.81°, while this angle
decreases to 3.45° in NTU-65-FeTi (Fig. 1c). Additionally, the
dihedral angle in Ly4,s in NTU-65-CoTi is up to 22.69°. There-
fore, different degrees of softness are expected in the NTU-65-
series. Phase purity of the four crystals has been confirmed by X-
ray powder diffraction measurement (Fig. S91). In addition, all
samples are thermally stable, up to 350 °C (Fig. S10%).
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Fig. 1 Crystal structure of NTU-65-series along the a-axis (a) and b-
axis (b). Comparison of the dihedral angle in L in NTU-65 series (c).

Permanent porosity of the activated NTU-65-series was
evaluated using N, adsorption measurements at 77 K
(Fig. S121). Initially, all samples show minimal N, uptake until
reaching P/P, = 0.61, 0.26, 0.27 and 0.24. However, a peculiar
‘kink’ phenomenon occurred in all of them. This is due to the
rapid increase in adsorption capacity of the crystals after
instantaneous gate-opening under this condition, accompanied
by a rapid decrease in system pressure, to P/P, = 0.10, 0.07, 0.05
and 0.04, respectively. Subsequently, N, uptake increases with
increased pressure in NTU-65-FeZr, while type-I adsorption
isotherms were observed in NTU-65-FeTi and NTU-65-CoTi.
Differently, NTU-65-CoZr exhibits a second adsorption platform
before reaching P/P, = 0.6, followed by pressure-dependent
uptake. Despite these differences, all four crystals demon-
strated a similar maximum N, capacity (219.5 to 236.2 cm® g™ ).
Evaluated by using these isotherms, the crystals exhibit
comparable surface areas (540-610 m> g~ ') and pore volumes
(0.34-0.36 cm® g ') (Fig. S13, S14 and Table $27). Additionally,
all isotherms display desorption hysteresis, confirming the
filling effect of the soft frameworks.****

To further investigate structural softness, CO, isotherms were
collected at 195 K, as CO, may interact differently with the
frameworks compared to N,.**** Unlike the ‘kink’ phenomenon
in the above N, isotherms, all CO, uptakes of the NTU-65-series
increase with elevated pressure. Meanwhile, gradient adsorption
platforms indicating sequential gate-openings were -clearly
observed in NTU-65-series. For NTU-65-FeZr, the first gate-
opening occurs at 2.1 kPa, followed by the second and third
gate-opening at 22.8 and 56.3 kPa, respectively (Fig. 2a). However,
NTU-65-FeTi shows an earlier first gate-opening pressure (OP) of
1.7 kPa. The second and third gate-openings in NTU-65-FeZr
merge into one in NTU-65-FeTi, at 31.4 kPa (Fig. 2b). Notably,
three gate-openings appear again in NTU-65-CoZr (starting at 0.8,
14.6 and 45.8 kPa), whose responsive pressures are all lower than
that of NTU-65-FeZr, and the first OP is also lower than that of
NTU-65-FeTi (Fig. 2c). Remarkably, NTU-65-CoTi exhibits an
advancement of the first OP at 0.5 kPa, followed by a second
quick uptake at 18.8 kPa (Fig. 2d). Therefore, these isotherms

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 CO, adsorption isotherms of NTU-65-series (a)-(d) at 195 K.

indicate that the four activated crystals possess non-porous
characteristics and can be opened by N, or CO, once the
stimuli exceed the energy barrier controlling the framework
closure. Meanwhile, the gradually decreased pressure (2.1 to 0.5
kPa) for the first gate-opening reflects the fact that the four
frameworks show different sensitivities to external stimuli.
Additionally, the difference in multi-step gate-openings in them
validates the effectiveness of the node substitution strategy in
regulation of the framework with gradient softness, which may
provide a promising platform for sequential recognition of gases
with extremely small differences.

To investigate the function of gradient and sensitive gate-
openings, adsorption isotherms of C;H,, C3;Hs and C3Hg were
collected on NTU-65-series (Fig. 3 and S15-5S187). NTU-65-FeZr
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Fig. 3 CsHg4, CsHg and CsHg adsorption isotherms of NTU-65-series
(a)—(d) at 273 K.
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exhibits minimal uptake of C;Hs and C3;Hg at the threshold
pressure, whereas C;H, adsorption begins at 17.1 kPa with
a maximum capacity of 74.7 cm® g~ " (Fig. 3a). Meanwhile, the
starting OP is advanced to 10.0 kPa in NTU-65-FeTi, along with
nearly the same C;H, capacity (69.0 cm® g~ ") (Fig. 3b). Unlike
NTU-65-FeZr, C3;Hs molecules open the framework of NTU-65-
FeTi at 66.0 kPa with a capacity of 44.2 cm® g™ at 100 kPa
(Fig. 3c). Interestingly, the OP of the three gases (C;H,: 5.3 kPa,
C3Hg: 46.2 kPa and C3Hg: 66.8 kPa) exhibit a forward movement
again in NTU-65-CoZr (Fig. 3d). However, the isotherms indicate
two crucial issues that may arise during the dynamic separation
of such ternary mixtures: (1) insufficient partial pressure for
C3H, adsorption (far larger than 1 kPa); and (2) lower separation
performance between C3;Hy and C3Hg (small uptake difference
of only 7.6 cm® g~ ' at around 50 kPa). Remarkably, these issues
may be solved by using NTU-65-CoTi, which exhibits rapid
uptake of C3H, at 1.6 kPa and a significantly improved uptake
difference between C;Hg and C;Hg, reaching as high as 55.9 cm?
g " at 50 kPa. Additionally, the total C;H, capacity is increased
to 95.9 cm® g~ '. Moreover, the uptake ratios of binary mixtures
(C3H4/C3Hs, C3Hg/C3Hg and C3H,/C3Hg) were significantly and
simultaneously improved compared to that of other benchmark
materials (Table 1 and S37).

