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Abstract: Porous materials with open metal sites have been
investigated to separate various gas mixtures. However, open
metal sites show the limitation in the separation of some
challenging gas mixtures, such as C,HyCO, Herein, we
propose a new type of ultra-strong C,H, nano-trap based on
multiple binding interactions to efficiently capture C,H,
molecules and separate C,HyCO, mixture. The ultra-strong
acetylene nano-trap shows a benchmark Q,, of 79.1 klmol™’
for C,H,, a record high pure C,H, uptake of 2.54 mmolg™" at
1x107 bar, and the highest C,H,CO, selectivity (53.6),
making it as a new benchmark material for the capture of
C,H, and the separation of C,H,CO,. The locations of C,H,
molecules within the MOF-based nanotrap have been visual-
ized by the in situ single-crystal X-ray diffraction studies, which
also identify the multiple binding sites accountable for the
strong interactions with C,H,.

Introduction

Gas separation and purification have attracted a wide-
spread attention owing to that they account for a significant
portion of the global energy consumption.!! Presently,
distillation technology is still playing a dictating role for
separation and purification in the chemical industry, benefit-
ing from its simple flowsheet and associated low capital
investment.”) However, the energy efficiency of distillation
separation technology is very low, thereby leading to a re-
markable energy consumption.®! As a result of this limitation,
adsorbent-based gas separation methods, including pressure
swing adsorption (PSA), temperature swing adsorption
(TSA), and membranes have attracted escalating interest
owing to their high energy efficiency and intrinsic economic
feasibility.*!

The key to the adsorbent-based gas separation is the
strong and abundant binding sites for the specific molecules in
the porous materials. The conventional binding sites that
focus on the isolated adsorption sites, which can be easily
constructed, have shown great separation performance for
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various gas mixtures.”! However, the weakness of the isolated
adsorption sites is manifested in separating gas mixtures with
similar size and physical properties. Compared with the
isolated adsorption site, nano-trap with multiple adsorption
sites provides stronger binding interaction and recognition
capability for target molecules.”*® As a crystalline porous
material, metal-organic frameworks (MOFs) have emerged as
a very promising platform for constructing nano-trap for
specific molecules because of their tunable pore sizes and
their functional pore environment.” In particular, the explicit
single crystal structure of MOFs offers great opportunity to
investigate the interaction mechanism for specific gases in
nano-trap, which can facilitate the design of novel nano-trap
for advanced separation.

In recent years, the MOF-based nano-traps or molecule
traps have been developed to selectively capture specific gas
molecules and separate gas mixtures.**® Although some
nano-traps reveal inspiring separation performance in many
gas mixtures, the powerful C,H, nano-trap is scarce and
challenging. As a significant starting material, C,H, has been
widely applied in the chemical industry.® However, the highly
reactive acetylene may cause an undesirable chemical reac-
tion in various industrial processes, and thus it must be
separated.”? The currently existing nanotraps exhibit insuffi-
cient binding capability for C,H,, thereby attesting the limited
separation performance for challenging gas mixtures such as
C,H,/CO,, where the mixture components have very similar
physical properties (boiling points: C,H,, 189.3 K; CO,,
194.7K) and almost identical kinetic diameters (ca.
33 A).“O] In principle, increasing the binding interaction
between the nano-trap and target gas molecules can effec-
tively enhance the selective separation of the target molecule
from the gas mixtures, therefore, a MOF with sufficiently
strong C,H, nanotrap would be a promising material for C,H,/
CO, separation.

