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5-(1H-Tetrazol-1-yl)isophthalic acid (H2L) reacts with Cu(II) ion forming a new metal-organic framework {[CuL] 3
DMF 3H2O}¥ (1) (DMF = N,N-dimethylformamide), with a rutile-related type net topology. Compound 1 possesses a
3D structure with 1D channels that can be desolvated to yield a microporous material. Adsorption properties (N2, H2,
O2, CO2, and CH4) of the desolvated solid [CuL] (1a) have been studied, and the results exhibit that 1a possesses
fairly good capability of gas sorption for N2, H2, O2, and CO2 gases, with high selectivity ratios for O2 over H2 at 77 K
and CO2 over CH4 at 195, 273, and 298 K. Furthermore, 1a has excellent O2 uptake at 77 K and a remarkably high
quantity of adsorption for CO2 at room temperature (298 K) and atmospheric pressure, suggesting its potential
applications in gas separation or purification.

Introduction

The rational design and construction of metal-organic
crystalline materials has been a hot topic for many years, due
to not only their fascinating structures and topologies but
also their specific or multifunctional properties.1 Recently,
increasing attention has been attracted to the porous metal

organic frameworks (MOFs), which possess rich structural
chemistry and excellent gas sorption properties.2 Porous
MOFs constructed by the metal ions or metallic clusters
linked with organic linkers have an advantage in that their
porous surface can be varied to a greater extent than in other
porous materials,3b exhibiting particularly potential applica-
tions in catalysis, ion exchange, purification, gas storage, and
gas separation.3,4As an important class of building block, the
metal motifs, such as dinuclear, trinuclear, and even higher-
nuclear clusters, have been used as secondary building units
(SBUs) to construct robust and highly porous MOFs, for
their stability and specific conformation thatmake the design
and prediction of the resulting architectures simple and
easy.4a,5 During our ongoing effort to construct porous
MOFs, we chose 5-(1H-tetrazol-1-yl)isophthalic acid (H2L)
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as the organic building block for the following purposes: (1)
There were only a few reports of porous MOFs that were
constructed via tetrazole functionalized aromatic carboxylic
acids.5a,6 (2) The ligand comprised multiple coordinated
groups which was suitable for building extended and highly
connected frameworks. (3) H2L was easy to synthesize with
cheap starting material in a good yield. Herein, we present a
new 3D porous MOF constructed by the assembly of the
[Cu2(O2C)4] paddle wheel unit and L

2-, namely {[CuL] 3
DMF 3H2O}¥ (1) (L = 5-(1H-tetrazol-1-yl)isophthalic acid
anion;DMF=N,N-dimethylformamide), with a rutile-related
type net topologywhich is rare in porousMOFs. Importantly,
compound 1 can be desolvated to afford a porous framework
[CuL] (1a) with 1D channels, which exhibits gas-sorption
capabilities for N2, O2, H2, CO2, and CH4 gases.

Experimental Section

Materials and GeneralMethods.All the solvents and reagents
for synthesis were obtained commercially and used as received.
The ligand 5-(1H-tetrazol-1-yl)isophthalic acid was synthesized
by a similar method according to the literature.7 Infrared (IR)
spectra were measured on a TENSOR 27 OPUS (Bruker) Fourier
transform infrared (FT-IR) spectrometer using KBr disks dis-
persed with sample powders in the 4000-400 cm-1 range.
Elemental analyses (C, H, and N) were performed on a Perkin-
Elmer 240C analyzer. Thermogravimetric (TG) analyses were
carried out on a Rigaku standard TG-DTA analyzer with a
heating rate of 10 �Cmin-1 from ambient temperature to 800 �C;
an empty Al2O3 crucible was used as reference.

Synthesis of {[CuL] 3DMF 3H2O}¥ (1). A mixture of CuCl2 3
4H2O (41 mg, 0.2 mmol) and H2L (47 mg, 0.2 mmol) in DMF/
MeOH (4:1 v/v) solution (15 mL) was stirred at 80 �C for 10min
and then filtered. The filtrate was kept in a beaker at room
temperature. Green block-shaped crystals formed after about
1 week, were washed with DMF, and were dried in air. Yield
(∼60% based on H2L). This material is almost insoluble in
common solvents, even in DMF. Anal. Calcd (%) for C12H13-
CuN5O6: C, 37.26; H, 3.39; N, 18.11. Found (%): C, 36.89; H,
3.52; N, 17.92. IR (KBr pellet, cm-1): 3071m, 2928w, 1657vs,
1595m, 1457w, 1438m, 1388vs, 1231w, 1182w, 1162w, 1090m,
996w, 916m, 782m, 746m, 729s, 660w, 492m.

