1D, 2D and 3D supramolecular frameworks self-assembled from a hydrazone ligand and azide salts: synthesis, structural diversity, and luminescent property
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Abstract  

Three metal-organic coordination polymers {[Cu(L)(N3)]•(H2O)0.25}n (1), {[Zn(L)(N3)]•(H2O)0.25}n (2) and [Cd2(L)2(N3)2H2O]n (3) derived from hydrazone ligand N′-(1-(pyrazin-2-yl)ethylidene)isonicotinohydrazide (HL) and azide salts have been synthesized. These complexes were investigated via elemental analysis, IR spectroscopy and single-crystal X-ray diffraction. In these three complexes, HL acts as NNʹO tridentate ligand; azide acts as terminal ligand in 1 and 2, and end-on bridging ligand in 3. The hydrogen bonding interactions between water molecules and host framework result in 1D chain structure for 1, 2D layer for 2, and 3D network for 3, respectively. In addition, complexes 2 and 3 exhibited intense fluorescent emissions in the solid state at room temperature.
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1. Introduction

Metal compounds have attracted considerable interest because of their fascinating structure,1 and functional applications in many research fields such as adsorption,2 gas storage and separation,3, 4 photoluminescence,5 and ion exchange.6, 7 The organic ligands are considered to be the most important factor that affects the structures and properties of the coordination polymers.8
Hydrazone ligands obtained from condensation reaction of aldehydes (or ketones) and hydrazide are an important class of Schiff-base compounds.9 We have been interested in coordination compounds involving hydrazone ligands owning to their facile keto-enol tautomerization, the versatile coordination modes, and the strong hydrogen-bonding capability.10-12 In this paper, we were prompted to study the coordination chemistry of the hydrazone ligand N′-(1-(pyrazin-2-yl)ethylidene)isonicotinohydrazide (HL) in the presence of azide. Azide has been demonstrated to be the most common used linear ligand.13 In the azide complexes, the mono-coordinated, the bidentate including end-on (μ1,1-N3ˉ) and the end-to-end (μ1,3-N3ˉ) bridging modes are frequently observed.13-15 While the azide group may also function as triply or quadruply bridging modes.16, 17 So the complexes derived from HL and azide are good candidates allowing the access to intriguing architectures. Herein three complexes namely {[Cu(L)(N3)]•(H2O)0.25}n (1), {[Zn(L)(N3)]•(H2O)0.25}n (2) and [Cd2(L)2(N3)2H2O]n (3) were synthesized, their crystal structure and luminescence properties were also studied.

2. Experimental
2.1 Materials and measurements

The chemicals utilized in this investigation such as 2-acetylpyrazine, isoniazid, Cu(NO3)2·3H2O, Zn(NO3)2·6H2O and Cd(NO3)2·4H2O were commercially available and purchased from Aladdin Industrial Corporation (China). NaN3 was purchased from Xiya Reagent (China). N′-(1-(pyrazin-2-yl)ethyl-idene)isonicotinohydrazide (HL) was prepared according to the literature.12 Elemental analyses (C, H and N) were performed using a Perkine Elmer 240 elemental analyzer. IR spectra were recorded on a FT-IR Nicolet 5700 spectrometer from 4000 to 400 cm-1 with KBr pellets. Fluorescence spectra were obtained using Cary Eclipse spectrofluorimeter at room temperature.
Caution! Azide compounds of metal ions are potentially explosive. Only a small amount of material should be prepared and it must be handled with care.

