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A B S T R A C T   

Two isostructural closo-dodecaborate [B12H12]2- pillared metal organic frameworks (MOFs), BSF-4 and BSF-9, 
were synthesized and compared in the performance of selective gas adsorption and separation. BSF-9 with 
symmetrical interpenetration and two contracted 1D channel exhibited efficient uptake of C2H2 (85.1/76.3 
mLg− 1, 278/298 K) with high separation selectivity over C2H4 (41.4, 298 K), outperforming BSF-4 (7.3, 298 K) 
and many benchmark MOFs. The selectivity of C2H6/CH4, CO2/CH4, CO2/N2 on BSF-9 (25.2, 9.9, 56.6) and BSF- 
4 (19.0, 8.9, 41.7) was all relatively high and comparable. The practical gas separation ability for C2H2/C2H4 
mixtures on BSF-9 was confirmed by mixed gas breakthrough experiments with negligible capacity loss after 4 
cycles, indicating its potential for purification of ethylene from acetylene-containing industrial gas mixtures. The 
C2H2 and C2H4 bonding sites and bonding energies within the framework of BSF-9 were further compared by 
density functional theory (DFT) study, indicating that C2H2 can be trapped tightly between two anionic 
[B12H12]2- by four synergistic dihydrogen bonds while C2H4 only interacts with single [B12H12]2- with weaker 
bonding energy. BSF-4 with asymmetrical interpenetration and single extended 1D channel showed higher 
selectivity of C3H8/CH4 (138.5, 298 K) than that of BSF-9 (64.0, 298 K). Inverse ambient adsorption capacity of 
C3H8 < C2H6 was observed in BSF-9 due to the small pore window and 1D channel.   

1. Introduction 

The separation of light hydrocarbon mixtures into each pure 
component is an important but energy-consuming process in the 
petrochemical industry [1]. Ethylene (C2H4) is the foremost olefin in the 
world with an annual production capacity over 170 million metric tons 
in 2018 [2]. It is mainly produced by steam cracking, during which a 
small amount of acetylene (C2H2) is produced and needs to be removed 
to < 40 ppm for avoiding catalyst poisoning during polymerization 
owning to the formation of metal acetylide [3]. However, the separation 
of C2H2 from C2H4 represents one of the most challenging tasks due to 
the similarity of their physical and chemical properties [4]. Conven-
tional approaches for C2H2/C2H4 separation relying on cryogenic 
distillation, partial hydrogenation or solvent extraction are either highly 

energy-intensive or associated with pollution. Therefore, it is necessary 
to develop effective, sustainable, and energy-efficient alternative tech-
nologies for the removal of trace C2H2. On the other hand, natural gas 
(NG) has become a promising clean energy source to replace the con-
ventional fossil fuels due to its natural abundance and environmental 
friendliness, which consists mainly of methane (75–90%) [5]. Besides 
methane, a small amount of C2H6, C3H8, and CO2 (totally 0–20%) exist 
in the NG as well. To improve the quality of NG and recover C2H6 and 
C3H8, efficient separation of C2H6 and C3H8 from CH4 is a prerequisite 
[6] (see Table 1). 

Adsorption-based separation using porous solid materials is a 
promising alternative method for efficient separation and purification of 
hydrocarbon mixtures [7]. Porous metal–organic frameworks (MOFs) 
constructed by metal-ions/clusters and organic linkers are potential 
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adsorbents for this application due to their modular nature with 
controllable pore aperture and surface environment [8]. In the context 
of light hydrocarbon separation, a plenty of MOFs with specific H- 
bonding acceptors (-F, -Cl –OH, –NH2) [9] or coordinatively unsaturated 
open metal sites (OMSs) [10] have been developed, such as SIFSIX-2-Cu- 
i [9a], NKMOF-1-Ni [10a], and MOF-74 [10b]. Compared to the well 
developed highly electronegative -F, –OH, –NH2 groups, the modestly 
electronegative B-Hδ- group has less been used for the selective recog-
nition of polar hydrocarbon molecules from less polar hydrocarbon 
molecules mainly due to the lack of MOFs featuring B-Hδ- functionality 
[11]. 

