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ABSTRACT: Four porous isostructural mixed-metal−organic
frameworks (M′MOFs) have been synthesized and structurally
characterized. The pores within these M′MOFs are systemati-
cally tuned by the interplay of both the metalloligands and
organic ligands which have enabled us not only to direct their
highly selective separation of chiral alcohols 1-phenylethanol
(PEA), 2-butanol (BUT), and 2-pentanol (2-PEN) with the
highest ee up to 82.4% but also to lead highly selective
separation of achiral C2H2/C2H4 separation. The potential
application of these M′MOFs for the fixed bed pressure swing
adsorption (PSA) separation of C2H2/C2H4 has been further examined and compared by the transient breakthrough simulations
in which the purity requirement of 40 ppm in the outlet gas can be readily fulfilled by the fixed bed M′MOF-4a adsorber at
ambient conditions.

■ INTRODUCTION
The last two decades have witnessed the rapid emerge of
porous metal−organic frameworks (MOFs) and/or porous
coordination polymers (PCPs) and their diverse applications
on gas storage, separation, heterogeneous catalysis, sensing,
drug delivery, and so on.1,2 The so-called first-generation
MOF/CP materials is structurally porous (guest solvent
molecules occupy the pore spaces within the frameworks);
however, their permanent porosity cannot be established by
vapor/gas sorption because the frameworks are not robust
enough and easily collapsed once the solvent molecules are
removed during thermal and/or vacuum activation.3−6

Significant progress was made during 1997−1999 when a few
highly porous MOFs were synthesized that adsorbed gas
molecules.7−9 The realization of such robust second-generation
MOF/CP materials has certainly paved the way to explore their
functionalities and thus further to target third-generation
MOF/CP materials which can respond to physical stimuli,
leading to a variety of new porous materials for the above-
mentioned applications.10−74 In fact, MOF materials have been

the best performing of all porous materials for the storage of
hydrogen, methane, and acetylene and capture of carbon
dioxide that have been produced over the past several
years.18−24

During the early stage, research was mainly focused on those
commercially available organic ligands such as 4,4′-bipyridyl to
construct frameworks.6,7,10 The realization of carboxylate
groups for stabilization of frameworks by the in situ formation
of metal-containing clusters (generally termed as secondary
building units (SBUs)) during 1998−1999 has significantly
facilitated the production of robust and/or robust/flexible
porous MOFs,12 and further stimulated the exploration of the
decorated and expanded carboxylate-containing organic linkers
for the construction of highly porous MOFs, as exemplified in
MOF-11 and MOF-14 by the implementation of 1,3,5,7-
admantane-tetracarboxylate (ATC) and 4,4′,4″-benzene-1,3,5-
triyl-tribenzoate (BTB) respectively, into the frameworks
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during 2000−2001.50,51 Nowadays, the expanded organic linker
approach still plays a crucial role in targeting some highly
porous MOFs for their extraordinary gas-storage properties.
Metalloligands (metal-containing complexes having the coor-
dination binding sites for their further coordination/binding
with the second metal ions and/or clusters) as the potential
bridging linkers for the construction of porous mixed-metal−
organic frameworks (M′MOFs) was conceptually proposed
back in 2002;52 however, it took quite a long time to establish
the first few porous M′MOFs whose permanent porosities have
been exclusively established by gas/vapor sorption iso-
therms.53−71 Compared with traditional organic ligands,
metalloligands are typically longer and more flexible, and thus
it is much more difficult and challenging to stabilize the formed
frameworks. As highlighted recently, such a metalloligand
approach is very appealing to target some functional porous
materials because of its straightforward immobilization of
functional sites (both metal and organic functional sites) into
their frameworks to introduce their specific recognitions of
small molecules.61 Apparently, such promise has not been fully
explored, and the research on metalloligands for functional
porous M′MOFs is still at the early stage.
Fine tuning of micropores within porous materials is very

crucial and important to maximize their size-selective effects
and thus to fulfill their specific separation of small molecules. As
shown in Scheme 1, through the interplay of both metal-

