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ABSTRACT: A newly designed octatopic carboxylate ligand,
tetrakis[(3,5-dicarboxyphenyl)oxamethyl]methane (TDM8−)
has been used to connect a dicopper paddlewheel building
unit affording a metal−organic framework (MOF),
Cu4(H2O)4(TDM)·xS (PCN-26·xS, S represents noncoordi-
nated solvent molecules, PCN = porous coordination
network) with novel structure, high gas uptake, and interesting
gas adsorption selectivity. PCN-26 contains two different types
of cages, octahedral and cuboctahedral, to form a polyhedron-
stacked three-dimensional framework with open channels in
three orthogonal directions. Gas adsorption studies of N2, Ar,
and H2 on an activated PCN-26 at 77 K, 1 bar, reveals a
Langmuir surface area of 2545 m2/g, a Brunauer−Emmett−
Teller (BET) surface area of 1854 m2/g, a total pore volume of 0.84 cm3/g, and a H2 uptake capacity of 2.57 wt %. Additionally,
PCN-26 exhibits a CO2/N2 selectivity of 49:1 and CO2/CH4 selectivity of 8.4:1 at 273 K. To investigate properties of gas
adsorption and the adsorption sites for CO2 in activated PCN-26, theoretical simulations of the adsorption isotherms of CO2,
CH4, and N2 at different temperatures were carried out. Experimental results corroborate very well with those of molecular
simulations.
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■ INTRODUCTION
Metal−organic frameworks (MOFs)1−5 have become one of
the fastest growing research fields in chemistry over the past
two decades.6−9 The motivation comes from not only their
tunable pore-size, adjustable surface, and intriguing structural
diversity,10,11 but also their tantalizing potential applications
such as gas storage,12−16 separation,17−19 shape/size/enantio-
selective catalysis,20−23 and others.24−26 By judicious selection
of the metals (or clusters) and organic linkers with fixed
geometry, a vast variety of MOFs have been assembled with
predesigned atom-to-atom connectivity, structural topology,
and nondispersed pore size distribution.27−29

Rigid aromatic polycarboxylate ligands are a widely used
family of organic ligands in the preparation of MOFs, and a
large number of MOFs have been successfully constructed by
using ditopic,30−32 tritopic,15,33,34 tetratopic9,35−37 or hexa-
topic38−40 carboxylate ligands. Octatopic41,42 carboxylate
ligands, on the other hand, are very rare. This can be ascribed
to the diverse ligand conformation and steric congestion of an
octatopic carboxylate ligand as well as the difficulty in synthesis
of such a ligand. However, such an octatopic ligand may help to
produce new MOFs with improved porosity and stability.

Herein, we report the synthesis of the acid of a flexible
octatopic carboxylate ligand, tetrakis[(3,5-dicarboxyphenyl)-
oxamethyl]methane (H8TDM, scheme 1). H8TDM reacted
with Cu(II) under solvothermal reaction conditions to give a
new MOF, Cu4(H2O)4(TDM)·xS (PCN-26·xS, S presents
noncoordinated solvent molecules, PCN = porous coordination
network), in which a Cu(II) paddle-wheel secondary building
unit (SBU) acts as an inorganic node. PCN-26 contains two
different types of cages, octahedral and cuboctahedral, to form a
polyhedron-stacked three-dimensional framework with open
channels in three orthogonal directions. Gas adsorption studies
of N2, Ar, and H2 on an activated PCN-26 at 77 K, 1 bar,
reveals a Langmuir surface area of 2545 m2/g, a Brunauer−
Emmett−Teller (BET) surface area of 1854 m2/g, a total pore
volume of 0.84 cm3/g, and a H2 uptake capacity of 2.57 wt %.
Additionally, PCN-26 exhibits a CO2/N2 selectivity of 49:1 and
CO2/CH4 selectivity of 8.4:1 at 273 K. To investigate
properties of gas adsorption and the adsorption sites for CO2
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in activated PCN-26, theoretical simulations of the adsorption
isotherms of CO2, CH4, and N2 at different temperatures were
carried out. Experimental results corroborate very well with
those of molecular simulations.

