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ABSTRACT: Efficient separation of acetylene (C2H2) from its
byproducts, especially CO2, is difficult because of their similar
physicochemical properties, including molecular dimensions and boiling
point. Herein, we demonstrate trace C2H2 removal from C2H2/CO2
mixtures enabled by a new ultramicroporous metal−organic framework
(MOF) adsorbent, IPM-101, which features an optimal pore size of 4 Å
(close to the kinetic diameter of C2H2, 3.3 Å) and one-dimensional
channels lined by Lewis basic purine groups. Single-component gas
adsorption isotherms revealed a clear affinity toward C2H2 versus CO2
at low pressures with a substantial C2H2 uptake of 0.9 mmol g−1 at 3000
ppm and 298 K. Dynamic column breakthrough experiments revealed
separation of C2H2 from 1:1 and 1:99 v/v C2H2/CO2 mixtures. IPM-
101 exhibits one of the highest dynamic separation selectivity (αAC)
values yet reported, 22.5 for 1:1 C2H2/CO2. Computational simulations indicated that the purine moiety was key to the strong C2H2
selectivity thanks to C2H2 selective N···HC≡CH interactions.

1. INTRODUCTION

Acetylene (C2H2) purification is one of the most challenging
and energy-intensive chemical separations in the petrochemical
industry.1 Widely utilized as a raw material to produce
important chemicals or as a fuel, pure C2H2 (>99% purity
grade) is a key commodity with a projected market value of
∼6.9 billion US$ by 2025.2 Typically, C2H2 is produced via
thermal cracking and then coexists with several byproducts,
including carbon dioxide (CO2) and methane (CH4).
Purification is required before commercial utilization3,4 but
the separation of C2H2 from CO2 is a challenging task because
of their similar physicochemical properties. For instance, C2H2
(3.18 × 3.33 × 5.36 Å3) and CO2 (3.32 × 3.34 × 5.7 Å3) have
comparable molecular dimensions, similar boiling points (ΔT
∼ 5 K), and near-identical kinetic diameters (3.3 Å).5 Further,
C2H2 exhibits a dangerously low flammability limit (∼2.5%
concentration), rendering the removal of even trace amounts
from gas streams challenging but necessary from a safety
standpoint.6 State-of-the-art methods employed in C2H2
purification/capture including cryogenic distillation and
large-scale solvent separation are energy-intensive and environ-
mentally damaging and lack selectivity.7

To address this challenge, researchers have studied
adsorptive separation methods based on custom-designed
porous solid adsorbents8 as exemplified by metal−organic
frameworks (MOFs)9/porous coordination polymers
(PCPs).10 MOFs offer potential for diverse applications

including molecular sensing,11,12 chemical separation,13−15

catalysis,16,17 pollutant capture,18,19 and electrical or ionic
conductivity.20−22 The diversity of potential applications
results from high surface area, modularity with respect to
linker ligands and/or metal ions/clusters, and fine tunability of
pore size/chemistry, which also set these MOFs apart from
traditional porous adsorbents like zeolites, mesoporous silica,
and porous carbons.23−25 Moreover, the low energy footprint
for regenerating physisorbents makes them excellent candi-
dates for gas separations, especially in the context of gas
purification-based downstream processes.26,27 Thus far, MOFs
and related materials such as hybrid ultramicroporous
materials (HUMs),28 have been examined for key industrial
separations including CO2/N2,

29−33 C2H2/CO2,
5,34 C2H2/

C2H4,
35,36 C2H4/C2H6,

37−39 C3H4/C3H6,
40 and C3H6/C3H8.

41

For C2H2/CO2 separation, insights from the literature suggest
that pore surface functionality such as Lewis basic moieties
(amines, polar oxygens, etc.),3,42,43 inorganic anions (MF6, M
= Si, Ti, etc.),5,44 or open metal sites34,45−48 promote selective
C2H2 binding through noncovalent interactions or coordina-
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tion bonds. MOFs can also invoke various supramolecular
design approaches to enable C2H2/CO2 separation, including
the following: (a) electrostatic interactions,49 (b) induced fit-
mediated gate opening,50,51 or a combination thereof.52

