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Abstract:Two novel Zn and Cu complexes with 5-chlorhydroxybenzoate and imidazole ligands, C41H36Zn2N8O13Cl4

(1) and C26H22Cl2Cu2N8O6 (2), were prepared by slow evaporation method. Single crystal X-ray diffraction analysis

was used to determine their structures. The purity of the complexes was confirmed by powder X-ray diffraction analysis.

In 1 the Zn2+ cation is tetracoordinated with 2 nitrogen atoms from 2 imidazoles and 2 oxygen atoms from the 2

carboxyl groups in 5-chlorhydroxybenzoate. In 2 the coordination polyhedrons of Cu2+ center can be described as

distorted square pyramidal geometry sharing common edges, with an oxygen atom on the top of the pyramid. The

hydrogen bonds and π − π interactions between the 2 ligands contribute to the presence of the infinite one-dimensional

chain in the structure. Furthermore, solid-state fluorescence spectra indicate that both complexes show violet-blue

fluorescence and can be potentially used as violet-blue fluorescence materials.
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1. Introduction

The design and synthesis of luminescent metal-organic hybrid complexes have received general interest in the

field of material and chemistry science, due to their intriguing architecture and various applications in chemical

sensors,1 and photophysical2 and light emitting devices.3 In order to investigate the electronic properties and

enhance the fluorescence emission performance, carefully choosing the molecular frame and composition is a

good way to construct luminescent materials.4 In this research area, measures such as enhancing the rigidity

in the complexes structure5 and modulating of the HOMO–LUMO levels of ligands6 have been explored to

improve the fluorescence emission property of materials.

The selection of suitable ligands that are inflexible or contain an aromatic π system is not only crucial

to the construction of luminescent complexes materials, but also guides the assembly of molecular coordination

complexes into extended organized networks.7 Among all the ligands containing aromatic π systems, benzoic

derivates and imidazole derivates are more likely to construct metal-organic hybrid materials and many of

them have good photoluminescent (PL) properties because of the proper HOMO–LUMO energy gap.8 Since

5-chlorhydroxybenzoic acid and its anions can adopt a wide variety of coordination modes with metal centers,

5-chlorhydroxybenzoic anions were used as connecters.

Generally, the main emission mechanism of metal-organic hybrid complexes can be divided into 3 different
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kinds: ligand-to-ligand charge transfer (LLCT), ligand-to-metal charge transfer (LMCT), and metal-to-ligand

transfer (MLCT).9−11 As a coordination center atom, Zn2+ is a d10 configuration metal ion with saturated

d-orbital electrons and Cu2+ shows d9 configuration, which is known to effectively quench fluorescence.12 Com-

bining with imidazole groups and 5-chlorhydroxybenzoic acid as synergistic organic ligands, 2 new metal-organic

complexes, Zn2 (C7H4O3Cl)4 (C3H4N2)4·CH3OH and Cu2 (ClOC6H3COO)2 (C3H4N2)4 , were synthesized.

Both of them exhibited violet-blue PL characterization, making them new promising photoluminescence mate-

rials.

2. Experimental

All chemicals used were purchased in analytical reagent grade and used directly without further purification.

Elemental analyses were performed on a PerkinElmer 240C automatic analyzer. Infrared spectra, taken on KBr

pellets, were recorded on a Nicolet FT-IR 360 spectrometer in the range of 4000–400 cm−1 . Photoluminescence

excitation and emission spectra were recorded by F-4500 FL spectrophotometer at room temperature with a

spectral resolution of 1 nm. Powder X-ray diffraction (XRD) measurements were performed using an X’Pert

PRO diffractometer from Spectris Pte Ltd. using monochromatized Cu Kαradiation (λ = 1.5418 Å). The

structural figures in this paper were drawn using the programs PLATON and Mercury 1.4.2.

2.1. Synthesis of Zn2 (C7H4O3Cl)4 (C3H4N2 )4· CH3OH (1)

A mixture of 5-chlorhydroxybenzoic acid (0.172 g, 1 mmol), imidazole (0.066 g, 1 mmol), and zinc nitrate

(0.146 g, 0.5 mmol) was dissolved in 20 mL of CH3OH/H2O (v/v = 1:1) solvent mixture with stirring at room

temperature for 1 h. The pH value of the mixture was adjusted to 6 by adding a NaOH solution (6 mol/L).

