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Metal–organic framework with two different types of
rigid triscarboxylates: net topology and gas sorption
behaviour†

Dongwook Kim and Myoung Soo Lah*

A 3-dimensional (3-D) anionic metal–organic framework (MOF), (NH2(CH3)2)3[Zn6(BTC)4(BTB)], of an unprecedented

3,3,3,5-c net topology was prepared via the solvothermal reaction of the Zn(II) ion with two different types of rigid

triscarboxylates, 1,3,5-benzenetricarboxylate (BTC3−) and 1,3,5-benzenetribenzoate (BTB3−), as 3-connected nodes,

where a structurally rare Zn2(COO)5 cluster serves as a 5-connected secondary building unit. The MOF has a com-

plicated 3-D channel micropore based on three different types of cage-like pores interconnected through the nar-

row necklike portals of a multiway channel. The MOF that had large solvent-filled pores showed gas sorption

behaviour that well matched the pore dimensions and characteristics of the MOF.
Introduction

The diversity of metal–organic frameworks (MOFs) is due to
the infinite number of combinations of the building compo-
nents—the metal ions and organic ligands. However, predic-
tion of the framework structure from the building
components is a challenging task.1 Even a small modification
in the building components will result in a MOF with a
completely different network structure.

The combination of rigid ligands with a metal ion having
a preference for a specific coordination number and geome-
try could lead to predictable network structures because of
the restrained local symmetry of the rigid building compo-
nents. It is well known that the Cu(II) ion with a carboxylate
has a strong preference for a square paddle-wheel cluster Cu2
(COO)4L2 as a 4-, 5-, or 6-connected secondary building unit
(SBU) depending on the type of L ligand.2 Reaction of the
Cu(II) ion and 1,3,5-benzenetricarboxylic acid (H3BTC) of D3h

symmetry, a rigid triscarboxylate ligand with three carboxyl-
ate residues in the ligand plane, leads to the MOF of a
binodal 3,4-connected tbo net topology, Cu-HKUST-1.3 A sim-
ilar reaction of the Cu(II) ion and 1,3,5-benzenetribenzoic
acid (H3BTB) of D3 symmetry, another type of rigid
triscarboxylate ligand with three carboxylate residues tilted
away from the ligand plane, leads to the MOF of a binodal
3,4-connected pto net topology, MOF-14.4 The net topologies
of Cu-MOFs having other rigid triscarboxylate ligands also
depends on the conformations of three carboxylate residues
of the ligands. In other words, the net topologies of the MOFs
depend on the symmetry of the carboxylate ligands.5–7

The Zn(II) ion has a strong preference for a Zn4O(COO)6
cluster as an SBU in network structures.8 However, reactions
of the Zn(II) ion with various carboxylic ligands can also gener-
ate other diverse carboxylate clusters, Zn3(COO)6,

9 Zn2(COO)4,
10

Zn2(COO)3,
11 and Zn2(COO)5,

12 as SBUs, depending on the
types of carboxylate ligands and the reaction conditions.
Reaction of the Zn(II) ion and 1,4-benzenedicarboxylic acid
(H2BDC), a rigid biscarboxylate ligand, leads to MOF-5 of a
6-connected regular pcu net topology, where the Zn4O(COO)6
SBU serves as an octahedral 6-connected node.8a Reaction of
the Zn(II) ion and another rigid triscarboxylate ligand, H3BTB,
leads to MOF-177 of a 3,6-connected qom net topology with
the same 6-connected Zn6O(COO)6 node.

