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Abstract: Separating acetylene from carbon dioxide is
important but highly challenging due to their similar
molecular shapes and physical properties. Adsorptive
separation of carbon dioxide from acetylene can directly
produce pure acetylene but is hardly realized because of
relatively polarizable acetylene binds more strongly.
Here, we reverse the CO, and C,H, separation by
adjusting the pore structures in two isoreticular ultra-
microporous metal-organic frameworks (MOFs). Under
ambient conditions, copper isonicotinate (Cu(ina),),
with relatively large pore channels shows C,H,-selective
adsorption with a C,H,/CO, selectivity of 3.4, whereas
its smaller-pore analogue, copper quinoline-5-carboxy-
late (Cu(Qc),) shows an inverse CO,/C,H, selectivity of
5.6. Cu(Qc), shows compact pore space that well
matches the optimal orientation of CO, but is not
compatible for C,H,. Neutron powder diffraction experi-
ments confirmed that CO, molecules adopt preferential
orientation along the pore channels during adsorption
binding, whereas C,H, molecules bind in an opposite
fashion with distorted configurations due to their
opposite quadrupole moments. Dynamic breakthrough
experiments have validated the separation performance

of Cu(Qc), for CO,/C,H, separation.
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Introduction

Acetylene is one of important gaseous chemicals in
industry,"! which can be obtained from gas mixtures
coexisting with carbon dioxide after partial combustion of
methane or from catalytic cracking of hydrocarbons. This
gas is unstable but important raw material for production of
various chemicals such as acrylic acid, vinyl compounds, and
1,4-butynediol. The acetylene molecule shows same linear
shape as carbon dioxide molecule with minor difference in
their molecular dimensions (C,H,: 3.3x3.3x5.7 A’ COy
3.2x3.3x5.4 A3). C,H, and CO, also have similar boiling
points (C,H,: 189K, CO,: 195K). And C,H, can be
explosive when its gas pressure is above 2 bar. It is therefore
very challenging to separate C,H, and CO, via approaches
based on differentiating their molecular sizes or cryogenic
distillation. Therefore, it is of great significance to develop
efficient methods for separating C,H, and CO, under mild
conditions. The approach of adsorptive separation using
porous materials is gaining intensive attentions owing to its
environmentally friendliness and high energy efficiency."!

As an important type of porous materials, metal-organic
frameworks (MOFs) and/or porous coordination polymers
(PCPs) have been widely explored for various gas
separation.’*® The pore structure of this type of material
can be highly adjustable.” Thus, great research endeavors
have been devoted to design MOFs with various adsorption
sites for separations of C,H, and CO,. Given that prefer-
ential sorption for both gas molecules, those adsorbents can
be either C,H,-selective or CO,-selective. Comparing to
CO,, C,H, exhibits a larger polarizability (C,H,: 33.3-
39.3x107% cm®, CO,: 29.1x10% cm?®) and quadrupole mo-
ments (C,H,: +20.5x107* Cm? CO,: —13.4x10~* Cm?) that
can result in stronger nonelectrostatic interactions (including
dispersion and induction interactions) with pore surface of
adsorbents. Although many MOFs have been reported to
show very similar adsorption uptake and/or binding affinity
for both C,H, and CO,, most of them are C,H,-selective
adsorbents.[! For MOFs incorporated with Lewis acidic sites
such as open metal sites, the m-complexation interactions
with n-electrons of C,H, endow MOFs with subsequent
strong binding affinity for that molecule.”) However, the
open metal sites in MOFs can also interact with electro-
negative O atoms of CO,,®! which lead to significant CO,
sorption with poor adsorption selectivity. For MOFs con-
taining Lewis basic moieties such as uncoordinated oxygen
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and fluoride sites, the formation of hydrogen-bonding
interaction between those sites and C,H, molecules can
enhance the C,H, adsorption.”! However, those sites are
also preferential binding sites in many top-performing
MOFs for CO, capture, as strong electrostatic interactions
can be found between O/F atoms with electropositive C sites
of CO,."