■ EXPERIMENTAL SECTION
General Information. Commercially available reagents were used

as received without further purification. NMR 1H data were collected
on a Mercury 300 spectrometer. Thermogravimetry analysis (TGA)
was obtained under N2 atmosphere on a TGA-50 (Shimadzu)
thermogravimetric analyzer with a heating rate of 5 °C min−1. The
powder X-ray diffraction (PXRD) were recorded on a Bruker D8
Discover diffractometer equipped with a Cu sealed tube (λ = 1.54178
Å) at a scan rate of 0.15 s deg−1, solid-state detector, and a routine
power of 1400 W (40 kV, 40 mA). The as synthesized sample was
dispersed on low-background quartz discs (G. M. Associates, Inc.,
Oakland, California) for analysis. The activated sample for powder X-
ray diffraction was prepared under nitrogen atmosphere and covered
with a Kapton film held with a metric O-ring on a home designed
specimen holder (see Figure S1 in the Supporting Information) to
avoid contact with air. Simulation of the PXRD spectrum was carried
out by the single-crystal data and diffraction-crystal module of the
Mercury program available free of charge via Internet at http://www.
ccdc.cam.ac.uk/products/mercury/.
Synthesis of the Acid of Tetrakis[(3,5-dicarboxyphenyl)-

oxamethyl]methane. a. Tetramethyl Tetrakis[(3,5-dimethyl
benzoate)oxamethyl]methane. This compound was synthesized
following a procedure similar to a literature method.43 Under a
nitrogen atmosphere, a mixture of 1,3-dibromo-2,2-bis(bromomethyl)-
propane (3.2 g, 8.25 mmol), dimethyl 5-hydroxyisophthalate (14.0 g,
66.61 mmol), and anhydrous K2CO3 (32.0 g, 0.23 mol) in 200 mL of
N,N-dimethylformamide (DMF) was heated to 70 °C for 72 h while
vigorously stirring. After removal of most of the solvent under reduced
pressure, the residue was dissolved in dichloromethane (300 mL) and
washed with water. The combined organic phase was dried over
MgSO4 and concentrated. The crude product was purified by column
chromatography (silica, ethyl acetate/hexanes = 5/5) to afford the
white solid of tetramethyl tetrakis[(3,5-dimethyl benzoate)oxamethyl]-
methane, 6.1 g (yield, 82%). 1H NMR (300 MHz, DMSO-d6): δ =
7.94 (s, 4H); 7.67 (s, 8H); 4.46 (s, 8H); 3.85 (s, 24H).
b. Acid of Tetrakis[(3,5-dicarboxyphenyl)oxamethyl]methane,

(H8TDM). Tetramethyl tetrakis[(3,5-dimethyl benzoate)oxamethyl]-
methane (6.1 g, 6.7 mmol) and sodium hydroxide (21.6 g, 0.54 mol)
were suspended in 300 mL tetrahydrofuran/methanol/water (v/v/v =
1/1/1). The mixture was stirred at room temperature overnight. After
removal of the organic solvent under reduced pressure, 20%
hydrochloric acid aqueous solution was added to the remaining
aqueous solution until the pH value was adjusted to approximately 2.
The resulting white precipitate was collected by filtration, washed with
water, and dried under vacuum to give white solid of H8TDM (4.8 g,
90%). 1H NMR (300 MHz, DMSO-d6): δ = 13.50 (br, 8H); 8.02 (s,
4H); 7.68 (s, 8H); 4.44 (s, 8H).
Synthesis of PCN-26·xS, Cu4(H2O)4(TDM)·xS. A mixture of

H8TDM (0.05 g, 6.3 × 10−5 mol), CuBr2 (0.15 g, 6.7 × 10−4 mol),
and 1 mL of tetrafluoroboric acid (HBF4, 48% min w/w aqueous

solution) in 17 mL of dimethylformamide (DMF) was sealed in a 20
mL borosilicate glass scintillation vial and placed in an oven at 60 °C
for 72 h. The resulting green crystals of Cu4(H2O)4(TDM)·xS (PCN-
26·xS, S = noncoordinated solvent molecules) were washed with DMF
and collected.