In 2019, we reported the first example (BSF-1) of anionic boron 
cluster pillared supramolecular metal–organic frameworks (BSFs) by 
self-assembly of Cu2+, B12H12

2- anion and 1,2-bis(4-pyridyl)acetylene 
linkers [12]. Since then, our interests continually focus on the design 
and preparation of new BSFs [13]. Through extending the organic ligand 
length, a isoreticular MOF named as BSF-3 with the composition of 
CuB12H12(dpb)2 (dpb = 1,4-di(pyridin-4-yl)benzene) could be gener-
ated [13b]. Compared to BSF-1, BSF-3 exhibited much increased C2H2 
capacity and selectivity over C2H4 and CO2, which was one of the best 
materials for separation of C2H2/C2H4 and C2H2/CO2 at that time. Very 
recently, we designed the first example (BSF-9, also termed also ZNU-1) 
of symmetrically interpenetrated BSFs, which exhibited the record 
C2H2/CO2 selectivity among all the robust materials without open metal 
sites [13f]. At 298 K and 0.01 bar, the C2H2 uptake on BSF-9 was 1.22 
mmol/g, much higher than those from BSF-3 (0.77 mmol/g) and many 
other benchmark materials. Herein, we would like to detailed investi-
gate the separation performance of other gas mixtures in BSF-9 and 
compare it with its isostructural analogue BSF-4 (Fig. 1). BSF-9 and BSF- 
4 feature similar single network due to the close length and shape of 
organic linkers (9.3 Å for BSF-9 and 9.0 Å for BSF-4). However, BSF-9 is 
symmetrically interpenetrated while BSF-4 features asymmetric inter-
penetration as other BSFs. Therefore, two pores are accessible in BSF-9 

while only the largest pore is useful in BSF-4. The results showed that 
BSF-9 exhibited remarkable C2H2/C2H4 separation performance. The 
calculated ideal adsorbed solution theory (IAST) selectivity for 1/99 
C2H2/C2H4 and 50/50 C2H2/C2H4 was 10.2–19.7 and 11.3–41.4, supe-
rior to those of many popular MOFs. The binding configurations and 
bonding energies (ΔE) of C2H2 and C2H4 calculated by density func-
tional theory (DFT) study indicated that C2H2 was tightly trapped by 
four H-bonding acceptors from two opposite dodecaborates with ΔE of 
56.9 kJ/mol while C2H4 only interacted with single dodecoborate with 
decreased ΔE of 44.1 kJ/mol. The practical separation of C2H2/C2H4 
was demonstrated by breakthrough experiments with good recycability. 
Moreover, BSF-9 showed slightly improved IAST selectivity of C2H6/ 
CH4, CO2/CH4, and CO2/N2 compared to BSF-4. However, the capacity 
of C3H8 as well as the selectivity of C3H8/CH4 (144.6–114.1) are much 
higher in BSF-4, which is probably due to the contract pore window of 
BSF-9 (Fig. 1b). Notably, the capacity of C2H6 is higher than that of C3H8 
in BSF-9, which has rarely been reported. Such abnormal phenomenon is 
also resulted from the small pore windows that hinder large molecules to 
pass through. 

2. Experimental 

2.1. Preparation of BSF-4 and BSF-9 

The detailed procedure for the synthesis of BSF-4 and BSF-9 could be 
found in our recently reported work [13c, f]. The detailed basic char-
acterization of those two MOFs has also been reported there. 

2.2. Adsorption measurements 

The gas adsorption measurements were performed on a Builder SSA 
7000 (Beijing) instrument with two separated stations. Before gas 
adsorption measurements, the sample was evacuated at 70 ◦C for 24 h 
until the pressure dropped below 0.1 Pa. 