loligands and organic ligands, our developed M′MOF approach
is very unique to construct tunable chiral pore spaces for both
chiral and achiral separation of small molecules. Simply by
making use of different chiral diamines ((1R,3S)-1,2,2-
trimethyl-1,3-diaminocyclopentane and (1R,2R)-(-)-1,2-cyclo-
hexanediamine; red in Scheme 1), chiral pockets/environments
with slightly different pores can be readily constructed. These
pores can be further tuned by both the substituted terminal
methyl and tert-butyl groups (blue in Scheme 1) and the

second organic linkers 1,4-cyclohexanedicarboxylate and 1,4-
benzenedicarboxylate (green in Scheme 1). Herein we report
the synthesis and structures of four isostructural M′MOFs
Cd3(BDC)3[Cu(SalPyMeCam)] ·(G) x . (M ′MOF -4) ,
Zn3(CDC)3[Cu(SalPyMeCam)] ·(G) x (M ′MOF-5) ,
Cd3(BDC)3[Cu(SalPytBuCy)]·(G)x (M ′MOF-6) and
Zn3(CDC)3[Cu(SalPytBuCy)]·(G)x (M′MOF-7), and their
chiral separation of small alcohols and separation of C2H2/
C2H4 at room temperature. M′MOF-7 can efficiently separate
1-phenylethanol up to ee of 82.4. Their potential for the
practical separation of C2H2/C2H4 at ambient conditions has
been further examined by simulated breakthrough experiments,
indicating that activated M′MOF-4a is the best material to
produce high purity ethylene (>99.0%) from the C2H4/C2H2
mixture for industrial usage.

■ EXPERIMENTAL SECTION
Materials. All reagents and solvents used in these studies are

commercially available and were used as received without further
purification. 5-Methyl-4-oxo-1,4-dihydro-pyridine-3-carbaldehyde and
5-tert-butyl-4-oxo-1,4-dihydro-pyridine-3-carbaldehyde were synthe-
sized according to the published procedure.75 (1R,3S)-1,2,2-
Trimethyl-1,3-diaminocyclopentane was readily obtained from natural
camphoric acid.76

Synthesis of Cu(H2SalPyMeCam)(NO3)2. A solution of (1R,3S)-
1,2,2-trimethyl-1,3-diaminocyclopentane (0.231 g, 1.5 mmol) in dry
MeOH (30 mL) was added dropwise to a solution of 5-methyl-4-oxo-
1,4-dihydro-pyridine-3-carbaldehyde (0.412 g, 3.0 mmol) in dry
MeOH (100 mL), and the resulting mixture was refluxed for 4 h to
form a clear, light-brown solution. To this solution was added a
solution of Cu(NO3)2·2.5H2O (0.350 g, 1.5 mmol) in MeOH (20
mL), and the mixture was stirred for another 6 h at RT. The product
was obtained as a bluish green precipitate with 75% yield that was
collected by evaporation of solvent under reduced pressure. Elemental
analysis (%): Calcd for Cu(H2SalPyMeCam)(NO3)2(H2O)1.5
(C22H31N6O9.5Cu): C, 44.41; H, 5.25; N, 14.12; Found: C, 44.59;
H, 5.00; N, 13.68.

Synthesis of Cu(H2SalPytBuCy)(NO3)2. A solution of (1R,2R)-
(−)-1,2-cyclohexanediamine (0.231 g, 1.5 mmol) in dry EtOH (30
mL) was added dropwise to a solution of 5-tert-butyl-4-oxo-1,4-
dihydro-pyridine-3-carbaldehyde (0.504 g, 3.0 mmol) in dry EtOH
(100 mL), and the resulting mixture was refluxed for 4 h to form a
clear light-brown solution. To this solution was added a solution of
Cu(NO3)2·2.5H2O (0.350 g, 1.5 mmol) in EtOH (20 mL), and the
mixture was stirred for another 5 h at RT. The product was obtained
as blue precipitate with 50% yield that was collected by filtration,
washed with EtOH, and air-dried. Elemental analysis (%): Calcd for
Cu(H2SalPytBuCy)(NO3)2(H2O)2 (C26H40N6O10Cu): C, 47.30; H,
6.10; N, 12.73; Found: C, 46.94; H, 5.30; N, 13.60.