To confirm the systemic structural changes, in situ powder X-
ray diffraction patterns/sorption measurements were per-
formed (Fig. 4). The characteristic peaks corresponding to
crystal faces of [0 2 0] and [0 0 1] in the as-synthesized phases (at
about 6.5 and 7.2°) become weaker and shift to a higher-angle
region in the activated crystals, indicative of structural
contraction commonly observed in flexible PCPs. However,
these two peaks reappear at similar positions to those obtained
from their as-synthesized phases after an increase in pressure.
Additionally, these open structures transform back into the
closed state when the pressure decreases to a very low value,
showing reversible sorption and structural changes in NTU-65-
series. In addition, gas-loaded crystallographic analysis has also
been attempted to explore the detailed structural changes.
However, the small crystal size and crack after activation results
in extremely weak or no diffraction. To understand the trend in
softness of these PCPs, we conducted density functional theory
(DFT) calculations taking Cz;H, as the probe molecule
(Fig. S20%). Previously, we have shown that the gate-opening
pressure of PCPs induced by gas adsorption is dependent on
the binding energy of the gas molecule with the PCP.** We
therefore calculated the binding energies of C;H, with the NTU-
65-series. The binding energy increases (becomes more nega-
tive) in the following order: NTU-65-FeZr (-7.8 keal mol ') <
NTU-65-FeTi (-8.1 keal mol™") < NTU-65-CoZr (-8.5 kecal mol ™)
< NTU-65-CoTi (9.1 kcal mol ). This is consistent with the
order of gate-opening pressure of these PCPs in response to
C3H, adsorption for these PCPs (Fig. 3).

The sequential recognition of C3 hydrocarbons encouraged
us to perform dynamic separations. Given the commonly
encountered ratio of C3 hydrocarbons in industry, a simulated
feed-gas of C3H,/C3He/C3Hg (0.5/49.75/49.75, v/v/v) was used for
breakthrough experiments at 273 K. Consistent with the single-
component gas isotherms, C3H¢ and C;Hjg elute simultaneously

Chem. Sci., 2024, 15, 6583-6588 | 6585
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Table 1 Summarized capacities (cm® g~ and uptake ratios of C3 hydrocarbons for NTU-65-series at 273 K

CsH,y C3He C3;Hg Uptake ratios
PCPs 0.1 bar 0.5 bar 0.5 bar C,H,/C3H, (0.1/0.5) C;H¢/C3Hg (0.5/0.5) C,H,/C3H, (0.1/0.5)
NTU-65-CoTi 73.93 57.44 1.55 1.28 37.05 47.70
NTU-65-CoZr 46.24 8.55 0.96 5.41 8.91 48.17
NTU-65-FeTi 3.93 1.27 0.73 3.01 1.74 5.34
NTU-65-FeZr 0.59 0.74 0.51 0.80 1.45 1.16
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Fig.4 Insitu PXRD patterns of NTU-65-FeZr (a), NTU-65-FeTi (b), NTU-65-CoZr (c) and NTU-65-CoTi (d) during CsH,4 adsorption/desorption at

273 K.

from the NTU-65-FeZr sample bed, while C;H, was captured
until 85.8 min g ', showing impossible ternary separation
(Fig. 5a). For NTU-65-CoZr, C;Hg was detected as the first
elution at 19.3 min g, followed by C;Hg at 27.8 min g~
Additionally, C;H, passes through the column at 106.3 min g’1
(Fig. 5b). Considering the OP of C3H, (46.2 kPa) and the small
uptake difference (7.6 cm® g~') of C;He/C5Hg in NTU-65-CoZr,
the observable separation time of C3H¢/C3Hg should be attrib-
uted to the slight pore opening, caused by accumulated C;Hg
adsorption. This phenomenon is similar to the selective C3H, or
C,H, capture in GeFSIX-dps-Zn** and Co(4-DPDS),M00,,*®
respectively, where the partial pressures of C;H, (10 kPa) or
C,H, (1 kPa) in the feed-gas for breakthrough separations are
lower than that of the corresponding OPs (~16 kPa and ~17
kPa) of the frameworks at the same temperature. In addition,
a similar and insufficient ternary separation was also observed
in NTU-65-FeTi. Remarkably, NTU-65-CoTi exhibits a significant
separation of the ternary mixture of C3H,/C3H¢/C3Hg, in which
highly pure C;Hj elutes out at 17.0 min g~ ', while the outflows
of C3Hg and C;H, from the sample bed are around 41.1 min g~*
and 132.9 min g ' (Fig. 5¢). Additionally, the further extended
retention time of C3H, (from 85.8 min g~ in NTU-65-FeZr to
132.9 min g ' in NTU-65-CoTi) reflects the increased