2.3. Fitting of pure component isotherms 

The adsorption isotherms in BSF-9 and BSF-4 were fitted using a 
dual-site Langmuir model (or single-site Langmuir model): 

q =
qsat,AbAp
1 + bAp

+
qsat,BbBp
1 + bBp

(1) 

P is the pressure of the bulk gas at equilibrium with the adsorbed 
phase (kPa), q is the adsorbed amount per mass of adsorbent (STP mL 
g− 1), qA,sat and qB,sat are the saturation capacities of site A and B (STP mL 
g− 1), bA and bB are the affinity coefficients of site A and B (kPa− 1). For 

Table 1 
Dual-site or single-site Langmuir parameter fits.  

MOFs Gases qA,sat bA0 EA qB,sat bB0 EB 

BSF-9 C3H8  15.98 9.94E-13  58.43 18.34 2.30E-06 31.34 
C2H6  34.49 1.03E-09  34.10 – – – 
CH4  42.15 3.20E-07  22.58 – – – 
C2H2  56.56 1.08E-9  50.5 31.36 1.57E-9 40.46 
C2H4  18.82 1.203E-14  65.5 33.6 1.26E-7 34.4 
N2  37.81 4.63E-7  17.69 – – – 

BSF-4 C3H8  27.79 1.83E-08  43.7 13.49 3.49E-09 36.73 
C2H6  36.53 5.28E-08  34.77 – – – 
CH4  41.17 4.14E-07  21.97 – – –  

Fig. 1. Crystal structure of BSF-4 and BSF-9 with unit cells of 1 × 2 × 1. Voids are generated with a probe radius of 1.2 Å.  
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single-site Langmuir model, qB,sat = 0. 
In eq (1), the Langmuir parameters bA, bB are both temperature 

dependent 

bA = bA0exp
(

EA

RT

)

; bb = bB0exp
(

EB

RT

)

(2) 

In eq (2), EA,EB are the energy parameters associated with sites A, 
and B 

All the adsorption isotherms are fitted with excellent accuracy (R2 >

0.99). The dual-site or single-site Langmuir parameter fits for gases in 
BSF-9 and BSF-4 are shown below (Table 1). 

The isosteric heat of adsorption, Qst, is defined as 

Qst = − RT2
(

∂lnp
∂T

)

q (3) 

The derivative in the right member of eq (3) is determined at con-
stant adsorbate loading, q (STP mL g− 1). The calculations are based on 
the use of the Clausius-Clapeyron equation. 

The IAST adsorption selectivity for two gases is defined as: 

Sads =
q1/q2

y10/y20
(4) 

Here, q1, and q2 are the loadings in the adsorbed phase in equilib-
rium. y10, y20 are the mole fractions of the bulk gas phase mixture. 

2.4. Methods for simulated breakthrough curves 

Transient breakthrough simulations of the adsorption were carried 
out for 1/99 C2H2/C2H4 mixtures, CO2/N2 (15/85) mixtures, C3H8/ 
C2H6/CH4 (5/10/85) mixtures, operating at a total pressure of 100 kPa 
and 298 K, using the methodology described in earlier publications 
[13f]. For comparing the separation performance of MOFs, simulations 
of transient desorption are carried out under these conditions: cross- 
sectional area, A = 1 m2; superficial gas velocity at the entrance to the 
bed, 0.04 m s− 1; voidage of the packed bed = 0.4, the mass of the 
adsorbent in the bed = 180 kg. 

2.5. Dynamic breakthrough experiments 

The breakthrough experiments were conducted in a dynamic gas 
breakthrough equipment using a stainless steel column (Φ 1 cm inner 
diameter × 20 cm length). The weight of BSF-9 packed in the column 
was 2.14 g. The column packed with sample was first purged with a Ar 
flow (5 mL min− 1) for 12 h at 75 ◦C. Then a 1/99 C2H2/C2H4 gas mixture 
was introduced. Outlet gas from the column was monitored using gas 
chromatography (GC-9860-5CNJ, Shanghai) with the thermal conduc-
tivity detector TCD. After the breakthrough experiment, the sample was 
regenerated with Ar purge for second use. 

