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ABSTRACT
Four new metal–organic complexes of the formula [CrL′Cl2] (1),
[CuL′Cl2] (2), [MnL′ ′Cl2·H2O] (3), and [NiL′ ′(OH)2·2NO3] (4) [L′=N-(1-
Pyrazin-2-yl-ethylidene)-ethane-1,2-diamine, L′ ′

2=N,N′-Bis-(1-pyrazin-2-
yl-ethylidene)-ethane-1,2-diamine] have been synthesized and charac-
terized by infraredmethod, elemental analysis, X-ray powder diffraction
analysis, and single-crystal X-ray diffraction techniques. Their heat sta-
bility was tested by thermogravimetric analyzer. X-ray structure analysis
reveals that complexes 1–4 are all 0 D structure. The L ligand have many
types of coordination modes that make these complexes as having dif-
ferent configuration π–π stackings and/or hydrogen bonding interac-
tions, which seem to be effective in stabilizing these crystal structures.

Introduction

Schiff bases that are ubiquitous in developing intriguing coordination models with transi-
tion metals play a crucial role in the development of coordination chemistry because of their
preparative accessibility and structural variety [1–3]. These metal complexes based on Schiff
base ligands can be widely applied in catalysis, magnetism, and material chemistry [4–6],
mainly due to their stability, easy preparation, structural variability, and biological activity
[7–10]. Especially, pyrazine-Schiff base ligands containing an additional nitrogen donor in
the pyrazine unit can systematically be used to understand the features of supramolecular
architectures, and to explore the fascinating properties of these supramolecular frameworks.
However, to the best of our knowledge, there are only few studies on the coordination architec-
tures based on pyrazine-Schiff base ligands containing a flexible spacer. Herein, we report the
synthesis and structure of four new complexes derived from pyrazine-Schiff base: [CrL′Cl2]
(1), [CuL′Cl2] (2), [MnL′′Cl2·H2O] (3), and [NiL′′(OH)2·2NO3] (4). In addition, the lumi-
nescence activities of L and 1–4 are also described. In supermolecular construction, hydro-
gen bonding and the π–π stacking interactions are usually very important, which make the
structure more stable. The work will contribute to the supermolecular construction of differ-
ent framework with the same ligands.
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for Nationalities, Nanning , China.
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Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/gmcl.
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Table . The selected bond lengths (Å) and angles (°) for complexes , , , and .

Complex 
Cl()-Cr () . () N()-Cr()-Cl () . ()
Cl()-Cr () . () N()-Cr()-Cl () . ()
Cr()-N () . () N()-Cr()-Cl () . ()
Cr()-N () . () N()-Cr()-Cl () . ()
Cr()-N () . () N()-Cr()-Cl () . ()
N()-Cr()-N () . () N()-Cr()-Cl () . ()
N()-Cr()-N () . () Cl()-Cr()-Cl () . ()
N()-Cr()-N () . ()

Complex 
Cu()-N () . () N()-Cu()-Cl () . ()
Cu()-N () . () N()-Cu()-Cl () . ()
Cu()-N () . () N()-Cu()-Cl () . ()
Cu()-Cl () . () N()-Cu()-Cl () . ()
Cu()-Cl () . () N()-Cu()-Cl () . ()
N()-Cu()-N () . () N()-Cu()-Cl () . ()
N()-Cu()-N () . () Cl()-Cu()-Cl () . ()
N()-Cu()-N () . ()

Complex 
Cl()-Mn () . () N()-Mn()-N () . ()
Cl()-Mn () . () N()-Mn()-Cl () . ()
Mn()-N () . () N()-Mn()-Cl () . ()
Mn()-N () . () N()-Mn()-Cl () . ()
Mn()-N () . () N()-Mn()-Cl () . ()
Mn()-N () . () N()-Mn()-Cl () . ()
N()-Mn()-N () . () N()-Mn()-Cl () . ()
N()-Mn()-N () . () N()-Mn()-Cl () . ()
N()-Mn()-N () . () N()-Mn()-Cl () . ()
N()-Mn()-N () . () Cl()-Mn()-Cl () . ()
N()-Mn()-N () . ()