S y n t h e s i s o f M ′ M O F - 4 : C d 3 ( B D C ) 3 [ C u -
(SalPyMeCam)]·(DMF)9(H2O)2. A mixture of Cu(H2SalPyMeCam)-
(NO3)2 (0.018 g, 0.030 mmol), H2BDC (0.0067 g, 0.04 mmol,) and
Cd(NO3)2·4H2O (0.0123 g, 0.04 mmol) in DMF (3 mL) was
sonicated for 10 min and heated in a 20 mL scintillation vial with a
screw cap at 120 °C for 24 h. M′MOF-4 could be isolated in ∼57%
yield as green thin plates. Elemental analysis (%): Calcd for
C d 3 ( B D C ) 3 [ C u ( S a l P y M e C a m ) ] · ( D M F ) 9 ( H 2 O ) 2
(C73H105N13O25CuCd3): C, 44.61; H, 5.38; N, 9.26; Found: C, 44.60;
H, 5.16; N, 9.02.

S y n t h e s i s o f M ′M O F - 5 : Z n 3 ( C D C ) 3 [ C u -
(SalPyMeCam)]·(DMF)5(H2O)7. When Zn(NO3)2 (0.0120 g, 0.04
mmol) and H2CDC (0.0069 g, 0.04 mmol) were taken in place of Cd
(NO3)2·4H2O and H2BDC respectively, keeping the reaction
conditions the same as in M′MOF-4, M′MOF-5 could be isolated in
∼60% yield as green thin plates. Elemental analysis (%): Calcd for
Z n 3 ( C D C ) 3 [ C u ( S a l P y M e C a m ) ] · ( D M F ) 5 ( H 2 O ) 7
(C61H99N9O26CuZn3): C, 44.83; H, 6.11; N, 7.71; Found: C, 45.04;
H, 6.12; N, 7.69.

Scheme 1. Schematic Diagram for the Synthesis of Four
Mixed-Metal Organic Frameworks (M′MOFs) of Tunable
Chiral Pores by Making Use of Different Diamines (red),
Terminal Alkyl Moieties (blue) and Organic Linkers (green)
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Synthesis of M′MOF-6: Cd3(BDC)3[Cu(SalPytBuCy)]·(DMF)10.
A mixture of Cu(H2SalPytBuCy)(NO3)2 (0.015 g, 0.023 mmol),
H2BDC (0.0067 g, 0.04 mmol), and Cd (NO3)2·4H2O (0.0123 g, 0.04
mmol) in DMF (3 mL) was sonicated for 10 min and heated in a 20
mL scintillation vial with a screw cap at 100 °C for 48 h. Dark-blue
thin plate crystals of M′MOF-6 were collected, washed with DMF, and
dried in air with 55% yield. Elemental analysis (%): Calcd for
Cd3(BDC)3[Cu(SalPytBuCy)]·(DMF)10 (C80H115N14O24CuCd3): C,
46.69; H, 5.63; N, 9.53; Found: C, 47.00; H, 5.40; N, 9.67.
S y n t h e s i s o f M ′M O F - 7 : Z n 3 ( C D C ) 3 [ C u -

(SalPytBuCy)]·(DMF)12(H2O)6. When Zn(NO3)2 (0.0120 g, 0.04
mmol) and H2CDC (0.0069 g, 0.04 mmol) were taken in place of Cd
(NO3)2·4H2O and H2BDC respectively, keeping the reaction
conditions the same as the above, M′MOF-7 could be isolated in
∼53% yield as dark-blue thin plates. Elemental analysis (%): Calcd for
Z n 3 ( C D C ) 3 [ C u ( S a l P y t B u C y ) ] · ( D M F ) 1 2 ( H 2 O ) 6
(C86H160N16O32CuZn3): C, 47.16; H, 7.36; N, 10.23; Found: C, 47.27;
H, 6.68; N, 10.40.
Single-Crystal Studies. Crystal structure determination was