2.6. DFT calculation 

The DFT calculation were performed using the Gaussian package. 
The PBE0 functionals with the Grimme’s D3(BJ) dispersion correction 
were applied to DFT calculations along with the 6–311 + G(d, p) basis 
set. All structures were optimized without any symmetry constraints and 
the optimized minimum-energy structures were verified as stationary 
points on the potential energy surface by performing numerical har-
monic vibrational frequency calculations. The equation for the calcu-
lation of binding energy (ΔE) is defined as: ΔE = E (BSF + gas) – [E 
(BSF) + E (gas)]. 

3. Results and discussion 

3.1. C2H2/C2H4 separation 

Single component C2H2 adsorption measurements were conducted at 
273, 278, 283, 288, 293, 298, 303 and 308 K for BSF-9 after activation, 
which all showed Type I isotherms with steep slopes under low pressure 
range (Fig. 2a). The C2H2 uptakes at 0.01 bar were relatively high and 
the values were 48.6, 44.0, 40.3, 36.6, 32.7, 26.2, 22.2, 16.1 mL/g, 
respectively. At 1.0 bar, the C2H2 uptakes were 82.5, 76.3, and 69.1 mL/ 
g at 288, 298, and 308 K respectively. When compared, C2H4 adsorption 
isotherms was less steep and the C2H4 capacities were 41.2, 37.1, and 
32.2 mL/g respectively (Fig. 2b). Notably, the C2H2/C2H4 uptake ratio 
in BSF-9 at 0.01 bar were as high as 10, superior to many leading ma-
terials such as BSF-3 (5) [13b] and NKMOF-1-Ni (4) [10a]. The isosteric 
enthalpy of adsorption (Qst) for BSF-9 was then calculated using the 
Clausius − Clapeyron equation. Qst values at very low loading for C2H2 
and C2H4 were 54 and 35 kJ/mol (Fig. 2c), well consistent with the static 
isotherms. The Qst values for C2H4 were increased rapidly after the gas 
loading was over 1.0 mmol/g, which is probably due to the close 
packing of C2H4 molecules in the contract pores that leads to the 
enhanced guest–guest interactions. 

The selectivity for C2H2/C2H4 (50/50 and 1/99) gas mixtures on 
BSF-9 at 298 K was calculated using ideal adsorbed solution theory 
(IAST) after fitting isotherms to the dual-site Langmuir equation with 
excellent accuracy (R2 > 0.998). At 1.0 bar, the IAST selectivity for 
equimolar C2H2/C2H4 mixtures is 41.4 (Fig. 2d), superior to BSF-4 (7.5) 
[13c], BSF-3 (13.0) [13b], BSF-3-Co (10.2) [13b], BSF-2 (2.9) [13a], 
BSF-1 (2.4) [12] and many other popular MOFs such as TIFSIX-2-Ni-i 
(16.3) [14], JCM-1 (13.2) [15], M’MOF-3a (34.2) [16], UTSA-100a 
(19.6) [17], SIFSIX-2-Cu-i (41.0) [9a] and SIFSIX-1-Cu (10.63) [9a] 
(Table 2). The IAST selectivity for 1/99 C2H2/C2H4 in BSF-9 at 1.0 bar is 
decreased to 19.7, but still much higher than those of BSF-3-Co (8.5) and 
BSF-3 (8.1) (Fig. 2e) as well as many leading materials such as ELM-12 
(14.8) [18], UTSA-100a (10.72) [17], SIFSIX-3-Zn (8.82) [9a], SIFSIX-3- 
Ni (5.03) [9a], SIFSIX-1-Cu (10.63) [9a], SIFSIX-2-Cu (6.0) [9a], NOTT- 
300 (2.17) [19] and FeMOF-74 (2.08) [20] (Table 2). The higher IAST 
selectivity for 1/99 mixtures than for 50/50 mixtures is consistent with 
the high affinity of BSF-9 to C2H2 under low pressures but decreased 
uptake ratios of C2H2/C2H4 under high pressures. The C2H2 and C2H4 
uptake capacities from C2H2/C2H4 mixture were calculated based on 
IAST model, which indicated that the C2H2 uptakes from 50:50 and 1:99 
mixtures were 3.05 and 0.29 mmol/g (Fig. 2f). 