Whereas the number of MOFs is now >100 000,54 those that
exhibit C2H2/CO2 selectivity remain rare.53,55 Moreover,
MOFs that offer dynamic C2H2/CO2 separation evidenced
by conducting dynamic column breakthrough (DCB) experi-
ments are even fewer (<20). This small group of C2H2
selective adsorbents tends to offer either selectivity or high
uptake capacity, but not both. Further, another way to separate
C2H2/CO2 mixtures is to fabricate CO2 selective sorbents;
which is challenging owing to the highly polar nature of C2H2,
and some of the noteworthy examples highlight this
strategy.56−59 With respect to C2H2/CO2 separation, bench-
mark MOFs such as NKMOF-1-Ni48 and ZJU-74a34 exhibit
high C2H2 affinity at low pressure aided by C2H2 binding
pockets and tight pore dimensions with respect to C2H2,
ultimately resulting in benchmark selectivity for C2H2.
However, such high affinity in the low-pressure region does
not necessarily translate into trace capture behavior (i.e., at
1:99 v/v) under dynamic conditions, with only MUF-1760 and
TCuX61 (X = Cl, Br, I) having demonstrated trace C2H2
capture behavior from 1:99 C2H2/CO2. These limited studies
highlight the need for investigations that focus on the role of
pore chemistry to enable trace C2H2 capture. Recent studies
have revealed that adenine groups with multiple Lewis basic
sites can enhance C2H2 affinity and result in efficient C2H2/
C2H4 separations.62,63 Inspired by these studies, we report
herein a previously unreported ultramicroporous MOF, IPM-
101 (IPM= IISER Pune Materials) [{Cd(L)(H2O)}·(DMF)-
(H2O)]n (wherein H2L = 5-((9H-purin-6-yl)amino)isophthalic
acid, G = guest solvent molecules H2O and DMF (N,N-

dimethylformamide)), based upon a new purine ligand and
investigate its performance with respect to C2H2/CO2
separation.

2. RESULTS AND DISCUSSION

IPM-101 was synthesized by solvothermally reacting ligand
(L) and Cd(NO3)2·4H2O in a mixture of water/DMF/nitric
acid, yielding block-shaped single crystals (Experimental
Section, Schemes S1 and S2). Presence of nitric acid during
crystallization was key to obtaining high-quality crystals
suitable for single-crystal X-ray diffraction (SC-XRD) analysis.
SC-XRD data revealed that IPM-101 crystallized in the
monoclinic P21/n space group (Table S1). The asymmetric
unit of IPM-101 comprises one Cd(II) as the metal node, one
ligand (L), one coordinated water molecule, and DMF/H2O as
guest molecules (Figure S2). Each Cd(II) ion adopted
pentagonal bipyramidal geometry with the coordination sphere
comprising one water molecule, four oxygen atoms, and two
nitrogen atoms belonging to two carboxylate and purine
moieties from four different linkers (Figure S3). Overall, the
network exhibits sra topology with point group {42.63.8}
(Figure S5). The structure features one-dimensional porous
channels with a pore dimension of ∼3.3 × 3.9 Å2 (Figures 1a,b,
S4, and S6). Guest accessible void volume as estimated by
PLATON64 was found to be 515 Å3, accounting for 26.1% of
the unit cell volume. Bulk phase purity was confirmed by
powder X-ray diffraction (PXRD) analysis (Figure S7) and the
PXRD patterns of IPM-101 synthesized at gram scale as well as
after soaking in various aromatic solvents match well with the
calculated pattern (Figures 1c and S8). Thermogravimetric
analysis (TGA) profile revealed weight loss corresponding to
the guest molecules present in the pores (Figure S9).