carried out using a Bruker SMART APEX2 CCD-based X-ray
diffractometer equipped with a low-temperature device and Mo-target
X-ray tube (wavelength = 0.71073 Å). Data collection, indexing, and
initial cell refinements were carried out using APEX2; frame
integration and final cell refinements were done using SAINT. The
molecular structure of the compound was determined using direct
methods and Fourier techniques, and was refined by full-matrix least-
squares. An absorption correction, including face-indexed absorption
correction, was applied using the program SADABS. All non-hydrogen
atoms were refined anisotropically (except as noted). For M′MOF-4,
two independent half metalloligand moieties are disordered over two
sites with sof of 0.5, respectively, which required geometrical restraints
on the bond distances. In addition, the temperature factors of some
atoms (C36′, C51′, C54, C56−C60) were refined with applying EADP
instructions. Non-hydrogen atoms were refined anisotropically except
for the C, N, and O atoms of the disordered metalloligand moieties.
The final refinement process converged to R1 = 0.0808 (I > 2σ(I)).
The occluded solvent molecules could not be identified clearly with
the current intensity data, which needed PLATON SQUEEZE
calculations. Using the new data without the solvent contribution,
the final refinement process converged to R1 = 0.0673 (I > 2σ(I)).
Due to the disorder of the metalloligand, Flack’s absolute parameter
could not converge to 0. However, the low value, 0.10, indicates that
the absolute configuration of the Salen in the framework corresponds
to the absolute configuration of the starting compound.
Physical Measurements. Thermogravimetric analyses (TGA)

were performed with a Shimadzu TGA-50 analyzer under nitrogen
atmosphere with a heating rate of 3 °C min−1, from 22−900 °C. X-ray
powder patterns were measured with a Rigaku Ultima IV
diffractometer at 40 kV, 40 mA for Cu Kα radiation (λ = 1.5418
Å), with a scan rate of 3 deg min−1. The elemental analyses were
performed with Perkin−Elmer 240 CHN Analyzers from Galbraith
Laboratories Inc., Knoxville, TN. A Micromeritics ASAP 2020 surface
area analyzer was used to measure gas adsorption isotherms. In order
to have guest-free frameworks, the fresh sample soaked in methanol
(exchanged at least 15 times) was filtered and vacuumed at room
temperature overnight until the outgas rate was 5 μmHg min−1 prior
to measurements. The temperature of the samples was maintained at
77 K with liquid nitrogen, 273 K with ice−water bath (slush), and 296
K with a water bath.
Chiral HPLC Analysis. As-synthesized M′MOF 4−7 samples were

exchanged with dry MeOH for several times. The MeOH-exchanged
samples were immersed in racemic alcohols in sealed vials at RT for
two days, filtered, washed with dry diethyl ether for several times, and
transferred to other vials containing dry MeOH. After two days, the
liquid containing both MeOH and desorbed alcohols were filtered, and
the released alcohols from these alcohol-encapsulated M′MOFs were
determined by the chiral HPLC analysis. The enantiomeric excess for
the encapsulated 1-PEA in methanol solution was performed on a
Chiralcel OD-H column with a flow rate of 0.5 mL/min and an eluent
of 95:5 of hexane/isopropanol. Desorbed aliphatic alcohols (2-butanol,

2-pentanol, and 2-heptanol) mixed with MeOH were derivatized with
4-methoxybenzoyl chloride in presence of Et3N and 4-dimethylami-
nopyridine (DMAP, used as catalyst) under continuous stirring at RT
for 24 h before being subjected to HPLC run (chiralcel OB-H column
with a flow rate of 0.5 mL/min and an eluent of 95:5 of hexane/
isopropanol was used). The absolute configuration was determined by
comparison of their HPLC retention times to those of authentic
samples. The experimental data along with HPLC graphs with
retention times (tR) and area percentages for major and minor
enantiomers are provided in the Supporting Information (SI). It
should be noted that, 4-methoxybenzoyl derivative of MeOH was also
formed during the derivatization of desorbed alcohols, and its
retention time is much higher than that of either of the enantiomers
of desired alcohols.

Fits of Pure Component Isotherms Synthesized in This
Study. The measured experimental data on pure component
isotherms for C2H2 and C2H4 at 273 K, and 296 K in the four
different M′MOFs were first converted to absolute loadings using the
Peng−Robinson equation of state for estimation of the fluid densities.
The pore volume data given in Table S1 (SI) were used for this
purpose. Depending on the guest−host combination, the choice of the
isotherm is either a 1-site Langmuir, 2-site Langmuir, or Langmuir−
Freundlich model. The isotherm models selected along with the fit
parameters are specified in Tables S2, S3, S4, and S5 (SI).