6586 | Chem. Sci,, 2024, 15, 6583-6588

cumulative effect in NTU-65-series, as structural deformation
becomes easier. To the best of our knowledge, the PCPs,
including rigid and soft frameworks, have been widely explored
for gas separations; however, this is the first example that can
separate C3 hydrocarbons in one-step in a single domain.
Furthermore, this promising separation was also confirmed at
increased velocity (5 and 10 mL min ") of such ternary
mixtures, as well as the binary mixtures (Fig. S21-S27 and
Tables S4-S7t). More importantly, due to the reversible struc-
tural changes, there is almost no performance loss during the
cycling measurments on NTU-65-CoTi (Fig. 5d and S287),
a critical factor in evaluating the feasibility of the adsorbents.
Based on these breakthrough results results, how the NTU-
65-CoTi might be possible to procure pure C;Hg and C;Hg are
mostly expected. As shown in Fig. 5e, two beds are needed, Bed
A and B, both packed with NTU-65-CoTi.*** During the
adsorption cycle, the two beds A and B operate sequentially. The
operation of Bed A and B should last for at least 130 min g~ " and
35 min g~ ', respectively. Highly pure C;Hg (99.9%, GC limita-
tion) is recovered from Bed B at the end of the adsorption cycle.
After termination of the adsorption cycle, both Bed A and B are
subjected to counter-current vacuum desorption. From Bed A,
the product C3H, with improved concentration (from 0.5% to

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05489f

Open Access Article. Published on 02 April 2024. Downloaded on 5/9/2024 6:27:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article
(a) 20 (b) 20 :
NTU-65-FezZr ——CH, NTU-65-FeTi  NTU-65-CoZr
—=—C;H,q 4 TATGHy e CGHy
15 15 o,
——CH, XL GHs CH,
- R ‘\ GH, CH,
Q10 Q10 S
S S l. i :
"\
0.5 0.5 ‘l )"
|
R
0.0 0.0-Yum
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

Time / ming™ Time / ming?

(c) 20
NTU-65-CoTi ——CH,
15 CHe
*—C3Hy
&
S
0.5
0.0
0 20 40 60 80 100 120 140 160 3
Time / min g Cycles
Adsorption Cycle Counter-current Vacuum Desorption
(e) Purified CHo (99.5%) CaHa
CsH, + +
Impurity: C;Hg Impurities: C;Hg/C3Hg
130 40 |
ming1 ming?
Bed A BedB

BedB BedA

C
Feed mixture:
C3Hg/C3Hg/CoHy

Fig. 5 Breakthrough curves of NTU-65-series (a)—(d) for CzH4/CzHe/
CsHg (0.5/49.75/49.75, v/v/v, 2 mL min~Y) at 273 K. Cycling perfor-
mance of NTU-65-CoTi (5 mL min~?) (d). Schematic representation of
the separation of C3 ternary mixtures using two packed beds of NTU-
65-CoTi in a vacuum swing adsorption process (e).

6.3%) can be obtained, while from Bed B, the product C3H, can
be harvested with a purity approaching 99.5%.

Conclusions

In summary, due to the demand for energy-efficient separation of
C3 hydrocarbons, we here report a gradient regulation of
framework softness via the node substitution approach. The
exclusive response to C;H, in NTU-65-FeZr has been tailored into
a sequential capture of C;H, and C3;Hg in NTU-65-CoTi. This
breakthrough enables an unprecedented ability for sieving
separation of the ternary C;H,/C3H¢/C3Hg mixtures in a single
domain. By following designed procedures, highly pure C;Hg
(99.9%) and CsHg (99.5%) can be obtained. Moving forward,
given that the conditions for feasible gas separation vary signif-
icantly, the precise understanding and ability to tune the gate-
openings of soft PCPs are particularly important, potentially
indicating a path to other challenging multi-component systems.
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General Procedures and Materials

All reagents and solvents were commercially available and used as received. The Fourier-transform
Infrared (FT-IR) spectra were recorded from KBr pellets in the range of 4000-600 cm™ on a VECTOR
22 spectrometer. Thermogravimetric analyses (TGA) were performed using a STA 209 F1 (NETZSCH
Instruments) thermo-microbalance, heating from room temperature to 650°C at a rate of 10°C min‘?
under nitrogen flow. Simulated powder patterns from single-crystal X-ray diffraction data were
generated using Mercury 1.4.2 software. The coincident PXRD/adsorption measurements were
performed with a Rigaku SmartLab with CuKa radiation connected to a BELSORP-18PLUS volumetric
adsorption setup (MicrotracBEL Japan, Inc.) equipped with a custom-made cryostat apparatus. The
respective apparatuses were synchronized to enable each PXRD pattern to be obtained at each

equilibrium point of the sorption isotherms.