studies using dispersioncorrected density functional theory (DFT-D) 
calculations were conducted (Fig. 3). C2H2 was tightly trapped by four 
H-bonding acceptors from two opposite dodecaborates. The four B- 
Hδ–⋅⋅⋅Hδ+-C distances were 2.183, 2.263, 2.285, and 2.397 Å, respec-
tively. The calculated bonding energy (ΔE) was as high as 56.9 kJ/mol. 
In sharp contrast to C2H2 adsorption configuration, C2H4 was observed 
to only interact with the dodecoborate anion from single side with B- 
Hδ–⋅⋅⋅Hδ+-C distances of 2.311 and 2.399 Å. The B-Hδ–⋅⋅⋅Hδ+-C distances 
between C2H4 and dodecaborate on the other side were 2.439 and 2.804 
Å, beyond the definition of dihydrogen bonds (≤2.4 Å). However, a close 
contact between C2H4 and pyridyl groups were observed with B-Hδ–⋅⋅⋅π 
distance of 2.867 Å. The calculated bonding energy between C2H4 and 
BSF-9 was 44.1 kJ/mol, much lower than that for C2H2 adsorption, 
which is highly consistent with the experimental results. 

To evaluate the practical feasibility of BSF-9 for selective C2H2 
capture from the binary C2H2/C2H4 mixture, experimental break-
through studies were conducted. A gas mixture of C2H2/C2H4 (1/99) 
was passed over a tubular column packed with activated BSF-9 solid at 
298 K with a flow rate of 5 mL/min. The breakthrough curve depicted in 
Fig. 4a clearly demonstrated that BSF-9 could remove trace C2H2 from 
C2H4 under dynamic conditions in an effective manner. C2H4 with a 
lower affinity for BSF-9 appeared at the outlet of column at 10.5 min. 
The flow of pure C2H4 at the outlet continued until the mass-transfer 
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zone of C2H2 that propagated along the column reached the end of the 
column at 85.5 min. This large breakthrough time difference indicated 
the excellent separation performance of BSF-9 for C2H2/C2H4 mixtures. 
The regeneration conditions for BSF-9 after saturation of the C2H2/C2H4 
gas mixture were tested. After the completion of the breakthrough ex-
periments, the column was purged with a Ar flow (5 mL/min) at 348 K 
and the outlet gas concentration was monitored. The results showed that 
the outlet concentration of C2H4 and C2H2 reduced to a very low con-
centration (<100 ppm) within 2 h, which indicated the easy regenera-
tion of BSF-9 (Fig. 4b). The breakthrough experiments were repeated for 
4 times and the performance of BSF-9 was almost invariable over 4 
adsorption–desorption cycles, indicating the good recycability of BSF-9 
for C2H2 capture. The experimental breakthrough curves were 
compared with the simulated one under similar conditions (Fig. 4c). The 
simulated breakthrough curves are slightly sharper due to the neglect of 
the intra-crystalline diffusion in simulation, indicating that small 

diffusional influences exist in the real breakthrough experiments. 
Otherwise, these two curves matched with each other very well. 

3.2. CO2/N2 separation 

The capture of CO2 from N2 in flue gas is important to reduce the 
emission of greenhouse gas into the atmosphere [23]. In this context, a 
plenty of MOFs have been developed to selective separation of CO2 
(kinetic molecular diameter 3.3 Å) and N2 (kinetic molecular diameter 
3.65 Å) [24]. However, MOFs with suitable pores for molecular sieving 
of CO2 from N2 are rare. Considering the electronagetive boron cluster 
that can interact with polar molecules by electrostatic interaction as well 
as the small pore windows in BSF-4 and BSF-9, we would like to 

Fig. 2. Static gas adsorption data. (a) 
C2H2 adsorption isotherms in BSF-9 at 
273–308 K in the pressure range of 0–1 
kPa. (b) C2H2 and C2H4 adsorption iso-
therms in BSF-9 at 288–308 K in the 
pressure range of 0–105 kPa. (c) The 
isosteric heat of adsorption, Qst, for C2H2 
and C2H4 in BSF-9. (d) C2H2/C2H4 
(50:50) IAST adsorption selectivity 
comparison. (e) Comparison of the 
C2H2/C2H4 (1:99) IAST selectivity and 
C2H2 capacity under low pressure. (f) 
Calculated gas uptake from C2H2/C2H4 
mixture.   