Isosteric Heat of Adsorption. The isosteric heat of adsorption,
Qst, defined as

=
∂

∂
⎛
⎝⎜

⎞
⎠⎟Q RT

p
T

ln
st

2

q (1)

were determined using the pure component isotherm fits for the four
M′MOFs synthesized in this study. For some guest−host combina-
tions for which either the dual-site Langmuir or Langmuir−Freundlich
fits were used, Qst is a function of the loading.77

■ RESULTS AND DISCUSSION

The Schiff base H2SalPyMeCam was synthesized by the
condensation of 5-methyl-4-oxo-1,4-dihydro-pyridine-3-carbal-
dehyde with (1R,3S)-1,2,2-trimethyl-1,3-diaminocyclopentane;
while H2SalPytBuCy was prepared from the reaction of 5-tert-
butyl-4-oxo-1,4-dihydro-pyridine-3-carbaldehyde with (1R,2R)-
(−)-1,2-cyclohexanediamine. Addition of Cu(NO3)2·2.5H2O in
methanol/ethanol to the in situ-formed Schiff base
H2SalPyMeCam and H2SalPytBuCy in methanol/ethanol
readily formed the metal lol igand precursors Cu-
(H2SalPyMeCam)(NO3)2 and Cu(H2SalPytBuCy)(NO3)2, re-
spectively. Solvothermal reactions of these two metalloligand
precursors with metal salts (Cd(NO3)2·4H2O or Zn-
(NO3)2·6H2O) and the second organic linkers 1,4-benzenedi-
carboxylic acid (H2BDC) or 1,4-cyclohexanedicarboxylic acid
(H2CDC) in DMF led to the formation of four M′MOFs. They
w e r e f o r m u l a t e d a s C d 3 ( B D C ) 3 [ C u -
( S a l P yM eC am ) ] · (DMF ) 9 (H 2O ) 2 (M ′MOF - 4 ) ,
Zn3(CDC)3[Cu(SalPyMeCam)]·(DMF)5(H2O)7 (M′MOF-5),
Cd3(BDC)3[Cu(SalPytBuCy)]·(DMF)10 (M′MOF-6), and
Zn3(CDC)3[Cu(SalPytBuCy)]· (DMF)12(H2O)6 (M′MOF-7)
based on elemental analyses and single-crystal X-ray studies.
The phase purity of the bulk samples was further confirmed by
powder X-ray (PXRD, Figures S1, S3−S4, S6, SI) and thermal
gravimetric analysis (TGA, Figures S7−S10, SI). The crystalline
products once formed are insoluble in most of the common
organic solvents.
Single-crystal X-ray diffraction study shows that these

M′MOFs are isostructural, so two representative ones
(M′MOF-4 and M′MOF-6) are fully characterized.78 As
shown in Figure 1 for the structure of M′MOF-6, these
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M′MOFs exhibit three-dimensional (3D) porous structures.
The 2D sheets (see SI, Figure S11) of Cd3(BDC)3 or
Zn3(CDC)3 are bridged by metalloligands Cu(SalPyMeCam)
or Cu(SalPytBuCy) to form 3D frameworks with hexagonal
primitive nets (point symbol 36.418.53.6).83 The chiral pore
spaces within the frameworks encapsulate a significant amount
of disordered DMF and H2O solvent molecules.
The chiral porous natures of M′MOF 4−7 have enabled us to

examine their potential for enatioselective separation of small
alcohols 1-phenylethanol (1-PEA), 2-butanol (2-BUT), 2-
pentanol (2-PEN), and 2-heptanol (2-HEP) at room temper-
ature (Scheme 2). The MeOH-exchanged M′MOF 4−7 were

immersed in racemic alcohols, filtered, and washed with diethyl
ether. The released alcohols from these alcohol-encapsulated
M′MOFs were determined by the chiral HPLC analysis
(Figures S12−S28, SI). As shown in Table 1, these porous
M′MOFs display different recognition behaviors for these four
small alcohols. The two M′MOFs constructed from CDC
M′MOF-5 and M′MOF-7 systematically exhibit higher chiral
separation for 1-phenylethanol (1-PEA) with ee of 75.3% and
82.4%, respectively, than those assembled from BDC M′MOF-4