X-ray Crystallography. Single crystal X-ray diffraction mea-
surement for 1 was carried out on a Bruker Smart 1000 CCD
diffractometer equipped with a graphite crystal monochroma-
tor situated in the incident beam for data collection at 113(2) K.
The determinations of unit cell parameters and data collections
were performed with Mo KR radiation (λ = 0.71073 Å), and
unit cell dimensions were obtained with least-squares refine-
ment. The program SAINT8 was used for integration of the
diffraction profiles. Semiempirical absorption corrections were
applied using SADABS program. The structure was solved
by direct methods using the SHELXS program of the SHELXTL
package and refined with SHELXL.9 Copper atoms were found
from E-maps, and other nonhydrogen atoms were located in

successive difference Fourier syntheses. The final refinement
was performed by full matrix least-squares methods with aniso-
tropic thermal parameters for nonhydrogen atoms on F2. The
hydrogen atoms were added theoretically, riding on the con-
cerned atoms and refined with fixed thermal factor except for
H2O molecules. Crystallographic data and experimental details
for structural analyses are summarized in Table S1 (see Support-
ing Information). CCDC-773959 contains the supplementary
crystallographic data of complex 1. These data can be obtained
free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data request/cif.

Sorption Measurements. Gas sorption experiments were car-
ried out with a Micrometrics ASAP2020 M volumetric gas
sorption instrument. Before the measurement, the sample of 1
was soaked in dichloromethane (CH2Cl2) for 3 days to remove
DMF and H2O solvent molecules, then filtrated, and dried at
room temperature. Then, the sample was loaded in a sample
tube and dried under high vacuum (less than 10-5 Torr) at 85 �C
overnight to remove CH2Cl2 and all residue solvents in the
channels. About 80 mg of the desolvated sample was used for the
entire adsorption measurement. The hydrogen sorption isotherms
were collected in a pressure range from 10-4 to 1 atm at 77 K in a
liquid nitrogen bath and 87 K in a liquid argon bath, respectively.
TheO2 isothermmeasurementwas also proceeded at 77K.The gas
sorptionexperimentsofCO2andCH4were carriedoutat 195K ina
dry ice-acetone bath, at 273K in an ice-water bath, and at 298K
in a temperature controlled circular bath, respectively.

Results and Discussion

Crystal Structure Description. Single-crystal structure
analysis reveals that 1 crystallizes in the monoclinic system
P21/c space group. In 1, there exists only one crystallo-
graphic independent Cu(II) center which adopts a square
pyramidal coordination geometry. It is coordinated by
four carboxylate O atoms from four L2- ligands and one
tetrazolyl N atom from another L2- ligand. As shown in
Figure 1a, the two adjacent Cu(II) ions are bonded together
to generate a paddle wheel-shaped {Cu2(O2C)4} unit with
Cu 3 3 3Cu distance being 2.674 Å and Cu-O average bond
length of 1.969(8) Å. The axial sites of such paddle wheel
unit were occupied by the N atoms of tetrazolyl from two
different L2- ligands with the Cu-N bond length being
2.174(8) Å. As expected, the axial-assistant ligands (typi-
cally H2O, DMF, NO3

-, or others) in many usual MOFs
with similar paddle wheel cluster units5a,6a,10 were success-
fully replaced by the N-donor of tetrazolyl in the ligand,
and such axial coordinationmode is scarce.6c In the struc-
ture of 1, each Cu2 cluster extended by six L2- ligands
gives rise to a six-connected octahedral [Cu2(O2C)4(N)2]
SBU, while each L2- anion bridges three different Cu2
clusters serving as a three-connected triangular building
block (Figure 1b). Thus, the overall structure could be
described as an infinite 3D rutile-related topology (3,6)-
connected framework (Figure 1c) with Schlafli symbol
(4 3 6