Figure 1. For IPM-101, (a) perspective view of the one-dimensional channels (guest solvent molecules and hydrogen atoms omitted for clarity);
(b) zoomed view of a single ultramicroporous channel highlighting the calculated pore aperture (hydrogen atoms and van der Waals radii of atoms
were included during the distance determination; solvent molecules omitted for clarity); (c) experimental validation of bulk phase purity based on
the PXRD pattern of IPM-101 synthesized in gram scale; (d) single-component adsorption isotherms for activated IPM-101: N2 at 77 K and CO2
at 195 K. Inset: pore-size distribution analysis (Horvath−Kawazoe plot) of IPM-101.
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The activated phase of IPM-101 was characterized by its
PXRD pattern, which confirmed retention of crystallinity,
phase purity, and the rigid nature of IPM-101 (Figure S7).
Also, field emission scanning electron microscopy (FESEM)
and elemental analysis confirmed retention of block shape
morphology and composition, respectively (Figures S10 and
S11). Fourier transform infrared spectroscopy (FT-IR)
revealed peaks corresponding to ligand L (Figure S12). To
investigate the permanent porosity of IPM-101, low-temper-
ature gas adsorption measurements were performed including
N2 (77 K) and CO2 (195 K). We observed negligible uptake
for N2 (77 K) as seen for some other ultramicroporous
physisorbents (Figure 1d),4,65 whereas CO2 adsorption (195
K) showed a steep uptake (Type I adsorption isotherm) with a
loading of ∼4 mmol g−1 at 1 bar, confirming the microporosity
(Figure 1d). Conforming to the Rouquerol criteria,66 the
Brunauer−Emmett−Teller (BET) surface area calculated from
the CO2 (195 K) isotherm was determined to be ∼343 m2 g−1,
comparable to some of the benchmark ultramicroporous
MOFs studied for C2H2/CO2 separation, including UTSA-
300a (311 m2 g−1),44 FeNi-M′MOF (383 m2 g−1),67 NKMOF-
1-Ni (380 m2 g−1),48 and DICRO-4-Ni-i (398 m2 g−1).68 Pore-
size distribution analysis based on the Horvath−Kawazoe
model (pore geometry: cylinder) for CO2 (195 K) indicated a
narrow pore aperture of ∼3.6 Å that agrees well with the pore
dimensions determined by SC-XRD analysis (3.3 × 3.9 Å2)
(Figure 1b,d (inset)).
We next investigated the adsorption properties of IPM-101

toward CO2 and C2/C3 hydrocarbons. Single-component
adsorption isotherms for N2, CO2, CH4, C2H2, C2H4, C2H6,
C3H4, C3H6, and C3H8 were recorded at 273 and 298 K up to
1 bar (Figures S13−S18). These pure gas adsorption isotherms
revealed that IPM-101 adsorbs nearly 3.04 mmol g−1 of CO2,
2.55 mmol g−1 of C2H2, 0.33 mmol g−1 of CH4, 2.28 mmol g−1

of C2H4, 2.25 mmol g−1 of C2H6, 2.37 mmol g−1 of C3H4, 2.33
mmol g−1 of C3H6, and 2.29 mmol g−1 of C3H8 at 298 K, 1 bar
(Figures S13−S16). Further, comparative inspection of the

C2H2 and CO2 sorption isotherms at 273 and 298 K revealed
considerable difference in uptakes especially in the low-
pressure region (Figures 2b and S17c). No such distinction
was observed at 195 K with consistent uptakes of ∼4.1 mmol
g−1 (Figure S17a). Under ambient conditions, IPM-101
exhibited high affinity toward C2H2 at low pressures, resulting
in an uptake of ∼0.9 mmol g−1 at just 3000 ppm, i.e., 3 mbar
(Figure 2a). Conversely, at the same pressure, CO2 uptake was
observed to be negligible, ∼0.10 mmol g−1.
Notably, such selectivity for C2H2/CO2 separation in the

low-pressure region (<10 000 ppm) has been exhibited by only
a handful of physisorbents, including NKMOF-1-Ni (1.50
mmol g−1),48 NKMOF-1-Cu (1.15 mmol g−1),48 TIFSIX-2-
Cu-i (1.10 mmol g−1),5 and DICRO-4-Ni-i (0.40 mmol g−1)68

(Table S2). Also, at 0.01 bar, IPM-101 adsorbs 1.53 mmol g−1

of C2H2, comparable to the top-performing adsorbents
including MUF-17 (1.4 mmol g−1),60 NKMOF-1-Ni (1.74
mmol g−1),48 TIFSIX-2-Cu-i (1.78 mmol g−1),5 and UTSA-
200a (1.83 mmol g−1)69 (Figure 2b and Table S2).
Comparison of the C2H2 and CH4 adsorption profiles for
IPM-101 indicated a strong affinity toward C2H2 as there was
negligible uptake for CH4 at 273 and 298 K (Figure S18). The
isosteric heats of adsorption, Qst, for C2H2, CO2, and CH4 were
determined from their respective adsorption isotherms
(Figures 2a, S16, and S17) by fitting them to a virial-type
expression (Methods Section in the SI, Figures S24−S26,
Table S3). The low-coverage Qst values for C2H2, CO2, and
CH4: Qst(C2H2), Qst(CO2), and Qst(CH4), were determined to
be 43.7, 30.7, and 22.7 kJ mol−1, respectively (Figures 2c and
S19).
The significantly higher Qst for C2H2 over CO2 and CH4