Complex 
Ni()-N () . () N()-Ni()-N () . ()
Ni()-N () . () N()-Ni()-N () . ()
Ni()-O () . () O()-Ni()-N () . ()
Ni()-O() . () O()-Ni()-N () . ()
Ni()-N () . () N()-Ni()-N () . ()
Ni()-N () . () N()-Ni()-N () . ()
N()-Ni()-N () . () O()-Ni()-N () . ()
N()-Ni()-O () . () O()-Ni()-N () . ()
N()-Ni()-O () . () N()-Ni()-N () . ()
N()-Ni()-O () . () O()-Ni()-O () . ()
N()-Ni()-O () . ()

Experimental

Materials and physcial measurements

All reagents and solvents were used directly as supplied commercially without further purifi-
cation. Elemental analysis for C, H, and Nwas carried out on a Perkin–Elmer 2400 II elemen-
tal analyzer. The FT-IR spectrum was obtained on a FT-IR spectrometer of PE spectrum one
in the 4000−400 cm−1 regions, using KBr pellets. The X-ray powder diffraction (XRPD) was
recorded on anXD-3 diffractometer (Beijing, China) at 36 kV, 25mA for a Cu-target tube, and
a graphitemonochromator. Simulation of XRPD spectra was carried out by diffraction-crystal
module of themercury (Hg) programfitingwith the single-crystal data. The thermogravimet-
ric analysis (TGA) was performed with a Perkin–Elmer TG=DTA 6300 instrument system at
a scan rate of 10°C min–1 up to 800°C under protection N2 flow.
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Table . Hydrogen bond geometry (Å) of complexes.

D-H…A D-H H…A D…A <(DHA) Symmetry codes

Complex 
N-HD…Cl . . .  -x, -y, -z
N-HE…Cl . . .  -x, -y, -z
C-H…Cl . . .  -x, -y, -z
C-H…Cl . . .  -x, -y, -z

Complex 
N-HA…Cl . . .  -x, –y, -z
N-HB…Cl . . .  –x, –y, -z
C-H…Cl . . .  -x, -y, –z
C-H…Cl . . .  -x, –y, –z

Complex 
O-HD…Cl . . .  x, –+y, z
O-HE…Cl . . . 
C-HA…N . . .  -x, -y, –z
C-HA…N . . .  -x, –/+y, /-z
C-HA…O . . .  –+x, y, z

Complex 
O-H…O . . .  x, /-y, –/+z
O-H…O . . . 
O-H…O . . .  x, /-y, –/+z
C-HA…O . . .  –+x, y, z
C-HA…O . . .  -x, -y, –z
C-HB…O . . .  x, +y, z
C-H…O . . .  –x, /+y, /-z

Figure . The coordination environment of complex . Thermal ellipsoids are shown at % probability, all
H atoms are omitted for clarity.
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Figure . Weak Cr–Cl…π interaction in complex .

Figure . Weak N-H…Cl and C-H…Cl interaction in complex .
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Figure . Weak π–π interaction in complex .

Figure . The coordination environment of complex . Thermal ellipsoids are shown at % probability, all
H atoms are omitted for clarity.
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Figure . The coordination environment of complex . Thermal ellipsoids are shown at % probability, all
H atoms are omitted for clarity.

Synthesis of C8H12Cl2CrN4 (1)

An acetonitrile solution of L′ (0.1 mmol, 0.0164 g) was added to CrCl3·6H2O (0.1 mmol,
0.0414 g) with constant stirring. After 5 min, the reaction solution was filtered to remove
a small quantity of precipitation. Kept for the slow evaporation of filtrate at room tempera-
ture, X-ray quality luminous block-shaped single crystals were obtained in 6 h. The crystals
were isolated, washed with acetonitrile, and dried in a vacuum drying chamber. Yield, 92%.
Anal. Calc. for C8H12Cl2CrN4 (287.12): C, 33.48; H, 4.21; N, 19.52. Found: C, 33.56; H, 4.18;
N, 19.59%. Selected IR data (cm–1): 3437 (w), 3289 (s), 3234 (s), 3082 (w), 3032 (w), 3008
(w), 1658 (s), 1564 (m), 1471 (w), 1411 (s), 1373 (w), 1182 (m), 1108 (m), 1040 (s), 865 (w),
659 (w).