Table 2 
Comparison of the C2H2 and C2H4 uptake capacities and IAST selectivity among 
popular MOFs To understand the adsorption difference between C2H2 and C2H4, 
modeling  

Porous Materials C2H2 uptake 
(cm3/g) 

C2H4 uptake 
(cm3/g) 

C2H2/C2H4 

Selectivity 
(100 kPa, 298 K) 

Ref 

50:50 1:99 

BSF-1 52.6 36.5 2.4 2.2 [12] 
BSF-2 41.4 29.6 2.9 2.8 [13a] 
BSF-3-Co 86.2 56.2 10.2 8.5 [13b] 
BSF-3 81.8 53.1 13.0 8.1 [13b] 
BSF-4 53.3 34.9 7.3 – [13c] 
TIFSIX-2-Ni-i 94.3 54.2 16.3 22.7 [14] 
JCM-1 76.5 38.1 13.2 8.1 [15] 
UTSA-100a 95.65 37.18 19.6 10.72 [17] 
SIFSIX-1-Cu 190.4 92.0 4.95 6.0 [9a] 
SIFSIX-2-Cu-i 90.0 49.1 41.01 44.54 [9a] 
M’MOF-3a 42.5 8.96 34.2 20.03 [18] 
ELM-12 57.3 22.5 ~28 14.8 [10] 
SIFSIX-3-Zn 81.53 50.18 13.72 8.82 [9a] 
SIFSIX-3-Ni 73.92 39.2 5.98 5.03 [9a] 
NOTT-300 142.01 94.97 2.3 2.17 [19] 
FeMOF-74 152.3 136.64 2.1 2.08 [20] 
CoMOF-74 183 157 1.62 1.7 [20] 
FJU-22a 114.8 85.8 – 25.8 [21] 
NKMOF-1-Ni 61 47.3 – ~50 [10a] 
PCP-33 121.8 86.8 ~3 – [22] 
BSF-9 76.3 37.1 41.4 19.7 This work  

Fig. 3. Comparison of the DFT-D optimized adsorption configurations of C2H2 
(A) and C2H4 (B) in BSF-9. 
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investigate the separation selectivity of CO2/N2 in these two BSFs. BSF-4 
took up 35.8 mL/g of CO2 at 298 K and 1 bar but only adsorbed 2.0 mL/g 
of N2 (Fig. 5). Similarly, BSF-9 took up 38.1 mL/g of CO2 and 2.1 mL/g 
of N2 under the same conditions. Slight hysteresis was observed for the 
desorption curves due to the relatively high affinity of the BSFs towards 
CO2. The calculated IAST selectivity is 56 in BSF-9 and 42 in BSF-4 for 
equimolar CO2/N2 mixtures. For 15/85 CO2/N2 mixtures that are 
related to the composition of flue gas, the calculated IAST selectivity is 
53 in BSF-9 and 44 in BSF-4. Therefore, both materials showed 
extremely high selectivity to capture CO2 from N2. Such selectivity is 
higher than those of many popular MOFs such as MIL-53(Al) (10.1) [25], 
UiO-67 (9.4) [26], BUT-11 (31.5) [26] and ZIF-81 (24.0) [27]. We also 
measured the CO2 and N2 adsorption isotherms in BSF-9 at 288 and 308 
K. The calculated selectivity is 99 at 288 K and 37 at 308 K. The simu-
lated breakthrough curves for BSF-9 and BSF-4 further confirmed the 
superior selectivity of BSF-9 compared to BSF-4 (Fig. 6). 