explains the affinity for C2H2 by IPM-101. Additionally, the
Qst(C2H2) profile remains consistent from low pressure until 1
bar, indicating a single type of binding site to facilitate
physisorption (Figure 2c). Notably, the low-loading Qst(C2H2)
∼ 43.7 kJ mol−1 for IPM-101 surpasses several benchmark
C2H2 selective physisorbents, including DICRO-4-Ni-i (37.7

Figure 2. For IPM-101, (a, b) adsorption isotherms for CO2 and C2H2 at 298 K: (a) logarithmic pressure axis scale, (b) zoomed view of the low-
pressure range <0.01 bar; (c) Qst plots of C2H2 and CO2; (d) IAST selectivity for C2H2/CO2 (1:1) binary mixture at 273 and 298 K.
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kJ mol−1),68 UTSA-74a (31 kJ mol−1),46 FeNi-M′MOF (27 kJ
mol−1),67 and TCuCl (37.7)61 (Table S2). This enthalpy data
highlights the performance of IPM-101 with respect to the
thermodynamics of C2H2 capture; however, favorable sorption
kinetics is also a key to sorbent performance.70 Analysis of the
relative sorption kinetics indicates higher affinity of IPM-101
toward C2H2 with a significant uptake of ∼1.5 mmol g−1

(∼60% of the equilibrium C2H2 adsorption capacity at 298 K)
within 5 min, as opposed to an almost negligible uptake for
CO2 (Figure S20). Overall, IPM-101 exhibited favorable
sorption thermodynamics and kinetics for C2H2 versus CO2,
motivating us to further evaluate its adsorption selectivity. The
ideal adsorbed solution theory (IAST) was employed to
determine the adsorption selectivity of IPM-101 for various gas
mixtures, including C2H2/CO2 (1:1), C2H2/CH4 (1:1), and
C2H2/CO2 (1:99) (Figures 2d and S21).
C2H2/CO2 selectivity (SAC) was calculated to be ∼14.7 and

∼12.3 for an equimolar mixture (v/v) at 273 and 298 K,
respectively, at low pressures (Figure 2d). The selectivity of
∼12.3 at low pressure drops to ∼5.4 at 1 bar, comparable to
the previously reported top-performing adsorbents TIFSIX-2-
Cu-i (6.5),5 UTSA-74a (9),46 and MUF-17 (6),60 but lower
than materials such as UTSA-300a (743),44 ZJU-74a (36),
FeNi-M′MOF (24), NKMOF-1-Ni (22), HOF-3a (21), and
DICRO-4-Ni-I (18.2) (values in the parentheses reflect the
SAC at 1 bar, 298 K). Additionally, IPM-101 shows trace (1:99)
selectivity of 5.3 for C2H2/CO2 at 1 bar, which is even higher
at lower pressures, e.g., at 3000 ppm, SAC is ca. 10.5 (Figure
S21a). These IAST selectivities are comparable to the best-
performing adsorbents in the current C2H2/CO2 separation
literature.53 We also estimated the selectivity for an equimolar
mixture of C2H2/CH4, SAM, which was found to be ∼2.0 × 104

and ∼2.3 × 104 at 273 and 298 K, respectively, at the
saturation pressure of 1 bar (Figure S21b). These record-high
selectivities endow IPM-101 as the current benchmark in the
literature of MOFs for C2H2/CH4 separation when compared
to ZJU-74a (∼1.5 × 104),34 NKMOF-1-Ni (6409.1),48 ZJU-
198a (391.1),71 and Cu-TDPAH (127.1).72 This motivated us
to probe the separation performance of IPM-101 toward
C2H2/CO2 mixtures through real-time dynamic column
breakthrough (DCB) studies. DCB experiments were
performed with a fixed bed packed with activated IPM-101,
and C2H2/CO2 mixture streams were fed at two different
ratios, i.e., 1:1 and 1:99 (v/v) under ambient conditions
(Figure S27). For the equimolar mixture of C2H2/CO2 (1:1),
separation was observed with CO2 elution occurring at 23 min
g−1 with an effluent purity of >99.967%, while for C2H2,
breakthrough occurred at 71 min g−1 (Figure 3a). From the