8c On the other hand,
reaction of the Zn(II) ion with another rigid triscarboxylate
ligand, H3BTC, leads to the MOF of a 3-connected regular srs
net topology, MOF-4, where not only the ligand, but also
Zn2(COO)3 SBU, serves as a trigonal 3-connected node.11a

Under similar, but slightly modified, reaction conditions, a
MOF of a 3,4-connected tbo net topology, Zn-HKUST-1, with
Zn2(COO)4 SBU as a square-planar 4-connected node and the
ligand as a trigonal 3-connected node, is generated.10h,i

There are many reports on Zn-MOFs containing both car-
boxylates and N-donor ligands as two different types of mixed
ligands.2l,9c,10c,d,g,13 However, there are not many reports on
Zn-MOFs with two different kinds of carboxylates as mixed
2013, 15, 9491–9498 | 9491
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ligands.14–16 Reaction of the Zn(II) ion with mixed
biscarboxylates resulted in a MOF of a pcu net topology with
Zn4O(COO)6 SBU as a 6-connected node, as in the isoreticular
MOFs of MOF-5.14a Reactions of the Zn(II) ion with mixed
bis- and triscarboxylates resulted in various 3,6-connected
networks of diverse net topologies with Zn4O(COO)6 SBU as a
6-connected node and the triscarboxylates as 3-connected
nodes.15a–e For example, the reaction of the Zn(II) ion with
the rigid H2BDC and H3BTB ligands of an optimum mole
ratio resulted in 3,6-connected UMCM-1 ([Zn4O(BDC)(BTB)4/3])
of a muo net topology with Zn4O(COO)6 SBU as a 6-connected
node.15a The reaction of the Zn(II) ion with mixed tris- and
tetrakiscarboxylates afforded a MOF of an unprecedented
3,4,6-c net topology with Zn4O(COO)6 SBU as a 6-connected
node, and the tris- and the tetrakiscarboxylates as 3-connected
and 4-connected nodes, respectively.16 However, there are
no reports on any Zn-MOFs with two different kinds of rigid
triscarboxylates.

Here, we report the preparation of the first Zn-MOF
containing the two rigid triscarboxylates, 1,3,5-
benzenetricarboxylate (BTC3−) and 1,3,5-benzenetribenzoate
(BTB3−), simultaneously, in the framework, and investigate
the characteristics of the Zn-MOF, including the type of Zn–
carboxylate cluster as an SBU, the network topology, pore
structure, and gas sorption behaviour.

Experimental section
General procedures

All reagents were purchased from commercial sources and
were used without further purification. Elemental analysis (EA)
for C, H, and N was performed using a Thermo Scientific Flash
2000 elemental analyzer. FT-IR spectra were recorded in the
range 4000–450 cm−1 with a Varian 670 FT-IR spectrophotome-
ter. Powder X-ray diffraction (PXRD) data were recorded using
a Bruker D2 Phaser automated diffractometer at room temper-
ature with a step size of 0.02° in 2θ angle. Simulated PXRD pat-
terns were calculated with the Materials Studio program using
single-crystal diffraction data.17 Thermogravimetric analysis
(TGA) was performed using a SDT Q600 instrument (TA Instru-
ments, USA) under N2 with a heating rate of 5 °C min−1

between ambient temperature and 600 °C.

