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RESEARCH ARTICLE ABSTRACT

A new copper(I) pyrazine-bridged coordination polymer [Cuz(pyz)s(NO3)2]-2DMF] (pyz =
pyrazine) (1) has been synthesized and characterized by FT-IR, TG/DTG, DSC and single
crystal X-ray diffraction techniques. The X-ray crystallographic result reveals a two-
dimensional network structure containing hexagonal pores. Thermal analysis of compound
1 reveals it is stable to 380 °C, and gas sorption studies showed that it adsorbs 1.04 wt%

hydrogen at 1 atm and 77 K. Compound 1 crystallizes in a triclinic system, space group P-1
(no.2),a="7.9550(2) A, b=7.9810(2) A, c=11.0660(3) A, @ = 76.328(1)°, f = 71.115(1)°, y =
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84.577(1)°, V=645.79(3) A3, Z= 2, T= 150(2) K, p(MoKa) = 1.709 mm, Dcac = 1.639 g/cm3,
11111 reflections measured (7° < 20 < 54.96°), 2951 unique (Rinx = 0.0539) which were
used in all calculations. The final R1 was 0.0346 (>20(I)) and wR2 was 0.0727 (all data).
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1. Introduction

The design and synthesis of metal-organic frameworks
(MOFs) have received increasing attention due to their wide
variety of fascinating topologies and potential applications in
the fields of magnetism, catalysis, gas storage, conductivity,
luminescence, non-linear optics [1-9] and drug delivery
systems [10-12]. For many applications, optimal implement-
tation requires: (a) large pore volumes (b) phase purity, and
(c) retention of porosity upon removal of guest molecules [13].

The construction of MOFs is dependent on several factors,
such as the choice of ligands and metal ions, as well as the
solvent, temperature and the ratio of the ligands to metal ions
used in the synthesis [9,14-16]. The most interesting versions
of these materials display permanent nanoscale porosity, a
feature that can translate into large internal surface areas,

ultralow densities, and the availability of uniformly structured
cavities and portals of molecular dimensions. Importantly, the
crystalline nature of MOF materials allows for unambiguous
structure determination by X-ray diffraction methods. The
resulting knowledge of atomic coordinates makes possible the
application of high-quality computational modelling of static
and dynamic interactions of MOFs with potential sorbents (i.e.,
predictive or explanative modelling of atomic and molecular
isotherms, binding energies, and transport behaviour) [17-19].
Some of these properties are shared by other porous materials
such as zeolites; however, MOFs diverge from zeolites in
important ways. Perhaps the most significant difference lies in
the element of chemical tunability embedded in the organic
components of MOFs, which provides considerably greater
structural diversity than is possible in zeolites [19]. Ligands
with rigid backbones are often preferred in MOF synthesis
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because, their rigidity makes it easier to predict the network
geometry in advance of synthesis, and rearrangement to a
denser phase on solvent removal is less favourable.

Among neutral ligands, pyrazines are especially useful as
pillars in the construction of pillared-layer in 2D/3D network
and pyrazine is a well-known bridging ligand that has been
used in the preparation of MOFs [20,21]. Pyrazines have
nitrogen lone electron pairs that are highly directional and
have attracted much attention in the construction of supra-
molecular structures such as porous materials [22,23] and
molecular grids [24,25]. Herein, we report on the unantici-
pated reaction of pyrazine with copper(Il) nitrate to form a
copper(I) metal-organic framework.

2. Experimental
2.1. Materials and physical measurements

Cu(NO3)2-2.5H20, pyrazine and the solvents were all used
as purchased, without any further purification. The IR spectra
were recorded on a Perkin-Elmer System 2000 FT-IR
spectrometer scanning in the range of 4000-400 cm! using
KBr pellets. The following indications are used to characterize
absorption bands: very strong (vs), strong (s), medium (m),
weak (w), shoulder (sh), and broad (br). Elemental analyses
were performed on Perkin Elmer CHN-analyser. Thermogravi-
metric analysis (TGA) experiments were performed on a
Shimadzu simultaneous TGA/DTG-60A compositional analysis
instrument from room temperature to 800 °C in N2 atmos-
phere at a heating rate of 5 °C/min and DSC analyses were
recorded on a TA instrument, DSC-Q200, under dry nitrogen
flow of 60 mL/min. Variable temperature PXRD analyses were
conducted using the Bruker D8 Advance diffractometer
equipped with a Lynx Eye detector using CuKa (A = 1.5406 A)
at 298 K. The hydrogen adsorption measurements were
performed using a Quantochrome iSorb-HP gas analyser at 77
and 87 K. Prior to the sorption experiments the sample of
compound 1 was degassed by heating at 150 °C for 1.5 hours
under dynamic vacuum.