There are also adsorbents preferentially adsorb CO,
over G,H, ! yet the origin of CO,-selective adsorption is
rarely illustrated. Notably, CO,-selective adsorption is
conducive for C,H, purification process, because the remov-
al of impurity gas can straightforwardly produce pure
C,H,." Nevertheless, unlike common size-selective separa-
tion for various gas mixtures with remarkable molecular size
differences, the identical kinetic diameters of both gas
molecules (C,H,: 3.3 A, CO,: 3.3 A) makes it very challeng-
ing to predict adsorption preference of porous materials for
C,H, and CO,. Also, the design of MOFs with preferential
binding sites for selective adsorption of CO, over C,H, is a
tough task. This is because relatively stronger adsorbent-
adsorbate interactions can be found between those adsorp-
tion sites and relatively more polarizable C,H,, resulting in
significant C,H, sorption. In fact, by virtue of the formation
of covalent bonds or coordinative bonds with CO, molecule,
some MOFs can be CO,selective.'*"? The subsequent
regeneration of such adsorbents will be highly energy
consuming. There are also a few examples of flexible MOFs
reported with adsorption preference of CO, over C,H,.I”!
However, the mechanisms of such MOFs are not well
established, hindering the design of MOFs for the inverse
separation.

Given that CO, and C,H, show opposite quadruple
moments, for pore surfaces with same polarity or electric
field gradient, the two gas molecules bind in opposite
configurations using either their molecular ends or middle
position. This phenomenon is usually observed in MOFs
with pore size larger than molecular dimensions of CO, and
C,H,, when the pore space is large enough for head-on
orientation (the rod-shaped molecular perpendicular to the
direction of the channel). In contrast, for MOFs with
relatively small pore size, especially those close to the
molecular size of CO, and C,H,, the head-on binding
configuration would be kinetically unfavorable in diffusion.
Then, as long as the charge distribution on the pore surface
complementary to the side-on orientation of CO, rather
than that of C,H,, CO,-selective adsorption can be readily
achieved. The n electrons of aromatic conjugated moieties
meet such requirement, which are thus targeted to design
adsorbents for separation of CO, over C,H..

Copper isonicotinate (Cu(ina),) and copper quinoline-5-
carboxylate (Cu(Qc),, also known as Qec-5-Cu-sql) are
isoreticular MOFs with one-dimensional (1D) pore
channels,"™ featuring less-polarizable aromatic rings, which
have been demonstrated to be conducive for hydrocarbon
recognition."*! In particular, Cu(Qc), exhibits a relatively
small pore aperture of 3.3 A that is close to the minimum
dimensions of both CO, and C,H,. Such compact pore space
is applicable to study the impact of pore structure adjust-
ment, that is, controlling pore size and electrostatic
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potential, on the adsorbent-adsorbate interactions for poten-
tial CO,/C,H, separation in Cu(Qc),. Herein, gas adsorption
experiments show that Cu(ina), is C,H,-selective with a
C,H,/CO, selectivity of 3.4. In contrast, CO, is selective
captured in Cu(Qc), (66.6cm’cm™) with a significant
preference over C,H,, giving an inverse CO,/C,H, selectivity
of 5.6 at room temperature. Therefore, Cu(Qc), can
preferentially absorb CO, from the CO,/C,H, mixture and
produce pure C,H, under ambient condition.

Results and Discussion

Both structures of Cu(Qc), and Cu(ina), are composed of
2D coordination networks stacking through m-n stacking
interactions, in which each Cu(II) atom is coordinated by
two carboxylate groups and two pyridyl/quinoline groups. In
their layered structures, Cu(Il) atoms serve as 4-connected
nodes linked by 2-connected ligands, resulting in square
lattice (sql) networks (Figures 1 and S1). After the removal
of solvent molecules, both Cu(Qc), and Cu(ina), show 1D
pore channels with accessible void space of 17.2% and
22.3 %. The sizes of their pore cavities are about 4.7x6.1x6.6
and 5.4x5.8x6.3 A3, respectively, which can accommodate
both CO, and C,H,. In particular, their pore apertures at the
interconnections of pore cavities are only about 3.3 and
4.1 A, which match with the size of minimum cross-sectional
areas of CO, and C,H, molecules (3.3 A, Table S1). Such
size match promotes us to investigate potential effect of
pore size on sorption for both gases in these two isoreticular
MOFs.