Synthesis of NTU-65-series. A solution of L (0.50 mmol) in N, N’-dimethylformamide (DMF) (1 mL)
was slowly layered on aqueous solution (0.5 mL) of M1(BFs),-6H,0 (0.014 mmol, M1: Fe?*, Co%*) and
(NH4);M2F5-:6H,0 (0.014 mmol, M2: Zr#, Ti%*). After a week, single-crystals of NTU-65 derivates
(named as NTU-65-FeZr, NTU-65-FeTi, NTU-65-CoZr and NTU-65-CoTi, respectively) were obtained.
Yield: ~40-60%, based on L.

Single crystal X-ray studies. Single-crystal X-ray diffraction measurements were performed on a
Bruker Smart Apex CCD diffractometer at 298 K using graphite monochromator Mo/Ka radiation (A
= 0.71073 A). Data reduction was made with the Bruker Saint program. The structures were solved
by direct methods and refined with full-matrix least squares technique using the SHELXTL package?.
Non-hydrogen atoms were refined with anisotropic displacement parameters during the final cycles.
Organic hydrogen atoms were placed in calculated positions with isotropic displacement parameters
set to 1.2 x Ueq of the attached atom. The unit cell includes disordered solvent molecules, which
could not be modeled as discrete atomic sites. We employed PLATON/SQUEEZE? 3 to calculate the
diffraction contribution of the solvent molecules and, thereby, to produce a set of solvent-free
diffraction intensities; structures were then refined again using the data generated. Crystal data are

summarized in Table S1.

Activation of NTU-65-series. Solvent-exchanged crystal was prepared by immersing the as-

synthesized samples in dry MeOH for two days to remove the nonvolatile solvents, and the extract



was decanted every 8 h and fresh acetone was replaced. The completely activated sample was
obtained by heating the solvent-exchanged sample at 25°C for 6 h, 60°C for 6 h and then 120°C for

20 h under a dynamic high vacuum.

Single-gas sorption measurements. Gas adsorptions were performed on a Belsorp volumetric
adsorption instrument (BEL Japan Corp.). In the sorption measurements, ultra-high-purity grade

gases were used throughout the experiments.

In-situ X-ray study. The fully activated crystals that loaded inside a double-layer sealed beryllium ball
were purged by C3H, at 273 K, respectively. The X-ray diffractions were then collected at different
pressures according to the corresponding isotherms. The system pressure was regulated by a
controller that contains an automatic dosing system and pressure sensor (0.01-100 kPa). For each
measurement, PXRD was collected at 20 min later, after adsorption reaches equilibrium at this

pressure.

Fitting of unary isotherm data. The unary isotherm data for CsH,, C3Hg and C3Hg, measured at three
different temperatures 273 K, 283 K, and 298 K in NTU-65-FeZr, NTU-65-FeTi, NTU-65-CoZr and NTU-
65-CoTi were fitted with good accuracy using the dual-site Langmuir-Freundlich model, where we
distinguish two distinct adsorption sites A and B:

— qsat,AbApVA + qsat,BbeVB
1+b,p""  1+b,p"”

(S1)
In eq (S1), the Langmuir-Freundlich parameters b,,b, are both temperature dependent
E E
b,=b,exp| =L |; b =b, exp| == S2
4 =Dy p(RTj » = Ogo p(RTj (52)
Ineq(S2), E,, E, are the energy parameters associated with sites A, and B, respectively.

The fit parameters are provided in Table S4-S7,

Isosteric heat of adsorption. The isosteric heat of adsorption, Qg, is defined as

_ _pp2f0lnp
O, =-RT (—GT l (S3)



where the derivative in the right member of eq (S3) is determined at constant adsorbate loading, g.
The derivative was determined by analytic differentiation of the combination of eq (S1), eq (S2), and

eq (S3).

IAST selectivities. The IAST was used to determine the selectivities for binary 50/50 C3He/C3Hg and
1/99 C3H,/C3He mixtures at 273 K, 283 K, and 298 K.

Transient breakthrough simulations. Transient breakthrough experiments were carried out for
binary 50/50 C3He/C3sHgand 1/99 C3H./CsHg mixtures at a total pressure of 100 kPa and 273 K. The
sample mass of MOF in the packed bed,m_, is 1 g. The flow rates at the inlet, O, = 5 mL min.
Transient breakthrough simulations were carried out using the methodology described in earlier

publications.*8 In these simulations, intra-crystalline diffusion influences are ignored.