3.3. C3H8/C2H6/CH4 separation 

Natural gas (NG) has been considered as a cleaner energy alternative 
to other automobile fuels such as gasoline and diesel [28]. The con-
sumption is over 3.1 trillion cubic meters per year globally. In general, 
NG mainly consists of methane (CH4), ethane (C2H6) and propane 

(C3H8). To fully utilize them, the separation is necessary. In this context, 
we would like to study the C3H8/C2H6/CH4 adsorption and separation 
selectivity in BSF-4 and BSF-9. For all the three gases, the adsorption 
isotherms are collected at 288, 298, and 308 K (Fig. 7a-f). In BSF-4, the 
C3H8 capacities are 36.2, 34.0, and 32.3 mL/g from 288 to 308 K. The 
C2H6 capacities were slightly lower under each temperatures and the 
CH4 uptakes were<1/3 of those for C3H8. Such uptake trend (C3H8 >

C2H6 > CH4) is consistent with those of nearly all the reported materials 
[29]. In BSF-9, the gas uptake trend is obviously different. While the 
uptakes of CH4 is still very low, the uptakes of C2H6 are all higher than 
those of C3H8 at 100 kPa from 288 to 308 K although the uptakes of C3H8 
are higher under very low pressure ranges (<20 kPa). These unusual 
phenomena can be explained by: 1) C3H8 have more hydrogen atoms 
and larger molecular size and can interact with the framework more 
strongly initially; 2) the pores of BSF-9 are very small, leading to 
weakened accommodation space for larger molecules under near- 
saturation pressure. The isosteric enthalpy of adsorption (Qst) of C3H8, 
C2H6 and CH4 in BSF-4 and BSF-9 are all calculated using the Clausius −
Clapeyron equation. The corresponding Qst values at near-zero loading 
were 43.7, 34.8 and 22.0 kJ/mol in BSF-4 and 32.0, 34.1, 22.6 kJ/mol in 
BSF-9 (Fig. 7g). For both materials, The Qst trend is the same as the 
capacity trend at 100 kPa. The IAST selectivity for C3H8/CH4 (5/95) and 
C3H8/CH4 (10/90) gas mixtures on BSF-4 and BSF-9 at 288–308 K was 
then calculated and compared. BSF-4 showed very high C3H8/CH4 
selectivity (258–167 at 288 K, 192–138 at 298 K, and 145–114 at 308 K), 
much higher than those of BSF-9 and many other porous MOFs such as 
UiO-67 (74) [29a], JUC-Liu5 (108) [30], MFM-202a (87) [31] and 
InOF-1 (90) [32]. However, for C2H6/CH4 separation, BSF-9 exhibited 
slightly higher selectivity (32–29 at 288 K, 27–25 at 298 K, 24–22 at 
308), which is also higher than many well-known materials such as BSF- 
1(23) [12], UiO-67 (8) [27a] and InOF-1 (17) [32]. Additionally, a large 
kinetic difference between BSF-9 and BSF-4 were observed for C3H8 
adsorption when we measured their adsorption isotherms at the same 
time. It takes about 2–3 folds of time to finish the data collection for BSF- 
9 compared to for BSF-4 (Fig. S1-6). This can also be explained by the 
smaller pore windows and channels in BSF-9 that hinder the mass 
transfer. The simulated breakthrough curves for BSF-9 and BSF-4 for 
C3H8/C2H6/CH4 (5/10/85) mixtures indicated the better C3H8 capture 

Fig. 4. The breakthrough data. (a) Breakthrough curves of C2H2/C2H4 (1/99) mixtures at 298 K on BSF-9 for 4 repetitive cycles. (b) Regeneration test of BSF-9 by 
purging a Ar flow (5 mL/min) at 348 K. (c) Comparison of the simulated and experimental breakthrough curves. 

