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Abstract. In this study, a novel Zn(II) complex of pyrazine-2,3-dicarboxylic acid and 1-vinylimidazole was
synthesized and fully characterized by elemental analysis, IR spectroscopy, thermal analysis, X-ray powder
diffraction, and X-ray single crystal techniques. The X-ray single crystal data revealed that the polymeric
coordination complex crystallizes in the monoclinic system with C2 space group and shows a peculiar feature as
having the Zn(II) ions with four (tetrahedral), five (square pyramidal) and six (octahedral) coordination numbers
on the same polymeric chain. In the complex, the pyrazine-2,3-dicarboxylato ligand acts as a bridging ligand
via the ring nitrogen atoms and the carboxyl oxygen atoms while the 1-vinylimidazole ligand coordinates to
the metal ion as monodentate via the ring nitrogen atom. In addition, the surface area and hydrogen adsorption
studies were carried out and it was found that the complex has a small BET surface area but it can adsorb
considerable amount of hydrogen gas at different pressures. Further, the accessible surface area and free volume
of the Zn(II) complex were calculated at a Connolly diameter of 0.8 Å by the Grand Canonical Monte Carlo
simulation.
Keywords. Pyrazine-2,3-dicarboxylic acid; 1-vinylimidazole; bridging ligand; polymeric complex; hydrogen
adsorption.

1. Introduction
Coordination polymers (CPs) are the 1D (one dimensional), 2D (two dimensional) or 3D (three dimensional)
extended macromolecules through bridge ligands linking metal ions and clusters with coordination bonds.
The key feature of the ligands in CPs is the bridge
between metal centers. Thus, the ligands with two or
more electron pair donating groups are used in designing
CPs. 1–5 The numbers and geometries of organic linkers
and metal centers in different combinations can create
various frameworks. Especially, the porous frameworks
which can host the guest molecules (e.g., hydrogen gas)
have attracted great attention in recent years. 6–10 Organic
ligands play an important role in the flexibility, geometry and size of the framework. Extensively used organic
ligands in designing CPs are multicarboxylic acids. 11–15

Pyrazine-2,3-dicarboxylic acid (H2 pzdc, Scheme 1a)
with two carboxyl groups on the neighboring carbon
atoms of the aromatic ring and two nitrogen atoms on
the aromatic ring is a promising candidate as a building
block for CPs. The carboxyl oxygen atoms and the ring
nitrogen atoms can coordinate to metal ions in different
modes and the carboxyl groups can easily bend from
the pyrazine ring plane in different angles. 16–18 The pKa
values of the carboxyl groups on the pyrazine ring are
different (pKa1 = 0.8 and pKa2 = 2.8), thus the pH value
of the reaction medium affects the coordination modes
of H2 pzdc. 19,20 It usually acts as a bridging ligand in the
dianionic form (pzdc2− ) and most of its complexes are
multicentered. 21–24 H2 pzdc has rich coordination modes
and suitable donor/acceptor atoms for hydrogen bonds,
which are all demanded in host-guest molecule interactions. Therefore, it might be favorable in tailoring CPs
with different dimensions and structures. 25–28
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Scheme 1. The structures of pyrazine-2,3-dicarboxylic acid
(a) and 1-vinylimidazole (b).

Imidazole derivatives also play an important role
in designing CPs. 29–31 Their roles extend from acidbase chemistry, catalysis and H-bonds to complexation
with metal ions. 32,33 Although many CPs of imidazole
derivatives have been reported in the literature, even
coordination complexes of 1-vinylimidazole (C5 H6 N2 )
which is an imidazole derivative have rarely been
reported. 34–39 1-Vinylimidazole (vim, Scheme 1b) has
two nitrogen atoms on the ring and a vinyl group on
the nitrogen atom of the ring. It can coordinate to metal
ions by its donor groups and has remarkable features
due to the ability of its vinyl group for polymerization
and reactivity. 40–44 For these reasons, vim was chosen
as a second ligand in this study.
Herein, we report a new coordination polymer which
contains three different geometries on the 1D polymeric
chain of the Zn(II) ion with pyrazine-2,3-dicarboxylic
acid and 1-vinylimidazole, starting from the synthesis
and characterization to the hydrogen adsorption application.

