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ABSTRACT: Thanks to a hemilabile amide-based binding site, a previously unreported amide-functionalized metal—organic
framework (MOF) exhibits high acetylene affinity over ethylene, methane, and carbon dioxide, three-in-one.

eparation and purification of light hydrocarbons (LHs) are

key industrial processes in petrochemical industries."”
Modern industrialization and soaring global demand for natural
gas and crude oil culminate in the ever-increasing demand for
LH feedstock chemicals.”* These commodity chemicals are
regarded as high-value precursors to several manufactured
commercial products, including plastics, fibers, and rubber.® Of
particular importance is acetylene (C,H,) because it is one of
the primary resources to manufacture plastics and several other
industrially relevant organics, e.g., vinyl compounds, acrylic acid
derivatives and a-ethynyl alcohols, inter alia.’ The industrial
manufacturing route to high-purity C,H, often entails purifying
it from a mixture of other small molecules, including methane
(CH,), carbon dioxide (CO,) and ethylene (C,H,).

C,H, is primarily produced from the incomplete combustion
of methane and steam cracking of naphtha.” Further, C,H, is
identified as a major impurity in the industrial production of
C,H,, poisoning the catalytic polymerization of C,H, and
eventually, resulting in the blockage of flammable gas flow-led
explosions.” Of particular relevance is the development of
porous by-design physisorbents with high LH separation
efficiencies (C,H,/CO,, C,H,/C,H,, C,H,/CH,, etc.).’
Generally, purification of LHs with close chemical and physical
properties requires high-pressure and high-temperature con-
ditions, culminating in unfavorably high energy penalties.'’~"*
Traditional purification processes, such as high-cost extractions
and distillations account for about 10—15% of the total global
energy consumption. To exacerbate this current situation, global
demand for these commodities is projected to triple by
2050."*"* Traditional purification methods such as partial
hydrogenation and cryogenic distillation involve massive capital
expenses and operational cost.'®'” To mitigate these,
physisorbents, such as metal—organic frameworks (MOFs),
offer high upside potentials, because when designed right, low-
cost recyclable MOFs have shown early signs of high cost-

benefit ratios.”’ "> The right design of MOFs is prototypically
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controlled by the first-principles of crystal engineering (Scheme

1).

Scheme 1. Schematic Illustration Featuring the Prototypical
Design of a MOF Functionalized with a Hemilabile Binding
Site for C,H,”

“This approach, if generalized, may lead to C,H,-selective advanced
porous adsorbents.

In recent years, MOFs have sprung up as lead physisorbents
for hydrocarbon selective adsorption. This primarily stems from
their structural tunability, predesigned bottom-up architectures
and long-range periodicity, thus guiding solid-state chemists to
manifest control over their host—guest interactions.'®'? With
judicious choice of organic ligands and metal nodes, MOFs can
be custom-designed to match up the sorbent prerequisites in the
field of gas selectivity, of profound importance in the field of
adsorptive separation and purification.”>"*> To this end,
controlled surface functionalization and subéngstrom level
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precision of pore size control have transpired as the key factors
to achieve high C,H, separation/purification efficiency.*’
Thanks to amide groups inducing two distinct types of hydrogen
bonding, amide-functionalized MOFs are particularly relevant.
First, the -NH group can act as an electron acceptor, whereas the
carbonyl is an electron donor; thus combining these can elicit
weak coordinating sites that can reversibly coordinate and
disconnect from the reactive metal coordination centers, thereby
exemplifying hemilability.””~>* Relying upon our in-house
literature survey (see SI, Tables S4, SS), amide-functionalized
MOFs are thus far unreported in the context hydrocarbon-
selective adsorption of light hydrocarbon-selective adsorption.

Thanks to integrating all these aspects, particularly stemming
from the hemilabile ligand N-(4H-1,2,4-triazol-4-yl)-
isonicotinamide (L) (Scheme S2), here we introduce a
previously unreported, three-dimensional (3D), ultramicropo-
rous (pore size <7 A) amide-functionalized MOF, {[Zn,(L)-
(0),(DMF)].4DMF.3H,0}, (DMF = N,N-dimethylforma-
mide), hereinafter titled as IPM-100 (IPM: IISER Pune
Material). Single crystal structure of IPM-100 was determined
based on its crystallization in an orthorhombic Pmn2, space
group (CCDC deposition 2338740). IPM-100 was found to
comprise two crystallographically distinguishable Zn(II) cen-
ters, Znl and Zn2 (Figure la) interconnected via a bridging
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Figure 1. (a) Coordination environment of IPM-100. (b) Overall
packing diagram of IPM-100 along c axis. (c) FESEM image of IPM-
100. (d) PXRD patterns of IPM-100.
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oxygen atom. This bimetallic arrangement affords an oxo-
bridged M-O-M chain propagating along the crystallographic b
axis. Znl is hexacoordinated to four nitrogen atoms from four
independent ditopic ligands (two ligands connected via the
triazole end, and two ligands connected via the pyridine end)
and two bridging oxygen molecules (Figure 1a). Conversely, the
Zn2 site is pentacoordinated to two ligands (via the triazole N-
termini), two bridging oxygens and one DMF solvent molecule
(Figure 1a; Figures S4, S5). The asymmetric unit is comprised of
two Zn(II) centers, a ligand (L), and one DMF molecule, each
coordinated to Zn2 (Figure S4). The overall 3D MOF possesses
1D square channels along the ¢ axis (Figure 1b; Figures S6—S8)
with dimensions of 9.1 X 9.3 A2 elucidating the ultra-
microporous nature of IPM-100. PLATON analysis indicated
a void volume of 868 A’ (excluding guest solvent molecules),
consistent with 45.4% of the guest-removed unit cell volume.
Further, the crystal structure of IPM-100 revealed a typical 6-
connected pcu topology, a structural signature rather main-
stream among thermodynamics-based MOF sorbents that