2.2 Synthesis of {[Cu(L)(N3)]•(H2O)0.25}n (1)
The methanol solution (4 mL) of the ligand (9.64 mg, 0.04 mmol) was carefully layered on the top of the aqueous solution (4 mL) of Cu(NO3)2·3H2O (9.66 mg, 0.04 mmol). The aqueous solution (0.20 mol/L, 0.4 mL) of NaN3 was gently added as the third layer. The solutions were left for 5 days at room temperature, and complex 1 (7.43 mg) was obtained. Yield: 53%. IR (KBr, cm-1): 3434, 3058, 3008, 2047, 1616, 1562, 1498, 1457, 1408, 1378, 1345, 1326, 1311, 1229, 1194, 1175, 1153, 1140, 1069, 1038, 1008, 868, 848, 797, 760, 709, 696, 656, 607, 581, 520, 456, 423. Anal. Calcd. For C12H10.50CuN8O1.25(%): C, 41.14 ; H, 3.02; N, 31.99. Found: C, 41.26; H, 3.01; N, 32.12.
2.3 Synthesis of {[Zn(L)(N3)]•(H2O)0.25}n (2)
Complex 2 (5.78 mg) was obtained with similar procedure for synthesizing 1 by using Zn(NO3)2·6H2O (11.90 mg, 0.04 mmol) instead of Cu(NO3)2·3H2O. Yield: 41%. IR (KBr, cm-1): 3411, 3060, 3011, 2056, 1610, 1564, 1460, 1416, 1404, 1364, 1323, 1307, 1234, 1188, 1173, 1154, 1142, 1089, 1067, 1033, 1022, 1008, 914, 866, 854, 793, 765, 716, 702, 660, 612, 578, 558, 519, 457. Anal. Calcd. For C12H10.5N8O1.25Zn(%): C, 40.93; H, 3.01; N, 31.82. Found: C, 41.05; H, 3.00; N, 31.95.

2.4 Synthesis of [Cd2(L)2(N3)2H2O]n (3)
Complex 3 (7.76 mg) was obtained with similar procedure for synthesizing 1 by using Cd(NO3)2·4H2O (12.34 mg, 0.04 mmol) instead of Cu(NO3)2·3H2O. Yield: 48%. IR (KBr, cm-1): 3330, 3079, 2054, 1613, 1568, 1510, 1462, 1404, 1358, 1303, 1233, 1180, 1152, 1137, 1061, 1037, 996, 915, 853, 789, 763, 696, 656, 558, 510, 452. Anal. Calcd. For C24H22Cd2N16O3(%): C, 35.70 ; H, 2.75; N, 27.76. Found: C, 35.81; H, 2.74; N, 27.87.
2.5 X-ray crystallography
The data were collected at 293 K on a computer-controlled Bruker D8 venture diffractometer equipped with graphite monochromated Mo Kα radiation (λ = 0.71073 Å). The collected diffraction data were reduced using the SAINT program,18 and multi-scan absorption corrections were performed via the SADABS program.19 The structures were solved by direct methods and refined against F2 by full-matrix least-squares methods applying the SHELXL program package.20 All of the non-hydrogen atoms were refined anisotropically. In complex 3, the azide ion N13 was disordered over two positions that reﬁned to a ratio of 0.50 (4):0.50 (4). All the hydrogen atoms bonded to C atoms were generated geometrically and refined isotropically using the riding model. The H atoms attached to water molecules were fixed by difference Fourier maps with O-H = 0.85(2) Å, H···H = 1.44(2) Å and Uiso(H) = 1.5Ueq(O). Details of data collection and refinements of complexes 1-3 are summarized in Table 1, selected bond distance and angles are given in Tables 2, S1 and 3.

Table 1 Crystallographic data for 1-3

	
	1
	2
	3

	Empirical formula
	C12H10.50CuN8O1.25
	C12H10.5N8O1.25Zn
	C24H22Cd2N16O3

	Mr
	350.32
	352.15
	807.38

	Crystsyst
	monoclinic
	monoclinic
	Triclinic

	Space group
	P21/n
	P21/n
	P
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	a (Å)
	10.1082(6)
	10.247(3)
	10.3084(18)

	b (Å)
	14.1898(10)
	14.165(4)
	11.1749(19)

	c (Å)
	10.7272(7)
	10.703(3)
	14.372(2)

	( (°)
	90.00
	90.00
	88.687(5)

	( (°)
	116.467(2)
	115.063(8)
	89.140(5)

	( (°)
	90.00
	90.00
	68.924(5)

	V (Å3)
	1377.37(16)
	1407.3(7)
	1544.4(5)

	Z
	4
	4
	2

	(c (g cm(3)
	1.689
	1.662
	1.736

	F(000)
	710
	714
	796

	Data / param. / restr.
	2708 / 209 / 9
	2760 / 209 / 0
	6046 / 417 / 1

	T / K
	293
	293
	293

	((Mo-K()/ mm(1
	1.604
	1.763
	1.432

	GOF (F2)
	1.048
	1.095
	1.053

	R1a, wR2b (I>2((I))
	0.0274, 0.0702
	0.0314, 0.0882
	0.0330 , 0.0936


a R1 = (((Fo( ( (Fc((/((Fo(. b wR2 = [(w(Fo2 ( Fc2)2/(w(Fo2)]1/2

Table 2 Selected bond distances (Å) and angles (°) for complex 1.
	Cu1-N3
	1.9310(17)
	Cu1-N6
	1.9459(18)