Both Cu(Qc), and Cu(ina), were prepared by solvother-
mal reactions."*"*) The PXRD patterns of both as-synthe-
sized samples are consistent with corresponding simulated
ones from single crystal data, indicating their bulk products
were pure phase. The thermogravimetric analysis (TGA)
indicated that Cu(Qc), and Cu(ina), can be completely
desolvated (Figures S2-4), facilitating to examine their
permanent porosities.

Cu(Qc), and Cu(ina), show similar uptake capacities for
CO, at 195K (57 and 65 cm®g ', respectively, see Figure 2a).
The Brunauer—-Emmett-Teller (BET) surface area of acti-
vated Cu(Qc), and Cu(ina), was measured to be 238 and
230m*g !, respectively, (Figure S5). The corresponding
experimental pore volume is 0.10 and 0.12 cm®g™, that is
basically consistent with their theoretical values from the
crystal structures (0.12 and 0.15 cm®g™"). The gas adsorption
isotherms of Cu(Qc), and Cu(ina), for C,H, and CO, were
then collected at 298K and sub-atmospheric pressure
(Figures 2b and 2d). As expected, Cu(ina), shows C,H,-
selective sorption over CO,. For Cu(ina), at 298 K and
1bar, its C,H, uptake capacity is 73.8cm’cm™
(2.18 mmolg™"), and CO, uptake capacity is 58.3 cm*cm™
(1.72 mmolg '), showing a C,H,/CO, uptake ratio of 127 %.
In contrast, Cu(Qc), exhibits a CO,-selective sorption under
same condition, with CO, uptake capacity of 66.6 cm’cm™
(1.99 mmolg ') at 1 bar and 298 K, whereas its C,H, uptake
capacity is only 26.5cm’cm™ (0.79 mmolg™). The CO,
adsorption capacity of Cu(Qc), is higher than that of
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Cu(ina),