After stirring for another 0.5 h, the insoluble solid was filtered off. The colorless filtrate was kept at room

temperature for 4 days and the colorless single crystals of 1 were isolated. Anal. Found (%): C 49.10, H 3.38,

N 10.07. Calcd. (%) for C41H36Zn2N8O13Cl4 : C 49.24, H 3.24, N 9.99.

IR data (KBr, cm−1): 2560 (m), 3540 (m), 3500 (m), 3490 (m), 3460 (m), 3420 (m), 3410 (m), 3390

(m), 2944 (w), 2880 (w), 2830 (w), 2630 (w), 2080 (m), 1640 (vs), 1460 (m), 1420 (m), 1350 (m), 1330

(w), 1300 (w), 1250 (w), 1190 (s), 1100 (s), 827 (w), 781 (w), 727 (w), 660 (w), 611 (w).

2.2. Synthesis of Cu2 (ClOC6H3COO)2 (C3H4N2 )4 (2)

5-Chlorhydroxybenzoic acid (0.345 g, 2.0 mmol), imidazole (0.134 g, 2.0 mmol), and copper chlorinate (0.171

g, 1.0 mmol) were added to 20 mL of CH3OH/H2O (v/v = 1:1) at room temperature with stirring at room

temperature over 1 h. The pH value of the mixture was adjusted to about 7 with NaOH solution (6.0 mol/L).

The blue green solution was continually stirred for 1 h and an insoluble dark green solid was filtered off. The

blue green filtrate was kept at room temperature for 2 weeks and blue green crystals suitable for X-ray analysis

were obtained. The crystals were washed with ethanol and water, and dried in air. Anal. Found (%): C, 42.11;

H, 3.10; N, 15.26. Calcd. (%) for C26H22Cl2Cu2N8O6 : C, 42.17; H, 2.99; N, 15.13.

IR data (KBr, cm−1): 3488 (m), 3476 (m), 3430 (m), 2880 (w), 2090 (w), 1626 (w), 1582 (vs), 1474

(vs), 1434 (s), 1365 (s), 1312 (m), 1277 (w), 1180 (s), 1147 (w), 1099 (m), 1071 (m), 1052 (w), 821 (s),

722 (m), 651 (s), 614 (w), 561 (w), 537 (w).
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2.3. Structure determination

Three-dimensional X-ray data were collected on a Bruker SMART CCD detector using graphite-monochromated

Mo Kα radiation (λ = 0.71073 Å) in the φ and ω scan modes at room temperature (298 K). The structure was

solved by direct methods13 and refined by the full-matrix least-squares method on F 2using the SHELXS-97

and SHELXL-97 programs, respectively.14,15 Nonhydrogen atoms were refined anisotropically. Hydrogen atoms

were placed in geometrically calculated positions.

The crystallographic data and experimental refinement parameters of complexes 1 and 2 are given in

the Table.

Table. Crystal data and structure refinement for complexes 1 and 2.

1 2
Empirical formula C41H36Zn2N8O13Cl4 C26H22Cl2Cu2N8O6

Formula weight 1121.32 740.52
Temperature (K) 298(2) 298(2)

Wavelength (Å) 0.71073 0.71073
Crystal system Triclinic Triclinic
Space group P 1̄ P 1̄

a(Å) 11.8585(11) 8.2318(6)

b(Å) 11.9189(11) 10.0460(8)

c(Å) 17.9373(17) 10.2004(8)
α (◦) 76.795(2) 119.1130(10)
β(◦) 73.646(2) 94.6070(10)
γ (◦) 80.861(2) 105.3280(10)