X-ray Crystallography. Single-crystal X-ray data of PCN-26·xS was
collected on a Bruker Smart APEX diffractometer equipped with a low
temperature device and a fine-focus sealed-tube X-ray source (Mo−Kα
radiation, λ = 0.71073 Å, graphite monochromated). The structure was
solved by direct methods and refined by full-matrix least-squares on F2

with anisotropic displacement using the SHELXTL software package.44

Non-hydrogen atoms were refined with anisotropic displacement
parameters during the final cycles. Hydrogen atoms on carbon were
calculated in ideal positions with isotropic displacement parameters. In
PCN-26·xS, free solvent molecules were highly disordered, and
attempts to locate and refine the solvent peaks were unsuccessful. The
diffused electron densities resulting from these residual solvent
molecules were removed from the data set using the SQUEEZE
routine of PLATON and refined further using the data generated.45

The contents of the solvent region are not represented in the unit cell
contents in the crystal data. The details for data collection and
refinement are included in the CIF file in the Supporting Information.

Low-Pressure Gas Sorption Measurements. Gas sorption iso-
therm measurements were performed on an ASAP 2020 Surface Area
and Pore Size Analyzer. An as-isolated sample of PCN-26·xS was
soaked in methanol for three days to remove the noncoordinated
solvent molecules, during the exchange the methanol was refreshed six
times. The sample was collected by decanting and treated with
dichloromethane similarly to remove methanol solvates. After the
removal of dichloromethane by decanting, the wet sample was
activated by drying under a dynamic vacuum at room temperature
overnight to obtain activated PCN-26 (PCN-26-ac). Before the
measurement, the PCN-26-ac sample was dried again by using the
“degas” function of the surface area analyzer for 10 h at 80 °C. UHP
grade (99.999%) N2, Ar, H2, CO2, and CH4 were used for all
measurements. The temperatures were maintained at 77 K (liquid
nitrogen bath), 87 K (liquid argon bath), 195 K (acetone-dry ice
bath), 273 K (ice−water bath), or 298 K (room temperature),
respectively.

High-Pressure Gas Sorption Measurements. High-pressure H2

excess adsorption of PCN-26-ac was measured using an automated
controlled Sieverts’ apparatus (PCT-Pro 2000 from Setaram) at 77 K
(liquid nitrogen bath). An activated sample (1.484 g) was loaded into
a sample holder under an argon atmosphere. Before the measure-
ments, the sample was degassed at 80 °C overnight. The free volume
was determined by the expansion of low-pressure He (<5 bar) at room
temperature. The temperature gradient between gas reservoir and
sample holder was corrected by applying a correction factor to the raw
data, which was obtained by replacing the sample with polished
stainless-steel rod and measuring the adsorption isotherm at the same
temperature over the requisite pressure regime. The total gas uptake
was calculated by: Ntotal = Nexcess + ρbulkVpore, where ρbulk equals to the
density of compressed gases at the measured temperature and Vpore
was obtained from the N2 isotherm at 77 K.7

■ COMPUTATIONAL DETAILS
Force Fields. The potential parameters and partial charges for all

the adsorbates are shown in Table 1. In this work, H2 was modeled by
a Lennard−Jones (LJ) interaction site located at its center of mass and
three partial charges with two located at H atoms and one at the center
between two H atoms with bond length of 0.074 nm.46 CO2 was
modeled as a linear molecule with three charged LJ interaction sites
located on each atom with C−O bond length l = 0.116 nm, taken from
the TraPPE force field developed by Potoff and Siepmann.47 CH4 was
modeled as a single LJ interaction site, and the potential parameters
were also taken from TraPPE force field, which was able to reproduce
the critical parameters and liquid densities of alkanes.48 A three-site
model was used for N2, with two sites located at two N atoms and the