Synthesis of C8H12Cl2CuN4 (2)

Complex 2 was synthesized by a method similar to that for Complex 1, except with the use of
CuCl2·2H2O instead of CrCl3·6H2O. Peacock green crystals suitable for X-ray analysis were
obtained within 6 h. Yield: 84.62%. Anal. Calc. for C8H12Cl2CuN4 (298.66): C, 32.19; H, 4.05;
N, 18.76. Found: C, 32.28; H, 4.13; N, 18.75%. Selected IR data (cm–1): 3445 (w), 3289 (s),
3235 (m), 3082 (w), 3033 (w), 3008 (w), 2975 (w), 1658 (s), 1564 (m), 1411 (s), 1373 (m),
1302 (w), 1183 (s), 1109 (m), 1041 (s), 865 (w), 661 (w).

Synthesis of C14H18Cl2MnN6O (3)

To a hot stirring solution of ligand L′′ (0.1 mmol, 0.0268 g) in 15-mL acetone, MnCl2·4H2O
(0.1 mmol, 0.0198 g) in 10-mL acetone was added dropwise and the mixture was stirred for
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Figure . Weak O-H…Cl, C-H…N, and C-H…O interaction in complex .

5 min. Brilliant yellow crystals suitable for X-ray analysis were obtained by slow evaporation
of the filtrate at room temperature. Yield: 79.16%. Anal. Calc. for C14H18Cl2MnN6O (412.18):
C, 40.86; H, 4.40; N, 20.39. Found: C, 40.89; H, 4.44; N, 20.45%. Selected IR data (cm–1): 3524
(s), 3464 (s), 2919 (w), 1643 (s), 1431 (w), 1407 (m), 1383 (m), 1310 (m), 1172 (s), 1136 (w),
1030 (s), 858 (w), 516 (w).

Synthesis of C14H18N8NiO8 (4)

Complex 4 was synthesized by a method similar to that for Complex 3, except with the use
of Ni(NO3)2·6H2O instead of MnCl2·4H2O. Brown single crystals suitable for X-ray analysis
were obtained within 8 h. Yield: 82.92%. Anal. Calc. for C14H18N8NiO8 (485.07): C, 34.68; H,
3.74; N, 23.11. Found: C, 34.75; H, 3.78; N, 23.21. Selected IR data (cm–1): 3255 (s), 1667 (m),
1384 (s), 1333 (m), 1176 (m), 1036 (m), 867 (w), 830 (w).

Single-crystal structure determination and refinement

Crystallographic data of complexes were collected on a Bruker SMART CCD diffractome-
ter with graphite monochromated Mo–Ka radiation (λ = 0.71073 Å) at T = 296 K. Absorp-
tion corrections were applied by using the multi-scan program [11]. The structure was solved
by direct methods and successive Fourier difference syntheses (SHELXS-97), and anisotropic
thermal parameters for all non-hydrogen atoms were refined by full-matrix least-squares pro-
cedure against F2 (SHELXL-97) [12]. All non-hydrogen atoms were refined anisotropically.
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Figure . Weak π–π interaction in complex .

Hydrogen atoms were set in calculated positions and refined in a riding mode with a com-
mon thermal parameter. All hydrogens were absent expect that they alter their occupancy to
get the correct formula. The crystallographic data and experimental details for the structure
analysis are summarized in Table 1, the selected bond lengths and angles are listed in Table 2,
and the hydrogen-bonds of these complexes are listed in Table 3.