Synthesis of the MOF

(NH2(CH3)2)3[Zn6(BTC)4(BTB)]·xDMA·yH2O (1), where x and y
are the numbers of molecules of the DMA solvent and water
per formula unit, respectively. Zn(NO3)2·6H2O (30.7 mg,
0.101 mmol), H3BTC (21.7 mg, 0.101 mmol) and H3BTB
(22.1 mg, 0.051 mmol) were dissolved in 4 mL anhydrous
N,N′-dimethylacetamide (DMA) in a capillary tube. The tube
was flame-sealed, heated to 120 °C for 2 weeks, and then slowly
cooled to ambient temperature. The block-shaped colorless
crystals obtained were soaked in 10 mL fresh DMA for 2 days.
The solvent was refreshed more than four times during the
soaking period to remove residual reactants from the pores.
The activated sample, 1a, was prepared by soaking the crystals
9492 | CrystEngComm, 2013, 15, 9491–9498
in 10 mL acetone for 4 days (the soaking solvent was refreshed
more than 10 times during the soaking period), and then
vacuum-drying at room temperature for 14 h. Yield: 26.3 mg,
27.1%. EA and IR (Fig. S1, ESI†) data were obtained for an acti-
vated sample exposed in air for a couple of minutes prior to
analysis. EA for (NH2(CH3)2)3[Zn6(BTC)4(BTB)]·0.16DMA·3H2O
(C69.64H60.44N3.16O34.16Zn6, fw = 1880.45 g mol−1). Calculated:
C, 44.91; H, 3.16; N, 2.38%. Found: C, 44.61; H, 3.24; N, 2.50%.
IR (KBr, cm−1): 3438 (m, b), 3069 (w), 3023 (w), 2961 (w, sh),
2938 (w), 2873 (w), 2811 (w), 2499 (w), 1701 (m, sh), 1631 (vs),
1589 (s, sh), 1509 (m), 1435 (s, sh), 1415 (s, sh), 1401 (s, sh),
1361 (vs), 1263 (m), 1188 (s), 1139 (s), 1102 (s), 1060 (vs),
1017 (m), 964 (vs), 940 (vs), 894 (vs), 859 (s), 810 (s), 785 (s),
767 (m), 725 (m), 670 (vs), 655 (vs), 644 (vs), 632 (vs), 620 (vs),
591 (s), 574 (vs), 563 (vs), 552 (vs), 540 (vs), 527 (vs), 514 (vs),
506 (vs), 473 (s), 453 (s).
Crystallographic data collection and refinement of the
structure

A single crystal of 1 was coated with paratone oil and the dif-
fraction data were measured at 100 K with synchrotron radia-
tion (λ = 0.67000 Å) using an ADSC Quantum-210 detector
with a silicon (111) double-crystal monochromator at the
Pohang Accelerator Laboratory (2D SMC beamline), Korea.
The ADSC Q210 ADX program18 was used for data collection
(detector distance 90 mm, omega scan; Δω = 1°, exposure time
10 s per frame) and HKL3000sm (Ver. 703r)19 was used for cell
refinement, reduction, and absorption correction. The crystal
structure was solved by the direct method with the SHELXTL-
XS program and refined by full-matrix least-squares calcula-
tions with the SHELXTL-XL program package (Ver. 2008).20

1. (NH2(CH3)2)[Zn2(BTC)4/3(BTB)1/3] (C23H17N1O10Zn2), fw =
598.12 g mol−1, cubic, space group Fd3̄c, a = b = c = 62.779(7)
Å, V = 247 422(49) Å3, Z = 192, μ (synchrotron radiation, λ =
0.67000 Å) = 0.785 mm−1, 356 572 reflections were collected,
9637 were unique (Rint = 0.0538). A BTC3− on a general posi-
tion, another BTC3− on a crystallographic threefold axis, a
BTB3− on the other crystallographic threefold axis, and two
zinc atoms on general positions are observed as an asymmet-
ric unit. All nonhydrogen atoms are refined anisotropically;
the hydrogen atoms attached to the ligands were assigned iso-
tropic displacement coefficients U(H) = 1.2U(C) and their
coordinates were allowed to ride on their respective atoms.
The refinement converged to R1 = 0.1562 and wR2 = 0.4202 for
6185 reflections with I > 2σ(I). Structure refinement after
modification of the structure factors for the electron densities
corresponding to the solvent molecules and a completely dis-
ordered dimethylammonium countercation in the solvent
pore (170 143 Å3, 68.8% of the unit cell volume; 124 electrons
correspond to the electrons of one third dimethylammonium
ion and ∼2.4 DMA molecules (or certain combination of DMA
and water molecules) per asymmetric unit) with the SQUEEZE
routine of PLATON21 led to better refinement and data
convergence. Refinement of the structure converged to a final
R1 = 0.0850 and wR2 = 0.2807 for 6813 reflections with I > 2σ(I),
This journal is © The Royal Society of Chemistry 2013
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R1 = 0.1064, and wR2 = 0.3095 for all 9637 reflections. The larg-
est differences in peak and hole were 0.496 and −0.345 e Å−3,
respectively.