(ee of 45.0%) and M′MOF-6 (ee of 46.2%). M′MOF-7 is the
most efficient material for separation of 1-PEA, because of the
larger terminal tert-butyl group in M′MOF-7, which has further
decreased the chiral pore space. Such systematic trends have
been also observed in these enantiopure M′MOFs for the chiral
separation of 2-butanol (2-BUT) and 2-pentanol (2-PEN). It
needs to be mentioned that such M′MOFs are flexible with
pores that can be modified by adsorption of different solvent
substrates (see SI, Figure S2−S3, S5−S6 for their PXRDs in
different alcohols); their pores can be slightly adjusted to match
and maximize their chiral separation of the 1-PEA, 2-BUT, and
2-PEN.
M′MOFs can be easily regenerated simply by the immersion

into excess dry methanol, and thus can be reused for further
resolution of racemic alcohols for the next cycles with retention
of crystallinity but with a small decrease in enantioselectivity.
The high separation capacities of M′MOF-5 and M′MOF-7 for
their chiral separation of the 1-PEA, 2-BUT, and 2-PEN with
the ee up to 82.4% highlight their potential for their practical
usage. It has been well-known that chiral secondary alcohols are
valuable intermediates in the synthesis of a variety of
pharmaceutical, agricultural, and fine chemicals, and thus
separation of enantiopure chiral secondary alcohols is very
important. As established before,60 these alcohols are expected
not to specifically interact with frameworks, but are located
inside the chiral pore spaces, leading to the highly selective
enantioselective separation of the examined alcohols by the
homochiral M′MOFs. Extensive research endeavors have been
pursued to construct porous enantiopure metal−organic
frameworks; however, the progress to target their highly
selective separation for chiral small molecules has been very
slow.14,39−49,60 The M′MOF approach developed provides
promise for the realization of new porous materials for the
highly selective separation of chiral small molecules because of
the ability to tune the chiral pores by the interplay of both
metalloligands and organic linkers.
Activated M′MOFs 4a−7a have quite different gas sorption

properties, because of their different pore space and framework
flexibility (Figure 2a). The saturated CO2 uptakes at 195 K are
152, 113, 66, and 24 cm3/g, respectively, for M′MOF-4a, -6a,
-5a, and -7a. Accordingly, their BET surface areas are 602, 369,
202, and 90 m2/g, while their total saturated pore volumes are
0.289, 0.216, 0.126, and 0.045 cm3 g −1 for M′MOF 4a, M′MOF
6a, M′MOF 5a, and M′MOF 7a, respectively. Changing
metalloligand from Cu(SalPyMeCam) to Cu(SalPytBuCy)
systematically reduces the accessible pore space (see Scheme
1: M′MOF-4a vs M′MOF-6a, M′MOF-5a vs M′MOF-7a),
mainly because the bulky tert-butyl groups (−C(CH3)3) have
occupied more pore space in the less porous M′MOF-6a and
M′MOF-7a. BDC is apparently more rigid than CDC; thus,

Figure 1. Single crystal structure of M′MOF-6 viewed along a axis
(Cu, green; C, gray; H, white; N, blue; O, red; Cd, pink).

Scheme 2. Enantiopure M′MOFs for the Chiral Resolution
of Four Alcohols

Table 1. Resolution of Chiral Alcohols by M′MOF 4−7

M′MOF
eea (%) for 1-

PEA
eeb (%) for 2-

BUT
eeb (%) for 2-

PEN
eeb (%) for 2-

HEP

4 45.0 45.2 27.9 <4
5 75.3 72.5 62.2 <9
6 46.2 49.6 39.7 <6
7 82.4 77.1 65.9 <10

aDetermined by chiral HPLC analysis using a Chiralcel OD-H
column. bDetermined by chiral HPLC analysis using Chiralcel OB-H
column (desorbed aliphatic alcohols were derivatized with 4-
methoxybenzoyl chloride before being subjected to the HPLC run).
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BDC is better than CDC in terms of its ability to stabilize the
frameworks and thus generate more porous M′MOF-4a (vs
M′MOF-5a) and M′MOF-6a (vs M′MOF-7a).
As shown in Figure 2b and Figures S29−S32 (SI), these