2.2. Single crystal X-ray diffraction analysis and structure
determination

The crystallographic data were collected on a Gemini
diffractometer (Agilent Technologies) using MoKa radiation
(A=0.71073 A), w-scan rotation. Data reduction was performed
with the CrysAlis Pro [26] including the program SCALE3
ABSPACK [27] for empirical absorption correction. The
structure was solved by direct methods (SHELXS-97 and SIR-
92) and the refinement of all non-hydrogen atoms was
performed with SHELXL-97 [28]. All non-hydrogen atoms
were refined with anisotropic thermal parameters. For
compound 1, a difference-density Fourier map was used to
locate all hydrogen atoms. The molecular graphics were done
with ORTEP-3 [29] and Mercury (Version 3) [30].

2.3. Synthesis of the copper(I) MOF (1)

A mixture of Cu(NO3)2-2.5H20 (0.696 g, 3 mmol) and
pyrazine (0.240 g, 3 mmol), in 10 mL of DMF, 2 mL of ethanol
was sealed in a 18 mL Teflon-lined autoclave and heated in an
oven at 100 °C for 24 h. After slow cooling to room tempe-
rature, red acicular crystals of compound 1 were separated by
filtration, washed repeatedly with DMF and soaked in
anhydrous chloroform for 5 h. The resulting solid product was
dried under vacuum at 120 °C for 4 h. Yield: 48%, based on Cu.

Anal. calcd. for CoH13CuNs504: C, 33.88; H, 4.78; N, 21.95.
Found: C, 34.20; H, 3.95; N, 22.52%. FT-IR (KBr, v, cm-1): 3458
(br), 3091 (m), 2932 (m), 2341 (m), 1657 (s), 1483 (s), 1427

(s), 1411 (s), 1304(s), 1093(s), 1038(s), 793(sh), 493(s),
417(s).

3. Results and discussion

The reaction between hydrated copper (II) nitrate and
pyrazine in a 1:1 molar ratio in DMF:ethanol mixture at 100 °C
for 24 hours, produced red acicular crystals in a 48% yield.
The red colouration suggested the reduction of the Cu(Il)
metal centre to Cu(l) as corroborated by X-ray diffraction
analysis. At high temperatures, nitrogen-rich organic ligands
are well known to serve as effective reducing agents for such
process [31].

3.1. Infrared spectra

The infrared spectrum of the uncoordinated pyrazine
ligand exhibited a band at 417 cm-! which shifted to higher
frequency at 493 cm-1in compound 1 upon coordination of the
ligand to the metal centre [32]. The IR spectrum of compound
1 further exhibited strong vibrational bands at 1411, 1427 and
1488 cm-! that were attributed to NO stretching vibrations for
the monodentate nitrate group [33].

3.2. Crystal structure of compound 1

The structure of compound 1 with atomic numbering
scheme is shown in Figure 1. The crystal structure refinement
data of compound 1 is shown in Table 1, while selected bond
lengths and bond angles are listed in Table 2.