Scheme 1. Structure of the Acid of Tetrakis[(3,5-
dicarboxyphenyl)oxamethyl]methane, H8TDM
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third one located at its COM site. The bond length between two N
atoms is 0.110 nm.47

The MOF material studied here was modeled by the atomistic
representation. A combination of the site−site LJ and Coulombic
potentials was adopted to calculate the interactions between
adsorbates and adsorbents. The LJ parameters for the framework
atoms in PCN-26-ac were taken from Dreiding force field as listed in
Table 2.49 The above set of potential models have been successfully

used to describe the adsorption and separation of H2,
50,51 CO2,

52,53

CH4,
54 and N2

53,55 in PCN-26-ac. In this work, atomic partial charges
for the frameworks of PCN-26-ac (the definition of the types of the
atoms in H8TDM are shown in Scheme S1) were estimated using the
CBAC method developed by Zhong’s group53,56 with slight variation
to make the total charge to be zero, as shown in Table S1 in the
Supporting Information.
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Considering the adsorption of hydrogen occurred at low temperature,
the quartic Feynman-Hibbs (FH) effective potential58 was used to
account for the quantum effects, where U denotes the classical LJ
potential, r is the molecule−molecule distance, ℏ is Planck’s constant
divided by 2π; and the prime, double prime, etc., denote the first-,
second-, and higher-order derivatives with respect to r, respectively.
The second and third terms in eq 1 are the quantum correction, μ is
the reduced mass: μ = m/2 for the adsorbate−adsorbate interactions,
whereas μ = m for the adsorbate−adsorbent interactions, where m is
mass of the adsorbate molecule.
Simulation Methods. Grand canonical Monte Carlo (GCMC)

simulations were employed to calculate the adsorption of H2, CO2,
CH4, and N2 in PCN-26. Similar to previous works,59−62 PCN-26 was
treated as rigid framework with atoms frozen at their crystallographic
positions, since the effects of the dynamics of MOFs become
significant only when the guests are large and/or strong guest−host
interactions exist in the system. The simulation box contains 3 (3 × 1
× 1) unit cells, and no finite-size effects existed by checking the
simulations with larger boxes. The LJ interactions were calculated with
a cutoff distance, 1.28 nm, and the long-range electrostatic interactions
were handled using the Ewald summation technique with tinfoil
boundary condition. For each state point, the number of steps in

GCMC simulation was 2 × 107, where the first 1 × 107 steps were
used for equilibration and the subsequent 1 × 107 steps for sampling
the desired thermodynamics properties. A detailed description of the
simulation methods can be found elsewhere.63

■ RESULTS AND DISCUSSION
Synthesis and Structure of PCN-26·xS. Under solvo-

thermal conditions, a reaction between CuBr2 and H8TDM in
DMF affords green crystals of PCN-26·xS, which has a formula

of Cu4(H2O)4(TDM)·xS. Essentially, the flexibility of free
H8TDM molecule comes from the three single bonds
connecting the central carbon and an isophthalate group.
Considering the possibility of the flexible configuration of
H8TDM, different synthetic conditions were attempted to
explore the possibility of achieving diverse structures. First,
Cu(NO3)2 and CuCl2 were used instead of CuBr2; second,
molar ratio of metal salt/ligand (3/1; 2/1; 1/1; 1/2; 1/3) were
adjusted; then N,N-diethylformamide (DEF) was introduced to

Table 1. LJ Potential and Coulombic Potential Parameters
for the Adsorbates

LJ parameters

adsorbate site σ (nm) ε/kB (K) charge (e)

H2 H2_H 0 0 0.468
H2_M 0.296 36.70 −0.936

CO2 CO2_O 0.305 79.00 −0.35
CO2_C 0.280 27.00 0.70

N2 N2_N 0.331 36.00 −0.482
N2_M 0 0 0.964

CH4 CH4 0.373 148.0 0.0

Table 2. LJ Potential Parameters for the Atoms in the
Framework PCN-26-ac

LJ parameters Cua C O H

σ (nm) 0.311 0.347 0.303 0.285
ε/kB (K) 2.517 47.86 48.16 7.65

aTaken from the UFF force field57 (it is missed in the Dreiding force
field).