In this work, we proposed a new type of ultra-strong C,H,
nano-trap based on multiple binding interactions to efficiently
capture C,H, molecules and separate C,H,/CO, mixture. As
shown in Scheme 1, the isosteric heat of adsorption (Q,,) of
C,H, for nano-trap adsorption site based on two SiF,
(41.83 kJmol ! for SIFSIX-2-Cu-i) is much higher than single
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Scheme 1. The multiple interactions strategy for enhancing binding
interaction between C,H, and binding site.
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SiF, adsorption site (26.24 kImol™' for SIFSIX-2-Cu)."!
Given that the Q,, of C,H, for the open metal site is higher
than SiF, ion adsorption site in MOFs,'! we speculate that the
nano-trap based on oppositely adjacent open metal sites
would afford a much greater binding interaction with G,H,
than SiF¢ nano-trap, together with the record C,H,/CO,
separation performance. In this regard, we choose an alkyl
MOF, ATC-Cu, which features unique oppositely adjacent
Cu-paddlewheel open metal sites, thereby increasing the
energetic favorability toward C,H, molecules. Taking advant-
age of the designed C,H, nano-trap, the anhydrous ATC-Cu
demonstrates the strongest C,H, binding capability with the
largest Qg and the highest uptake amount at ultra-low
pressure (< 0.001 bar), as well as the benchmark C,H,/CO,
selectivity at room temperature.

Results and Discussion

The hydrothermal reaction of H,ATC (1,3,5,7-adaman-
tane tetracarboxylic acid) ligand and copper nitrate hydrate
was employed to synthesize the ATC-Cu (Cu,(ATC));™
experimental details are provided in SI. As shown in Figure 1,

Figure 1. The channel structure of ATC-Cu and the primary two C,H,
binding site in the framework.

four Cu paddle-wheel secondary building units (SBUs) were
connected by the ATC ligand to construct a 4,4-coordinated
net. The rectangular channels established by the oppositely
adjacent Cu-paddle wheels and aliphatic hydrocarbon cavities
with a size of 4.43x5.39 A (after subtracting van der Waals
radius) can be observed along with b and ¢ axes. The Cu-Cu
distance between neighboring Cu paddlewheels is only 4.43 A
after subtracting van der Waals radius, thereby affording
a considerable dual potential coordination interaction within
this region and possibly generating a strong binding site for
acetylene (Figure 1). Furthermore, the aliphatic hydrocarbon
cavities in ATC-Cu features twelve inward hydrogen atoms
with a short average distance (3.5 A) between these hydrogen
atoms and the center of the cavity provides another potential
adsorption site for acetylene (Figure 1). The combination of
aliphatic hydrocarbon low polarity cavities and the oppositely
adjacent unsaturated metal sites endows ATC-Cu with the
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potential for ultra-high acetylene binding affinity and high
uptake amount. The PXRD pattern of the as-synthesized
ATC-Cu sample agrees well with the calculated pattern
obtained from the single crystal data. Meanwhile, the TAG
data revealed that ATC-Cu is stable till 270°C. The ATC-Cu
has a Brunauer-Emmett-Teller (BET) surface area of
600 m?’g~' (Langmuir surface area: 667 m*g~') calculated
from the N, sorption isotherms at 77 K.

The single-component adsorption isotherms for C,H, and
CO, were collected for ATC-Cu at 273 K and 298 K (Fig-
ure 2a). ATC-Cu was found to adsorb 5.01 mmolg™" of C,H,
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Figure 2. a) The C,H, and CO, isotherms for ATC-Cu at 273 K and

298 K. b) The C,H, adsorption isotherms for ATC-Cu and high per-
formed MOFs at 298 K. c) The Q,, for ATC-Cu and high performed
MOFs. d) The Q.. against C,H, uptake amount at 1x 1072 bar for high-
performance acetylene adsorbent.