Breakthrough measurements. All experiments were performed on a breakthrough instrument (CT-
4, Xuzhou North Gaorui). The initial activated series crystals were tightly packed into a stainless-steel
column (¢ = 0.5 cm, L = 16.0 cm). Then, the column was activated under vacuum at corresponding
temperature and then swept with He flow to remove impurities. Until no any signal was detected,
the gas flow was dosed into the column. Breakpoints were determined by gas chromatography.

Between cycling experiments, regeneration can be achieved under vacuum at 393 K for 2 h.

Computational Details. Adsorption energies for C3H,; were calculated to understand the order in
softness of NTU-65-series. We carried out canonical Monte-Carlo (MC) simulation® to locate C3H,
positions in these PCPs, as implemented in RASPA.1° The Lennard-Jones (LJ) potentials were used to
describe the Van der Waals interaction of gas molecules with PCP framework and the electrostatic
interaction was evaluated with the Ewald summation method. The LJ parameters for PCP framework
were taken from the standard universal force field (UFF)!! and the DDEC atomic charges!? of PCP
framework were used in the evaluation of electrostatic interaction. The LI parameters and atomic
charges of C3H, were taken from literature.’® In the MC simulation, the first 1x10° cycles were
employed for obtaining equilibration and then 3x10° cycles were used for obtaining distribution of

guest molecule. The final gas adsorption configuration obtained by above MC simulation was used



to construct the initial structure for performing geometry optimization with density functional theory
(DFT).

The Perdew-Burke-Ernzerhof functional® with Grimme’s semi-empirical “D3” dispersion term?®>
(PBE-D3), as implemented in the Vienna Ab initio Simulation Package (VASP 5.4.1),16 17 was employed
in these calculations. The plane wave basis sets with an energy cutoff of 500 eV were used to describe
valence electrons and the projector-augmented-wave pseudopotentials'® 1° were used to describe
core electrons. The criterion of atomic force for geometry optimization was set to be 0.02 eV/A. The
Brillouin zone was sampled by a I-point in these calculations. Hubbard U corrections?® were applied
to the d electrons of Ti, Fe, Co, and Zr atoms with U values of 3.0, 4.0, 3.3, and 3.0 eV, respectively.?t
22 Upon optimized structures, the binding energies (BE) were calculated with eq. S4;

BE = E(PCP-nC3Hy)eq /N — E(PCP)eq/Nn — E(G)eq (S4)

where E(PCP-nCsH,)eq is the total energy of PCPs with n gas molecules per unit cell, E(PCP)q and
E(G)eq are the total energies of empty PCPs in the closed phase and one free gas molecule,
respectively, and the subscript “eq” represents the equilibrium structure. Because the closed phases
of these PCPs are difficult to obtain in experiment, we started from the reported analogy of these
PCPs and replaced the corresponding atoms with Fe/Co and Ti/Zr, respectively. The structures of

open phases of PCPs were taken from our experimental results.



Table S1. Crystal information of NTU-65-series

NTU-65-FeZr

NTU-65-FeTi

NTU-65-CoZr

NTU-65-CoTi

Empirical formula
Formula weight
Crystal system

Space group

Unit cell dimensions

(A)

Volume (A3)
yA

Density
(g/cm?)
Mu (MoKa) (mm1)

Froo0)

Theta min-max

Index ranges

Tot , Uniq Data, R(int)
Observed data [| > 20

0]
Nref, Npar

R1I WRZI S

Max Shift

(calculated)

Cy4 Hyo Fe Fg Ng Zr
681.55
monoclinic

P2,/c

a =13.709(8)

b =25.837(15)
€=12.830(8)

6 =117.798(7)
4020(4)

4

1.126

0.711

1360

2.926, 27.812
-15<=h<=11
-29<=k<=25
-14<=I<=14

16998, 5968, 0.131

3282

5968, 362
0.1491,
1.08

0

0.3762,

Ca4 Hyo Fe Fg Ng Ti
638.20
monoclinic
C2/m

a =12.599(6)

b =25.838(11)
€=13.639(6)
6=116.756(5)
3965(3)

4

1.069

0.711

1288

2.979, 28.367
-9<=h<=16
-32<=k<=34
-18<=1<=18

11793, 4959, 0.085

2630

4959, 183
0.0835,
1.04

0

0.2385,

Cy4 Hyo Co Fg Ng Zr
684.63
monoclinic

pP2,/c

a =13.517(16)

b =25.270(3)

€ =12.693(15)
6=117.986(16)
3829(8)

4

1.188

0.711

1364

1.611, 24.549
-15<=h<=14
-29<=k<=29
-14<=1<=10

17589, 6235, 0.113

3123

6235, 361

0.0775, 0.1684, 1.02

0

Co4 Hyo Co Fg Ng Ti
641.31
monoclinic

P2,/c

a =13.667(8)

b =25.634(14)
€=12.720(7)

6 =115.987(8)
4006(4)

4

1.063

0.711

1292

1.589, 25.099
-16<=h<=15
-30<=k<=28
-15<=I<=15

29051, 7125, 0.095

3638

7125, 361
0.0591, 0.1635,
1.01

0

R =Z||Fol-IFcl I/ZIFol, wR = {Zlw (| F,|2 - |Fc[?)?)/Zlw (| F,o|%)]¥? and w = 1/[c*(Fo?) + (0.1452P)]

where P = (F,+2F:?)/3
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Figure S1. Comparison of the molecular size and shape of CsH,, CsHg and CsHs.
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Figure S2. Single-component C3Hg (a) and CsHg (b) isotherms of NTU-65 at different temperatures.