Cu(Qe),

Figure 1. Crystal structures of Cu(ina), (left) and Cu(Qc), (right) viewed along the c-axis. Cu, C, N, O are represented by light green, gray, light blue,
and rose, respectively.
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Figure 2. (a) CO, sorption isotherms of Cu(Qc), and Cu(ina), at 195 K. (b) CO, and C,H, sorption isotherms of Cu(ina), at 298 K. (c) Adsorption
selectivities of Cu(Qc), and Cu(ina), for equimolar gas mixtures at 298 K and 1 bar. (d) CO, and C,H, sorption isotherms of Cu(Qc), at 298 K.
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Cu(ina),, that is presumably attributed to the stronger host—
guest interactions in Cu(Qc),. The adsorption amount of
GC,H, in Cu(Qc), is significantly lower than that for CO,,
resulting in an uptake ratio of 252 %, higher than those of
most other CO,-selective MOFs whereas lower than that of
[Mn(bdc)(dpe)] (640 %, Table S3).*"! Notably, according to
the amount of adsorbed CO, in Cu(Qc), and the corre-
sponding pore volume, the density of encapsulated CO, in
the pore channels at 298 K is up to 761 g/liter, which is about
427 times as gaseous CO, density of 1.78 g/liter (298 K,
1 bar) and about 65% of the liquid CO, density (1178 g/liter
at 216.6 K, 5.18 bar), implying the highly efficient packing of
carbon dioxide molecules in Cu(Qc),. In fact, the introduc-
tion of large organic substituted groups into host framework
can reduce the pore volume, resulting in a decrease of gas
uptake capacity in the absence of strong adsorption sites.
Indeed, the larger quinoline moieties in Cu(Qc), dramati-
cally lowered its uptake capacity for C,H,. Surprisingly, they
showed negligible effect on that of CO,, as indicated by
cycling sorption measurements (Figures S6-7). Obviously,
the only thing can be foreseen is that there are different
binding configurations between both gas molecules and the
framework of Cu(Qc),. Based on single-component adsorp-
tion isotherms of CO, and C,H,, ideal adsorbed solution
selectivity (IAST) theory was then utilized to evaluate the
adsorption selectivity of both MOFs (Figures 2c and S8-9).
The CO,-selective Cu(Qc), shows a selectivity of 5.6 for
separation of equimolar CO,/C,H, mixture at 1bar and
298 K, which is comparable to those of CO,-selective MOFs
(5-8), such as CD-MOF-1 (5.7),"@ SIFSIX-3-Ni (7.5),l"2
PCP-NH,-ipa (6.4).'" In contrast, Cu(ina), shows an inverse
selectivity of 3.4 for separation of equimolar C,H,/CO,
mixture at 1bar and 298 K. The opposite selectivity and
uptake ratio of both MOFs suggested there are different
binding affinity for CO, and C,H,. Coverage-dependent
adsorption enthalpies (Qy) of Cu(Qc), for CO, was
evaluated from single-component isotherms collected at 273,
298, and 313 K, by using the Clausius—Clapeyron equation
(Figures S10-11). The Q,, for CO, is 31.7+3.5kJmol ™" at
near zero coverage, which keeps almost constant at higher
coverage (Figure S11). Notably, the Q, value for CO, is
lower than those of typical inorganic porous adsorbents and
other CO,-selective MOFs (Figure S12, Table S2), such as
zeolite 4A (33.5 kJmol ™), SIFSIX-3-Ni
(50.9 kI mol ™), Tonic crystal (38 kJmol ™), [Tm,(OH-
bdc),(u;-OH),(H,0),]  (452kIJmol™),"™  CD-MOF-1
(41.0 kJmol™") and CD-MOF-2 (67.2 kITmol ), en-MOF
(71.2kImol ™), Zn-ox-mtz  (43.0 kTmol '),  ALF
(47.7 kTmol™)."**! In contrast, the Q,, of Cu(Qc), for C,H,
is 21.443.5 kJmol ™" at near zero coverage, which is signifi-
cantly lower than those of many MOFs (25—
79 kI mol"),7e%9421 implying the weak binding affinity of
C,H, in relatively compact pore space. In addition, the O of
Cu(ina), for C,H, and CO, are 27.8 and 24.1 kJmol™,
respectively (Figures S13-14), which is consistent with the
variation of their polarizabilities and adsorption uptakes.
We further mapped the electrostatic potential (ESP) of
pore surface in pore channels of Cu(Qc), by density func-
tional theory (DFT) calculations (Figure S15), where neg-
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ative potential are found on conjugated quinoline rings that
periodically distributed along the pore channels. By taking
the pore size into accounts, the ESP of pore surface in
Cu(Qc), is complementary for CO, molecules to arrange
along the pore channels (side-on orientations) whereas is
not quite compatible for C,H, to interact with aromatic
rings. To further investigate the adsorption locates of CO,
and C,H, in Cu(Qc),, we performed high-resolution neutron
powder diffraction (NPD) measurements (see Supporting
Information for details). The binding configurations of CO,
and C,D, molecules were successfully identified in Cu(Qc),
(Table S3, CCDC number:! 2307752 for
[Cu(Qc),]-0.26 C,D, and 2307753 for [Cu(Qc),]-0.72CO,).
As expected, the CO, molecules located in side-on orienta-
tions with their long axes relatively parallel to the direction
of pore channels (Figure 3a-b). The CO, molecule interacts
with adjacent aromatic rings through n°~--C°" interactions
(3.15(3)-3.84(2) A), most of which are slightly shorter than
the sum of van der Waals radii of two carbon atoms
(340 A), indicating there are considerable electrostatic
interactions. These weak electrostatic interactions (n*~-C°")
are consistent with the relatively low adsorption heat that
would be easily to regeneration.”'**! In contrast, the C,D,
molecules bind with the aromatic rings with less stable
configurations than their ideal binding model (Figure S16).
The ideal head-on binding configuration perpendicular to
the plane of aromatic ring is considered as a stable
configuration for acetylene molecules, enabling the max-
imization of their electrostatic interaction with aromatic
rings.*® In Cu(Qc),oC,D,, C,D, molecules are bound to
pore surface through C-D--n interactions. However, the
orientation of the binding C,D, molecule in Cu(Qc),
deviates significantly from the ideal head-on binding config-
uration, which is attributed to the distance between two
quinoline rings of 6.1-7.2 A, being shortly than that of 8.9 A
in ideal head-on binding configuration. Thus, the opposite
binding configuration of these two molecules in compact
pore space of Cu(Qc), leads to the inverse selective
adsorption of CO, over C,H,.