porous M′MOFs are very promising for the selective separation
of ethylene and acetylene at room temperature. The C2H2
uptakes for these M′MOFs are systematically higher than C2H4
ones at ambient conditions, establishing the foundation for
their applications on C2H2/C2H4 separation. Based on these
temperature dependent sorption isotherms, we have fitted their
single component sorption isotherms by the well established 1-
site Langmuir, 2-site Langmuir, or Langmuir−Freundlich
model (Tables S2−S5, [SI]) and calculated their isosteric
heat of adsorption Qst. The loading dependence of Qst for C2H2
in different M′MOFs is compared in Figure 3a. The highest
values of Qst are for M′MOF-5a, and M′MOF-7a, with much
lower values for M′MOF-4a, and M′MOF-6a. These are in
agreement with their porosities in which the smaller pores will
have stronger interactions with acetylene. Using the pure
component isotherm fits, the adsorption selectivities were
determined using the Ideal Adsorbed Solution Theory (IAST)
of Myers and Prausnitz.79 The accuracy of the IAST
calculations for estimation of the component loadings for
several binary mixtures in a wide variety of zeolites and for
MOFs has been established by comparison with Configura-
tional-Biast Monte Carlo (CBMC) simulations of mixture
adsorption.80 We proceed further to determine the C2H2/C2H4
adsorption selectivities for the M′MOFs at 296 K. In these

calculations the partial pressures of C2H2 and C2H4 are taken to
be: p1/p2 = 1/99 (i.e., 1 mol % C2H2 in the mixture); see Figure
3b. The highest value of Sads is with M′MOF-4a; this is followed
by M′MOF-6a, M′MOF-7a, and M′MOF-5a.
Besides selectivity, capacity considerations are important in

determining the performance of any given adsorbent in a
pressure swing adsorption (PSA) unit. The loadings of C2H2 in
the adsorbed phase within the M′MOFs in equilibrium with a
binary C2H2/C2H4 gas mixture maintained at isothermal
conditions at 296 K were determined for a range of total
pressures up to 100 kPa. Figure 3c presents the C2H2 uptake
capacity, expressed as moles per kg of adsorbent. For the entire
range of pressures, the highest uptake capacity of these porous
materials is offered by M′MOF-4a. It is interesting to note that
M′MOF-4a scores highly both on selectivity and capacity
consideration. The lowest C2H2 uptake capacity is by M′MOF-
7a because of its less porous nature. Now the key question is:
Which of the M′MOFs has the best C2H2/C2H4 separation
characteristics in a PSA unit in order to meet the specified
purity level of 40 ppm in the outlet gas? To provide an answer,
we need to consider breakthrough characteristics in a packed
bed adsorber.
Figure 4a shows a schematic of a packed bed adsorber. The

breakthrough calculations were performed using the following
methodologies developed and described in earlier works.81

Assuming plug flow of C2H2/C2H4 gas mixture through a fixed
bed maintained under isothermal conditions and negligible
pressure drop, the partial pressures in the gas phase at any

Figure 2. (a) CO2 adsorption isotherm of M′MOFs at 196 K (M′MOF-4a, red; M′MOF-6a, blue; M′MOF-5a, magenta; M′MOF-7a, cyan). (b)
C2H2 and C2H4 adsorption isotherms of M′MOF-6a at 295 K.

Figure 3. (a) Comparison of the loading dependence of the isosteric heats of adsorption of C2H2 in four different M′MOFs. (b) C2H2/C2H4
adsorption selectivity for the variety of M′MOFs and (c) C2H2 uptake capacity, expressed as moles per kg of adsorbent, in equilibrium with a binary
C2H2/C2H4 gas mixture maintained at isothermal conditions at 296 K. In these calculations the partial pressures of C2H2 and C2H4 are taken to be:
p1 = 1 kPa; p2 = 99 kPa. All calculations are for 296 K, using the T-dependent isotherm parameters reported in Tables S2−S5 (SI). The calculations
are based on the Ideal Adsorbed Solution Theory (IAST) of Myers and Prausnitz.79.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja302380x | J. Am. Chem. Soc. 2012, 134, 8703−87108707



position and instant of time are obtained by solving the
following set of partial differential equations for each of the
species i in the gas mixture.