A summary of the crystal data and some crystallography
data is given in Table S1, ESI.† CCDC 940205 contains the
supplementary crystallographic data for 1.
Fig. 1 A dinuclear zinc cluster as an SBU and three triscarboxylate ligands in three
Gas sorption measurements

The gas sorption isotherms were measured with an ASAP
2020 (Micromeritics Instrument Corporation) in a standard
volumetric technique up to 1 atm. A part of the N2 adsorption
isotherm in the P/P0 range 0.014358–0.09479 was fitted to the
BET equation to estimate the BET-specific surface area. The
Langmuir-specific surface area calculation was performed
using all adsorption data.
different environments in 1. (a) The dinuclear zinc cluster, Zn2(COO)5, as a 5-

connected node. (b) A BTB
3−

as a 3-connected node. (c) A BTC
3−

as a 3-connected

node with all three carboxylates in monodentate binding mode. (d) Another BTC
3−

as a 3-connected node with all three carboxylates in bidentate-binding mode.

Results and discussion
Preparation of the MOF

The solvothermal reaction of Zn(NO3)2·6H2O with two dif-
ferent kinds of rigid triscarboxylic acids, H3BTC and
H3BTB, in 2 : 2 : 1 mole ratio in anhydrous DMA at 120 °C
resulted in a 3-dimensional (3-D) MOF, (NH2(CH3)2)3[Zn6

(BTC)4(BTB)]·xDMA·yH2O (1).‡ The presence of the
countercationic dimethylammonium ion, generated in situ
via the hydrolysis of the solvent DMA, was confirmed by EA
of the activated MOF 1a and from the 1H NMR spectrum
of 1a digested in DCl/D2O/DMSO-d6 solution (Fig. S2, ESI†).

The single crystal structure analysis showed that 1 is an
anionic 3-D network composed of a dinuclear zinc cluster,
Zn2(COO)5, as an SBU of a 5-connected node and three differ-
ent binding modes of two triscarboxylates, BTC3− and BTB3−,
as three different 3-connected nodes (Fig. S3, ESI†).

The two Zn(II) ions of a tetrahedral coordination geometry
in the Zn2(COO)5 cluster are triply bridged with two different
kinds of three triscarboxylates, two BTC3− and a BTB3−

(Fig. 1a). The remaining coordination sites of the Zn(II) cen-
ters are completed by the monodentate carboxylates from two
BTC3− to form the SBU of a distorted trigonal bipyramidal 5-
connected node. All three carboxylates of a BTB3− on a crys-
tallographic threefold axis are in a bridging binding mode
and serve as a C3-symmetric 3-connected node (Fig. 1b). All
three carboxylates of a BTC3− on another crystallographic
threefold axis are in a monodentate binding mode and serve
as a C3-symmetric 3-connected node (Fig. 1c). Another BTC
with mixed binding modes of carboxylates, two carboxylates
of bridging binding mode, and a carboxylate of monodentate
binding mode, serves as the other 3-connected node in the
network structure (Fig. 1d).

Topology analysis using TOPOS program22 reveals that the
MOF is a 3-D network of an unprecedented 3,3,3,5-connected
‡ An attempt to prepare the MOF using similar reaction conditions, but with
reactants in the stoichiometric 6 : 4 : 1 ratio, only afforded an amorphous
product.

This journal is © The Royal Society of Chemistry 2013
net topology with [4576] transitivity and {4.6.8}3{6
3}{83}

{4.63.86}3 point symbol. The only other MOF yet reported with
the mixed rigid triscarboxylates BTC3− and BTB3− as ligands
is the In-MOF, CPM-12, of the same 3,3,3,5-connected net
topology, but with different [4576] transitivity and
{42.6}3{8

3}2{4
2.6.84.103}3 point symbol. In CPM-12, a dimeric

In2(OH) SBU serves as a 5-connected node and a BTC3−, a
pair of BTC3−, and a pair of BTB3− serve as three different
kinds of 3-connected nodes.23 Although the charge balance
of the crystal structure strongly suggests that the framework
of the MOF, [(Zn2)3(BTC)4(BTB)]

3−, is an anionic network, it
was not possible to identify any countercation in the crystal
structure because the countercation was probably completely
disordered in the solvent-filled pores. However, the EA result
of 1a and the 1H NMR data of the digested 1a under acidic
conditions confirm the presence of dimethylammonium ion
as a countercation in the network.