To further confirm the preferential adsorption of CO,
over GH, by Cu(Qc), Grand Canonical Monte Carlo
(GCMC) simulation was therefore carried out (Figure S17).
The calculated CO, and C,H, binding configuration is
consistent with the experimental result from NPD data
(Figure S18-19). The calculated binding energies for CO,
and G,H, in Cu(Qc), are 31.6kJmol™' and 29.4 kJmol !,
respectively. Overall, compact pore aperture and relatively
less stable binding configuration hinder the adsorption of
polarizable C,H, that is usually quite strong in common
MOFs, thus reverse the selective adsorption. By contrast,
the C,H, molecules bound in Cu(ina), with a larger pore
size are closer to the ideal configuration (Figure 3c-d), which
enables Cu(ina), to preferentially adsorb C,H, over CO,.

To demonstrate the practical CO,/C,H, separation
performance of Cu(Qc),, column breakthrough experiments
were performed, in which gas mixtures of CO,/C,H,/He (5/5/
90 v/v/v) flowed over a packed column filled with desolvated
Cu(Qo), at a flow rate of 45 mLmin"' at 298 K (Figures 4
and S20). As shown in Figure 4, the CO, could be complete
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5- 9.2 A

Cu(ina),oC,H,

Figure 3. (a) and (b) Neutron diffraction crystal structures of Cu(Qc),-0.72CO, and Cu(Qc),0.26C,D, with the close contacts highlighted. (c) and
(d) Schematic adsorption sites for CO, and C,H, in Cu(ina), obtained from GCMC simulations.
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Figure 4. Experimental column breakthrough curves for equimolar CO,/
C,H, mixture carried out in a column packed with Cu(Qc), at 298 K and
1 bar.

separation from CO,/C,H, mixture at ambient condition.
C,H, was first detected from the outlet and it quickly
reached a high purity of 99.9 % with no detectable CO,. In
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contrast, CO, was adsorbed in the column during a
considerable while until the uptake capacity of Cu(Qc), got
saturated. The productivity of high-purity C,H, (>99.9 %)
was calculated to be 160 mmol per kilogram sorbent, which
is comparable with that of CO,-selective MOF Cu-F-pymo
(~166 mmolkg™")."® The practical separation results dem-
onstrated that Cu(Qc), could produce pure C,H, in one
single step separation process.

Conclusion

In summary, for MOFs with pore space that is large enough
to accommodate optimal binding configurations of C,H, and
CO,, C,H,-selective adsorption are usually observed because
of the relatively more polarizable C,H,. By adjusting the
pore size of isoreticular MOFs, we have targeted a CO,-
selective MOF that can well accommodate CO, molecules
with optimal orientation but incompatible for that of C,H,
molecules. The inverse adsorption of CO, over C,H, is thus
achieved, leading to relatively straightforward purification
of C,H,. This study will inspire future design on microporous
MOFs for important separation processes.
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