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ABSTRACT: An expanded 4,4-paddlewheel-connected porous MOF-505-
type metal−organic framework (MOF), [Cu2(PDEB)(H2O)2]·xS (NJU-
Bai12; NJU-Bai represents the Nanjing University Bai group and S represents
noncoordinated solvent molecules) has been designed from a nanosized
rectangular diisophthalate linker containing alkyne groups 5,5′-(1,4-phenyl-
enedi-2,1-ethynediyl)bis(1,3-benzenecarboxylic acid). This MOF material
possesses permanent microporosity with the highest Brunauer−Emmett−
Teller surface area of 3038 m2·g−1 and the largest unsaturated total hydrogen
storage capacity of 62.7 mg·g−1 at 77 K and 20 bar among reported MOF-505
analogues. Additionally, NJU-Bai12 also exhibits excellent carbon dioxide
(CO2) uptake capacity (23.83 and 19.85 mmol·g−1 at 20 bar for 273 and 298
K, respectively) and selective gas adsorption properties with CO2/CH4
selectivity of 5.0 and CO2/N2 selectivity of 24.6 at room temperature.

■ INTRODUCTION

Metal−organic frameworks (MOFs, also known as porous
coordination polymers, PCPs) have been rapidly emerging as a
new type of functional materials for catalysis,1 magnetism,2

luminescence,3 drug delivery,4 and sensing.5 In particular, their
large surface areas, adjustable pore sizes, and controllable pore
surface properties make them good adsorbents in clean energy
applications, such as hydrogen (H2) storage,

6 methane (CH4)
storage,7 and carbon dioxide (CO2) capture.8 In terms of
capacity, MOFs currently hold the highest records in porous
materials for H2 uptake based on physical adsorption9 and
CH4

7b and CO2 storage.9b To develop high-performance
porous MOF materials for such applications, a number of
factors such as the pore size and shape,10 surface area and pore
volume,11 catenation,12 open metal sites,13 and engineering of
gas−sorbent interactions by various strategies14 have been
extensively explored, and the results show that the maximum
excess gas adsorption capacity of a MOF at high pressure is
mainly controlled by its surface area and pore volume.15 Thus,
how to design MOFs with high porosity is one of the most
important challenges for realization of high-capacity gas-storage
MOF materials in the future. For a given framework topology,
the best known strategy to increase its surface area is the use of
elongated but geometrically equivalent organic linkers by virtue
of the expanded pores.16 For instance, recent studies show that
replacing the phenyl spacers of organic linkers with triple-bond
spacers can effectively boost the molecule-accessible gravimetric
surface areas of MOFs and related high-porosity materials.9a,17

Along this strategy, utilizing two hexacarboxylic acids prolonged

by alkyne bonds, Hupp and co-workers18 recently succeeded in
obtaining two expanded rht-type MOF materials known as NU-
109 and NU-110, which display the highest experimental
Brunauer−Emmett−Teller (BET) surface areas of any porous
materials reported to date (∼7000 m2·g−1).
The 4,4-paddlewhell-connected NbO-type MOF-505 series

of porous MOFs have attracted tremendous attention in the
past decade because catenation (interpenetration or interweav-
ing of multiple frameworks) is difficult in such cage-based MOF
networks and, most importantly, these types MOF materials
exhibit excellent gas sorption properties because of their high
surface area, tunable pore size, and open copper(II) sites
suitable for gas adsorption.7a,13a,16a,19 The use of this topology
was pioneered by Chen et al.13a and has been significantly
further explored by the Zhou, Schröder, Suh, and other
groups.19 We are interested in the construction of novel porous
materials from highly symmetric multidentate carboxylate
ligands.20 Capitalizing on NbO topology, we recently obtained
a microporous MOF-505-type MOF material exhibiting high
surface area and excellent gas uptake20b from a rigid
tetracarboxylate ligand with alkyne groups. To enlarge the
pore volumes of materials for gas storage, herein we report the
design and synthesize of a new expanded MOF-505 analogue,
NJU-Bai12, assembled from a rectangular ligand nanosized by
an acetylene moiety [5,5′-(1,4-phenylenedi-2,1-ethynediyl)bis-
(1,3-benzenecarboxylic acid) (PDEB); see Scheme 1] and
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paddlewheel [Cu2(COO)4] secondary building units (SBUs).
To our knowledge, NJU-Bai12 possesses the highest BET
surface area of 3038 m2·g−1 and the largest unsaturated total H2
storage capacity of 62.7 mg·g−1 at 77 K and 20 bar among
reported MOF-505 analogues. Additionally, this MOF material
demonstrates high and selective CO2 adsorption at room
temperature.

