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A microporous metal-organic framework 1 Co(NDC)(4,4'-Bipy)os-Gx (NDC = 2,6-naphthalenedicarboxylate; 4,4'-
Bipy = 4,4'-bipyridine; G = guest molecules) was synthesized and structurally characterized of a doubly
interpenetrated primitive cubic net. To make use of the framework flexibility, 1 was activated at temperatures of
150 and 200 °C to form 1a and 1b, respectively, exhibiting highly selective sorption behaviors of hydrogen over

nitrogen-gas molecules.

Introduction

The last two decades have witnessed rapid progress ord

microporous metal-organic framework (MGmyaterials for

their promising applications in gas storage, separation, an

heterogeneous cataly$is'! The amenability and extraordi-

nary porosity of such new types of zeolite analogues have

not only led to the most-porous materials ever reported for
as storage* but also initiated the discovery of novel
microporous materials for the separation of some specific

dspecies such as acetylené.

The size-exclusive effects within porous materials have
played an important role in their separation functions in
which smaller molecules can go through the microporous
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Scheme 1. Schematic lllustration of the Self-assembly of Paddle-wheel Clus#€®)4 with Bicarboxylate R(COQ)and Bidentate Pillar Linker L
to Construct 3D Primitive Cubic MOFs M(R(CO&)L)o.5*Gx
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importance because of the tunable and amendable nature oéthylene, BDC= 1,4-benzenedicarboxylate, 4Hipy =

such pores that can be systematically varied by the judicious4,4-bipyridine, Dabco= 1,4-diazabicyclo[2,2,2]octane) to
choice of metal-containing secondary building units (SBUs) systematically tune their micropores of 2<03.2 and 4.0x
and/or bridging organic linkers. Recently, we have been 4.9 A and intersecting channels of about %5.5 and 3.8
particularly interested in a uniquePo-type of microporous  x 4.7 A for their separation of small gas molecules, alkanes,
3D primitive cubic MOFs M(R(COQ)(L)osGx (M?" = and hexane isomers, respectively.

CW" and zriit, R(COO) = bicarboxylate linker, L= During the studies on these unique type of microporous
bidentate pillar linker, G= guest molecules) to systematically MOF materials, a characteristic dynamic feature has been
tune the micropore§3° Such 3D primitive cubic MOFs  revealed for the doubly interpenetrated MGOFE. 28 As

can be easily self-assembled by the paddle-wheel clustersshown in Figure 1, the porous structures of the as-synthesized
M2(CO,)4 with bicarboxylate linker R(COQ)and bidentate ~ MOFs can be transformed reversibly into the non- or less-
pillar linker L (Scheme 1). It is expected that by the porous structures of the exchanged and/or activated ones that
incorporation of different combinations of bicarboxylate are triggered by guest content and pressure because of their
R(COOY) and pillar linker L, a series of microporous MOFs  structural flexibility?” Although it has been expected that
with systematically varied micropores will be readily con- such dynamic features can be specifically utilized for their
structed. The micropores can be further tuned by making separation of small molecules by the deliberate control of
use of interpenetration; thus, rationally designed microporous guest pressure, very few examples of such dynamic MOFs
MOFs for highly selective separation and purification of have been realized for such a purpéseerein, we report a
small molecules can be fulfilled. In fact, we have successfully rare example of the dynamic MOF Co(NDC)(4Bipy)o.s:
made use of several 3D primitive cubic MOFs Cu(FMA)- (DMF);5(H20) (1) (NDC = 2,6-naphthalenedicarboxylate;
(4,4-Bpe)s2° Zn(BDC)(4,4-Bipy)os?’ and Zn(BDC)(D- 4,4-Bipy = 4,4-bipyridine) of two-interpenetrated primitive

abco) X (FMA = fumarate, 4,4Bpe = transbis(4-pyridyl)- cubic nets for its selective sorption with respect tpatd
No.
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Figure 1. Schematic illustration of the framework transformation between
the as-synthesized and the activated MOFs within doubly interpenetrate
o-Po nets.

d

Synthesis of 1.A mixture of Co(NQ),-6H,0 (0.101 g, 0.34
mmol), LNDC (0.0747 g, 0.34 mmol), and 4;Bipy (0.0270 g,
0.17 mmol) was suspended in DMF (60 mL) and heated in a vial
(60 mL) at 120°C for 24 h. The dark-orange block-shaped crystals
formed were collected, washed with DMF and hexane, and dried
in air (0.127 g, 78%). Elemental analysis: Calcd for Co(NDC)-
(4,4-Bipy)o.s'(DMF)1 5(H20) (Co1.H22N25065C0): C, 53.92; H,
4.74; N, 7.31; Found: C, 54.09; H, 4.36; N, 7.64.

