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A three-dimensional microporous metal-organic framework, Zn5(BTA)6(TDA)2 3 15DMF 3 8H2O (1; HBTA = 1,2,3-
benzenetriazole; H2TDA = thiophene-2,5-dicarboxylic acid), comprising pentanuclear [Zn5] cluster units, was obtained
through an one-pot solvothermal reaction of Zn(NO3)2, 1,2,3-benzenetriazole, and thiophene-2,5-dicarboxylate. The
activated 1 displays type-I N2 gas sorption behavior with a Langmuir surface area of 607 m2 g-1 and exhibits
interesting selective gas adsorption for C2H2/CH4 and CO2/CH4.

Introduction

Porousmetal-organic frameworks (MOFs) have been emer-
ging as very promising materials for gas storage, separation,

heterogeneous catalysis, sensing, and drug delivery over
the past two decades.1-41 The diverse metal ions and/or
metal-containing clusters as the nodes and a variety of
organic linkers as the bridges to construct the porous co-
ordination polymers (PCPs) by the coordination bonds have
led to a series of porous MOFs from ultramicroporous to
mesoporous domains. Although extensive research has been
carried out to assemble the coordination polymers, those
exhibiting permanent porosity and thus being classified as
porous MOFs are still of few percentage. This is mainly
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because of the labile coordination geometries of the metal
ions and/ormetal-containing clusters and the flexibility of the
bridging organic linkers which cannot sustain the frame-
works under vacuumand/or thermal activation.One efficient
strategy to stabilize the PCPs and thus to construct porous
MOFs is to make use of rigid clusters,10,11 as exemplified
in those MOFs with the binuclear paddle-wheel M2(COO)6
(M= Cu2þ, Co2þ, Ni2þ, and Zn2þ) and tetranuclear Zn4O-
(COO)6 as the secondary building units.12 Another strategy
to stabilize the frameworks is to make use of the framework
interpenetration and/or interwoven to enforce the framework
interactions.13 In fact, quite a few examples of porousMOFs
have been realized by this approach in which the interpene-
trated/interwoven frameworks show a higher permanent poro-
sity than their noninterpenetrated framework analogues.14

Hereinwe report a rare example of porousMOFZn5(BTA)6-
(TDA)2 3 15DMF 3 8H2O (1; HBTA= 1,2,3-benzenetriazole;
H2TDA = thiophene-2,5-dicarboxylic acid) in which both
the rigid pentanuclear Zn5(BTA)6 cluster and the four-fold
framework interpenetration have been cooperatively utilized
to stabilize the framework, exhibiting highly selective sorp-
tion behavior toward C2H2/CH4 and CO2/CH4.

Experimental Section

Materials and Methods. All reagents and solvents employed
were commercially available and used as supplied without
further purification. Thermogravimetric analysis (TGA) data
were obtained on aTGAG500V5.3 Build 171 instrument with a
heating rate of 5 �C/min under a N2 atmosphere. Powder X-ray
diffraction (XRD) patterns were obtained with a Scintag X1
powder diffractometer system using KR radiation with a vari-
able divergent slit and a solid-state detector. The routine power
was 1400 W (40 kV, 35 mA). Low-background quartz XRD
slides (Gem Depot, Inc., Pittsburgh, PA) were used. For ana-
lyses, powder samples were dispersed on glass slides.

Synthesis of MOF 1. Amixture of Zn(NO3)2 3 6H2O (1.487 g,
5 mmol), HBTA (0.715 g, 6 mmol), and H2TDA (0.344 g,
2 mmol) were dissolved in the mixed DMF-ethanol-water
(70/70/70 mL) solution and heated in a vial (400 mL) at 100 �C
for 24 h. The colorless octahedron-shaped crystals formed were
collected, washed with DMF, and dried in air (1.883 g; yield:
72%). Elem. anal. calcd for Zn5(BTA)6(TDA)2 3 15DMF 3 8H2O
(C93H149N33O31S2Zn5): C, 42.69; H, 5.74; N, 17.67. Found: C,
42.84; H, 5.81; N, 17.65. Sample of MOF 1 was soaked in
methanol, filtered, and activated under high vacuum at 150 �C
overnight to get MOF 1a.