■ EXPERIMENTAL SECTION
General Information. All chemical reagents were obtained from

commercial sources and, unless otherwise noted, were used as received
without further purification. Elemental analyses (carbon, hydrogen,
and nitrogen) were carried out on a Perkin-Elmer 240 analyzer. The
IR spectra were obtained on a VECTOR TM 22 spectrometer with
KBr pellets in the 4000−400 cm−1 region. 1H NMR spectra were
recorded on a Bruker DRX-500 spectrometer with tetramethylsilane as
an internal reference. Thermogravimetric analyses (TGA) were
performed under a N2 atmosphere (100 mL/min) with a heating
rate of 5 °C·min−1 using a 2960 SDT thermogravimetric analyzer.
Powder X-ray diffraction (PXRD) data were collected on a Bruker D8
ADVANCE X-ray diffractometer using Cu Kα radiation (λ = 1.5418
Å) at room temperature with a routine power of 1600 W (40 kV and
40 mA) in a scan speed of 5°/min and a step size of 0.02 in 2θ.
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 the Internet at http://www. ccdc.cam.ac.uk/
products/mercury/.
Synthesis of the Ligand 5,5′-(1,4-Phenylenedi-2,1-ethynediyl)bis-

(1,3-benzenecarboxylic acid) (PDEB). This compound was synthe-
sized according to the literature21 and characterized by IR and 1H
NMR. Selected IR (KBr, cm−1): 3420 (br, s), 1701 (s), 1594 (m),
1510 (m), 1442 (m), 1402 (m), 1335 (m), 1271 (s), 1245 (m), 1176
(m), 1108 (m), 1020 (m), 912 (m), 835 (m), 756 (m), 670 (m), 650
(m), 543 (m). 1H NMR (DMSO-d6, δ ppm): 13.53 (br peak, 4H,
COOH), 8.46 (s, 2H, ArH), 8.27 (s, 4H, ArH), 7.71 (s, 4H, ArH). Mp:
>230 °C.
Synthesis of NJU-Bai12, [Cu2(PDEB)(H2O)2]·xS (S = Solvent Guest

Molecule). PDEB (11.33 mg, 0.025 mmol) and CuCl2·2H2O (17 mg,
0.1 mmol) in 2 mL of N,N-dimethylformamide (DMF) with 0.1 mL of
water and 50 μL of HBF4 were stirred for a few minutes in air, and the
clear solution was transferred into a Teflon-lined stainless steel
autoclave (20 mL). The autoclave was sealed and heated to 65 °C for
3 days and then cooled to room temperature at a rate 5 °C·h−1. Pale-
green block crystals of NJU-Bai12 were obtained and then filtered and
washed by DMF to yield 11.2 mg (yield: 73% based on the ligand).
The crystals of NJU-Bai12 are stable for common organic solvents
except for water; they become opaque after exposure to air for several
minutes. Satisfactory microanalysis cannot be obtained because the
extent of solvent molecules in the cavity may vary from exposure of the
sample to air. Selected IR (KBr, cm−1): 3412 (br, s), 1667 (vs), 1551
(s), 1516 (m), 1406 (s), 1362 (m), 1280 (m), 1242 (m), 1106 (m),
826 (m), 760 (w), 720 (w), 600 (w).
X-ray Crystallography. Single-crystal X-ray diffraction data of NJU-

Bai12 were measured on a Bruker Smart Apex CCD diffractometer at
293 K using graphite-monochromated Mo Kα radiation (λ = 0.71073
Å). Crystals were sealed in capillaries containing a small amount of
mother liquor to prevent desolvation during data collection. Data
reduction was made with the Bruker SAINT program. The structure
was solved by direct methods and refined with full-matrix least squares

on F2 with anisotropic displacement using the SHELXTL software
package.22 Non-hydrogen atoms were refined with anisotropic
displacement parameters during the final cycles. Hydrogen atoms
were placed in calculated positions with isotropic displacement
parameters set to 1.2Ueq of the attached atom. In NJU-Bai12, 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 PLATON23 and
refined further using the data generated. The contents of the solvent
region are not represented in the unit cell contents in the crystal data.
Details of the crystal parameters, data collection, and refinements for
NJU-Bai12 are summarized in Table S1 in the Supporting Information
(SI).