2. Experimental
2.1 Materials and Measurements
We used pyrazine-2,3-dicarboxylic acid (H2 pzdc) and 1vinylimidazole (vim) as ligands, basic zinc(II) carbonate
{ZnCO3 · Zn(OH)2 } as the source of metal ion, distilled water
and ethanol as solvents. All the chemicals were purchased
from Sigma-Aldrich and used without further purification.
The elemental analysis (C, H, N) was performed using
a CHNS-932 (LECO) instrument at Inonu University. The
IR spectrum of the complex was measured from 4000 to
400 cm−1 on a Bruker Vertex 80V Spectrophotometer by
preparing thin KBr disc and the thermal analysis measurement was carried out on a TA Instruments SDT Q600 at
Ondokuz Mayis University. The thermal analyzer was used to
record simultaneous TG (Thermogravimetry), DTG (Derivative Thermogravimetry) and DSC (Differential Scanning
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Calorimetry) curves from 25 to 1000 ◦ C in oxygen atmosphere at a heating rate of 10 ◦ C/min. The X-ray powder
diffraction data were collected with a Pananalytical brand
X’pert Pro MPD model multi-purpose X-ray powder diffractometer at Bilkent University. The surface area of the complex
was measured on a Quantachrome Instrument Nova4200e
Surface Area and Pore Size Analyzer at Recep Tayyip Erdogan University. The hydrogen adsorption measurement was
performed on a VTI brand HPVA 100 model high pressure
adsorption analyzer at United Nations International Center
for Hydrogen Energy Technologies. The Grand Canonical
Monte Carlo (GCMC) simulation for the complex was also
performed by the Sorption module on the Accelrys Materials
Studio software package.

2.2 Synthesis of
{[Z n 3 ( pzdc)3 (vim)6 ] · vim · 2H 2 O}n
H2 pzdc (0.336 g, 2 mmol) was dissolved in 200 ml of hot distilled water. Then, 1 mmol (0.225 g) of ZnCO3 · Zn(OH)2
was added to the hot solution while stirring. The mixture was then stirred for 4 h keeping the temperature at
80 ◦ C. Following this, the stirring was continued for one
day at room temperature. Finally, the excess vim (e.g. 10
mmol, 0.905 mL) in 20 mL of ethanol was added to the
mixture and it was stirred for another day. The clear solution obtained was allowed to crystallize and the quite light
brown crystals were obtained with a yield of 80% (741
mg). Anal. Calc. for {[Zn3 (pzdc)3 (vim)6 ] · vim · 2H2 O}n
(C53 H52 N20 O14 Zn3 , MW: 1389 g/mol): C, 45.82; H, 3.77;
N, 20.16%. Found: C, 45.74; H, 3.79; N, 19.90%. Selected
IR peaks (KBr disk/cm−1 ): υ = 3432 (m,br) υ (O-H); 31473001 (m,mt) υ (C-H); 1651(vs,sh) υ (C=O); 1567 (m,sh)
υ (C=N); 1453(m,sh) υ (C=C) cm−1 .

2.3 X-Ray Measurement
The X-ray single crystal data were collected at 293 ± 2 K
on a STOE IPDS II type diffractometer using monochromatized graphite X-radiation (λ = 0.71073 Å) at Ondokuz
Mayis University. The structure was solved by direct methods
and refined using the programs, and anisotropic displacement parameters were applied to non-hydrogen atoms in
a full-matrix least-squares refinement based on F2 using
SHELX-97. 45,46