Figure 1. (a) Octahedral cage; (b) cuboctahedral cage; (c)
connectivity of octahedrons; (d) connectivity of cuboctahedrons; (e)
connectivity of cuboctahedron and neighboring octahedrons; (f)
schematic representation of the polyhedron-stacked 3D framework.

Figure 2. Schematic representation of the topology of PCN-26, in
which the Cu2(O2CR)4 SBUs (turquoise ball) and quaternary carbon
atoms of TDM8− (yellow ball) act as four-connected nodes, whereas
the CH2O-isophthalate groups (purple ball) act as three-connected
nodes. The navy blue balls and bonds represent one integrated
TDM8−.
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replace DMF. However, PCN-26·xS was obtained in all cases,
implying a less impact of these changing conditions on the
formation of this MOF. Although different solvent molecules
involved in the resulting products, the framework structure is
identical. In terms of our primary attention on the adsorption-
related properties of the MOF, we did not try to identify these

products with different solvent molecules. Herein, the crystal
structure of PCN-26 is depicted in detail. Single-crystal X-ray
crystallographic analysis64 revealed that PCN-26 crystallizes in
the orthorhombic space group Pbcm. In PCN-26, there are two
different types of cages. The first type is an octahedral cage, in
which four copper paddlewheel SBUs and two quaternary
carbon atoms of two TDM8− occupy the vertices. The four

Figure 3. Channels in the framework of PCN-26: (a) along the a-axis; (b) along the b-axis; and (c) along the c-axis.

Figure 4. N2 and Ar isotherms for PCN-26-ac at 77 K (filled and open
symbols represent adsorption and desorption data, respectively).

Figure 5. H2 isotherms under 77 and 87 K for PCN-26-ac.

Figure 6. Isosteric heats of adsorption for PCN-26-ac.

Figure 7. High-pressure excess H2 adsorption isotherm at 77 K.

Chemistry of Materials Article

dx.doi.org/10.1021/cm2008889 | Chem. Mater. 2012, 24, 18−2521



CH2O-isophthalate moieties of TDM8− occupied four faces of
the octahedral cages, leaving four faces vacant with an isosceles
triangle windows of 8.17 Å and 8.82 Å (Cu−Cu and Cu−C
distance along the edge; Figure 1a). The second type is a
cuboctahedral cage, where eight paddlewheel SBUs and four
quaternary carbon atoms occupy the 12 vertices of a
cuboctahedron (Figure 1b) and 12 CH2O-isophthalate parts
occupy 12 edges on the outside of the cuboctahedron, whereas

the other 12 edges were occupied by four CH2O-isophthalate
moieties from inside. The square faces are 7.57 × 7.57 Å2 and
8.13 × 8.13 Å2 in dimension. In three orthogonal directions,
each octahedral cage connects six others by sharing the vertices
(Figure 1c), whereas every cuboctahedron connects six others
by sharing the square faces (Figure 1d). By sharing the
corresponding occupied and unoccupied isosceles triangle
faces, respectively, each cuboctahedron is surrounded by eight
neighboring octahedra (Figure 1e) to form a polyhedron-
stacked three-dimensional framework (Figure 1f). It should be
pointed out that although the ligand is flexible when stands
alone, the resulting MOF is rigid presumably due to the rigidity
of the 3D framework structure. Similar situation has been
observed in several other MOFs.65 A change in conformation
originating from rotation around a single bond would be
energetically unfavorable in the framework because the bonds
are all interconnected.
In PCN-26, both [Cu2(O2CR)4] SBUs and quaternary

carbon atoms of TDM8− act as four-connected nodes, while
the CH2O-isophthalate moieties act as three-connected nodes,
the framework is a trinodal net and adopts a new network
t o p o l o g y w i t h t h e S c h l a ̈ f l i s y m b o l o f
{311.410.57}4{3