Results and discussions

Crystal structure descriptions

Complex 1 is a mononuclear, five-coordinate species. The central Cr ion is coordinated by
two chloride and three N atoms. The Schiff base (L′) acts as a tridentate chelating ligand,
giving two five-membered rings and displays a distorted square-pyramidal geometry with
the apical position occupied by a Cl atom. The molecular structure of Complex 1 is shown
in Fig. 1. Atoms N1, N2, N3, and Cl2 form the basal plane and atom Cl is in apical position.
The effect of the chelate rings is clearly observed in the N3-Cr1-N4 and N3-Cr1-N1 bond
angles, which deviate by 7.9° and 11.4°, respectively, from the ideal value (90°). As a result,
the N(4)-Cr(1)-N(1) axis is not linear [156.5 (3)°], significantly deviated from the ideal value
of 180°. The Cr-N distances in the basal plane are 2.009 (7), 1.974 (6), and 2.050 Å (6). In
the crystal packing, Fig. 2 shows the mode with weak Cr1–Cl2…Cg3 (Cl2 to the centroid
of ring Cg3: 3.479 Å) interactions. Figure 3 showed that N–H…Cl hydrogen bonds and C-
H…Cl link themolecules into sheets, which interact weakly to form a 3D framework. figure 4
showed the π–π stacking interactions. The centroid-to-centroid distances of π–π stacking
interactions among the five-number rings is 4.813 Å, and between the pyrazine rings and the
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Figure . The coordination environment of complex . Thermal ellipsoids are shown at % probability, all
H atoms are omitted for clarity.

five-number rings is 4.526 Å. In addition, theπ–π stacking interactions also exist between two
pyrazine rings of L′ ligands from adjacent layers (5.322, 5.304 Å), which make the structure
more stable.

Complex 2 has the same structure as Complex 1, except that the central ion uses Cu instead
of Cr. Themolecular structure of Complex 2 is shown in Fig. 5. It has the same intermolecular
forces as that of Comlex 1.

Single crystal X-ray analysis of 3 reveals that the asymmetric unit comprises one Mn(II)
ion, one L′′ ligand, two Cl– anions, and one H2O. The Mn(II) atom in Complex 3 is six coor-
dinate and it coordinates with four nitrogen atoms from ligand L′′ and two Cl– ions. The
molecular structure of Complex 3 is shown in Fig. 6. The Mn(1), N(3), N(4),C(7), and C(8)
atoms occupy the equatorial plane, while the Cl(1) and Cl(2) atoms occupy the apical posi-
tions. The bond distances of Mn(1)–N(3), Mn(1)–N(4) (2.272 (3), 2.281 (3)) is shorter than
that of Mn(1)–N(2), Mn(1)–N(5) (2.379 (3), 2.393 (3)) beacause the coordination ability of
the aliphatic N atom is stronger than that of aromatic. The two five-membered coordinated
ring, (Mn(1), N(2), N(3), C(4), C(5) and Mn(1), N(4), N(5), C(9), C(11)) is at the opposite
position, and their dihedral angle is 20.47°. Three types of hydrogen bonds exist in the com-
plex, which are O–H…Cl, C–H…N, and C–H…O. These molecular hydrogen bonds con-
nect the neighboring molecules to form a three-dimensional (3D) structure (Fig. 7). Fixing of
H2O between layers decreases the total energy of this system and forms the steadiest molec-
ular structure. At the same time, the π–π stacking interactions enhance these connections
(Fig. 8).