Volume (Å3) 2356.2(4) 688.55(9)
Z 2 1
Density (calculated) (Mg/m3) 1.58 1.786
Absorption coefficient (mm−1) 1.316 1.798
F (000) 1140 374
Crystal size (mm) 0.12 × 0.10 × 0.10 0.16 × 0.13 × 0.10
Theta range for data collection 1.80 ∼ 26.00◦. 2.35 ∼ 28.29◦.
Reflections collected 15,807 8534
Independent reflections 9123 [R(int) = 0.0531] 3384 [R(int) = 0.0469]
Completeness to theta = 28.32◦ 98.30% 98.70%
Absorption correction None None
Max. and min. transmission 0.8796 and 0.8580 0.8407 and 0.7618
Refinement method Full-matrix least-squares on F 2 Full-matrix least-squares on F 2

Data / restraints / parameters 9123 / 13 / 630 3384 / 0 / 199
Goodness-of-fit on F 2 0.99 0.976
Final R indices [I > 2 sigma (I)] R1 = 0.0558, wR2 = 0.1057 R1 = 0.0351, wR2 = 0.0828
R indices (all data) R1 = 0.0867, wR2 = 0.1152 R1 = 0.0439, wR2 = 0.0853

Largest diff. peak and hole(e. Å−3) 0.675 and –0.304 0.513 and –0.276

3. Results and discussion

3.1. Powder X-ray diffraction

The phase purity of complexes 1 and 2 was confirmed by powder XRD analysis (see Figures 1 and 2). The

experimental XRD patterns are consistent with the simulated ones based on the single-crystal analyses of the
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compounds at room temperature. These results confirm that both of these complexes are pure phase. The

intensity differences may be due to the preferred orientation of the powder samples.16

Figure 1. Powder XRD patterns for 1 from experiment

and simulated.

Figure 2. Powder XRD patterns of 2 from experiment

and simulated.

3.2. Crystal structure of 1

The crystal structure of complex 1 is shown in Figure 3. The asymmetric unit contains 2 Zn(C7H4O3Cl)2 (C3H4

N2)2 and 2 distorted methanol molecules. The zinc(II) atom coordinates with 2 nitrogen atoms from 2 imidazole

molecules and 2 oxygen atoms from 2 carboxylate groups in 5-chlorhydroxybenzoate, showing a distorted tetra-

hedral configuration. The average distance of Zn–O is 1.965 Å, while that of Zn–N is 1.995 Å. The π−π stacking

interaction involves 2 imidazole rings (N1–C15A–N2–C16A–C17A–C18A and N5-C15B-N6-C16B-C17B-C18B)

from different symmetric units, where the interplanar spacing is 3.334 Å and the ring-centroid separation of the

imidazole rings is 3.709 Å (Figure 3). Two different intermolecular hydrogen bonds are involved in this crystal

structure: N6-H6...O2 (dN6...O2 = 2.838 Å and ∠ N6-H6...O2 = 149.7◦) and N2-H2...O1S (dN2...O1S = 2.797

Å and ∠ N2-H2...O1S = 171.6◦). Moreover, the intramolecular hydrogen bonds between the hydroxyl group

and carboxyl group (O9-H9...O4, dO9...O4 =2.478 Å) and halogen bonds (C12A-Cl2...O6, dCl2...O6 = 3.206 Å)

also play very important roles in the self-assembly and crystallization processes in the molecules. Because of

the π− π stacking interaction between imidazole rings (Figure 4a) and intermolecular hydrogen bonds (Figure

4b), an infinite zigzag chain extends along the [010] direction.

3.3. Crystal structure of 2

Single crystal X-ray structural analysis reveals that complex 2 also crystallizes in the triclinic centrosymmetric

space group P 1̄ . The Cu(II) coordinate environment involves 2 nitrogen atoms from 2 imidazole ligands and

3 oxygen atoms from 2 5-chlorhydroxybenzoates (2 of them from hydroxyl groups and 1 from carboxylate

group) (Figure 5). The coordination polyhedrons of the copper(II) center can be described as 2 distorted square

pyramidal geometry sharing common edges.17 The Cu1–O3a distance is 2.3172(16) Å, which is significantly

longer than other Cu–O bond distances [Cu1–O3 1.9360(15) Å, Cu1–N3 2.0108(19) Å, Cu1–O1 1.9670(16) Å

and Cu1–N1 2.0060(19) Å]. On the other hand, bond distance Cu1–O1 1.9670(16) Å is similar to the average
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Figure 3. Crystallographic independent structure fragment in complex 1 (diagram drawn with 30% thermal ellipsoid).