Crystallographic data for NJU-Bai12: C13H7CuO5, fw = 306.73,
trigonal, R3 ̅m, a = b = 18.8306(6) Å, c = 52.557(3) Å, α = β = 120°, γ
= 90°, V = 16517.5(14) Å3, Z = 18, T = 291(2) K, μ = 0.599 mm−1,
30506 reflections were collected (3967 were unique) for 1.96° < θ <
26.00°, R(int) = 0.0548, R1 = 0.0367, wR2 = 0.0835 [I > 2σ(I)], R1 =
0.0570, wR2 = 0.0892 (all data), GOF = 1.027. CCDC 884077.

Low-Pressure Gas Sorption Measurements. Gas sorption isotherm
measurements were performed on an ASAP 2020 surface area and
pore-size analyzer. An as-isolated sample of NJU-Bai12 was soaked in
anhydrous acetone for 3 days to remove the noncoordinated solvent
molecules. During the exchange, acetone was refreshed six times. After
removal of acetone by decanting, the wet acetone-exchanged sample
was activated by drying under a dynamic vacuum at room temperature
overnight to obtain activated NJU-Bai12 (NJU-Bai12-ac). Before
measurement, the NJU-Bai12-ac sample was dried again by using the
“degas” function of the surface area analyzer for 20 h at 110 °C.
During this time, the pale-green sample changed to a purple-blue color
indicative of desolvation of the open copper(II) sites; a similar color
change upon activation was observed for other frameworks that were
constructed from copper(II) paddlewheel clusters.20d UHP-grade
(99.999%) N2, Ar, H2, CO2, and CH4 were used for all measurements.
The temperatures were maintained at 77 (liquid-nitrogen bath), 87
(liquid-argon bath), 273, and 298 K, respectively. For all isotherms,
warm and cold free-space correction measurements were performed
using ultrahigh-purity helium gas (UHP grade 5.0, 99.999% purity).
Part of the N2 sorption isotherm at 77 K in the P/P0 range of 0.005−
0.01 was fitted to the BET equation to estimate the BET surface area,
and Langmuir surface area calculation was performed using all data
points. The pore-size distribution (PSD) was obtained from the DFT
model in the Micromeritics ASAP 2020 software package (assuming
cylinder pore geometry) based on the N2 sorption isotherm.

High-Pressure Gravimetric Gas Sorption Measurements. High-
pressure excess adsorption of H2 (77 K), CO2, CH4, and N2 (273 and
298 K) were measured using an IGA-003 gravimetric adsorption
instrument (Hiden Isochema, Warrington, U.K.) over a pressure range
of 0−20 bar. Prior to sorption measurements, ∼120 mg acetone-
exchanged wet samples were loaded into the sample basket within the
adsorption instrument and then degassed under high vacuum at 110
°C for 20 h to obtain ∼70 mg fully desolvated materials. At each
pressure, the sample mass was monitored until equilibrium was
reached (within 25 min). The total gas uptake was calculated by Ntotal
= Nexcess + ρbulkVpore, where ρbulk equals the density of compressed
gases at the measured temperature and Vpore was obtained from the N2
isotherm at 77 K.24

Estimation of the Isosteric Heats of Gas Adsorption. A Virial-
type25 expression comprising the temperature-independent parameters
ai and bi was employed to calculate the enthalpies of adsorption for H2
(at 77 and 87 K), CO2, CH4, and N2 (at 273 and 298 K). In each case,
the data were fitted using the equation

∑ ∑= + +
= =

P N T a N b Nln ln 1/
i

m

i
i

j

n

j
j

0 0 (1)

Here, P is the pressure expressed in Torr, N is the amount adsorbed
in mmol·g−1, T is the temperature in K, ai and bi are Virial coefficients,
and m and n represent the number of coefficients required to