Single-Crystal X-ray Crystallography. Single crystal X-ray
data ofMOF 1were collected using the microcrystal diffraction
beamline 15ID-B at the Advanced Photon Source, Argonne
National Laboratory (ANL). Data were collected on a Bruker
D8 diffractrometer equipped with an APEX II detector. Data
integration and reduction were using the APEX suite software.
The structure was solved by direct methods and subsequent
difference Fourier syntheses and refined using the SHELXTL
software package. The H atoms on the ligand were placed in
idealized positions and refined using a riding model. The H
atoms on the coordinated solvent O atoms could not be located.
The unit cell includes a large region of disordered solvent
molecules, which could not be modeled as discrete atomic sites.
We employed PLATON/SQUEEZE to calculate the diffraction
contribution of the solvent molecules and thereby producing a
set of solvent-free diffraction intensities.42

Gas Sorption Measurements. A Micromeritics ASAP 2020
surface area analyzer was used to measure gas adsorption. In
order to remove guest solvent molecules in the framework, the
fresh sample soaked in methanol was filtered and vacuumed
at 150 �C overnight. A sample of 150.0 mg was used for the
sorption measurement and was maintained at 77 K with liquid
nitrogen and 273Kwith ice-water bath (slush), respectively. As
the center-controlled air condition was set up at 22.0 �C, a water
bath of 22.0 �C was used for adsorption isotherms at 295.0 K.

Derivation of the Isosteric Heats of Adsorption. A virial-
type expression of the following form was used to fit the
combined isotherm data for a given material at 295.0 and
273.2 K:15,16

ln P ¼ ln Nþ 1=T
Xm

i¼ 0

aiN
i þ

Xn

i¼ 0

biN
i ð1Þ
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Here, P is the pressure expressed in Torr, N is the amount
adsorbed inmmol/g,T is the temperature inK, ai and bi are virial
coefficients, and m and n represent the number of coefficients
required to adequately describe the isotherms. The equationwas
fit using the statistical software package SPSS 16.0. The coeffi-
cientsm and nwere gradually increased until the contribution of
extra added a and b coefficients was deemed to be statistically
insignificant toward the overall fit, as determined using the
average value of the squared deviations from the experimental
valueswasminimized. In all cases,me 6 and ne 3. The values of
the virial coefficients a0 through am were then used to calculate
the isosteric heat of adsorption using the following expression:

Qst ¼ -R
Xm

i¼ 0

aiN
i ð2Þ

Here,Qst is the coverage-dependent isosteric heat of adsorption,
and R is the universal gas constant of 8.3147 J K-1 mol-1.

Results and Discussion

The MOF 1 was synthesized by the solvothermal reaction
of zinc nitrate, HBTA, and H2TDA in a mixture solvent of
DMF/C2H5OH/H2O at 100 �C for 24 h as colorless octahe-
dral crystals. It was formulated as Zn5(BTA)6(TDA)2 3
15DMF 3 8H2O by elementalmicroanalysis and single-crystal
X-ray diffraction studies, and the phase purity of the bulk
material was independently confirmed by powder X-ray
diffraction (PXRD) (Figure 1a) and thermogravimetric anal-
ysis (TGA) (Figure 1b).
A single-crystal X-ray crystallographic study, conducted

using synchrotron microcrystal diffraction at the Advanced
Photon Source, ANL, revealed that 1 crystallizes in a tetra-
gonal space group I41/a. Also 1 is a three-dimensional (3D)
open-framework comprising {Zn5(BTA)6(Osolvent)} clusters
as tetrahedral nodes, which were linked to four crystallogra-
phically independent clusters by the extended TDA ligands
via their carboxylate groups to give a diamond network
(Figure 2). Within the {Zn5(BTA)6(Osolvent)4} cluster, a Zn3
ion located at the center is surrounded by six N atoms from
six BTAs, while the coordination environments of the other
four at each vertex of the tetrahedron were completed by
three N atoms from 3 BTAs and two O atoms from TDA
linkers. One of the four vertical Zn ions (Zn4) is further
bounded to one O atom of the solvent molecule, indicating
the potential to have the openmetal sites for their recognition
of the gasmolecules once theMOF 1was thermally activated.
The adamantanoid cages in a single dia net have a dimension
of ca. 26 Å in diameter. The spacious nature of the single

network allows three other identical dia networks to pene-
trate it in a normal mode, thus resulting in a four-fold
interpenetrating dia array (Figure 2d). Despite the interpene-
tration, the framework of 1 remains open and contains 1D
channels of ca. 4.1 � 10.0 Å2 (pink) and 3.4 � 4.1 Å2 (cyan)
along the [1 0 0] and [0 1 0] directions that are occupied by
disordered solvent molecules. PLATON42 analysis showed
that the effective free volume of 1 is 37% of the crystal
volume.
TGA of MOF 1 showed that approximately 40% weight

loss occurred from 23 to 450 �C,which is attributed primarily
to the release of solvent molecules and coordinated solvent
molecules (Figure 1b). PXRD studies indicate that the
activated 1 (MOF 1a) at 150 �Cunder high vacuumovernight
keeps the high-crystalline featurewhose patternmatcheswith
that of the as-synthesized 1, indicating that the framework of

Figure 1. (a) Powder XRD for MOF 1: simulated pattern (black), as-synthesized (green), and activated (1a) samples at 150 �C (red). (b) TGA curve for
MOF 1: as-synthesized (black) and activated 1a (red) samples.