Figure S3. Photos of NTU-65-series.



Structure view of NTU-65-series
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Figure S4. Two kinds of channels in NTU-65-FeZr, where the accessible nanospace was highlighted

by gray.
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Figure S5. Two kinds of channels in NTU-65-FeTi, where the accessible nanospace was highlighted

by gray.
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Figure S6. Two kinds of channels in NTU-65-CoZr, where the accessible nanospace was highlighted

by gray.
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Figure S7. Two kinds of channels in NTU-65-CoTi, where the accessible nanospace was highlighted

by gray.



Figure S8. Packing view of the as-synthesized NTU-65-series framework along different directions.
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Figure S9. PXRD patterns of NTU-65-FeZr (a), NTU-65-FeTi (b), NTU-65-CoZr (c) and NTU-65-CoTi (d):
simulated, as-synthesized and soak in water for 30 days at 298 K samples. Phase purity of the bulk
crystals was identified by a comparison of the experimental and simulated patterns. The activated

phases are still high crystalline materials, and only the position of some diffraction peaks has

shifted, indicating structural change after solvent removal.
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Figure S10. TG curves of NTU-65-FeZr (a), NTU-65-FeTi (b), NTU-65-CoZr (c) and NTU-65-CoTi (d).
According to these results, activated phases of the four MOFs can be obtained by degassing

methanol exchanged crystals under high vacuum at 120 °C for 20 h.
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Figure S12. N, adsorption isotherms of NTU-65-series at 77 K. A ‘kink’ phenomenon occurred on all

of them. Compared to the polar N, probe (77 K), CO, molecule with large quadrupole-moment (-13.4 x
1040 C m?2) may interact with the electronegative F sites of the frameworks in a relatively strong manner.
Therefore, the instantaneous gate-opening triggered by N, at 77 K may change to a gradual opening

following an increase pressure of CO,, yielding eliminated “kink” phenomenon (Figure 2 in draft).



( a ) BET-Plot ( b) BET-Plot

0.0035 0.0045
0.004

0.003
0.0035

0.0025
0.003
g " 200025
= 0.0015 = 0.002
0.0015

0.001
0.001

0.0005
0.0005
0 0

0 0.05 0.1 0.15 02 025 03 035 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Plpe Plpy

( c ) BET-Plot ( d ) BET-Plot

0.005 0.005
0.0045 0.0045
0.004 0.004
0.0035 0.0035
0.003 0.003
T =
& 0.0025 £ 0.0025
= g
= =
0.002 0.002
0.0015 T T 0.0015
0.001 0.001
0.0005 0.0005
0 0
0 0.05 0.1 0.15 02 025 03 035 0 0.05 0.1 0.15 0.2 0.25 03 0.35
Plpo plpe

Figure S13. The consistency plots for BET fitting for NTU-65-FeZr (a), NTU-65-FeTi (b), NTU-65-CoZr
(c) and NTU-65-CoTi (d).
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Figure S14. The consistency plots for Langmuir fitting for NTU-65-FeZr (a), NTU-65-FeTi (b), NTU-65-

CoZr (c) and NTU-65-CoTi (d).



Table S2. The specific surface area and pore volume of NTU-65-series.

Materials Sger(m?- g1) Stangmuir (M?- g1) Vi(cm?3- g?)
NTU-65-FeZr 635.0 1066.1 0.3615
NTU-65-FeTi 545.3 931.8 0.3395
NTU-65-CoZr 537.3 1011.9 0.3392
NTU-65-CoTi 592.7 1078.5 0.3579
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Figure S15. Single-component C3H,4, C3Hg and C3Hg isotherms of NTU-65-FeZr at 278 (a), 283 (b), and
298 K (c). Following increased temperature, the gate-opening of C3H, becomes late, however, both

CsHg and C3Hg can not open the framework threshold the pressure under these temperatures.
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Figure S16. Single-component C3H,4, C3Hg and C3Hg isotherms of NTU-65-FeTiat 278 (a), 283 (b), and
298 K (c). Following increased temperature, the gate-opening of C3H, becomes late, while the gate-
opening only occurs at the temperature < 278 K toward C;Hg. However, C3Hg can not open the

framework threshold the pressure under these temperatures.
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Figure S17. Single-component C3H,4, C3Hg and C3Hg isotherms of NTU-65-CoZr at 278 (a), 283 (b), and
298 K (c). Following increased temperature, the gate-opening of CsHs becomes late, while the gate-
opening only occurs at the temperature < 283 K toward C3Hg. In addition, the gate-opening also