2)2(4
2
3 6

8
3 8

5) (Figure 1d). So far as we know, though
(3, 6)-connected topologies have been observed in some
related materials,6b,10c,11 there was no report of the same
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topology for 3D frameworks constructed by N-hetero-
cycle aromatic carboxylic acid.
In 1, the rhombic apertures were created with phenyl

rings acting aswalls and [Cu2(O2C)4(N)2] SBUs serving as
corners (Figure 1c). Looking from the bcplane, the rhombic
apertures assigned along a axis form 1D channels which
were filled with DMF and H2O solvent molecules. In
addition, the tetrazolyl rings which are located at the diag-
onal sites of the rhombic apertures block part of the
channels, while DMF molecules are located at corners
and H2O molecules are situated in the middle (Figure S1,
see Supporting Information). Remarkably, the free void
volume of 1 estimated byPLATON12 is 52.1%of the total
volume when the guest molecules are removed. Com-
pared with some porous MOFs,2e,6d,13 which were con-
structed by similar size organic ligands, such free void
volume is fairly large.

TGA and XRPD. Thermogravimetric analysis of 1 as
synthesized reveals a weight loss of 25.6% in the temper-
ature range of 127-218 �C, which corresponds to the
loss of solvent molecules residing in the open channels,

one H2O and one DMF per formula unit (calcd 23.7%).
Samples after solvent exchange and vacuum activation
show a similar weight loss curve, which indicated the good
stability of the framework after the removal of solvent
molecules (Figure S2, see Supporting Information). The
X-ray powder diffraction (XRPD) pattern of solid 1 is
coincident with the simulated pattern derived from the
X-ray single crystal data, implying that the bulk sample is
the sameas the single crystal (Figure 2). Prior to gas-sorption
experiments, DMF and H2O molecules were removed
from compound 1 by solvent exchange. The solvent ex-
changed sample was then dried under high vacuum to get
the desolvated solid [CuL] (1a). The activated sample 1a is
still crystalline, as evidencedby theXRPDpatterns (Figure2).
Though the experimental patterns of the activated sample
show few unindexed and slightly broadened diffraction
lines, which might be attributed to the slight change of
structure caused by the removal of guest molecules, the
whole porous framework should remain.

Adsorption Properties.Gas-sorption experiments of the
desolvated solid [CuL] (1a) were carried out for N2, H2,
O2, CH4, and CO2 gases to examine the porous properties
and its gas storage capability. The results of gas adsorp-
tion for 1a are listed in Table 1.
To investigate the porosity of 1a, N2 sorption was

performed at 77 K. The uptake amount of N2 is 255 ( 3
cm3/ g (STP) at 1 atm, and the gas sorption showsa reversible

Figure 1. (a) Coordination environment of the Cu2 dimer. (b) 2D network on ac plane, schematic representation of the tribranched ligand L2-, and the
localized geometry of the six-connected octahedral Cu2 unit. (c) 3D framework showing open 1D channels along the a axis (H atoms and solvent molecules
omitted for clarity). (d) Schematic representation of the (3,6) topological net; the purple balls represent six-connected Cu2 nodes, and green balls represent
the three-connected ligand L

2-.
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type I isotherm with a slightly hysteresis on desorption
(Figure 3a), being characteristic of the microporous
material. TheBrunaer-Emmett-Teller (BET) andLangmuir
surface area of guest-free framework are estimated to be
810 and 1063m2/g, respectively, and the H-K (Horvath-
Kawazoe)14 pore diameter is 7.9 Å. Furthermore, the
H-K pore volume is 0.34 cm3/g, a little lower than the
value of 0.35 cm3/g calculated from the crystal structure,
which indicates that the gas molecules fill the void space
efficiently.
The accessible porosity in 1a confirmed by the N2

sorption study prompts us to investigate further gas
sorption properties of 1a. Subsequently, the H2 and O2

adsorptionmeasurements for 1awere carried out. TheH2

sorption isotherms at 77 and 87 K both show type I
behavior with no hysteresis and no noticeable change in

the properties upon repeated cycling (Figure 3b). The
uptake ofH2 at 1 atm and 77K is 1.86wt% (208( 4 cm3/g,
STP), which is higher than that of many reported MOFs
under the same conditions6b,10a,15,16 but lower than some
of the best MOFs.4a,5a,e,17 However, compared with
some MOFs possessing larger surface area and high
porosity, such an amount of H2 adsorption for 1a is still
inspiring (Table S2, see Supporting Information).4a,5c,6c,10b,c

For example, theMOF [Fe3(O)(L1)3]
6c (H2L1=pyridine-

3,5-bis (phenyl-4-carboxylic acid)) with a BET area of
1200m2/g, but the uptake of H2 at 1 atm and 77K, is 1.60
wt%; the PCN-6010b with Langmuir area being 2700m2/g
and the uptake ofH2 at 1 atm and 77K is only∼1.62 wt%.