	Cu1-O1
	2.0061(14)
	Cu1-N1
	2.0526(17)

	Cu1-N5#i
	2.2877(17)
	O1-C7
	1.278(2)

	N4-C7
	1.322(3)
	N3-C5
	1.287(3)

	N6-N7
	1.187(3)
	N7-N8
	1.155(3)

	N3-Cu1-O1
	79.30(6)
	N3-Cu1-N1
	79.44(7)

	N6-Cu1-N1
	98.55(7)
	N6-Cu1-O1
	100.80(7)

	N3-Cu1-N5#i
	103.78(7)
	O1-Cu1-N5#i
	94.26(6)

	N6-Cu1-N5#i
	92.97(7)
	N1-Cu1-N5#i
	94.09(6)

	O1-Cu1-N1
	158.46(6)
	N3-Cu1-N6
	163.21(8)

	N8-N7-N6
	176.0(3)
	N7-N6-Cu1
	126.06(16)

	C7-N4-N3
	107.40(16)
	N3-C5-C4 
	112.48(18)


Symmetry code: (i) –x+1/2, y-1/2, -z+5/2.
Table 3 Selected bond distances (Å) and angles (°) for complex 3.

	Cd1-N1
	2.575(3)
	Cd1-N3
	2.364(3)

	Cd1-O1
	2.359(3)
	Cd1-N11
	2.278(3)

	Cd1-O3
	2.445(3)
	Cd1-N11#i
	2.552(4)

	Cd1-N10#iii 
	2.309(3)
	Cd2-N5
	2.311(3)

	Cd2-N7
	2.407(3)
	Cd2-N8
	2.312(3)

	Cd2-O2
	2.268(3)
	Cd2-N14
	2.265(4)

	Cd2-N14#ii
	2.402(4)
	C7-O1
	1.265(5)

	C7-N4
	1.309(5)
	C19-O2 
	1.265(5)

	C19-N9
	1.326(5)
	N11-N12
	1.160(6)

	N12-N13
	1.134(19)
	N15-N16
	1.140(6)

	N14-N15
	1.194(5)
	
	

	O1-Cd1-N3
	67.62(10)
	N3-Cd1-N1
	65.28(11)

	N1-Cd1-O3
	67.62(10)
	N11#i-Cd1-O3
	77.80(11)

	N11#i-Cd1-O1
	76.57(11)
	N11-Cd1-N10#iii
	164.72(12)

	O2-Cd2-N8
	68.93(11)
	N8-Cd2-N7
	68.20(11)

	N14-Cd2-N7
	122.34(14)
	N14-Cd2-O2
	100.40(14)

	N5-Cd2-N14 
	159.97(15)
	Cd1-N11-Cd1#i
	100.07(13)

	Cd2-N14-Cd2#ii 
	105.06(14)
	N13-N12-N11 
	158.8(13)

	N16-N15-N14 
	177.7(5)º
	
	


Symmetry codes: (i) -x, 1-y, 1-z; (ii) 1-x, 2-y, -z; (iii) x, y, 1+z.

3. Results and Discussion

3.1 IR spectra

The IR spectra of complexes 1-3 (Figure S1) display broad band at about 3300~3400 cm-1 due to the stretching band of water molecules.21 The absence of typical v(C=O) band of HL (1662 cm-1) and the appearance of v(C–O) absorption bands (1616 cm-1 for 1, 1610 cm-1 for 2, and 1613 cm-1 for 3) support the coordination of HL in the enol form.22 The stretching vibration of the azomethine bands for complexes 1-3 are found at 1562, 1564, and 1568 cm-1, respectively. Whereas the same band in the free ligand HL was observed at 1632 cm-1. On complexation the shifts of azomethine C=N band towards lower wavenumbers indicates coordination of the azomethine to the metal center.12, 23 The sharp band of the azide ions are found at 2047 cm-1 for 1, 2056 cm-1 for 2, and 2054 cm-1for 3.
3.2 Structural analysis