at 298 K and 1 bar, which shows markedly high C,H, uptake
capability. In contrast, the CO, uptake amount of ATC-Cu is
only 4.02 mmolg ' at 298 K and 1 bar. Significantly, the value
of the C,H, uptake amount for ATC-Cu at ultra-low pressure
(1x1073 bar) reaches to 2.1 mmolg~', which is the highest
value among all of the reported acetylene adsorbent materials
and much higher than CO, uptake amount for ATC-Cu at the
same condition (0.3 mmolg™' at room temperature and 1 x
107 bar). As illustrated in Figure 2b, ATC-Cu shows the
remarkable C,H, adsorption capability with the highest
uptake amount at 298 K/1 x 1072 bar (Supporting Informa-
tion, Table S3) compared with other high-performance C,H,
adsorbents, including SIFSIX-2-Cu-i,"*) HKUST-1,0'* Ni-
MOF-74,*°) SIFSIX-2-Cu,"™  NKMOF-Ni-1,')  FeNiM'
MOF," ZJU-74,1'") DICRO-4-Ni-i,'” and JCM-1.I"*

The Q, of C,H, and CO, in the ATC-Cu were calculated
based on the mathematical analysis of the gas adsorption
isotherms at two different temperatures to investigate the
interaction strength between the gases and the framework.
The C,H, isotherm data at 298, 313, and 333 K, and CO,
isotherm data at 273 and 298 K were fitted to the dual-site
Langmuir-Freundlich (DSLF) equation, and the Q, values
were subsequently calculated using the Clausius—Clapeyron
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equation (see the Supporting Information). As shown in
Figure 2c, the zero-coverage Q, value for C,H, in ATC-Cu
(79.1 kJmol ") is significantly higher than all of the high-
performance MOFs with isolated binding sites and multiple
binding sites, such as MOF-74-Ni (45 kJmol ') and HKUST-
1 (30.4 kJmol™"), implying an unusual strong binding inter-
action between acetylene and ATC-Cu. Notably, the O value
for C,H, loading in ATC-Cu reaches to 80 kJmol~!, which is
also higher than current benchmark materials. As presented
in Figure 2d, ATC-Cu shows the benchmark Q,, and uptake
amount at low pressure for C,H, compared to the currently
existing high-performance C,H, adsorbents.

The theoretical studies utilizing preliminary grand canon-
ical Monte Carlo (GCMC) simulations and periodic density
functional theory (DFT) calculations were employed to
investigate the unprecedented acetylene adsorption perfor-
mance of ATC-Cu. Based on the calculation results, there are
two primary binding sites (Site I and site II) for acetylene
found in ATC-Cu. Site I is located in the middle of two
oppositely adjacent Cu-paddle wheels, while Site II is located
in the aliphatic hydrocarbon cavity enclosed by four neigh-
boring ATC linkers. As expected, the proximity of two
unsaturated metal sites on oppositely neighboring Cu pad-
dlewheels affords an acetylene nano-trap with dual coordi-
nation interaction, thereby generating a super strong binding
site for acetylene. A static adsorption energy was calculated
to be 64.35 kJmol™! for the Site I, which confirms the strong
interaction between the oppositely adjacent open metal sites
and acetylene molecule. Compared with site I, the primary
interaction for acetylene on the Site II is multiple van der
Waals interactions with the nearby framework H atoms.

To visualize the locations of acetylene molecules in ATC-
Cu and elucidate the its binding affinity for acetylene, we
carried out the insitu single-crystal X-ray diffraction
(SCXRD) experiment. The acetylene loaded ATC-Cu crys-
tals (C,H,@ATC-Cu) were prepared at room temperature
and different acetylene pressures (1 x 10 bar and 1 bar). The
SCXRD data of CH,@ATC-Cu (CCDC Number:
2052339)!1 at very low pressure (1 x 107 bar) revealed the
strongest C,H, binding site in ATC-Cu. As presented in
Figure 3b, the C,H, molecule was located in the middle of the
oppositely adjacent Cu-paddle wheels at very low pressure
(1 x 10~* bar), consistent with the primary binding site (site I)
determined by the modeling studies. The distance between
the acetylene molecule and the adjacent open metal site (C-
Cu)is 2.9 A, which is larger than the reported value but shows
an unexpected strong binding interaction because of the duel
coordination interactions. The SCXRD data indicates that
ATC-Cu adsorbed one C,H, molecule per unit cell at 1 x
10~* bar, which corresponds to 2.23 mmolg ' of C,H, uptake
amount and is consistent with the experimental gas adsorp-
tion data for ATC-Cu. After increasing the pressure of C,H,
to 1 bar, the acetylene molecules filled the aliphatic hydro-
carbon cavity (site II), and other acetylene molecules
distribute into the channels close to the site I. The in situ
SCXRD studies suggest that at room temperature C,H,
molecule can be preferentially trapped by nanotrap in ATC-
Cu at very low pressure, and then binding to other adsorption
sites with the C,H, pressure increased. The experimental
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Figure 3. The SCXRD determined the location of C,H, a) in the frame-
work of ATC-Cu and b) on the Site | at 1x 107 bar, and in the
framework of ATC-Cu and c) on the Site I d) at 1 bar (CCDC Number:
2052340).M"