Single-crystal X-ray Crystallography. Intensity data for th&

were collected using a Bruker X8 APEX Il diffractometer (Mo
radiation) in a cold nitrogen stream. Data collection and reduction
were done using the Bruker Apex2 software package. Structures
were solved by direct methods and refined by full-matrix least-
squares, using SHELXL97. All of the non-hydrogen atoms were
refined anisotropically. Crystal data for MAF Co(NDC),(4,4-
Bipy)-(G),, triclinic, space group Pfla= 12.939(5)b = 13.092-
(5), ¢ = 13.754(4) A, o = 85.449(11),8 = 70.302(12),y =
83.731(109, V = 2178.2(13) R Z = 2, Dcaied = 1.182 g c3,
u=0.809 mm?!, T=173 K Ry [I > 2(1)] = 0.0524, viR, (all
data)= 0.1377,S = 0.951.1 is isostructural to Zn(NDC)(4:4
Bipy)os?’

Gas Sorption Measurements.A Beckman Coulter SA3100
surface area analyzer was used to measure gas adsorption. T

soaked in methanol was filtered and vacuumed at°Ts0vernight
to form 1a, and the as-synthesizddwvas filtered and vacuumed at
200°C overnight to formLb. Before the measurement, the sample

Figure 2. X-ray crystal structure ot showing (a) 1D channel of 5.&%
6.0 A along thea axis and (b) 1D channel of 4.9 4.0 A viewed along the
rectangular diagonal of the paddle-wheel clusters.

interpenetrated elongated primitive cubic-Po) structure.
Because of double interpenetration of the 3D frameworks,
the pores withirl are reduced to be of ca. 5x16.0 A along
thea axis (part a of Figure 2) and of ca. 4:04.0 A along
the rectangular diagonal of the paddle-wheel clusters (part
b of Figure 2). The bicarboxylate linker NDC inis longer
than BDC in Zn(BDC)(4,4Bipy)os Whereas the pillar linker
4,4-Bipy in 1 is shorter than 4,4Bpe in Zn(NDC)(4,4
Bpe) s, thus the accessible volume of 42%1ins between
28% in Zn(BDC)(4,4Bipy)o.s and 56% in Zn(NDC)(4,4
Bpeb.5.27728

Because there exist no specific interactions between the
two interpenetrated framework$,was expected to exhibit
a dynamic feature involving framework transformations/
deformations, as revealed in MOFs Zn(BDC)(44py)os
and Zn(NDC)(4,4Bpe) 52728 Immersing the as-synthesized
1in pure methanol slightly led to the reduced d spacing of
the structure as shown in methanol-exchanged PXRD pattern
(parts a and b Figure 3), which was systematically right-
shifted. Such a change of PXRD patterns might be attributed
to the guest-induced framework transformations because of
the shifting of the frameworks, thus the pore space for the

. %ncapsulation of solvent molecules in methanol-exchanged
remove guest solvent molecules in the framework, the fresh sample

lis reduced compared with the as-synthesizethe shifting
of the frameworks within dynamic doubly interpenetrated
MOFs has been well established by Kitagawa eteal.

was vacuumed again using the outgas function of the surface aregAlthough we have not been able to systematically index these

analyzer fo 2 h at 150°C. A sample of 90.6100.0 mg was used
for sorption measurement and maintained at 77K with liquid
nitrogen.

Results and Discussion

1 was synthesized by the solvothermal reaction slBIC,
4,4-Bipy and Co(NQ),*(H20)s in N,N-dimethylformamide
(DMF) at 120°C for 24 h as dark-orange block-shaped
crystals. It was formulated as Co(NDC)(4Blpy)o s (DMF). 5
(H20) by elemental microanalysis and single-crystal X-ray
diffraction studies, and the phase purity of the bulk material
was independently confirmed by powder X-ray diffraction
(PXRD) and thermal gravimetric analysis (TGA).

As expected, the framework is composed of paddle-wheel
dinuclear Co2 units, which are bridged by NDC dianions
and further pillared by 4,4ipyridine to form a 3D two-

patterns and thus rationalize their framework shrink in detail
because of the low-resolved PXRD patterns, TGA studies
on the as-synthesized and methanol-exchanfjedave
exclusively established that the methanol-excharigedess
porous than the as-synthesizedthus the as-synthesizdd
liberated more guest molecules (part b of Figure 3, black)
than methanol-exchangédd(part b of Figure 3, red).