Scheme 1. Structure of the Ligand PDEB
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adequately describe the isotherms (m and n were gradually increased
until the contribution of extra added a and b coefficients was deemed
to be statistically insignificant toward the overall fit and the average
value of the squared deviations from the experimental values was
minimized). The values of the virial coefficients a0−am were then used
to calculate the coverage-dependent isosteric heat of adsorption (Qst)
using the following expression (R represents the universal gas
constant):

∑= −
=

Q R a N
i

m

i
i

st
0 (2)

■ RESULTS AND DISCUSSION

Single-Crystal X-ray Structure and Structural Stability
of NJU-Bai12. A larger quantity of block-shaped pale-green
crystals of MOF material NJU-Bai12 can be readily prepared by
a solvothermal reaction of CuCl2·2H2O with PDEB in DMF
containing a small amount of H2O and HBF4 at 65 °C for 3
days. Single-crystal X-ray crystallographic analysis revealed that
NJU-Bai12, which is formulated as [Cu2(PDEB)(H2O)2]·xS (S
= solvent guest molecule), crystallizes in the trigonal space
group R3 ̅m with a = b = 18.8306(6) Å and c = 52.557(3) Å. As
expected, in the structure of NJU-Bai12, the copper(II) ions
form a paddlewheel-type [Cu2(COO)4] cluster as a four-
connected square-planar SBU, which is bridged by the four-
connected rectangular organic building block PDEB to give rise
to an expanded 3D 4,4-connected NbO-type structure, the
same topology as that of the prototype framework, MOF-505
(Figure 1). Each copper(II) ion shows square-pyramidal
geometry, with four oxygen atoms from four different PDEB
units and a water molecule coordinated at the axial position of
the paddlewheel unit.
A careful examination of the crystal structure reveals that

there are two types of cages in the framework (Figures 1 and S1
in the SI). The first type is a shuttle-shaped cage with an inner-
sphere diameter of ca 1.1 nm, in which 12 copper(II)
paddlewheel SBUs occupied the vertices and 6 PDEBs
occupied the faces (Figure 1a). The second type, a spherical-
like pore of about 1.6 nm diameter, is surrounded by six PDEB
and six copper(II) paddlewheel SBUs (Figure 1b). Both cages

are arranged in an alternating fashion along to the c axis in a 1:1
ratio to form a cage-stacked 3D framework (Figure 1d).
Because of the long organic linker, compared with the
prototype MOF-505, a huger void space is created in NJU-
Bai12. The void volume of NJU-Bai12 calculated by
PLATON23 is up to 74.3% of the unit cell volume without
any guest molecules, and it increases to 78.2% (12922.3 Å3 out
of 16517.5 Å3 per unit cell volume) upon removal of the
coordinated water molecules with a low calculated density of
only 0.522 g·cm−3, highlighting the extremely porous nature of
the framework.
The bulk identity and thermal stability of NJU-Bai12 were

investigated by PXRD measurements and TGA. The TGA
curve shows that the as-synthesized NJU-Bai12 lost ∼59%
weight because of the DMF and H2O guest solvent molecules
filled in the pores, and the framework can be thermally stable
up to 300 °C (Figure S2 in the SI). To obtain the fully
desolvated framework (NJU-Bai12-ac), the as-synthesized NJU-
Bai12 was repeatedly immersed in anhydrous acetone, and the
guest solvent molecules can be exchanged with acetone to
produce the acetone-exchanged sample, which was charac-
terized by IR (see Figure S3 in the SI). The acetone-exchanged
sample was then evacuated under high vacuum at 110 °C for 20
h, and a color change from pale green to deep purple-blue was
observed, typical for copper(II) paddlewheel frameworks in
which open copper(II) sites are generated.26 NJU-Bai12-ac
shows a similar weight loss curve (Figure S2 in the SI), which
indicated the good stability of the framework. The robustness
of the framework for NJU-Bai12 has been further examined by
PXRD experiments, as shown in Figure 2; the similarity of the
simulated PXRD pattern from single-crystal data to that for
both as-synthesized and activated samples demonstrates that
the single crystal is representative of the pure bulk sample, and
the framework is robust and its crystallinity can be retained
after removal of guest molecules.