2.62.72}2{3
6}66 (Figure 2). Three-dimensional

square channels are observed from the a, b and c axis with
the sizes of 7.57 × 7.57 Å2, 8.13 × 8.13 Å2 and 7.93 × 7.93 Å2,
respectively (Figure 3). After removal of the coordinated
solvent molecules, activated PCN-26 was obtained with a
solvent accessible volume of 66.2% (calculated using
PLATON45). PXRD confirmed the phase purity of the bulk
samples (PCN-26·xS), as shown in Figure S2 in the Supporting
Information. Inside the channels of PCN-26·xS, lie crystallo-
graphically disordered solvent molecules. TGA analysis (see
Figure S3 in the Supporting Information) showed that as
synthesized PCN-26·xS lost 38% weight because of solvent
molecules, and the framework decomposed at temperatures
above 290 °C.

Gas Sorption. To investigate the permanent porosity of
PCN-26, we performed gas sorption experiments for N2, Ar,
H2, CO2, and CH4. The freshly prepared PCN-26·xS crystals
were fully activated to obtain PCN-26-ac sample according to
the procedure reported in our previous work.67,68 A careful
examination of the PXRD data of the activated samples reveals
that PCN-26-ac keeps its crystallinity and framework structure
upon activation (see Figure S3 in the Supporting Information).
The N2 sorption isotherms, as shown in Figure 4, reveal that
PCN-26-ac exhibits typical type I sorption behavior, a
characteristic of microporous materials, which is coincidental
with the crystal structure. Derived from the N2 adsorption data,
the Langmuir surface area of PCN-26-ac is 2385 m2/g,
corresponding to a BET surface area of 1733 m2/g and a
total pore volume of 0.84 cm3/g. The former is smaller than the
solvent-accessible surface area estimated based on the crystal
structure (2976 m2/g using a probe of 3.68 Å in diameter)
using Materials Studio 5.0.69 Comparing with N2 sorption
isotherms, the Ar sorption isotherms display a Langmuir surface
area of 2545 m2/g and a BET surface area of 1854 m2/g (Figure
4). The corresponding total pore volume is 0.84 cm3/g, which
is consistent with that from N2 adsorption data.
Low-pressure H2 sorption isotherms at 77 K were collected

as well to evaluate its H2 adsorption performance. PCN-26-ac
adsorb 2.57 wt % H2 gas at 77 K and 760 Torr (Figure 5),
comparable to reported results.67,70−72 To estimate the heats of
adsorption (Qst) for H2 in PCN-26-ac, H2 adsorption isotherms

Figure 8. CO2, CH4 and N2 isotherms under 195 K.

Figure 9. CO2, CH4, and N2 isotherms under 273 K.

Figure 10. CO2, CH4, and N2 isotherms under 298 K.
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were measured at 87 K (Figure 5), which adsorb 1.75 wt % H2

gas. The adsorption data were fitted using the Langmuir−
Freundlich equation73 (utilizing the virial-type expression7,71 to
fit the data could yield similar results), and the heats of
adsorption were calculated using the Clausius−Clapeyron
equation:74 Qst = −Rd(lnP)/d(1/T). As shown in Figure 6,
at the low coverage of 0.001 wt %, PCN-26-ac has a hydrogen-
adsorption enthalpy of 6.81 kJ/mol. These are comparable to
the reported Qst of Cu-BTC

71,75 and PCN-6,76 and can be
attributed to the interactions between dihydrogen molecules
and open Cu sites as revealed by the recent neutron powder
diffraction studies.77 With the increase in H2 coverage, Qst of
PCN-26-ac decreases steadily.