To examine permanent porosity and thus to establish the
feasibility of 1 for selective gas sorption, methanol-
exchangedl was activated at 150C under a vacuum
overnight to getla for gas sorption studies. As revealed in
its PXRD, 1ais a crystalline MOF (part a of Figure 3, green).
It needs to be mentioned that methanol-excharigean be
easily regenerated by immersitig into methanol (part a of
Figure 3, blue), indicating that the framework transformation
between methanol-exchangednd activated ais reversible.
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Temperature (OC)

Figure 3. (a) XPRD patterns of as-synthesized ((l), black) and methanol- higher-temperature of 200 under a vacuum overnight to

exchanged ((I1), red}, activatedla ((lll), green) andlb ((IV), magenta), ; PN At
and methanol-regenerated ((V), blu&) and (b) TGA traces of as- form 1b. To our Surpns.e’ such hlgh temperaturg activation
synthesized ((1), black) and methanol-exchanged ((Il), tednd activated even formed a better high-crystalline matefal(Figure 3,

la magenta). The PXRD peaks db are slightly right-shifted
with respect tdlg, indicating thatlb might have even smaller

The N, sorption isotherm (part a of Figure 4) shows typical micropores and thus take up less hydrogen thanMost

Type | sorption behavior fofla with a Langmuir surface  important of all, the smaller micropores withibb are

area of 115 rfig and a pore volume of 0.10 éfg, which generally not accessible to nitrogen at low pressure, thus the

are comparable with those reported in Zn(NDC)(4,4 capacities oflb for the H/N, separation are significantly

Bipy)o.s3” This surface area is significantly low for such a enhanced with a hydrogen uptake of about nine times higher

highly porous crystal structure and is only about one-eighth than nitrogen around PJf 0.5.

of 946 nt/g for Zn(BDC)(4,4-Bipy)o<*” and less than half The richness of paddle-wheel clusters,(RIOO) has

of 303 nt/g for Zn(NDC)(4,4-Bpe) 528 Most interesting of allowed us to assemble a seriesoePo-type 3D primitive

all, 1atakes up more kthan N, which might be utilized cubic MOFs M(R(COQy(L)o.5Gx in which Zr¢™ and Cd*

for the separation of JN,. The hydrogen uptake is about have been widely incorporatét3033-40 Co?* and N+ have

two times higher than the nitrogen uptake around, P been rarely assembled into paddle-wheel clusters for the

0.5. Its hydrogen storage capacity is about 0.72 wt % at 1 construction of suchi-Po-type MOFs. The only reported

atm. Such preferential hydrogen uptake over nitrogen might MOFs are triply interpenetrated Co(NDC)(4Bipy)os and

be attributed to multidimensional micropores in which some Ni(NDC)(4,4-Bipy)osthat were synthesized by hydrothermal

of them are accessible to hydrogen but not to nitrogen.  reactions* The higher-temperature reactions for the con-
The porosity of activated is presumably dependent on struction of these two MOFs are mainly responsible for their

the activation profile because of the dynamic nature of the high-fold framework interpenetration, leading to the forma-

framework; thus, the as-synthesizé&dwas activated at a  tion of nonporous MOFs. By simply making use of DMF as

8708 Inorganic Chemistry, Vol. 46, No. 21, 2007



Selectve Gas Sorption

the solvent at a moderate temperature of 120 we have longer bicarboxylates and more-flexible bidentate organic
been able to construct a doubly interpenetratethat is linkers will lead to more flexible frameworks. Although such
porous. Reaction temperature does play an important roleframework flexibility is not beneficial to fully make use of
to control the framework interpenetration. It is of interest to the structurally accessible void space for gas storage at low
note that the doubly and triply interpenetrated Zn(NDC)- pressure, it might be useful for their potential applications
(4,4-Bipy)os can be readily synthesized in DMF at temper- in gas separation as revealedliaandl1b. It is of interest
atures of 80 and 120C, respectivelys 37 to note that the recently reported Cu(BPDC)(®Biy)os

The nature of framework flexibility and robustness is (BPDC = 4,4-biphenyldicarboxylate) exhibits high frame-
dependent on a lot of subtle factors including the rigidity of work robustness with respect to high-temperature activation.
metal-containing SBUs and organic linkers, interactions The richness of bicarboxylates and bidentate organic linkers
between the frameworks themselves, and interactions beto construct such simple cubiam{Po) nets of diverse
tween the frameworks and guest molecufeBor specific flexibility and robustness will be expected to produce a
types of the interpenetrated primitive cubia-Po) nets variety of microporous MOFs for their potential applications
constructed from the paddle-wheel dinuclear M2 units that in gas storage and separation.
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