Fig. 5. (a) CO2 and N2 adsorption and desorption isotherms at 298 K in BSF-4. (b) CO2 and N2 adsorption and desorption isotherms at 288, 298 and 308 K in BSF-9. 
(c) Calculated IAST selectivity of CO2/N2 (50/50) mixture in BSF-4 and BSF-9. 

Fig. 6. Comparison of the simulated breakthrough curves of CO2/N2 (15/85) 
for BSF-9 and BSF-4. 
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performance in BSF-4, consistent with the static gas adsorption data 
(Fig. 8). Dynamic breakthrough experiments were also conducted for 
BSF-9 and BSF-4, which showed that BSF-4 owned the better C3H8 
capture performance (Fig. S2). 

4. Conclusions 

In summary, two isostructural ultra-microporous boron cluster pil-
lared metal organic supramolecular frameworks, BSF-4 and BSF-9, 
constructed by the self-assembly of Cu2+, closo-dodecaborate and 
dipyridyl linkers were synthesized for highly selective separation of 
C2H2/C2H4, CO2/N2, and C3H8/C2H6/CH4. Notable features of this work 
include: 1) remarkable C2H2/C2H4 selectivity and high C2H2 capacity in 
BSF-9; 2) good dynamic separation performance of C2H2/C2H4 in BSF-9 
with excellent recyclability; 3) reasonable illustration of the C2H2 and 
C2H4 adsorption difference by modeling study; 4) high CO2/N2 selec-
tivity achieved both by BSF-4 and BSF-9 through near-sieving effect; 5) 
inverse ambient adsorption capacity of C3H8 and C2H6 observed in BSF- 

9; 6) distinct C3H8 adsorption kinetics observed for BSF-4 and BSF-9. In 
general, our work demonstrates the importance of pore size control and 
boron cluster functionality for efficient gas separation. Other iso-
structural boron cage hybrid MOFs can be synthesized based on the 
reticular chemistry [33] or crystal engineering [34] and applied 
potentially for separation of other fundamental industrial gas/vapor 
mixtures. 
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Fig. 7. (a-c) C3H8, C2H6 and CH4 adsorption and desorption isotherms at 298, 288 and 308 K in BSF-4. (d-f) C3H8, C2H6 and CH4 adsorption and desorption isotherms 
at 298, 288 and 308 K in BSF-9. (g) The isosteric heat of adsorption, Qst, for C3H8, C2H6 and CH4 in BSF-9 and BSF-4. (h) Calculated IAST selectivity of C3H8/CH4 (5/ 
95) mixture in BSF-4 and BSF-9. (i) Calculated IAST selectivity of C2H6/CH4 (10/90) in BSF-4 and BSF-9. 

Fig. 8. Comparison of the simulated breakthrough curves of C3H8/C2H6/CH4 (5/10/85) for BSF-9 (a) and BSF-4 (b).  
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Table S1. Raw data for C3H8 adsorption isotherms of BSF-9 at 298 K



Table S2. Raw data for C3H8 adsorption isotherms of BSF-4 at 298 K



Table S3. Raw data for C3H8 adsorption isotherms of BSF-9 at 308 K



Table S4. Raw data for C3H8 adsorption isotherms of BSF-4 at 308 K



Table S4. Raw data for C3H8 adsorption isotherms of BSF-9 at 288 K



Table S4. Raw data for C3H8 adsorption isotherms of BSF-4 at 288 K



Figure S1. Repetitive measurement of C3H8 adsorption in BSF-4 at 298 K. Blue color
curves represent the first adsorption-desorption cycle. Red color curves represent the
second adsorption-desorption cycle where the sample was direct measured without
any activation. Black color curves represent the third adsorption-desorption cycle
where the sample was activated at 75 ºC for 30 min before measurement. The black
circles nearly completely covered the blue color circles, indicating the good
repeatability.



Figure S2. Experimental breakthrough curves of C3H8/C2H6/CH4 (5/10/85) for BSF-9
and BSF-4. Fixed bed size: Φ 0.46 cm inner diameter × 5 cm length. Flow rate: 4
mL/min. BSF-9 loading: 0.32g. BSF-4 loading: 0.31g.
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