Complexes 1 and 2 crystallize in the monoclinic system, space group P21/n. As shown in Figures 1 and S1, the two complexes possess very similar coordination environment; so only the structure of 1 is described in detail herein. 
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Figure 1 Coordination environment of CuII in 1. [symmetry codes: (i) –x+1/2, y-1/2, -z+5/2]

The asymmetric unit of compound 1 is composed of one CuII ion, one deprotonated ligand L–1, one azide anion N3–1, and one lattice water molecule. As presented in Figure 1, the coordination polyhedron around the Cu(II) center is best described as a square pyramidal ( τ=0.079, τ, Addison distortion index. τ= (β–α)/60, where α and β are the two largest coordinated angles in the complex, perfect square pyramidal, τ=0; perfect trigonal bipyramidal, τ=1)24. The equatorial plane is surrounded by one nitrogen donor N1 from pyrazine ring, one nitrogen donor N3 from azomethine, one enolate oxygen donor O1 and one nitrogen donor N6 from azide ion. The sum of the four equatorial angles (≈358.09º) is very close to the ideal value (360.00º), which ensures the planarity of equatorial plane. The vertex position of the square pyramidal is occupied by the pyridyl nitrogen donor N5i from another ligand (symmetry codes: (i) -x+1/2, y-1/2, -z+5/2). The average bond length of the equatorial plane is 1.9839(17) Å, while the axial bond length Cu1–N5i is 2.2877(17) Å, thus complex 1 is a stretched square pyramidal structure. The N6–N7 distance of 1.187(3) Å is longer than N7–N8, being 1.155(3) Å, further conﬁrming the coordination through the terminal anionic azide N6. The terminal azide group is almost linear, as reflected by the bond angle of N8–N7–N6 (176.0(3)º). 

On the self-assemble process, ligand HL featured keto-enol tautomerism. The structural transformation can be supported by changes of the bond lengths and angles as follow.12, 25, 26 The bond distances of C7–O1 is elongated to 1.278(2) Å, which is the typical single bond length; meanwhile the C7–N4 bond lengths is shortened to 1.322(3) Å as a result of the increased π-bond order. These bond distance changes are accompanied by a shrinked angle of C7–N4–N3 being 107.40(16)º.
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Figure 2. View of the hydrogen bonding interaction in the 1D structure of 1.
In complex 1, Cu(II) cations are bridged by the pyridine group to form the single-stranded structure extending along the b axis. The neighboring Cu…Cu separation is 9.21(1) Å. The free water molecules are linked to the zigzag chain via hydrogen-bonding interactions O2–H2A···N7#1, O2–H2A···N8#1, and O2–H2B···O1#1 (symmetry code #1: x, y, z-1) (Figure 2). The absence of inter-chain hydrogen bonding interactions limits the further extension of the supramolecular structure.
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Figure 3. View of the 2D supramolecular network in 2 constructed from 1D chains (highlighted by different colours). 

Complex 2 also features zigzag chain structure with Zn…Zn distance of 9.16(2) Å (Figure S2). Such 1D chains are aligned in an ...AB... fashion, and the uncoordinated water molecules are located between these chains. What is more, the latticed water molecules are seized together through O2–H2A···O2#2 (symmetry code #2: -x+2, -y, -z+1) into a dimer. The neighboring Zn-chains are joined by these water dimers via O2–H2B···O1#3 (symmetry code #3: x+1, y, z+1) to form a 2D sheet network extending along crystallographic bc plane (Figure 3). 
In contrast with the 1D zigzag chain structures of 1 and 2, when Cd(N3)2 was used for the reaction, 2D polymeric architecture of complex 3 was obtained. Crystal structure study reveal that 3 crystallizes in triclinic system, space group P
[image: image5.wmf]1

. The asymmetric unit of 3 consists of two crystallographically independent Cd2+, two deprotonated ligands L-1, two counter anion N3-, and one coordinated water molecule. As the same with complex 1 and 2, the ligand HL in complex 3 featured keto-enol tautomerism on the self-assemble process. The bond length of C7–O1 and C19–O2 are elongated to the typical single bond length 1.265(5) Å; the bond lengths of C7–N4 and C19–N9 are shortened to 1.309(5) Å and 1.326(5) Å owing to the increased π-bond order. Meanwhile the angle of C7–N4–N3 and C19–N9–N8 are shrinked to 111.7(3)º and 109.5(3)º, respectively. 
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Figure 4. Coordination environment of CdII in 3 (H atoms are omitted for clarity). [symmetry codes: (i) -x, 1-y, 1-z; (ii) 1-x, 2-y, -z; (iii) x, y, 1+z]