equimolar DCB experiment, C2H2 saturation uptake was
estimated as 1.52 mmol g−1, lower than the single-component
uptake at half-loading (∼2.4 mmol g−1, Figure 2a), in part
accounted to the experimentally determined dead volume of
our DCB setup (see Methods Section in the SI).
The dynamic separation selectivity (αAC), a metric that

reflects the dynamic mixture separation performance of
adsorbents, was determined to be ∼22.5 for the C2H2/CO2
(1:1) mixture. αAC for IPM-101 with a value of 22.5 is higher
than a number of leading C2H2 selective physisorbents,
namely, UTSA-74a (20.1),46 ZJU-74a (4.3),46 NKMOF-1-Ni
(2.6),48 and HOF-3a (2.0),73 but below that of the TCuX
platform (33.4, 104.5, 143.1 for X = I, Br, Cl, respectively)61

and sql-16-Cu-NO3-α′ (78).74 The performance of IPM-101
for trace acetylene capture from a binary mixture 1:99 (v/v)
revealed the capture of C2H2 from this diluted mixture as well
(Figure 3b). Notably, CO2 eluted from the IPM-101 adsorbent
bed contained negligible amounts of C2H2 (∼1227.3 ppm) and
a high effluent purity of ∼99.88%, better than the commercial
standard (N2.0 CO2, 99%).
After full saturation in the equimolar DCB experiment,

temperature-programmed desorption measurement was con-
ducted at 60 °C (Figure S22). The desorption profiles revealed
complete adsorbent regeneration in <50 min under a He flow
of 20 cm3 min−1, underscoring the low-energy footprint for
IPM-101 regeneration. Also aligning with the distinct break-
through retention-driven adsorption trends, the desorption
trends suggest significantly higher C2H2 desorbed versus CO2.
These results highlight that the adsorptive selectivity of IPM-
101 toward C2H2 places it among a handful of sorbents which
exhibit trace C2H2 removal from C2H2/CO2 mixtures.60,61

Sorbent recyclability is needed to evaluate practical viability
for swing experiments such as pressure swing, temperature
swing, or pressure−temperature swing. Recycling studies
performed with pure C2H2 revealed consistent performance
across 10 consecutive adsorption−desorption cycles with an
average kinetic uptake of ∼2.5 mmol g−1 (∼98% of the
equilibrium C2H2 saturation capacity) (Figure 3c). Desorption
kinetics suggested >99% removal of the adsorbed C2H2 within
∼25 min under N2 flow (Figure 3c). For clarity of Figure 3c,
points recorded during the initial activation are omitted and
the first points of C2H2 loading are considered to be the first
data points in each adsorption cycle (details in the SI).
Importantly, the recycling stability of IPM-101 was confirmed
by PXRD patterns recorded before and after the foregoing
recycling experiment (Figure S23).
To understand the C2H2 selectivity of IPM-101, the binding

sites, and adsorption energies, periodic density functional

Figure 3. For IPM-101 packed bed, experimental DCB curves recorded for C2H2/CO2 mixtures (a) 1:1, (b) 1:99 compositions at 298 K and 1 bar.
(c) C2H2 sorption recycling data (IPM-101 regeneration was conducted at 60 °C under N2 flow of 20 cm3 min−1).
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theory (DFT) calculations were performed (see Computa-
tional Methods Section in the SI). The unit cell parameters of
the geometry-optimized structure were in close agreement with
the parent MOF (Table S7). DFT calculations revealed the
energy-minimized sites for C2H2 and CO2 in IPM-101 (Figures
4 and S28). Hydrogen bonding interactions were found

between a nitrogen atom of the purine moiety and C2H2 (N···
HC≡CH) at a distance of 2.72 Å, while the corresponding
bond angle between (N···HC) was determined as 144.04°.
Interestingly, such interaction sites between the Lewis basic
sites (O and N atoms) with the polar hydrogens of acetylene
are well known.63