The MOF is a 3-D network with a complicated 3-D solvent
pore structure. Careful examination of the 3-D solvent pores
with the tile information from the topology analysis shows
that the 3-D pores are composed of three different types of
cage-like pores, A-cage, B-cage, and C-cage, and that these
cage-like pores are interconnected to each other via a
multiway channel to form the 3-D solvent pore structure.

The A-cage belonging to a local D3 point group has an
approximate spherical cavity of ∼8 Å in diameter and has six
identical oval-shaped portals of dimensions ∼5 × 10 Å2 (Fig. 2).

The B-cage belonging to a local S6 point group has a disc-
shaped cavity of ∼4 Å in height and ∼10 Å in diameter, and
has six identical oval-shaped portals of dimensions 3.7 × 4.3 Å2

(Fig. 3).
C-cage belongs to a D3 point group as A-cage, but has a tri-

gonal prismatic cavity of ∼10 Å in height and ∼16 Å in diam-
eter and has six identical portals of dimensions ∼7 × 9 Å2

(Fig. 4).
CrystEngComm, 2013, 15, 9491–9498 | 9493
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Fig. 2 Diagrams of A-cage on a crystallographic 32 (D3) symmetry site. Ball-and-

stick diagrams of the A-cage with nodes (medium-sized red balls) and edges (black

stick) in (a) side and (b) top views, where the center of the A-cage is represented by

a large purple dummy sphere. Tile diagrams of the A-cage with nodes (red balls),

edges (black stick), and tiles (purple) in (c) side and (d) top views.

Fig. 4 Diagrams of C-cage on a crystallographic 32 (D3) symmetry site. Ball-and-

stick diagrams of the C-cage with nodes (medium-sized red balls) and edges (black

stick) in (a) side and (b) top views, where the center of the C-cage is represented by

a large green dummy sphere. Tile diagrams of the C-cage with nodes (red balls),

edges (black stick), and tiles (green and pink) in (c) side and (d) top views, where the

C-cage is composed of a green tile and three surrounding pink tiles.

CrystEngCommPaper

View Article Online
The cage-like pores in the network are interconnected via
a ten-way channel (Fig. 5) to form a complicated 3-D porous
structure. The channel structure is composed of two cyan
tiles and four surrounding green tiles, and it has ten portals
(Fig. 5b).

In the network, the pores of the A-cages are interconnected
to each other via the channel through a necklike region ∼4 Å
in diameter (Fig. 6a and 6b) to form a 3-D porous structure of
a primitive cubic arrangement of the A-cages (Fig. 6c and 6d).
The 3-D channel pores in the primitive cubic arrangement are
twofold interpenetrated.

The pores of the four B-cages in a tetrahedral arrangement
are also interconnected to each other via the same ten-way
Fig. 3 Diagrams of B-cage on a crystallographic -3. (S6) symmetry site. Ball-and-

stick diagrams of the B-cage with nodes (medium-sized red balls) and edges (black

stick) in (a) side and (b) top views, where the center of the B-cage is represented by

a large brown dummy sphere. Tile diagrams of the B-cage with nodes (red balls),

edges (black stick), and tiles (brown) in (c) side and (d) top views.

9494 | CrystEngComm, 2013, 15, 9491–9498
channel (Fig. 7a and 7b), in four different directions, to form
another 3-D channel porous structure (Fig. 7c and 7d).