The structure of Complex 4 is shown in Fig. 9. The structure is clearly a mononuclear six-
coordinated species, in which the central Ni(II) is coordinated by four N atoms (N2, N3, N4,
and N5) from one chelating molecule of L′′ and two coordinate H2O (O7 and O8), while two
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Figure . Weak O–H…π interaction in complex .

nitrate anions are free. Two H2O molecules that coordinate with the center Ni(II) ion link
the other molecules to a 3D layer according to O1-H1…O7, O1-H1…O8, and O2-H2…O5
hydrogen bonds. The Ni(1)-O(1), Ni(1)-O(2) bond distances are 2.116 (2), 2.091 (2) respec-
tively. The dihedral angle between two five-membered coordinated ring (Ni(1), N(2), N(3),
C(4), C(5) and Ni(1), N(4), N(5), C(9), C(11)) is only 4.62°, and is smaller than that of Com-
plex 3. It has a certain value in the aspect of material design. Figure 10 shows the mode with
weakO-H…Cg (H1 to the centroid of ring Cg1: 2.694 Å, H2 to the centroid of ring Cg3: 2.660
Å) interactions. Figure 11 shows the linkage of nitrate anion with weak N-O…Cg. Figure12
shows that O-H…O hydrogen bonds and C-H…O link the molecules into sheets and 3D
framework. In addition, the nitrate anions also play a connecting role in different molecules
of the complex. All these interactions are responsible for the formation of a 3D network in the
solid state.

Infrared spectroscopy

The structures of 1–4, L′ and L′′ ligands were characterized by IR spectra, which showed valu-
able information about counterions in their respective coordination environments. In the IR
spectra, the C=N stretching vibrations of free L′ and L′′ ligands at 1630 cm–1 are shifted
to 1658, 1655, 1643, and 1667 cm–1 of complexes 1–4, which indicate that the C=N group
is involved in the coordination. The spectrum of 4 reveals strong bands at 1384, 1333, and
1176 cm–1, suggesting that there are nitrate groups in this complex.
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Figure . Weak N–O…π interaction in complex .

Figure . Weak O–H…O and C–H…O interactions in complex .

X-ray powder diffraction analysis
The structural consistency and phase purity of complexes 1, 2, 3, and 4 were confirmed by
comparing the measured pattern calculated from single-crystal data with the experimental
XRPD analysis at room temperature (Fig. 13).
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Figure . Simulated and experimental XRPD patterns for complexes.

Figure . TGA diagrams of complexes , , , and .

Thermo gravimetric analyzer analysis

To examine the thermal stability of complexes [CrL′Cl2] (1), [CuL′Cl2] (2), [MnL′′Cl2·H2O]
(3), and [NiL′′(OH)2·2NO3] (4), thermal gravimetry (TG) was carried out between 28°C and
800°C under nitrogen flow (Fig. 14). For Complex 1, two stages are included in the pyrolysis
process. The first stage is from the starting temperature to170°C, in which a slight weight loss
occcurs. The second stage, from 170°C to the end, is characterized by a major loss, which
relates to the main decomposition process. The TG curves of Complex 2 show similar steps
as that with Complex 1 due to their similar frame structure. For Complex 3, the first mass
loss value (4.1%) in 60–123°C can be associated with the elimination of free H2O, which is
consistent with that of mass loss calculations (4.3%). Then, heat up to 800, and L′′ ligand is
decomposed. For Complex 4, the first mass loss value (7.1%) in 70–150°C can be associated
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with the elimination of H2O (dehydration), which is consistent with that of mass loss calcu-
lations (7.0%). Then, heat up to 210°C, the free NO3 and part of ligand are decomposed. It
proceeds at a moderate rate in the range 200 to 700°C but holds a comparatively steady rate
in the higher range from 700 to 800°C, implying the formationof NiO.

Conclusions

Complexes [CrL′Cl2] (1), [CuL′Cl2] (2), [MnL′′Cl2·H2O] (3), and [NiL′′(OH)2·2NO3] (4)
were synthesized, and their structures were characterized by IR method, elemental analy-
sis, XRPD analysis, and single-crystal X-ray diffraction techniques. Their heat stability was
analyzed by thermo gravimetric analyzer. The successful preparation of the complexes mani-
fests that the conformations and functions ofπ–π stacking interactions, hydrogen bonds, and
van der Waals’ forces are important factors in influencing the architecture of metal-L ligand
complexes.
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