occurs toward C3Hg when the temperature < 278 K.
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Figure S18. Single-component C3H,4, C3Hg and C3Hg isotherms of NTU-65-CoTi at 278 (a), 283 (b), and
298 K (c). Following increased temperature, the gate-opening of C3H,4 also becomes late, while the
gate-opening only occurs at the temperature < 283 K toward CsHg with advanced pressure. In

addition, the gate-opening occurs toward C3Hg when the temperature < 283 K.
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Figure S19. Coincident in-situ PXRD patterns of the four crystals (a: NTU-65-FeZr, b: NTU-65-FeTi, c:
NTU-65-CoZr, d: NTU-65-CoTi) at given equilibrium pressures during C3H, adsorption and
desorption at 273 K. PXRD was collected after 20 min
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Figure S20. Optimized adsorption structures of CsH, in NTU-65-series. The adsorption positions of
CsH, were obtained by canonical Monte-Carlo simulation followed by density functional theory
calculations. There are two kinds of adsorption sites, each of which contains four symmetrical
positions. As a result, a total of eight molecules per unit cell were considered to calculate the
binding energy of C3H, with these PCPs. This amount is very similar to the experimental result (once

the gate-opening finish: 8.5) for C3H, adsorption in NTU-65-CoTi.
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Figure S21. Calculated IAST selectivity for CsH,s/CsHg mixtures (v/v = 1/99) and CsHg/CsHg mixtures

(v/v=1/1) at 273 K.
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Figure S22. The calculated adsorption heats of C3H4, C3Hg and C3Hgin NTU-65-series.
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Figure S24. Calculated breakthrough curves for C3H,/CsHg mixtures (v/v = 1/99) at 1 bar flowing
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Figure S25. Experimental breakthrough curves of NTU-65-FeZr (a), NTU-65-FeTi (b), NTU-65-CoZr (c)
and NTU-65-CoTi (d) for C3H,/C3He/C3Hg (0.5/49.75/49.75, v/v/v) separation at 273 K (gas velocity:

5.0 mL-min).
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Figure S26. Experimental breakthrough curves of NTU-65-FeZr (a), NTU-65-FeTi (b), NTU-65-CoZr (c)
and NTU-65-CoTi (d) for C3H,/C3He/C3Hg (0.5/49.75/49.75, v/v/v) separation at 273 K (gas velocity:
10.0 mL-min-1).
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Figure S27. Experimental breakthrough curves of NTU-65-CoTi: (a) C3Ha/CsHsg (1/99, v/v) and (a) CsHe/CsHg (1/1,

v/v) separation at 273 K (gas velocity: 2.0 mL/min).
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Figure S28. Cycling tests of NTU-65-CoTi for the C3H4/C3Hg/CsHg mixtures (0.5/49.75/49.75, v/v/v,
5.0 mL/min).



Figure S29. SEM patterns of NTU-65-FeZr (a, b), NTU-65-FeTi (c, d), NTU-65-CoZr (e, f) and NTU-65-

CoTi (g, h) before activation and after breakthrough measurements.



Table S3. Uptakes (mL-g™) of CsH,4, C3Hg and CsHg in NTU-65-series and other benchmark MOFs.