3. Results and Discussion
3.1 IR Spectroscopy Study
The broad band at about 2500 cm−1 in the IR spectrum of H2 pzdc was not observed in the complex due to
the removal of the two carboxyl hydrogens of H2 pzdc
upon the complex formation. In the IR spectrum of
Zn(II) complex, the band at 3432 cm−1 corresponds to
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the υ (O-H) stretch vibration of the lattice water in the
structure. The υ (C=O) and υ (C=N) stretch vibrations
of H2 pzdc were observed at lower frequencies (redshift) in the IR spectrum of the complex and this shows
that the pzdc ligand coordinates to the metal ion by its
donor atoms. Especially, this shift is much clearer in the
υ (C=O) stretch vibration which was observed as intense
at 1651 cm−1 in the complex. 47–49
The pzdc ligand can coordinate to metal ions in different binding modes. Therefore, the IR spectroscopy
alone may not be sufficient to assign all the binding
modes. The X-ray single crystallography can help to
better understand the IR spectra. From the X-ray single crystal study of the polymeric Zn(II) complex, it
appeared that the pzdc ligand acts as a bridging ligand
with the nitrogen atoms of the aromatic ring and the
oxygen atoms of the carboxyl groups. Each carboxyl
group coordinates to the Zn(II) ion with only one of the
oxygen atoms and other oxygen atoms are free (uncoordinated). Therefore, it can be considered easily that
the two peaks observed at 1651 and 1616 cm−1 in the
IR spectrum of the complex belong to two different C-O
stretch vibrations which are related to the uncoordinated
and coordinated oxygen atoms of the carboxyl groups.
The vim ligand has the υ(C=N) and υ(C=C) stretch
vibrations that are observed at about 1650–1500 cm−1 .
The existing similar vibrations of the pzdc ligand complicate the analysis and it is very difficult to determine

Figure 1.

which ligands these vibrations in the relevant region
belong to. On the other hand, the multiple peaks at 3147–
3001 cm−1 are due to the υ(C-H) stretch vibrations of
both pzdc and vim ligands (Figures S1–S3 in Supplementary Information).

3.2 Thermal Analysis Study
The decomposition of the complex occurs in a few
steps (Figure 1). In the first step, the lattice water was
removed from the structure in the range of 29 ◦ C and
60 ◦ C (Found: 2.2%; Calculated: 2.6%). The DTG peak
and endothermic DSC peak of the corresponding weight
loss confirm the removal of the lattice water (DTGmax :
48 ◦ C; DSCmax : 52 ◦ C). After the first step, the remaining anhydrous complex stays stable up to 170 ◦ C. After
this point, the multiple weight losses occur without the
fixed weight plateaus. This shows that before one of
decomposition reactions ends, another reaction starts
and the different stages of decompositions overlap. The
DTG analysis shows that there are four different reactions which could not differentiate from each other
according to the TG curve (DTGmax : 205 ◦ C, 317 ◦ C,
392 ◦ C and 462 ◦ C). In these steps, the vim and pzdc
ligands were removed, respectively. The extreme peak
at DSCmax : 490 ◦ C shows that the organic remainder
decomposes with the severe exothermic reaction. ZnO is

Thermal analysis plot of Zn(II) complex.
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Figure 2.
Table 1.

X-ray powder diffraction pattern of Zn(II) complex.

X-ray crystallographic data for Zn(II) complex.

Empirical formula
Formula weight
Temperature (K)
Wavelength (Å)
Crystal system
Space group
Unit cell dimensions
a, b, c (Å)
α, β, γ(◦ )
Unit cell volume (Å3 )
Number of molecules in the unit cell
Densitycalc (Mg · m−3 )
Absorption coefficient (mm−1 )
Crystal dimensions (mm)
F(000)
Theta range for data collection (◦ )
h, k, l range
Measured reflections
Independent reflections
Observed reflection (> 2 σ)
Completed data
Absorption correction
Refinement method
Data/restraints/parameters
Compatibility (F2 )
Final R indices [I > 2 σ (I)]
R indices (all data)