Porosity of NJU-Bai12-ac. To investigate the permanent
porosity of NJU-Bai12-ac, we performed low-pressure N2
adsorption measurements at 77 K (Figure 3). The N2 sorption
at 77 K for NJU-Bai12-ac exhibited a reversible type I isotherm,
a characteristic of microporous materials, which is coincidental

Figure 1. (a and b) Shuttle-shaped and spherical cage. (c) Natural tiling for NJU-Bai12 and (d and e) atomic packing of 1 viewed through the [0 0
−1] and [1 0 0] directions. Color code: Cu, green; C, gray; O, red. Water molecules and hydrogen atoms are omitted for clarity.
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with the crystal structure. Significantly, NJU-Bai12-ac can take
up a large amount of N2 at 77 K (∼750 cm3·g−1 at 1 bar),
featuring an apparent BET surface area of 3038 m2·g−1 and a

Langmuir surface area of 3208 m2·g−1. Notably, the
experimental surface area of NJU-Bai12-ac is fairly comparable
to the Connolly surface area estimated from the crystal
structure (∼3600 m2·g−1 using a probe of 3.68 Å diameter)
using Materials Studio 5.5.27 To the best of our knowledge,
these values are smaller than those reported for NU-100
(∼6143 m2·g−1),9a MOF-210 (∼6240 m2·g−1),9b and NU-110
(∼7140 m2·g−1)18 but still represent the highest surface area
reported to date for 4,4-connected NbO-type MOFs based on
paddlewheel clusters7a,13a,16a,19,20b (Table 1). On the basis of
the DFT model in the Micromeritics ASAP 2020 software
package (assuming split pore geometry), NJU-Bai12-ac has a
narrow PSD of around 1.18−1.27 nm (inset of Figure 3), which
is consistent with the parameters of the cages in the crystal
structure. The total pore volume of NJU-Bai12-ac calculated
from the maximum amount of N2 adsorbed at 77 K is 1.135
cm3·g−1.

H2 Storage Property. Because of the high efficiency and
zero-emissions operation, H2 is considered as a compelling
alternative to gasoline in many respects, and the development
of an effective on-board H2 storage system is one of the key
technologies needed for practical applications.28 In 2011, the
U.S. Department of Energy (DOE) reset the gravimetric and
volumetric storage targets for on-board H2 storage for 2017
(5.5 wt %, 40 g·L−1).29 Although none of the candidate
materials developed so far has satisfied the DOE target yet,
MOFs with large surface area have been regarded as one of the
most promising H2 storage materials and numerous MOFs with
excellent H2 storage capacity have been reported. Currently, the
highest excess H2 storage capacity reported so far for MOFs is
99.5 mg·g−1 at 56 bar and 77 K in NU-100,9a and the highest
total H2 storage capacity reported is 176 mg·g−1 (excess 86
mg·g−1) in MOF-2109b at 77 K and 80 bar. These values are
symbolic of the tremendous advancement in research on MOFs
as H2 storage materials. For high H2 uptake, the high surface
area of the frameworks is believed to be the single factor of
utmost importance. In addition, the pore size/geometry and
presence of strongly interacting functional groups, such as
exposed metal sites in high site density, also play important
roles in high H2 uptake.

25,30

Figure 2. PXRD patterns of MOF material: A simulated PXRD
pattern from the single-crystal structure, as-synthesized and activated
for NJU-Bai12, respectively.

Figure 3. N2 sorption isotherm at 77 K (filled circles, adsorption;
empty circles, desorption) and PSD of NJU-Bai12-ac.

Table 1. Ligand Size, Porosity, and H2 Storage Capacity of Some Representative NbO-Type MOFs

MOF ligand size [nm]a BET area [m2·g−1] Vpore [cm
3·g−1]b H2 uptake at 77 K [mg·g−1]c Qst at zero coverage [kJ·mol−1]