Table 1. Gas-Adsorption Data for 1a

temperature and pressure amount of gas adsorb

gas wt % cm3/g mmol/g

N2 77 K and 0.2 atm/1 atm 30.0/31.9 240 ( 2/255 ( 3 10.7/11.4
O2 77 K and 0.2 atm 38.8 272 ( 2 12.1

H2

77 K and 0.2 atm/1 atm 1.37/1.86 153 ( 3/208 ( 4 6.83/9.28
87 K and 1 atm 1.51 169 ( 2 7.54

CO2

195 K

1 atm

37.7 192 ( 2 8.57
273 K 29.7 151 ( 3 6.74
298 K 21.8 111 ( 2 4.95

CH4

195 K 8.50 119 ( 2 5.31
273 K 3.14 44 ( 2 1.96
298 K 1.64 23 ( 2 1.03

Figure 2. XRD powder patterns for compounds 1 (red) and 1a (green).

Figure 3. Gas sorption isotherms for 1a: (a) N2, H2, andO2 at 77 K and
(b) H2 at 77 and 87 K.(14) (a) Horvath, G.; Kawazoe, K. J. Chem. Eng. Jpn. 1983, 16, 470.
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Zhang, H. J. Inorg. Chem. 2009, 48, 8069. (b) Lan, A. J.; Li, K. H.; Wu, H. H.;
Kong, L. Z.; Nijem, N.; Olson, D. H.; Emge, T. J.; Chabal, Y. J.; Langreth, D. C.;
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Zhou, H.-C. Inorg. Chem. 2009, 48, 2072. (c) Eun Cheon, Y.; Park, J.; Paik Suh,
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Moreover, the hydrogen isosteric heats of adsorption (Qst)
for 1a calculated from the respective adsorption isotherms
at 77 and 87K, employing the Clausius-Clapeyron equa-
tion,18 are 7.2-6.8 kJ 3mol-1 depending on the degree of
H2 loading (Figure S4, see Supporting Information),
which is in the usual range of the porous MOFs (Table
S4, see Supporting Information).3a,b,4c,19 The approxi-
mate value of 7.2 kJ 3mol-1 at zero surface coverage
obtained from isotherm studies is close to the correspond-
ing values found for most promising MOFs for hydrogen
storage.4a,20

In the case ofO2 adsorption, 1a adsorbs up to 38.7wt%
(272(2cm3

3 g
-1,12.1mmol 3 g

-1,STP) at77Kand0.19atm,
far higher than that of H2 gas under the same condition
(Figure 4a). Such O2 capacity is also very high compared
withmany other porousMOFs (Table S3, see Supporting
Information).3a,4b,16b,c,21 Notably, the O2 isotherm has
two adsorption steps with more marked hysteresis than
that of N2 on desorption (Figure S5, see Supporting Infor-
mation). In the first step interval from 0 to 0.6 of P/P0, the
saturation plateau occurs and the monolayer coverage
predicted by fitting Langmuir equations to the N2 and
O2 isotherms are almost identical (10.93 and 10.91
mmol 3 g

-1 at the relative pressure of 0.6, respectively),
suggesting that the same number of binding sites is initially
available to both gases.21 The second step occurs in the
relative pressure P/P0 interval 0.6-0.93 and corresponds
to adsorption of ca. 12.1 mmol 3 g

-1 of O2, a little higher
than that of N2 gas (255 ( 3 cm3

3 g
-1, 11.3 mmol 3 g

-1,
STP). Such behavior may be attributed to the multilayer
adsorption or the multiple MOF-adsorbate interactions
with different intensity.3a Although hysteresis is observed
between the adsorption and desorption curves, O2 uptake
in 1a is reversible (Figure S3, Supporting Information),
suggesting that O2 does not permanently bind to the
framework via an irreversible process such as oxidation
of the metal centers.21 The O2 adsorption density in 1a, as
estimated by the H-K pore volume (0.34 cm3