Figure 4. The crystal structure and intermolecular interaction of complex 1: (a) π − π interaction between imidazole

ring-centroid and (b) intermolecular hydrogen bond and halogen bonding in the structure.
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distance of Zn–O 1.965 Å, indicating that the categories of the coordination center almost make no difference to

the coordinate carboxyl group bond length. Two copper(II) atoms are connected via 2 µ -oxo bridges, forming

a nearly planar 4-membered heteroring. Furthermore, the Cu1. . . Cu2 distance 3.184 Å is slightly longer than

that of a similar heteroring Cu2O2 observed in [C48H52Cu2N10O2 ] [ClO4 ]2·CH3CN ·(C2H5)2O.18

Figure 5. Crystallographic independent structure fragment in complex 2 (diagram drawn with 30% thermal ellipsoid).

Square-pyramidal complexes can participate in intermolecular π−π interactions and hydrogen bonds to

form one-dimensional infinite chain structures.19 Similarly, in complex 2, the 5-chlorhydroxybenzoate rings in

adjacent molecules participate in the π − π interactions (Figure 6), where the distance between the centroids

of the overlapping rings [C1–C2–C3–C4–C5–C6] is 3.695 Å. In addition, a pair of N–H. . . O hydrogen bonds

(nitrogen atoms from imidazole as the donor and carboxylate oxygen atoms from 5-chlorhydroxybenzoate as

the acceptor) contribute to the formation of the infinite one-dimensional chains. The N. . . O distance and the

N–H. . . O angle are 2.761(3) Å and 171.4◦ , respectively. Furthermore, the intramolecular CH–π interaction

with the distance 3.119 Å also stabilizes the packing structure of molecules.

4. Solid-state fluorescence emission spectrum

The room temperature solid state fluorescence emission spectrum of complex 1 shows strong violet-blue fluo-

rescence (Figure 7a). When excited at 330 nm, strong luminescence was observed with the wavelength centered

at ca. 430 nm. Since the Zn2+ has saturated d-layer electrons, this emission band probably originates from

the πL − π∗
L LLCT transition emission. Furthermore, assembling of the Zn(II) ion with the 2 ligands may

decrease the intra-ligand HOMO–LUMO energy gap, which is an important factor for the enhancement of the

fluorescence phenomenon. There is a similar situation in complex 2. Herein, the photoluminescence of complex
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Figure 6. Fragment of one-dimensional chain formed through hydrogen bonding and π − π interactions.

Figure 7. The fluorescence emission spectra of complexes 1 and 2, respectively. (a) λex = 330 nm, (b) λex = 364 nm.
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2 in the solid state at room temperature depicted in Figure 7b exhibits 2 luminescence peaks at ca. 420 and

ca. 443 nm upon excitation at 364 nm. The appearance of the 2 slight fluorescence emission peaks may be due

to the mutual effects of the πL − π∗
L LLCT transition emission and the LMCT transition between the Cu2+

and imidazole. Compared with the Cu(II) compound based on (8-quinolinyloxy)acetate20 , whose fluorescence

is in the greenish-blue region, complex 2 can be used for violet-blue fluorescent materials in the future.

5. Conclusion

Two novel metal-organic complexes, 1 and 2, were prepared by slow evaporation method and characterized

by XRD, PL, and FT-IR spectrum. The crystal structure of 1 shows a one-dimensional infinite zigzag chain,

interlinked through π − π stacking interactions and hydrogen bonds. In complex 2, 2 copper(II) ions in

the molecule were coordinated in distorted square-pyramids environment, with the Cu1. . . Cu2 distance 3.184

Å. Fluorescence properties of the complexes were also studied, which is helpful for the further study of the

fluorescence intensity of the complexes using other ortho-hydroxybenzoic derivatives as ligands.

5.1. Supplementary material

CCDC 782970 and 789558 contain the supplementary crystallographic data for complexes 1 and 2, respectively.

These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the

Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033;

or e-mail: deposit@ccdc.cam.ac.uk.
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