Figure 2. Each {Zn5(BZA)6(Osolvent)}cluster (a) was linked by four
TDA molecules to form a single dia net (b) viewed down the b axis,
comprising large adamantanoid cages (c, yellow); (d) Four-fold inter-
penetration diamond networks give two kinds of channels along both a
and b axes: a long and narrow one, (pink) sites between the yellow and red
networks and another quasisquare one (cyan), between the blue and green
networks; and (e) Four-fold interpenetrated framework exhibiting the
channels along the a axis.
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1 is robust. N2 sorption isotherm at 77 K shows that the 1a
displays typical type-I sorption behavior with the Bru-
nauer-Emmett-Teller (BET) surface area of 414 m2 g-1

(Langmuir surface area, 607m2 g-1) and pore volume of 0.24
cm3 g-1 (estimated by using Dubinin-Radushkevich equa-
tion), respectively (Figure 3).43 A fit of the adsorption data to
theHorvath-Kawazoemodel shows themaximum pore size
in the range of 1.0-1.1 nm, in agreement with the structural
analysis above.
The establishment of permanent porosity of 1a enables us

to examine its potential application on the selective gas
separation. As shown in Figure 4, 1a can take differential
amounts of C2H2 (44 cm3/g), CO2 (37 cm3/g), and CH4

(10 cm3/g) at 1 atm and 295K, highlighting 1a as the promis-
ing material for the selective separation of C2H2/CH4 and
CO2/CH4 at room temperature. Such selective sorption of 1a
with respect to these three gas molecules are mainly attri-
buted to their different interactions with the framework
surfaces.
The coverage-dependent adsorption enthalpies of 1a to

these three gases, calculated based on virial method, a well
established and reliable methodology from fits of their
adsorption isotherms at 273 and 295 K. The enthalpies at
zero coverage are 37.3, 37.8, and 26.1 kJ/mol for C2H2, CO2,
and CH4, respectively (Figure 5). These values of adsorption
enthalpies are systematically high. In fact, the acetylene ad-
sorption enthalpy 1a is much higher than that of 24.0 kJ/mol

of Zn-MOF-74 with well orientated open Zn2þ sites.17 Such
systematically larger enthalpies for gas adsorption might
be attributed to both the possible open Zn4 sites and the
optimized the pore surface/curvature for their enhanced
interactions with the gas molecules.
The separation capabilities of 1a for the selective CO2/CH4

andC2H2/CH4 separation have been further examined by the
ideal adsorbed solution theory (IAST). The calculated IAST
selectivities39 are shown in Figure 6. The Langmuir-Freun-
dlich model was applied to fit the experimental isotherms
with excellent results (R > 0.999), and IAST calculations
were performed under equimolar mixture conditions. It was
found that 1a displays very high selectivities for CO2 at low
pressure. At about 6 mmHg, the CO2/CH4 and C2H2/CH4

separation selectivity is 37 and 87, respectively. The selectivity
decreases with increasing bulk pressure as zinc sites become
inaccessible. The calculated selectivity for equimolar CO2/
CH4 and C2H2/CH4 is about 9.2 and 15.5, respectively, at
1 atm and 295 K, while the Henry’s sectivities obtained from
the virial method toward CO2/CH4 and C2H2/CH4 are
respectively 12.0 and 22.3 at 295K (Supporting Information,
Table S2). These values are moderately high compared with
those of well examined microporous MOFs.39 The possible
open Zn4 sites within 1a may enforce their stronger interac-
tions with C2H2 and CO2.
To make use of the pentanuclear cluster and four-fold

framework interpenetration, we realize a robustmicroporous
metal-organic framework (MOF) for highly selective sepa-
ration of C2H2/CH4 and CO2/CH4. The rich cluster chemi-
stry to provide the stable nodes for the construction of porous

Figure 3. Isothermal adsorption curve ofN2 gas for 1a. Inset:Horvath-
Kawazoe pore size distribution plot.

Figure 4. Adsorption (solid) and desorption (open) isotherms of acti-
vated 1 at 295 K (acetylene (blue); carbon dioxide (red); and methane
(green)).

Figure 5. The heat of adsorption of the activated 1 for acetylene (blue),
carbon dioxide (red), and methane (green).

Figure 6. Selectivity of C2H2/CH4 (red) and CO2/CH4 (blue) in 1a for
equimolar mixtures at 295 K.

(43) Xie, L.-H.; Lin, J.-B.; Liu, X.-M.; Wang, Y.; Zhang, W.-X.; Zhang,
J.-P.; Chen, X.-M. Inorg. Chem. 2010, 49, 1158.
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MOFs40 and the power of the framework interpenetration/
interwoven to stabilize and then tune the porosity of the
synthesizedMOFswill enrich a variety of new porousMOFs
for gas separation, one of the most promising applications of
the emerging porous MOFs for the industrial and environ-
mental usage in the near future.41
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