Conversely, for CO2, no significant interaction site was
found except for a weak van der Waals interaction between the
oxygen atoms of CO2 and the coordinated water molecule at
the metal site. The latter interaction accounts for a significantly
longer distance of 2.86 Å (Figure S28). It can thereby be
inferred from this discussion that the strong interaction drives
the high C2H2 affinity and excellent C2H2 capture perform-
ance. Qst(CO2) and Qst(C2H2) adsorption enthalpies were
determined by simulations to be ∼34.3 and 44.9 kJ mol−1,
respectively. These values are consistent with the experimental
heats of adsorption, derived from Virial fits of C2H2 and CO2
isotherms (Figure 2c). We also verified the adsorption
enthalpies at four times higher loading (4 adsorbates per
unit cell) and found that the average adsorption enthalpies stay
within +/−0.5 kJ mol−1 of the calculated adsorption enthalpies
at low loading. This is also in line with the experimental Qst
values, which are not affected by higher loading (Figure 2c).
Overall, the theoretical studies complement the experimental
results well and provide insights into the single binding site-
based C2H2 selectivity.

3. CONCLUSIONS
In conclusion, we report gram-scale synthesis of a previously
unreported ultramicroporous MOF, IPM-101, with one-
dimensional ultramicropores that are lined by purine groups.

A basic nitrogen atom of the purine ligand drives high affinity
toward C2H2 compared to CO2 and CH4 with excellent C2H2
uptake registered even at a low pressure of ≤10 000 ppm.
When compared to its negligible CO2 and CH4 uptakes, the
result is high C2H2/CO2 and C2H2/CH4 selectivity and trace
C2H2 removal. Overall, IPM-101 registers one of the highest
separation selectivities among C2H2 selective physisorbents
that can separate C2H2 from CO2. A new record-high C2H2/
CH4 IAST selectivity is also set. Theoretical studies highlight
the role of purine functionality in driving exceptionally high
C2H2 selectivity by revealing the nature of the single binding
site. This work exemplifies the untapped potential of tailored
supramolecular design among MOF adsorbents in general, and
reaffirms that the high density of tight binding sites that can
exist in ultramicroporous MOFs can expedite efficiency in solid
adsorbents for gas separation and purification.

4. EXPERIMENTAL SECTION
4.1. Synthesis of IPM-101. A mixture of ligand (14.9 mg, 0.05

mmol), Cd(NO3)·4H2O (23.1 mg, 0.075 mmol), concentrated nitric
acid (HNO3) (10 μL), water (1 mL), and DMF (2 mL) was charged
in a Teflon-capped vial, and this mixture was heated at 100 °C for 48
h and, thereafter, slowly cooled back to room temperature. Block-
shaped single crystals were obtained at room temperature (yield
∼73%), and suitable crystals were selected for single-crystal X-ray
diffraction analysis. Further, the bulk solid was separated by filtration
and washed several times with DMF to remove any reactants. The
vacuum-dried product (as-synthesized MOF) was further charac-
terized by PXRD. To obtain the activated phase of IPM-101, this
phase was soaked in low boiling acetonitrile (MeCN) for 3 days
(MeCN replaced every 12 h), leading to the MeCN-exchanged phase.
Evacuating the MeCN-exchanged phase at 110 °C for 12 h yielded
the activated phase of IPM-101. CHN analysis: calculated C/H ratio
(12.72), C/N (2.28); found C/H (12.57), C/N (2.18).

4.2. Gram-Scale Synthesis of IPM-101. The same protocol was
followed for gram-scale synthesis as mentioned previously; however,
the reactants were multiplied by 50 times in a 250 mL Teflon-capped
vial; yield ∼ 76% with respect to the ligand.

4.3. Breakthrough Experiments. In typical breakthrough
experiments, ∼0.5 g of preactivated IPM-101 sample was placed in
quartz tubing (8 mm diameter; 8 × 6 × 400 mm3) to form fixed beds.
First, the adsorbent bed was purged under a 30 cm3 min−1 flow of He
gas at 383 K for 30 min prior to the breakthrough experiment. Upon
cooling to room temperature, the gas flow was switched to the desired
C2H2/CO2 gas mixture compositions (1:1 and 1:99, respectively),
maintained at a total flow rate of 1 cm3 min−1. Herein, 1:1 and 1:99
C2H2/CO2 binary breakthrough experiments were conducted at 298
K for IPM-101 compound. The outlet composition was continuously
monitored by a Shimadzu Nexis GC-2030 gas chromatograph until
complete breakthrough was achieved. Dead volume was measured by
replacing the column with a zero dead-volume connector and then
passing injected helium to eventually multiply the elution time
(measured between the moment of injection and the helium peak
height) with the flow rate.