The pores of the four C-cages in another tetrahedral
arrangement are also interconnected to each other via the
same ten-way channel (Fig. 8a and 8b), in four different
directions, to form another 3-D channel structure
(Fig. 8c and 8d).
Homogeneity and stability of the MOF

The combination of the optical microscopic photograph and
the PXRD pattern of the bulk as-synthesized crystalline sam-
ple (Fig. S4 and S5, ESI†) provides supporting evidence that
the sample is homogeneous and the single-crystal structure
is representative of the bulk sample.

The PXRD pattern of the activated sample (1a) prepared
under N2 is similar to that of the as-synthesized sample (1),
but the peaks are slightly broadened (Fig. S5, ESI†). When 1a
Fig. 5 Diagrams of a ten-way channel. (a) Ball-and-stick diagram of the channel

with ten portals interconnecting ten cage-like pores (three differently colored large

balls), where nodes are drawn as medium-sized red balls and edges as black sticks.

(b) Tile diagram of the channel made of two different kinds of tiles (cyan and green).

The second cyan tile and the fourth green tile are hidden by the green tile on the

right side of the figure.

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 Diagrams showing the connectivity between the pores of the A-cages. (a)

Ball-and-stick diagram of two A-cages interconnected via a ten-way channel and (b)

the corresponding tile diagram. (c) Ball-and-stick diagram of a central A-cage

interconnected to the six surrounding A-cages in a primitive cubic-packing arrange-

ment and (d) the corresponding tile diagram.

Fig. 8 Diagrams showing the connectivity between the pores of C-cages. (a) Ball-

and-stick diagram of two C-cages interconnected via a ten-way channel and (b) the

corresponding tile diagram. (c) Ball-and-stick diagram of four C-cages interconnected

to each other via the ten-way channel in another tetrahedral arrangement and (d)

the corresponding tile diagram. The three different kinds of cage-like pores are

interconnected to each other via ten-way channels to form the complicate 3-D

channel porous structure.

CrystEngComm Paper
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is resoaked in DMA, the original sharpness of the PXRD pat-
tern is restored.

The TGA of 1a exposed at ambient conditions for approxi-
mately 1 h shows multistep weight losses (Fig. S6, ESI†). The
1.8% weight loss up to 125 °C corresponds to the weight of
three water molecules (1.9% calculated) readsorbed at ambi-
ent conditions, the next 1.0% weight loss up to 200 °C corre-
sponds to the weight of 0.16 lattice DMA molecules (0.9%
calculated) in the solvent pore, and then the decomposition
of the framework commences at around 230 °C. The TGA
results also support the presence of a small amount of lattice
DMA in the solvent pore. Even though the MOF was soaked
Fig. 7 Diagrams showing the connectivity between the pores of B-cages. (a) Ball-

and-stick diagram of two B-cages interconnected via a ten-way channel and (b) the

corresponding tile diagram. (c) Ball-and-stick diagram of four B-cages interconnected

to each other via the ten-way channel in a tetrahedral arrangement and (d) the cor-

responding tile diagram.

This journal is © The Royal Society of Chemistry 2013
in volatile acetone and the acetone was refreshed more than
ten times during the 4 days of soaking, the lattice DMA mole-
cules in the solvent pore were not completely replaced by ace-
tone, probably because of the labyrinth of the pore in the
narrow channel.
Gas sorption behaviour

The N2 adsorption isotherm of 1a is a typical type I isotherm
of a microporous material (Fig. 9), which agrees with the sol-
vent pore characteristics of the single-crystal structure of 1.
Fig. 9 N2 sorption isotherms on 1a at 77 K.

CrystEngComm, 2013, 15, 9491–9498 | 9495
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Fig. 10 (a) CO2 sorption isotherms on 1 at 195, 273, and 298 K. (b) The

adsorption enthalpy of CO2.