The asymmetric unit of compound 1 consists of one Cu(l)
centre, three independent pyrazine halves, each of which
straddles a crystallographic inversion centre, one nitrate anion
and one guest DMF molecule. The coordination geometry
about each copper(l) ion is that of a distorted tetrahedron,
with the coordination sphere containing three nitrogen atoms
from pyrazine ligands and one oxygen atom from the nitrate
ion. The Cu-N bond lengths involving the bridging pyrazine
ligands are between 1.9721(17)-2.0445(18) A. The oxygen
atoms of the nitrate groups are considerably further from the
copper(l) ion with a Cu-O bond length of 2.1660(16) A. The
Cu-N bond lengths within compound 1 are comparable to
those observed for the equatorially bound pyrazine ligands in
previously reported compounds [34-37], but shorter than
those observed for the axially bound pyrazine ligands in
Cu(pyz)2(CH3S03)2 (2.692(3) A) [37] and Cu(pyz)(hfac)2
(2.529(3) A) [38]. The Cu---Cu separation across the bridging
pyrazine group is 6.825 A

Overall, the pyrazine linkers connect the copper(l) centres
into sheets with 63 topology, with each Cue(pyz)s ring being in
the chair conformation (Figure 2a). The sheets are packed in
an offset manner so that channels are present along the
crystallographic b axis (Figure 2b), and the included DMF
molecules reside in these. Despite the ubiquity of pyrazine as a
linker in MOF chemistry, the two-dimensional network struc-
ture observed in compound 1 is unusual, with only one
previous report. The compound [Cuz(pyz)s(Cl04)2], prepared
from the reaction of Cu(ClO4)2-6H20 with pyrazine in the
presence of 2,3-dihydroxyfumaric acid, forms a similar topo-
logy network to compound 1, though the sheets are conside-
rably more puckered [39]. Notably, when this reaction was
carried out using Cu(NOs3)2-2.5H20 as the copper source, it
yielded a different product to compound 1, and the compound
[Cu(pyz)(NO3)] has a structure in which copper(I)-pyrazine
chains are cross-linked into sheets by bridging nitrate ions
[40]. The related ligands 2-methyl pyrazine and 2,3-dimethyl
pyrazine form similar topology networks to compound 1 with
copper(l), though in this case the pores are filled with
polyoxometallate anions [41].
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Table 1. Crystal data and details of the structure refinement for compound 1.

197

Parameters Compound1
Empirical formula CoH13CuNs04
Formula weight 318.78
Temperature (K) 150(2)
Crystal system Triclinic
Space group P-1
a(A) 7.9550(2)
b (A) 7.9810(2)
c(d) 11.0660(3)
a() 76.328(1)
B 71.115(1)
Y () 84.577(1)
Volume (A3) 645.79(3)
zZ 2
Pealc (g/cm3) 1.639
p (mm-1) 1.709
F(000) 326
Crystal size (mm3) 0.20 x 0.10 x 0.05
Radiation MoKa (A=0.71073)

20 range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I220(])]

Final R indexes [all data]
Largest diff. peak/hole (e.A-3)

3.50to 27.48

-10sh<10,-10<k<10,-14<[<14

11111
2951 [R(int) = 0.0539]
2951/0/174

1.054

R1=0.0346 wR2 = 0.0669
R1=0.0524 wR2 = 0.0727
0.316 and -0.649

Flack parameter -0.6(10)

Table 2. Selected bond lengths [A] and angles [°] for compound 1.

Bond lengths

Cu(1)-N(1) 1.9720(17) Cu(1)-N(3) 2.0108(17)
Cu(1)-N(2) 2.0443(18) Cu(1)-0(1) 2.1660(16)
0(1)-N(4) 1.274(2) 0(2)-N(4) 1.237(2)
0(3)-N(4) 1.246(2) 0(4)-C(7) 1.227(3)
N(5)-C(8) 1.452(3) C(1)-C(2)#1 1.380(3)
C(2)-C(1)#1 1.380(3) C(3)-C(4)#2 1.382(3)
C(4)-C(3)#2 1.382(3) C(5)-C(6)#3 1.380(3)
C(6)-C(5)#3 1.380(3)

Bond angles

N(1)-Cu(1)-N(3) 125.60(7) N(1)-Cu(1)-N(2) 111.52(7)
N(3)-Cu(1)-N(2) 105.15(7) N(1)-Cu(1)-0(1) 112.54(7)
N(3)-Cu(1)-0(1) 101.48(7) N(2)-Cu(1)-0(1) 96.28(7)
N(4)-0(1)-Cu(1) 115.53(13) C(1)-N(1)-C(2) 115.77(17)
0(2)-N(4)-0(3) 121.20(19) 0(2)-N(4)-0(1) 119.75(19)
0(3)-N(4)-0(1) 119.05(19) C(7)-N(5)-C(9) 120.7(2)
N(1)-C(1)-C(2)#1 122.22(19) N(1)-C(2)-C(1)#1 122.01(19)
N(2)-C(3)-C(4)#2 121.7(2) N(2)-C(4)-C(3)#2 121.8(2)
N(3)-C(5)-C(6)#3 121.9(2) N(3)-C(6)-C(5)#3 122.22(19)