C53 H52 N20 O14 Zn3
1389.26
293(2)
0.71069
Monoclinic
C2
40.385(5), 12.859(5), 11.693(5)
90, 92.294(5), 90
6067(4)
4
1.521
1.257
0.50 × 0.40 × 0.20
2848
1.66-27.58
−50 <= h <= 52, −16 <= k <= 16, −15 <= l <= 15
50674
13723 [R(int) = 0.0584]
11786
0.993
Integration
Least squares method
13723/8/824
0.968
R1 = 0.0359 wR2 = 0.0781
R1 = 0.0438 wR2 = 0.0804

the final product of the decomposition process in oxygen
atmosphere (Found: 17.9%; Calculated: 17.6%).
3.3 Crystallographic Analysis
The X-ray powder diffraction analysis shows that the
polymeric coordination complex is crystalline. According to the X-ray powder diffraction data in Figure 2, the

experimental pattern of the complex is generally in good
consistence with the calculated pattern and this reveals
the phase purity of complex.
The crystal structure of the polymeric complex was
further confirmed by the X-ray single crystal data. The
complex crystallizes in the monoclinic system with C2
space group. The important data of the crystal structure
are presented in Table 1.
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The asymmetric unit of Zn(II) complex. The H atoms were omitted for clarity.

In the polymeric structure of the complex, there are
three kinds of Zn(II) ions with different coordination
environments. There are also one pzdc and two vim
ligands for each Zn(II) ion. In addition, the complex
per repeating unit includes two lattice water molecules
and one solvated vim (Figure 3).
Zn1 is coordinated by two atoms of the first pzdc
ligand (O1 of the carboxyl group and N1 that is next to
the carboxyl group), one atom of the second pzdc ligand
(O7 of the carboxyl group) and two atoms (N3 and N5)
of two different vim ligands (one for each vim ligand)
with a total of 5 coordination sites.
The structures with 5 coordination number can have
either square pyramidal or triangle bipyramidal geometry around the metal center. In order to distinguish
between these two geometries, tau (τ) parameter was
proposed by Addison and co-workers. 50–52 According
to this, the τ parameter ranges between 0 and 1 at the
extreme values giving a perfect square pyramidal and
triangle bipyramidal structures, respectively. The closer
the τ parameter to 0, the more similar it is to square
pyramidal geometry.
τ=

β−α
≈ − 0.01667 α +0.01667 β
60◦

(1)

where β and α are, respectively, the first greatest and
second greatest angles of the coordination center.

Our calculations show that Zn1 has a distorted square
pyramidal geometry with τ = (160.10 − 152.00)/60 =
0.14 (Figure 4). The base, quasi square plane, is formed
by O1, N1, O7 and N5. The apex, the top of pyramid,
is formed by N3. The distances of these atoms to Zn1
are measured as: Zn1-N5 = 2.041(2) Å, Zn1-O7 =
2.0428(19) Å, Zn1-N3 = 2.072(3) Å, Zn1-O1 =
2.075(2) Å and Zn1-N1 = 2.203(2) Å. The important
bond angles are obtained as: N5-Zn1-N1 = 160.10(11)◦
and O7-Zn1-O1 = 152.00(10)◦ .
Zn2 has a similar coordination as Zn1 in terms of vim
ligands. The two vim ligands coordinate to Zn2 by N9
and N11 (one for each vim ligand). It is also coordinated
by two atoms from each of two pzdc ligands which use
similar atoms. The atoms for one of the pzdc ligands are
O5 of the carboxyl group and N7 that is next to the carboxyl group, and the corresponding atoms for the other
pzdc ligand are O9 and N13. Zn2 has a distorted octahedral geometry with a total of 6 coordination atoms (Figure 4). O5, O9, N7 and N11 form the equatorial plane
while N9 and N13 are located at the axial position in the
distorted octahedral geometry. The distances of these
atoms to Zn2 are measured as: Zn2-N9 = 2.068(3)
Å, Zn2-O5 = 2.086(2) Å, Zn2-N11 = 2.110(3)
Å, Zn2-O9 = 2.127(2) Å, Zn2-N13 = 2.221(2) Å
and Zn2-N7 = 2.270(3) Å. Similarly, the important
bond angles that define the direction of distortion are
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Square pyramidal, octahedral and tetrahedral geometries in polymeric Zn(II) complex.