Fig. 12 (a) H2 sorption isotherms on 1 at 77 and 87 K. (b) The adsorption

enthalpy of H2.
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The N2 uptake amount is 485 cm3 g−1 at P/P0 = 0.99 and the
BET- and Langmuir-specific surface areas are 1870 m2 g−1

and 2120 m2 g−1, respectively (Fig. S7 and S8, ESI†). The pore
volume based on the N2 uptake amount, 0.754 cm3 g−1,§ is
slightly smaller than the estimated value based on the single-
crystal structure, 0.813 cm3 g−1.¶ The median pore width of
the framework calculated from the N2 adsorption isotherm
using the Saito–Foley cylindrical model is 11.8 Å.24

The isotherms of CO2 on 1a at 195 K show stepwise
adsorption at around 0.19 bar and hysteresis on desorption
in the 0.1–0.2 bar range (Fig. 10a). The total CO2 uptake
amount at 1 bar is 413 cm3 g−1 (81.1 mg g−1). The origin of
the hysteresis is not clear considering the rigidity and the
microporosity of the framework. It is probably related the
narrow channel structure of the pore.‖ The adsorption
enthalpy obtained from the CO2 adsorption isotherms at 195,
273, and 298 K using a virial equation is ∼22 kJ mol−1 (ref.
25) and the value is in the expected range of the CO2
§ The pore volume of the MOF was calculated from the N2 adsorption amount
assuming that the density of N2 in the pore at 77 K and 1 bar is the same as
the density of liquid N2, 0.813 cm

3
g
−1
.

¶ In the calculation of the pore volume from the crystal structure, the volume
of the dimethylammonium cation disordered in the solvent pore was
estimated from the average atom volume derived by the analysis of the
Cambridge Structural Database. D. Walter and M. Hofmann, Acta Crystallogr.,

Sect. B: Struct. Sci., 2002, B58, 489–493.
‖ We speculate that a certain region of the pore is only accessible when the
CO2 pressure is larger than ∼0.19 bar via the narrow channel that is blocked
by either the dimethylammonium cation in the pore or the DMF solvent
remaining in the pore even after the activation of the sample.

Fig. 11 (a) CH4 sorption isotherms on 1 at 195, 273, and 298 K. (b) The

adsorption enthalpy of CH4.

9496 | CrystEngComm, 2013, 15, 9491–9498
adsorption enthalpy of similar microporous MOFs with no
open metal sites and no strongly interacting functional
groups, such as an amino group.26

The sorption behaviour of CH4 on 1a also agrees with
the solvent pore characteristics of 1 from the single-crystal
structure. The adsorption amounts of CH4 on 1a (144, 18,
and 9 cm3 g−1 at 195, 273, and 298 K, respectively) are much
smaller than the corresponding adsorption amounts of CO2

at the same temperatures (413, 81, and 38 cm3 g−1 at 195,
273, and 298 K, respectively) (Fig. 11a). The adsorption
enthalpy of CH4 is ∼15 kJ mol−1. The selectivity of CO2/CH4

at 195, 273, and 298 K is 2.9, 4.5, and 4.2, respectively.
The adsorption amounts (1.6 and 0.9 wt% at 77 and 87 K,

respectively) and the adsorption enthalpy (5–6 kJ mol−1) of H2

on 1a are also the values in the expected range of the MOFs
with similar specific surface area and microporosity
(Fig. 12a).27
Conclusions

While reaction of the Zn(II) ion with rigid H2BTC and H3BTB
afforded 3,6-connected UMCM-1 using a Zn4O(COO)6 cluster
as a 6-connected node, a similar reaction with rigid H3BTC
and H3BTB resulted in a complicated 3-D network of an
unprecedented 3,3,3,5-connected net topology using a struc-
turally rare Zn2(COO)5 cluster as a 5-connected node. The
highly porous 3-D network contains three different kinds of
cage-like micropores interlinked to each other through a ten-
way channel with narrow portals to form a complicated 3-D
channel porous structure. The solvent molecules in the com-
plicated 3-D channel pores could be removed by conventional
vacuum drying with retention of the microporosity of the net-
work, even though the solvent pore volume is larger than
∼60% of the total unit cell volume. The MOF with no open
metal sites and no strongly interacting functional organic res-
idues in the pore surface shows the expected gas sorption
behaviour, which corresponds to the BET-specific surface
area and the average pore dimension of the network.
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