Symmetry codes: #1 -x+1,-y+ 1,-z+ 1, #2 -x,-y + 1,-z+ 2, #3 -x + 1,-y,-z + 2.

Figure 1. Asymmetric unit of compound 1 with atom numbering scheme at 50% probability level.
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Figure 2. (a) View of the two-dimensional polymeric structure of compound 1. DMF molecules in the pores have been omitted for clarity; (b) Space-filling
representation of the structure of compound 1 showing the pores that are occupied by DMF molecules in the crystal structure. These molecules have been

removed for clarity.

HeatFlow (mW) Endo up —

—

200

300

T(°0)

400 500

Figure 3. DSC curve of compound 1.

3.3. Thermal behaviour of compound 1

The thermal stability of compound 1 was analyzed by
TG/DTG and DSC experiments as depicted in Figures 3 and 4,
respectively. The DSC curve reveals a weak endothermic peak
at approximately 200 °C and two exothermic peaks at 370 and
380 °C. The TGA results indicate that compound 1 is stable to
380 °C when decomposition of the framework starts. This is
confirmed by the DTG curve with a characteristic intense
exothermic peak at 370 °C followed by another weak
exothermic peak at 392 °C. Overall the thermal analysis of the
synthesized complex indicated an intense exothermic
decomposition occurring between 350-400 °C.

3.4. Powder X-ray diffraction

The phase purity of compound 1 was confirmed by PXRD
analysis, in which the experimental PXRD pattern was

consistent with the simulated PXRD pattern calculated from
the single crystal data (Figure 5).

3.5. Activation

A three step activation process was carried out on the as-
synthesized MOF 1 as follows. It was washed three times with
DMF/DEF and the solvent exchange of DMF/DEF for CHCl3
was carried out in which the samples was washed with lower
boiling point solvent for removal of the first solvent from the
pore.

For implementing this exchange, the mixture was
immersed in CHCl3 for 4 days and then the solvent removed
under mild conditions after which the sample was filtered
under vacuum at 120 °C for 8 hours [42].

The chemical stability of the thermally activated sample
(0.05 g) of compound 1 was assessed by stirring it in ethanol
under ambient condition for 5 hrs.
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Figure 4. TG-DTG curve of compound 1.
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Figure 6. H: adsorption and desorption curves for compound 1 at 77 K (red) and 87 K (blue).

After collecting the samples by filtration, the crystallinity
was examined by PXRD (Figure 5). Compound 1 retained its
crystallinity following this treatment, confirmed by PXRD.

3.6. Gas adsorption properties of compound 1

Gas sorption experiments were performed in order to
estimate the effect of the removal of DMF on the microporosity
and on the accessible internal surface area of the metal-
organic framework. To evaluate the porous properties of the
framework, the desolvated solid of compound 1 was
investigated for Hz gas sorption measurements with the result
suggesting reasonably porous properties and gas adsorption
capability. The adsorption curve of compound 1, revealed a

type 1 isotherm, typical of microporous material [43]. The
apparent BET surface areas for compound 1 of 512 m?/g and
pore volume of 0.203 mL/g were determined based on the Ar
adsorption isotherm at 77 K. The H: adsorption isotherms
were carried out on compound 1 at both 77 and 87 K from 0 to
1.0 atm (Figure 6). The isotherm at 77 K displayed a maximum
uptake of 1.04 wt% Hz at 1.0 atm.

4. Conclusion

In conclusion, we report the synthesis and charac-
terization, of a new copper(I) pyrazine-bridged coordination
network structure. The material has been shown to be porous
and able to absorb 1.04 wt% hydrogen gas at 77 Kand 1 atm.
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