3 g
-1)

measured using theN2 isotherm, is 1129 kg 3m
-3 at 0.19

atm which suggests that O2 gas is highly compressed
within the pores (the density of liquid O2 is 1140 kg 3m

-3)
and it is a high value among those of reported porous
MOFs.3a,4b,16b,c Since 1a shows high uptake of O2 and
selective sorption of O2 over H2 and N2 over H2, it may
have potential application in the separation of these gases
at low pressure.
Although most adsorption studies on porous materials

have been carried out for hydrogen storage purpose in the
past few years, there are now increasing investigations
aimed at different objectives for other gases, such as O2,
CO2, CH4, etc.2b,4a,16b,21,22 To further check the gas
adsorption properties of 1a, CO2 and CH4 adsorption
studies have been systematically carried out, at 195, 273,
and 298 K under normal pressure, respectively. All the
adsorption isotherms exhibit typical type I sorption be-
havior (Figure 4), and the adsorption capacities of CO2

are higher than that ofCH4 under the same condition. It is
noteworthy that the adsorption quantities are superior to
those of most relatedMOFs measured under similar con-
ditions (Table S3, see Supporting Information),3a,6a,22

although lower than those of some of the best MOFs.4a,13b,23

At 1 atm and 195 K, 1a adsorbs CO2 gas up to 192 (
2 cm3

3 g
-1 (STP), while the adsorbed amount of CH4 is

119 ( 2 cm3
3 g

-1 (STP) which is even lower than that of
CO2 (151 ( 3 cm3

3 g
-1 at STP) at 1 atm and 273 K,

indicating the high selectivity of gas sorption forCO2 over
CH4. Furthermore, such selectivity is more and more re-
markable along with the temperature increasing (Figure
S6, see Supporting Information, and Table 1). It may
mainly be attributed to two factors: (1) The kinetic
diameter of the CO2 molecule (3.3 Å) is smaller than
that of the CH4 molecule (3.8 Å),24 and access to the
channels in 1a is easier. (2) The quadrupole moment of
CO2 (-1.4 � 10-39 C m2) might induce stronger interac-
tion with the porous framework than CH4.

3a,15b,25

Most interestingly, although the CO2 uptakes of some
excellent MOFs are higher than that of 1a at 195 K and
normal pressure, the values for them at 273 or 298 K are
lower than those of 1a (37.7 wt % at 195 K, 29.7 wt % at
273K, and 21.8 wt%at 298K) under the same condition.
For example, [Zn2(abtc)(dmf)2]3 is 55.1 wt % at 195 K
(but20.6wt%at273K),4a [{Cu2(abtc)(dmf)2}3] is 53.8wt%
at 195 K (but 19.2 wt % at 273 K),4a and the desolvated
solid of [Cu24L12(DMF)8(H2O)16] is∼84.8 wt% at 196K
(but ∼19.6 wt % at 298 K).23 It is noteworthy that 1a
still shows a high CO2 adsorption amount of 21.8 wt %
(4.95 mmol 3 g

-1, 111 ( 2 cm3
3 g

-1, STP) at ambient
temperature (298 K) and 1 atm, which is remarkably high
compared with the corresponding values of many repre-
sentative porous MOFs (Table S3, see Supporting
Information).3c,13,23 Similar adsorption results were ob-
tained for CH4, indicating the excellent capability of 1a in
the sorption of CO2 and CH4 at normal temperature and
pressure. Since the efficient separation of CO2 from air
under atmospheric pressure has become an important

Figure 4. Gas sorption isothermsofCO2 (square) andCH4 (triangle) for
1a, at 195 K (black), 273 K (red), and 298 K (blue), respectively. (Filled
shapes represent adsorption, and open shapes represent desorption.)
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issue for both science and industry,6a,26 compound 1a
may be of potential use for CO2 gas separation or
purification.

Conclusion

In summary, we have prepared a new metal-organic
framework with paddle wheel-shaped SBU [Cu2(O2C)4(N)2]
without any assistant ligand at the axial site and demon-
strated its gas sorption properties of N2, O2, H2, CO4, and
CH4. The results exhibit selective gas sorption properties of
1a for O2 over H2 and high selectivity for CO2 over CH4,

indicating its potential applications in gas separation. Further-
more, its excellent O2 uptake at 77 K and remarkably high
quantity of adsorption for CO2 at room temperature (298 K)
and atmospheric pressure may be of use for gas separation or
purification.
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