MOF-505 0.709 1670 0.680 25.9/40.2 6.3
PCN-16 0.959 2273 0.960 26.0/56.3 NA
NOTT-101 1.138 2247 0.886 25.2/60.6 <5.5
PCN-46 1.209 2500 1.012 19.5/61.5 7.2
NOTT-102 1.564 2932 1.138 22.4/60.7 <5.5
NJU-Bai12-ac 1.857 3038 1.135 19.1/62.7 6.8

aThe ligand size is defined as the distance between the top carbon atoms of the terminal benzene rings. bCalculated from N2 isotherms at 77 K.
cTotal uptake at 1 and 20 bar, respectively. NA = not available.
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The high porosity and stable framework with open
copper(II) sites suggest NJU-Bai12-ac as a promising candidate
for H2 gas storage. Low-pressure H2 sorption isotherms were
collected at 77 K, and as shown in Figure 4, NJU-Bai12-ac can

reversibly adsorb 19.1 mg·g−1 of H2 at 77 K and 1 atm, which is
lower than the corresponding values of MOF-505 and other
isostructural MOFs13a,16a,19,20b (Table 1) probably due to the
larger pore size. To estimate the coverage-dependent H2
adsorption enthalpies (Qst), H2 adsorption isotherms were
also measured at 87 K, which adsorbs 12.3 mg·g−1 H2 gas
(Figure 4). On the basis of the Virial method,25 the H2 isosteric
adsorption enthalpy of NJU-Bai12-ac reaches 6.8 kJ·mol−1

(Figure 5) at zero coverage and steadily decreased to 5.2

kJ·mol−1 at medium loading. Interestingly, despite the larger
pore size in NJU-Bai12-ac, this Qst value is comparable to that
of PCN-46 (∼7.2 kJ·mol−1) and fairly higher than the values of
NOTT-101 and NOTT-102 (<5.5 kJ·mol−1).19f A literature
survey shows that such a phenomenon also exists in two
isostructural rht-type MOFs:31 NOTT-119 with alkyne groups
possesses larger pores but exhibits higher Qst (7.3 kJ·mol−1)
than that of NOTT-116 based on phenyl rings (6.7 kJ·mol−1).
Zhou and co-workers19h attribute such enhancenments of the
H2 adsorption enthalpy in MOFs with alkyne moieties to the
stronger interaction between H2 molecules and the delocalized
π electrons in the alkyne units than that for the phenyl rings. In
addition, a similar strong interaction between acetylene and a

NbO-type MOF PCN-16 containing an alkyne unit was also
discovered by us,20b in which the high acetylene affinity toward
to the framework was partially attributed to π−π interaction.
Because the H2 adsorption isotherm is not saturated at 77 K

and 1 atm, high-pressure H2 adsorption was performed using a
gravimetric measurement method as well to evaluate its H2
adsorption performance. The excess H2 uptake of NJU-Bai12-
ac reaches up to 55.3 mg·g−1 at 20 bar and 77 K (Figure 6). It is

worth noting that this storage capacity is far from saturated,
which means that its uptake can be further maximized at a
higher pressure range (restricted by the maximum pressure of
the instrument, the H2 sorption isotherm was recorded only
from 0 to 20 bar in this work). Taking into consideration the
gaseous H2 compressed within the framework void, the total
gravimetric H2 uptake capacity can reach as high as 62.7 mg·g−1

at 20 bar and 77 K, which represents the highest values for the
total H2 adsorption on NbO-type MOF-505 series MOFs
(Table 1) at the same conditions. This observation further
verifies the thoerotical opinions that give the same MOF
structural type: the longer the ligand, the higher the specific
surface area and, accordingly, the higher the gravimetric H2
uptake would be. Calculated from the crystal density of the
activated form, NJU-Bai12-ac has an excess and total volumetric
H2 uptake of 28.9 and 32.7 g·L−1 at 20 bar, respectively.

Selective CO2 Adsorption. The selective capture and
sequestration of CO2 has been considered to be an effective
way of controlling greenhouse gas emissions. Most of the
capture processes in large-scale operation nowadays are based
on amine-based wet scrubbing systems, which have high energy
and resource consumption.32 Thus, great efforts have been
dedicated to developing versatile CO2 capture materials, and a
number of porous solids such as zeolites, mesoporous silicas,
hydrotalcites, and polymer-based adsorbents have been
intensively tested.33 More recently, it was demonstrated that
MOFs exhibit charming properties with respect to CO2 storage
and separation.8c,34 Large CO2 adsorption capacities were
reported for this young, rapidly growing class of porous
materials.9a,b,35 In particular, their exceptionally high surface
areas and large overall pore volumes, uniform but adjustable
pore sizes, and chemically tunable functional pores can be
carefully designed for CO2 capture and sequestration
applications.36

The high surface area and large pore volume of NJU-Bai12
prompt us to examine its CO2 adsorption behavior. To explore

Figure 4. Low-pressure H2 isotherms collected under 77 and 87 K for
NJU-Bai12-ac.