Figure 5.

1D polymeric structure of Zn(II) complex.

found as: O5-Zn2-O9 = 163.05(9)◦ , N9-Zn2-N13 =
162.83(9)◦ and N11-Zn2-N7 = 161.06(9)◦ .
Zn3 has the same coordination as Zn1 and Zn2
in terms of the vim ligands. The two vim ligands
coordinate to Zn3 by the nitrogen atoms (N15 and N15i ).
In addition, there are two pzdc ligands each of which
coordinates to Zn3 through the one of carboxyl oxygen
atoms (O3 and O3i ). Thus, Zn3 has a distorted tetrahedral geometry with a total of 4 coordination atoms
(Figure 4). O3, O3i , N15 and N15i are located at the
corners of tetrahedron. The distances of Zn3-O3 and
Zn3-N15 are 2.005(2) Å and 2.005(3) Å, respectively.
The important bond angles of N15-Zn3-N15i , N15-Zn3O3, N15i -Zn3-O3 and O3-Zn3-O3i are measured as:
116.56(17)◦ , 114.02(10)◦ , 107.74(9)◦ and 94.81(12)◦ ,
respectively. The identified bond lengths and angles are
compatible with the literature (Table S1 in Supplementary Information). 53–59
In the complex, the 1D polymeric structure is formed
by the pzdc ligands which act as the bridging ligands via
the carboxyl oxygen atoms and the ring nitrogen atoms,
and link the zinc centers to each other (Figure 5). The

vim ligands were omitted in Figure 5 in order to clearly
see the polymeric structure.
The hydrogen bonds and π-π interactions are responsible for the packing of the polymeric complex. The
effective hydrogen bonds for the crystal packing are
formed between the lattice water molecules and the pzdc
ligands (Table S2 in Supplementary Information). There
is a distance of 3.746(3) Å and an angle of 11.7(3)◦
between the rings of Cg1 and Cg2. This shows the
additional π-π interactions between Cg1 (N9, C23,
C24, N10, C25) and Cg2 (N1, C1, C2, N2, C3, C4)
rings. The 1D polymeric chains are linked to each other
with these interactions in order to form the 2D and 3D
supramolecular structures (Figures 6 and 7). The vim
ligands were omitted in the Figures in order to clearly
see the supramolecular structures.
3.4 Surface Area and Hydrogen Adsorption of
Complex
The degassing process was carried out under vacuum at
room temperature for half an hour before the surface area
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Figure 6.

2D supramolecular structure of Zn(II) complex.

Figure 7.

3D supramolecular structure of Zn(II) complex.

measurement and then we determined the BET surface
area of the complex at the liquid nitrogen temperature
(77 K) by using standard volumetric method with nitrogen gas. The BET surface area was found as 2.85 m2 /g
from the BET surface area isotherm of the complex (Figure S4 in Supplementary Information).
The hydrogen adsorption measurement was carried
out under high pressure by using HPVA static volumetric method after the degassing process for 6 h. The

hydrogen adsorption-desorption isotherm of the complex was obtained as H2 load against increasing pressure
at 75 K (Figure 8). The maximum H2 load value was
determined as 2.91 wt% (324 mL/g) at 88 bar.
The BET surface area and H2 load values of the
polymeric complex are shown in Table 2. These are
a little lower than the literature values, but they may
be increased by improving of activation processes. 8–10
On the other hand, the H2 load value of the complex is
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Figure 8.
Table 2.

Hydrogen adsorption-desorption isotherm of Zn(II) complex.

BET surface area and hydrogen adsorption property of Zn(II) complex.