2.3 mmol loading Q,; is close to the static adsorption energy
that was calculated about Site I through periodic DFT
calculations.

Prompted by the significant difference in the uptake
amount at very low pressure and the Qg between C,H, and
CO, in ATC-Cu (Supporting Information, Figures S8 and S9),
the C,H,/CO, selectivity was calculated using ideal adsorbed
solution theory (IAST) to evaluate the potential of ATC-Cu
for separating C,H,/CO,. As displayed in Figure 4a, the
calculated C,H,/CO, selectivity for the corresponding binary
equimolar mixture in ATC-Cu is up to 53.6 at 298 K and 1 bar,
which is much higher than the current benchmark, ZJU-74a
(36.5). The TAST calculation revealed that the combination of
the oppositely adjacent-open metal site and alkane cavity can
bestow a MOF material with both high productivity and
exceptional selectivity for acetylene from C,H,/CO, gas
mixture.

To further evaluate the C,H,/CO, separation performance
of ATC-Cu in practical adsorption processes, breakthrough
experiments for C,H,/CO, at 298 K were conducted. The
C,H,/CO, mixture gases flowed over a packed column of
activated ATC-Cu with a rate of 2 mL per min. For C,H,/CO,
(50:50, v/v) complete separation of C,H, from mixtures can
be realized by using activated ATC-Cu. As presented in
Figure 4b, CO, breakthrough occurred at 213 min for C,H,/
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Figure 4. a) The C,H,/CO, selectivity of ATC-Cu and reported high-
performance MOFs at 298 K and 1 bar. b) The experimental break-
through curve for C,H,/CO, at 298 K.
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CO, (50:50). These results illustrate that ATC-Cu is highly
efficient for the demanding separation of C,H,/CO, mixtures
at normal pressure and temperature.

Conclusion

We report an ultra-strong acetylene nano-trap based on
the oppositely adjacent open metal sites in MOFs. This
unique acetylene nano-trap showed the strongest binding
interaction with C,H, in presently available porous materials,
with a benchmark Qy, (79.1 kI mol ). The mechanistic aspects
of the binding process of ATC-Cu for the acetylene has been
illustrated via acetylene loaded SCXRD studies along with
theoretical calculations. The combined results clearly estab-
lished that this new type of ultra-strong acetylene nano-trap
can provide very strong binding interaction for acetylene at
very low pressure. Significantly, the MOF-based acetylene
nano-trap of ATC-Cu fosters a record high pure C,H, uptake
at 1x 1072 bar in pure C,H, and in a binary equimolar C,H,/
CO, mixture at 298 K and 1 bar, as well as the highest C,H,/
CO, selectivity, making it as a new benchmark material for
the capture of C,H, and the separation of C,H,/CO,. As
a major outcome, this work offers a new platform to design
and implement novel porous materials with ultra-strong
binding affinity for C,H,, thereby attesting the significant
role of MOFs in resolving industrial and environmental
challenges.
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