Because the H2 adsorption isotherm is not saturated at 77 K
and 760 Torr, high-pressure H2 isotherms were collected as
well to evaluate its H2 adsorption performance at elevated
pressures. As shown in Figure 7, with the pressure increased to
32.4 bar, the excess gravimetric hydrogen adsorption of PCN-
26-ac can reach 2.86 wt % at 77 K. The value is relatively lower
than those of other reported three-dimensional MOFs6,70,71,78

under the same conditions, which can be ascribed to the much
lower surface area of PCN-26-ac compared to those reported
MOFs. However, the H2 uptake capacities of PCN-26-ac at 77
K and 1 bar are comparable with those of the MOFs in the
literature67,70−72 and are among the highest for MOFs with
flexible ligands at 1 bar.35,79−83

Except for the N2 and H2 uptakes at low temperatures, CO2,
CH4, and N2 adsorption measurements of PCN-26-ac have
been carried out at 195, 273, and 298 K, respectively (Figures
8−10). At 195 K, PCN-26-ac adsorbs CO2 up to 490.5 cm3/g
(753 Torr), CH4 238.4 cm3/g (809 Torr), and N2 68.0 cm3/g
(810 Torr), respectively. The adsorption capacity for CO2 can
reach 181.3 cm3/g (800 Torr) and for CH4 39.1 cm3/g (900
Torr), but for N2 only 8.76 cm3/g (810 Torr) at 273 K. With
an increase of temperature to 298 K, the adsorption capacity for
CO2 reaches 109.1 cm3/g (800 Torr) and for CH4 24.1 cm3/g
(800 Torr), but for N2 only 8.76 cm3/g (810 Torr), as shown
in Figure 8. The results demonstrated the guest-evacuated
PCN-26-ac has the ability to selectively adsorb CO2 over CH4
and N2. To estimate the CO2/CH4, CO2/N2 adsorption
selectivity, the Henry’s Law selectivity at 273 and 298 K is
calculated.84 A high CO2/N2 selectivity of 49:1 was obtained at
273 K. With an increase in the temperature at 298 K, the CO2/
N2 selectivity still reaches 21:1. Meanwhile, CO2/CH4
selectivity of 8.4:1 and 6.3:1 were obtained at 273 and 298

Figure 11. Comparison of experimental and simulated adsorption isotherms of PCN-26-ac: (a) H2 at 77 and 87 K; (b) CO2, CH4, and N2 at 195 K;
(c) CO2, CH4, and N2 at 273 K; (d) CO2, CH4, and N2 at 298 K.

Figure 12. Contour plots of the COM probability densities of CO2 at
298 K and 37.6 Torr (Cu, orange; O, red; C, gray; H, white).
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K, respectively. The gas-adsorption selectivity of PCN-26 is
higher than most of the reported values for MOF
materials.85−88

Comparison of Experimental and Simulated Adsorp-
tion Isotherms. The results in Figure 11 show that the
simulations give good reproduction of the experimental
adsorption isotherms of H2, CO2, CH4, and N2. Based on
these observations, it can be concluded that the set of force
fields adopted in this work are reliable and can be used to study
the adsorption behaviors of these gases in PCN-26-ac.
Adsorption Sites of CO2 at 298 K. To investigate the

adsorption sites of CO2 in PCN-26-ac, we calculated the center
of mass (COM) probability distribution of the adsorbed CO2 at
low pressure, say 37.6 Torr, on the basis of all of the
configurations recorded during the GCMC simulations, as
shown in Figure 12. It seems CO2 molecules are mainly
adsorbed in the center of the octahedral cages in the
framework. However, it is hard to identify which kind of
atoms are the preferential adsorption sites for CO2. Therefore,
the radial distribution functions (RDFs) between each type of
atom (shown in Scheme S1 in the Supporting Information) in
the framework and the COM of the CO2 were calculated and
the results are reported in Figure S4 in the Supporting
Information. This figure shows that the adsorbed CO2
molecules accumulate mainly in the center of the octahedral
cages, and the distances to different atoms are quite close, with
the benzene ring and O2 atoms slightly closer.