Complex

BET surface area (m2 /g)

{[Zn3 (pzdc)3 (vim)6 ] · vim · 2H2 O}n

2.85

H2 load
(wt%) (mL/g)
2.91

324

Figure 9. Occupied areas in unit cell made of 2*a, 2*b and 2*c for Zn(II)
complex when the Connolly diameter is 0.8 Å.

noteworthy despite its low BET surface area. This
suggests that the effective centers which may interact
with hydrogen are present in the complex and can be
improved for a better hydrogen adsorption.

calculations made at a Connolly diameter of 0.8 Å show
the cavities existing in the polymeric complex. 60,61 In
the unit cell made of 2*a, 2*b and 2*c for Zn(II) complex, the accessible surface area is 12362 Å2 and the free
volume is 6150 Å3 (Figure 9).

3.5 Theoretical Study
The Grand Canonical Monte Carlo (GCMC) simulation was performed by the Sorption module in Accelrys
Materials Studio software package, and the accessible surface area and free volume were calculated by
Materials Studio atom volumes and surface tools. The

4. Conclusions
An attractive polymeric Zn(II) complex containing pzdc
and vim ligands was synthesized and fully characterized by spectroscopic, thermal and crystallographic
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techniques. The polymeric complex has novel structural
characteristics. The zinc(II) ions of the same polymeric
chain have distorted square pyramidal (coordination
number of 5), distorted octahedral (coordination number of 6) and distorted tetrahedral (coordination number
of 4) geometries. These ions are connected to each other
by the bridging pzdc ligands to form the 1D polymeric
structure, and coordinated by the carboxyl oxygen atoms
and the ring nitrogen atoms of the pzdc ligands and the
ring nitrogen atoms of the vim ligands. In addition, the
hydrogen bonds and π-π interactions contribute to the
formation 2D and 3D supramolecular structures. The
surface area and hydrogen adsorption studies were also
carried out and these studies show that the hydrogen
adsorption property of the polymeric complex is noticeable and comparable to the literature reports despite its
low surface area. Further, the GCMC simulation was
performed to demonstrate the cavities existing in the
polymeric complex.
We believe that this study will shed light on the synthesis of distinctive coordination polymers with high
hydrogen storage capacity. It will also help the synthesis and characterization of new complexes to be formed
with the ligands stated here.
Supplementary Information (SI)
Crystallographic data for the structural analysis of Zn(II)
complex has been deposited with the Cambridge Crystallographic Data Centre bearing the CCDC number 1576656.
Copy of this information is available on request at free
of charge from CCDC, Union Road, Cambridge, CB21EZ,
UK (fax: +44-1223-336-033; e-mail: deposit@ccdc.ac.uk or
http://www.ccdc.cam.ac.uk). The selected geometric parameters and hydrogen bond interactions for Zn(II) complex
(Tables S1–S2), IR spectra of pyrazine-2,3-dicarboxylic acid,
1-vinylimidazole and Zn(II) complex, and BET surface area
isotherm of Zn(II) complex (Figures S1–S4) are available at
www.ias.ac.in/chemsci.
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16. Yeşilel O Z, Mutlu A, Darcan C and Büyükgüngör
O 2010 Syntheses, structural characterization and
antimicrobial activities of novel cobalt-pyrazine-2,3dicarboxylate complexes with N-donor ligands J. Mol.
Struct. 964 39
17. Ma Y, He Y-K, Zhang L-T, Gao J-Q and Han Z-B 2008
Synthesis and structure of a new coordination polymer
[Cd(pzdc)(bpy)]n (H2 pzdc = pyrazine-2,3-dicarboxylic
acid, bpy = 2,2 -bipyridine) J. Chem. Crystallogr. 38 267
18. Garcia-Ricard O J and Hernandez-Maldonado A J
2010 Cu2 (pyrazine-2,3-dicarboxylate)2 (4,4 -bipyridine)
porous coordination sorbents: Activation temperature,

32 Page 10 of 11

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

textural properties, and CO2 adsorption at low pressure
range J. Phys. Chem. C 114 1827
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