exhibit gas separation.””** Powder X-ray diffraction (PXRD)
patterns indicate a slight shift to the characteristic peaks of IPM-
100, whereas upon critical point drying (CPD) treatment,’**
the PXRD patterns revert to that of the pristine (Figure S9).
This reversible change in PXRD patterns suggests a reversible
structural transformation of IPM-100, induced by the guest
solvent molecules solvating and desolvating in a two-way
manner. Variable temperature PXRD diffractograms confirmed
high polycrystallinity and structural integrity until 240 °C
(Figure S10). Thermogravimetric (TGA) analysis of the as-
synthesized IPM-100 revealed the initial loss in weight
percentage owing to the exclusion of the uncoordinated solvent
molecules from the framework. CPD treatment was found to
remove all the uncoordinated solvent molecules, a testament to
the utility of this activation method (Figures S11, S12). Field
emission scanning electron microscopy (FESEM) images of
IPM-100 crystals revealed rod shaped morphology, whereas
elemental purity was substantiated from the FESEM based
averaged elemental mapping spectra (Figure 1c; Figures S13—
S15).

Cryogenic N, (77 K) and CO, (195 K) sorption isotherms
were recorded with the activated IPM-100, with uptakes of ~55
ecm®g™" for N, and ~185 cm’g™ for CO, was observed
respectively (Figures S16, S17). Predicated upon the latter, the
average internal pore diameter and Brunauer—Emmett—Teller
(BET) surface area of IPM-100 were found to be 7.5 A (Figure
S18) and 730.63 m’g”", respectively (Figure S19).

That we could observe microporosity, a unison of multiple
functionalities such as the presence of polar amide groups and
nitrogen-rich Connolly surface in IPM-100, enthused us to
explore its gas sorption properties. Interestingly, IPM-100
registered high C,H, saturation uptakes (at ~1 bar) at both 298
K (~77 cm3g_1) and 273 K (~80 cm3g_l) (Figure 2a; Figure
$20). Under identical conditions (298 K and 1 bar),
considerably lower saturation uptakes were observed in other
gas isotherms, viz.,, CO, (~52 cm®g™"), C,H, (~24 cm’g™") and
CH, (~4 cmSg_l) (Figure 2a; Figures S21—S23). This trend
established IPM-100 as a clear C,H,-selective adsorbent (Figure
2a). Akin to this ambient conditions’ trend, IPM-100 was found
to be C,H,-selective at 273 K (Figures S20—523). For C,H,,
CO, and C,H,, the isosteric enthalpies of adsorption (Q,,) were
determined by using the Virial expression on 273 and 298 K
isotherms (Figures $24—526). The low-coverage Q,, for C,H,,
39.5 kJmol ™" was found to be significantly higher than that of
CO, (21.4 KJmol™") and C,H, (22.1 kJmol™") (Figures S27—
S$29). Favorable thermodynamics between C,H, and IPM-100
was evident from these differences in Q,, AQy) ac ((Qy)C,H, —
Q:(CO,)) and AQu)ar ((QWCH, — Qu(C,H,)), 18.1 and
17.4 kJmol "/, respectively. Such high AQ,, > 15 kjmol " is a key
parameter to achieve efficient binary separation (Tables S4, SS).
The AQ, for IPM-100 was found to stand among the higher
values reported in the MOF-literature (Figures 2b, 2c). Further,
a clear difference between adsorption capacities under
separation-relevant partial pressures at 298 K indicate the
sorbent’s potential to exhibit high C,H, selectivity and uptake
driven C,H,/CO,, C,H,/C,H,, and C,H,/CO,/C,H, separa-
tions (Figures S27—30), a combination that remains rare among
physisorbents.’® IPM-100 exhibited a strong C,H, uptake of
~59 cm’¢”! under low pressure of 0.25 bar, whereas the
corresponding CO, and C,H, uptakes were found to be low, 14
and 11.5 cm®g”!, respectively (Figures S31—S33). Such a
significant difference in adsorption isotherms and the corre-
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Figure 2. (a) Single-component light hydrocarbon and CO, adsorption isotherms at 298 K by IPM-100. Comparison between (b) (AQy) ¢ values.
(c) (AQy) g for IPM-100 with other top-performing MOF sorbents that exhibit C,H,/CO, and C,H,/C,H, selectivities. (d) IAST selectivity by
IPM-100 of C,H,/CO,, C,H,/C,H,, and C,H,/CH, mixtures (1/1, v/v).

sponding adsorption enthalpies suggest a clear C,H, selectivity
over CO,, CH, and C,H,.