Figure 5. H2 isosteric adsorption enthalpies for NJU-Bai12-ac.

Figure 6. High-pressure gravimetric and volumetric H2 uptake in NJU-
Bai12-ac at 77 K (solid symbols, adsorption; open symbols,
desorption).
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the potential of NJU-Bai12-ac as CO2 storage/separation
materials, high-pressure CO2, CH4, and N2 gravimetric sorption
measurements have also been carried out at 298 and 273 K in
the range of 0−20 bar. As shown in Figure 7, all isotherms

show type I behavior as expected for materials with micropores.
Similar to most of the other sorbents, CO2 is the most strongly
adsorbed in NJU-Bai12-ac and CH4 shows stronger adsorption
than N2. This sorption behavior can be attributed to the fact
that the higher quardrupole moment and polarizablility of CO2
molecules may induce better interaction with the open
copper(II) sites of the framework,37 which can be further
confirmed by Qst values at zero coverage calculated from
adsorption at 298 and 273 K through the Virial method, with
values of 23.5, 15.7, and 14.1 kJ·mol−1 for CO2, CH4, and N2
adsorption, respectively (Figure S4 in the SI). Most
significantly, at 20 bar, high unsaturation excess CO2 uptake
values of 23.83 and 19.85 mmol·g−1 are observed at 273 and
298 K, respectively. This CO2 storage capacity is comparable to
that of NU-1009a (∼21.6 mmol·g−1) and greater than that of
most other high-surface-area MOFs reported such as MOF-210
(∼16 mmol·g−1), MOF-200 (∼14.8 mmol·g−1),9b and MOF-5
(∼19 mmol·g−1)35a at 20 bar and 298 K. Additionally, it is
noted that, even though numerous high-surface-area MOFs
have been reported, few exhibit a high CO2 uptake of more
than 19 mmol·g−1 under the same conditions.8 Furthermore, a
container filled with NJU-Bai12-ac can store about 12 times the
amount of CO2 in an empty container at 20 bar and 298 K
based on the total capacity (this value increases up to 13 times
at 273 K), which further suggests that NJU-Bai12-ac is a good
CO2 adsorbent.
In sharp contrast to CO2, NJU-Bai12-ac can only absorb

limited amounts of CH4 (∼10.66 and 7.61 mmol·g−1, 20 bar)
and N2 (∼4.62 and 3.29 mmol·g−1, 20 bar) at 273 and 298 K,
respectively, indicating that the guest-evacuated NJU-Bai12-ac
has the ability to selectively adsorb CO2 over CH4 and N2. The
CO2/CH4 and CO2/N2 adsorption selectivities calculated from
the slopes of the isotherms38 reach up to 5.7 and 29.4 at 273 K,
respectively (Figure S5 in the SI). With an increase in the
temperature at 298 K, these values still reach 5.0 and 24.6,
much higher than the corresponding values of MOF-177 (4.4
and 17.5)39 and most other MOF materials (mainly in the
ranges of 3−10 and 10−50 for CO2/CH4 and CO2/N2
selectivities at room temperature, respectively).8c

■ CONCLUSION
In summary, by using a nanosized rectangular diisophthalate
linker prolonged by CC bonds (PDEB) as the linker and a
copper(II) paddlewheel as the SBU, we have successfully
generated an expanded microporous NbO-type MOF-505
analogue (NJU-Bai12). The evacuated solid NJU-Bai12-ac
shows both the highest BET surface area of 3038 m2·g−1 and
the largest unsaturated total H2 adsorption capacity of 62.7
mg·g−1 (20 bar and 77 K) among reported MOF-505
analogues. In addition, NJU-Bai12-ac exhibits excellent CO2
uptake capacity (23.83 and 19.85 mmol·g−1 at 20 bar for 273
and 298 K, respectively) and selective gas adsorption property
with a CO2/CH4 selectivity of 5.0 and a CO2/N2 selectivity of
24.6 at room temperature. This work demonstrates that the
ligand expansion, especially through alkyne bonds, is an
effective method to boost the MOF materials’ surface area
and pore volume, thereby enhancing gas uptake. Work along
this strategy is currently underway in our laboratory.
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