■ CONCLUSIONS

The foregoing results have demonstrated that the use of a
flexible octatopic ligand as a linker and Cu(II) paddlewheel as a
SBU can afford a robust porous 3D MOF with excellent gas-
uptake capacity. For instance the MOF can adsorb 2.57 wt % of
H2 (77 K and 760 Torr) and 109.1 cm3/g of CO2 (800 Torr
and 298 K). Significantly, PCN-26-ac adsorbs CO2 over CH4
and N2 preferably with a CO2/N2 selectivity of 49:1 and a
CO2/CH4 selectivity of 8.4:1 at 273 K. The results of molecular
simulation corroborate well with the experimental adsorption
isotherms of CO2, CH4, and N2. Additionally, the center of
mass (COM) probability distribution of the adsorbed CO2 at
low pressure shows that the adsorbed CO2 molecules
accumulate mainly in the center of the octahedral cages in
the framework. Future efforts will be directed toward the study
of selective gas uptake of MOFs constructed from other
multitopic ligands.
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(54) Düren, T.; Snurr, R. Q. J. Phys. Chem. B 2004, 108, 15703−
15708.
(55) Karra, J. R.; Walton, K. S. J. Phys. Chem. C 2010, 114, 15735−
15740.
(56) Zheng, C.; Zhong, C. J. Phys. Chem. C 2010, 114, 9945−9951.
(57) Rappe, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A.;
Skiff, W. M. J. Am. Chem. Soc. 1992, 114, 10024−10035.
(58) Kumar, A. V. A.; Bhatia, S. K. Phys. Rev. Lett. 2005, 95, 245901.
(59) Yazaydin, A. O.; Snurr, R. Q.; Park, T. H.; Koh, K.; Liu, J.;
LeVan, M. D.; Benin, A. I.; Jakubczak, P.; Lanuza, M.; Galloway, D. B.;
Low, J. J.; Willis, R. R. J. Am. Chem. Soc. 2009, 131, 18198−18199.
(60) Babarao, R.; Jiang, J. W. J. Am. Chem. Soc. 2009, 131, 11417−
11425.
(61) Liu, B.; Smit, B. J. Phys. Chem. C 2010, 114, 8515−8522.
(62) Xu, Q.; Liu, D. H.; Yang, Q. Y.; Zhong, C. L.; Mi, J. G. J. Mater.
Chem. 2010, 20, 706−714.
(63) Frenkel, D.; Smit, B. Understanding Molecular Simulation: From
Algorithms to Applications; Academic Press: San Diego, 2002.
(64) PCN-26: C37H28Cu4O24, M = 1110.75, 0.12 × 0.08 × 0.07 mm3,
orthorhombic, space group Pbcm (No. 57), a = 12.2473(5), b =
25.914(5), c = 25.9141(9) Å, V = 8224.6(4) Å3, Z = 4, Dc = 0.897 g/
cm3, F000 = 2232, MoKα radiation, λ = 0.71073 Å, T = 173(2)K, 2θmax

= 52.8°, 35483 reflections collected, 8349 unique (Rint = 0.1352). Final
GOF = 0.735, R1 = 0.0508, wR2 = 0.0964, R indices based on 3456
reflections with I > 2σ(I) (refinement on F2), 300 parameters, μ =
1.067 mm−1.
(65) Perry, J. J.; Kravtsov, V. C.; McManus, G. J.; Zaworotko, M. J. J.
Am. Chem. Soc. 2007, 129, 10076−10077.
(66) Blatov, V. A. IUCr CompComm Newslett. 2006, 7, 4−38.
(67) Wang, X. S.; Ma, S. Q.; Rauch, K.; Simmons, J. M.; Yuan, D. Q.;
Wang, X. P.; Yildirim, T.; Cole, W. C.; Loṕez, J. J.; de Meijere, A.;
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