4.4. Adsorption Energy Calculations. A virial-type expression
of the below form was used to fit the combined 273 and 298 K
isotherm data of C2H2, CO2, and CH4 for IPM-101, where P is the
pressure described in Pa, N is the adsorbed amount in mmol g−1, T is
the temperature in K, ai and bi are virial coefficients, and m and n are
the number of coefficients used to describe the isotherms. Qst is the
coverage-dependent enthalpy of adsorption and R is the universal gas
constant. All fitting was performed using Origin Pro 2016 (Origin-
(Pro), Version 2021, OriginLab Corporation, Northampton, MA,
USA, licensed with Technical University of Munich). Fitting
parameters thus obtained for IPM-101 can be found in Table S5
and Figures S24−S26.

Figure 4. DFT-optimized guest-binding sites in IPM-101: (a) C2H2
and (b) CO2; (a) also highlights the N···HC≡CH hydrogen bonding
interaction between the framework N atoms and C2H2 molecules.
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Qst was calculated from the virial model using the equation below
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4.5. Adsorption Selectivity Calculations. The selectivities for
the adsorbate mixture composition of interest were calculated from
the single-component adsorption isotherms using Ideal Adsorbed
Solution Theory (IAST), using a modified version of the program
pyIAST.75 First, the single-component isotherms for the gas sorbates
at 298 K were fitted to the dual-site Langmuir−Freundlich (DSLF)
equation

n p
q k p

k p

q k p

k p
( )

( )

1 ( )

( )

1 ( )

n

n

n

n
1 1

1

2 2

2

1

1

2

2
=

+
+

+

In this equation, qi is the amount adsorbed per unit mass of
material (in cm3 g−1), P is the total pressure (in torr) of the bulk gas
at equilibrium with the adsorbed phase, q1 and q2 are the saturation
uptakes (in cm3 g−1) for sites 1 and 2, respectively, k1 and k2 are the
affinity coefficients (in torr−1) for sites 1 and 2, respectively, and n1

−1

and n2
−1 represent the deviations from the ideal homogeneous surface

(unitless) for sites 1 and 2, respectively. The final selectivity for
adsorbate i relative to adsorbate j was calculated using the following
equation
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Here, xi and xj are the mole fractions of components i and j,
respectively, in the adsorbed phase and yi and yj are the mole fractions
of components i and j, respectively, in the gas phase. Table S6
includes the DSLF fitting parameters.
4.6. Separation Selectivity Calculations. The amount of

adsorbed gas i (qi) is calculated from the breakthrough curve as
follows

q
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Here, Vi is the influent flow rate of gas (cm3 min−1), Ve is the effluent
flow rate of gas (cm3 min−1), Vdead is the dead volume of the system
(cm3), T0 is the adsorption time (min), and m is the mass of the
sorbent (g).76

The separation factor, also known as separation selectivity (α) for
the breakthrough experiment, i.e., breakthrough-derived selectivity, is
determined as follows
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where yi is the partial pressure of gas i in the gas mixture. In the case
where one gas component has negligible adsorption, the amount of
gas adsorbed is treated as ≤1 cm3 for calculations.
For C2H2/CO2 DCB experiments, the C2H2 concentration is

defined by
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The C2H2 uptake in the breakthrough experiment is defined by
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where n is the C2H2 uptake in mmol g−1, t2 is the C2H2 saturation
time, ue(t) is the transient linear velocity in the outlet gas, ye(t) is the
transient C2H2 volume fraction in the outlet gas, ui is the transient
linear velocity in the inlet gas, F is the inlet gas volume flow rate, yC2H2

is the volume fraction of C2H2 in the mixed gas, td
t C t

C0
( )2

0
∫ is the

integrated area between the C2H2 breakthrough curve and the X-axis
within the range 0 and t2, C(t) is the detected C2H2 concentration in
the outlet gas, C0 is the detected C2H2 concentration in the outlet gas,
and Vm is the molar volume of the gas.
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