Temp. C3H4 uptake CsHg uptake CsHguptake | Uptake ratio | Uptake ratio | Uptake ratio
Compounds (K) 0.1bar | 1 bar | 0.5bar | 1bar |0.5bar|1bar of((C;T;gBHG Of(g?j;g%Hg Of(g?:':g?)Hs Ref.
Ternary separation
NTU-65-CoTi 73.9 95.9 57.4 75.0 1.6 34.6 1.3 35.9 46.2
NTU-65-Cozr - 462 | 870 | 86 | 662 | 1.0 | 404 5.4 8.6 46.2 This
NTU-65-FeTi 3.9 69.0 1.3 44.2 0.7 1.4 3.0 1.9 5.6 work
NTU-65-FeZr 0.6 74.7 0.7 4.4 0.5 1.0 0.9 1.4 1.2
C;3H4/C3Hg separation
UTSA-200 298 73.9 80.2 15.7 26.9 - - 4.7 - - 23
ZU-13 298 69.4 86.9 27.2 31.4 - - 2.6 - - 2
ELM-12 298 56.9 | 62.0 | 26.0 | 32.0 - - 2.2 - - %
NbOFFIVE-1-Ni 38.5 42.3 21.3 27.5 - - 1.8 - -
SIFSIX-1-Cu 153.4 |196.2| 121.2 |132.2 - - 1.3 - -
SIFSIX-2-Cu-i 298 65.0 92.5 53.7 59.6 - - 1.2 - - 26
SIFSIX-3-Zn 473 | 506 | 379 | 422 - - 1.2 - -
SIFSIX-3-Ni 61.2 64.6 55.0 61.5 - - 1.1 - -
NKMOF-1-Ni 298 53.8 78.4 38.4 46.0 - - 1.4 - - 2
ZU-62 298 67.4 83.0 53.0 60.6 - - 13 - - 28
Fe-MOF-74 318 149.4 (177.9| 136.6 | 148.5 - - 1.1 - - 2
SIFSIX-Cu-TPA 298 152.6 |188.3| 120.8 | 130.1 - - 13 - - 30
Sqt')';\'etf?f/i\f' 298 | 537 |651| 424 | 470 | - - 13 - - 1
GeFSIX-dps-Cu 273 74.6 86.7 1.8 1.8 - - 41.4 - - .
GeFSIX-dps-Zn 49.7 | 85.1 1.8 1.8 - - 27.6 - -
C3Hs/C3H; separation
NTU-85 298 - - 9.0 10.2 | 0.02 | 0.06 - 450 - 33
JUN-3a 273 - - 65.6 69.4 | 56.3 | 58.7 - 1.2 - 2
303 - - 51.3 | 58.6 | 14.6 | 48.0 - 35 -
HOF-16a 273 - - 62.7 68.5 369 | 41.8 - 1.7 - 35
Ni(BDC)(TED)os | 273 - - 152.3 | 160.9 | 144.7 |151.8 - 1.1 - 36
Co-gallate 273 - - 85.8 96.9 6.6 9.8 - 13.0 - .
298 - - 30.1 | 40.1 2.8 31 - 10.8 -
CPL-1 273 28.9 40.8 5.1 6.5 - 5.7 - 38
UTSA-400 298 - - 38.1 42.3 1.1 1.1 - 34.6 - 39
NKU-FlexMOF-1 273 - - 72.2 73.6 59.5 | 61.1 - 1.2 - 20
298 - - 69.6 69.9 63.5 | 65.7 - 1.1 -
KAUST-7 298 - - 25.2 31.4 0.5 2.0 - 50.4 - 41
Co,(m-dobdc) 298 166.2 | 170.7 | 129.5 {137.3 - 1.3 - 42
Y-abtc 298 - - 43.0 44.3 1.4 1.4 - 30.7 - 43
Ni-NP 298 - - 72.1 79.6 41.2 | 47.7 - 1.8 - 44
ZJU-75a 296 - - 643 | 741 | 45.8 | 52.2 - 1.4 - 4

Note: “-~”means no available data.




Table S4. Dual-site Langmuir-Freundlich fits for C3H4, C3Hg and C3Hg in NTU-65-FeZr.

Site A Site B
9 dsar bA,O E, y 4 B.sar & E; y
mol kg™ Pa ™4 kJ mol™ 4 mol kg Pa™"s kJ mol™ ?
CsHy 3 9.503E-07 6.8 0.67 2.9 2.672E-105 343 8.85
CsHg 1 2.225E-51 38.7 8.35 4 2.793E-07 5.1 0.75
CsHg 0.4 1.104E-11 8.6 1.6 0.025 3.449E-11 35 0.85




Table S5. Dual-site Langmuir-Freundlich fits for C3H4, C3Hg and C3Hg in NTU-65-FeTi.

Site A Site B
9 isar by E, y 95 sar by Ey y
mol kg' Pa ™" kJ mol™! 4 mol kg Pas kJ mol™ ?
CsHy 3 8.557E-15 45 1 2.35 2.693E-103 345 8.8
C3Hg 2.05 4.991E-135 387 123 0.07 1.215E-06 115 0.8
C3Hg 0.7 4.388E-22 65 1.5 0.85 4.621E-08 15 0.62




Table S6. Dual-site Langmuir-Freundlich fits for C3H4, C3Hg and C3Hg in NTU-65-CoZr.

Site A Site B
9 4sar by E, y 495 sar by Ly v
mol kg' Pa ™" kJ mol™! 4 mol kg' Pa's kJ mol™ b
C3H, 14 3.538E-20 65 1.6 2.6 3.147E-76 259 6.6
CsHe 2.8 3.406E-109 302 10.6 2.6 2.832E-07 11.7 0.56
CsHe 2.6 9.609E-85 216 8.6 1 6.420E-07 10 0.6




Table S7. Dual-site Langmuir-Freundlich fits for C3H4, C3Hg and C3Hg in NTU-65-CoTi.

Site A Site B
9 t.sar byo E, y 9B sar by E, y
mol kg™ Pa™ kJ mol™ 4 mol kg' Pa™ kJ mol™ ?
CsHy 1.6 4.130E-18 59 1.45 2.8 1.321E-70 250 6.1
C3Hg 3.2 3.359E-66 225 4.9 2.9 3.229E-05 2 0.51
C3Hg 2.1 2.844E-56 120 6.6 0.02 3.360E-07 9.7 1.2
Notation
b Langmuir-Freundlich constant, Pa™
E energy parameter, J mol?
L length of packed bed adsorber, m
m,, mass of adsorbent packed in fixed bed, kg
q component molar loading of species i, mol kg!
Qsat saturation loading, mol kg!
o, volumetric flow rate of gas mixture entering fixed bed, m3 s!
o, isosteric heat of adsorption, ] mol!
T absolute temperature, K

Greek letters

v

Freundlich exponent, dimensionless
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