Ideal adsorbed solution theory (IAST) was applied to
evaluate the adsorption selectivities for C,H, from three
different binary mixtures of equimolar (1/1, v/v) compositions,
C,H,/CO,, C,H,/C,H, and C,H,/CH, (Figure 2d; Figure
S34; Table S2). The determined selectivities were found to be as
high as 5 (C,H,/CO,), 45 (C,H,/C,H,) and 1600 (C,H,/
CH,), at 298 K and 1 bar. These selectivities, in tandem with
high A(Q,) ac and A(Q,,) og imply that IPM-100 is in the same
league as some of the best-performing C,H, selective MOF
benchmarks (Tables S4, SS).

To examine the combined merits of uptake capacity and
sorption selectivity in translating IPM-100 to fixed-bed dynamic
column-based breakthrough separation performances, several
simulated breakthrough experiments were conducted at 298 K
(Scheme S1, Figure S35). A fixed adsorbent bed comprised of
0.3 g of IPM-100 was used following a literature-reported
protocol (see SI for details; Table S3, Figures S35, $36).3%3!
Equimolar hydrocarbon mixtures were introduced as feeds to
mimic a range of industrial process conditions. As evident in the
Figure S35a—c, the other LHs, ie., C,H,, CH, and CO, broke
through first from the IPM-100 bed whereas the retention of
C,H, within the bed continued for a significant time until C,H,
reached its saturation to break through. Such high retention
performance is indicative of strong preferential binding of C,H,
with IPM-100 and reflects a likelihood of the compound’s

12406

translation into higher technological readiness levels, vis-a-vis
C,H,/C,H,, C,H,/CO,, and C,H,/CH, separations, con-
tingent on further success with experimental validation.

Density functional theory (DFT) calculations and Canonical
Monte Carlo (CMC) simulations were performed to shed light
on the preferred framework state and adsorption binding sites
(see SI for details). The atomic positions of IPM-100 molecular
models were DFT-optimized at the experimentally refined cell
parameters for different models (see Figure 3a, and supple-
mentary structures as SI). Only the form with deprotonated
ligand (L) and fully protonated oxide chain (Zn—OH-Zn—
OH-) revealed stability during optimization, maintaining all the
Zn—N interactions <2.4 A. In contrast to the other forms with
neutral ligand forms (amide or iminol) or even with partially
deprotonated ligands (Figure 3a), some of the Zn—N
interactions optimized to distances over 3 A. This led to ligand
detachment from the Zn-oxide chain.

Predicated upon the most stable DFT-optimized IPM-100
model, and relying on CMC simulations at a fixed loading of 1
molecule per 2 X 2 X 2 supercell, the most plausible binding sites
for CH,, CO,, C,H,, and C,H, were determined. The results are
visualized as the adsorbates’ density fields (Figures $42—S45)
and the corresponding occupational isosurfaces (Figures S46—
$49). Coordinates for the most stable DFT-optimized binding
sites can be visualized together with the binding site isosurfaces
derived from the CMC simulations, as shown in Figures S46—
S49. In their most stable DFT binding sites, the adsorption
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Figure 3. (a) Relative energy diagram for the IPM-100 forms (left to
right): the regular amide form, the form with 50% iminol and 50%
deprotonated L (bearing protonated ZnO chain), and the fully
deprotonated ligand (bearing Zn—OH—Zn—OH chain) form. (b)
The most plausible DFT-optimized C,H, binding site.

enthalpies at 298 K are —27.6 (CH,), —38.3 (C,H,), —44.4
(CO,) and —51.5 (C,H,) kJmol ™", a trend consistent with our
experimental findings. The C,H,-selective interactions comprise
its favorable interactions with the hemilabile ligand’s triazole and
pyridine rings. These are further strengthened by H(C,H,)-
N(L) interactions (2.62 and 2.92 A), whereas the other
hydrogen of C,H, cooperatively interacts with O atoms from
DMEF (2.81 A) and L (3.50 A) (Figure 3b and Figure S37).

In conclusion, we report a hemilabile N-donor ligand self-
assembling to deliver an amide-functionalized new MOF, IPM-
100. Thanks to its hemilabile nature of binding sites, IPM- 100
can adopt configurations that exhibit strong C,H, selectivity
over three similar-sized gases concurrently under ambient
conditions, C,H,, CO,, and CH,. While in general the presence
of guest solvent molecules such as DMF partially blocking the
pore is considered a nemesis in prototypical MOFs,>" we
leverage this aspect of IMP-100 to our favor in the DMF-
coordinated activated phase. This work introduces a new
approach to design ultramicroporous (pore diameter <7 A) and
supermicroporous (pore diameter >7 A) coordination networks
in the context of selective gas adsorption driven commodity
chemical purifications, including but not limited to the energy-
efficient separation of light hydrocarbon molecules.
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