ε ε ρ
∂
∂

= −
∂

∂
− −

∂
∂

=
RT

p

t RT

up

z

q

t
i

1 1 ( )
(1 ) ; 1, 2i i i

(2)

In eq 2, t is the time, z is the distance along the adsorber, ρ is
the framework density, ε is the bed voidage (ε = 1− (Bulk
density)/(Framework density)), and u is the superficial gas
velocity. The molar loadings of the species i, qi, at any position
z, and time t is determined from IAST calculations. Details of
the numerical procedures used are available in earlier
works.81,82 In their breakthrough calculation the following
parameter values were used: L = 0.12 m; ε = 0.75; u = 0.00225
m/s (at inlet). This implies the volume of adsorbents remains
the same. The total mass of the adsorbents used is governed by
the corresponding framework densities.
Figure 4b shows the simulated breakthrough curve of

M′MOF-4a for the C2H2/C2H4 separation at 296 K. It is
very clear that M′MOF-4a can efficiently separate C2H2 from
the C2H2/C2H4 mixture at room temperature. The examined
four M′MOFs have different separation capacities. Figure 4c
compares the outlet gas compositions, expressed in ppm C2H2,

obtained with different M′MOFs. The x-axis in Figure 4c is a
dimensionless time, τ, defined by dividing the actual time, t, by
the characteristic time. On the basis of the data in Figure 4c, we
can determine the breakthrough time, τbreak, that satisfies the
required purity level of 40 ppm (which corresponds to the
feedstock requirements of the polymerization reactor). A longer
τbreak is desirable because the frequency of regeneration is
reduced. M′MOF-4a has the longest breakthrough time, while
M′MOF-7a has the shortest breakthrough time; thus, M′MOF-
4a exhibits the highest C2H2/C2H4 separation capacity. Such
different separation capacities are mainly determined by their
different porosities and C2H2 uptake capacity in which
M′MOF-4a has the highest, and M′MOF-7a, the lowest.
The economics of a PSA unit will be dictated primarily by

the amount of C2H2 captured during the adsorption cycle, i.e.
during the time interval 0−τbreak. Figure 4d presents plots of the
number of millimoles of C2H2 captured per liter of adsorbent
against the breakthrough time, τbreak. It is remarkable to note
that per liter of adsorbent material, the number of millimoles of
C2H2 captured is perfectly linearly related to the dimensionless
breakthrough time. This is a rational result. The breakthrough
calculations for M′MOFs were performed with the same volume
of adsorber, containing identical volumes of adsorbent materials.
Expressed differently, Figure 4d demonstrates that the proper

Figure 4. (a) Schematic diagram of a packed bed adsorber. (b) Typical breakthrough curves for packed bed adsorber packed with M′MOF-4a with
step-input of a 1/99 C2H2/C2H4 mixture at 296 K and total pressures of 100 kPa. (c) Ppm C2H2 in outlet gas as a function of the dimensionless time
for M′MOFs. (d) Plot of the number of millimoles of C2H2 captured per liter of adsorbent material during the time interval 0−τbreak against the
breakthrough time τbreak for packed bed adsorber with step-input of a 1/99 C2H2/C2H4 mixture at 296 K and total pressures of 100 kPa. The
breakthrough times, τbreak, correspond to those when the outlet gas contains 40 ppm C2H2.
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metric that determines the separation characteristics of a PSA
adsorber is the dimensionless breakthrough time, τbreak, which
in turn depends on both selectivity and capacity metrics.

■ CONCLUSION
The metalloligand approach for the construction of porous
mixed-metal−organic frameworks (M′MOFs) has been devel-
oped to systematically tune the pore spaces by the interplay of
both metalloligands and organic linkers in resulting isostruc-
tural M′MOFs. Such fine-tuning of the micropores is very
challenging, while it is very crucial and important to direct their
highly selective recognition and thus separation of both chiral
and achiral small molecules. Given the fact that some chiral
alcohols are important raw materials for the synthesis of some
useful pharmaceutical compounds while both acetylene and
ethylene are essential raw chemicals for the production of some
fine chemicals and polymers, these new M′MOFs might be
implemented in these practical applications. Such feasibility has
been further realized by the transient breakthrough simulations
in which the purity requirement of 40 ppm in the outlet gas can
be readily fulfilled by the fixed bed M′MOF-4a adsorber.
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