As drawn in Figure 4, the two Cd2+ are both located on a crystallographic inversion center, but they are in different coordination environment. Cd1 center adopts a pentagonal bipyramid coordination geometry. The deprotonated ligand acts as an NN′O pincer-type ligand, occupying three of the five equatorial coordination sites through pyrazine atom N1, azomethine atom N3 and enolate atom O1. The remaining two sites are held by azide atom N11i and water molecule O3 (symmetry codes: (i) -x, 1-y, 1-z). The sum of the five equatorial angles (≈359.89º) is very close to the ideal value (360.00º). The nitrogen donors N11 from another azide ion and N10iii from another pyridyl ring occupy the axial positions (symmetry codes: (iii) x, y, 1+z). The bond angle of N11–Cd1–N10iii being 164.72(12)º suggests a distorted coordination core. Meanwhile the average axial bond length (2.293(3) Å) is shorter than the equatorial bond length (2.459 (3) Å) showing a compressed pentagonal bipyramid structure. The Cd2 center possesses a distort octahedral coordination environment. L-1 still serves as pincer ligand occupying the basal plane through N7, N8, and O2. Azide atom N14 takes up the remaining site. The azide donor N14ii (symmetry codes: (ii) 1-x, 2-y, -z) and pyridyl donor N5 occupy the axial positions. The angle of N5–Cd2–N14ii being 159.97(15)º also deviates markedly from linearity. 
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Figure 5. The 2D sheet structure of 3.

The azide ions in 3 are more bent than those in 1 and 2 with average N–N–N angle of 168.6(3)º. Unlike complexes 1 and 2, the azide ligands bridge in an end-on fashion in complex 3. The Cd(II) centers are bridged by two μ1,1-N3 to form a planar Cd-(μ1,1-N3)2-Cd ring.27 The Cd…Cd distance within the four-membered cyclic units is 3.71(1) Å. The Cd1–N11–Cd1i and Cd2–N14–Cdii bridging angles are 100.07(13) and 105.06(14)º, respectively. The adjacent Cd2(μ1,1-N3)2 units are connected with each other via the pyridine N atoms (N5 and N10) forming the 2D sheet structure of 3 extending along crystallographic bc plane (Figure 5). In 3, the coordinated water molecules are hydrogen bond donors and link these 2D sheets into 3D network via O3–H3B·· ·O1i (symmetry code (i) -x, 1-y, 1-z) and O3–H3C·· ·N6#4 (symmetry code #4: -x+1, -y+1, -z+1). (Figure 6).
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Figure 6. The 3D framework connected by H-bonding interactions in complex 3.
3.3 Luminescence study
The d10 transition metal based complexes with no d-d transition have intrinsic electronic properties. They are potential candidates for photoactive materials. Here the luminescent properties of HL, 2 and 3 were investigated in the solid state at room temperature.
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Figure 7. Fluorescence emission properties of the HL and complexes 2, 3 in the solid state.
As shown in Figure 7, upon excitation at 402 nm the free ligand HL exhibits ﬂuorescent emission centered at 468 nm, which can be attributed to the intra-ligand π*-π and π*-n transitions. 2 and 3 exhibit a little less intense photoluminescence, with an emission around 541 and 551 nm, respectively. As Zn2+ or Cd2+ ions are difficult to oxidize or reduce owning to their closed shell structure,28 thus the luminescent emissions of the corresponding complexes 2 and 3 can be ascribed to the intra-ligand transitions. The red shifts of their emission spectra may be due to the coordination and hydrogen bonding effect, which can effectively enhance the coplanar arrangement of HL 29
4. Conclusions

When multidentate hydrazone ligand HL were employed in coordination compounds synthesis with azide and M(II) nitrate (M = Cu, Zn, and Cd), the terminal azide ligand gave 1D chain structure of complexes 1 and 2, while the bridging μ1,1-azide ligand gave 2D network of complex 3. The HL ligand served as pincer type tridentate ligand in all the three complexes. In complex 1, only intra-chain hydrogen bonds were observed, while the hydrogen bonding interactions between the water molecules and host framework gave rise to 2D supramolecular structure for 2 and 3D network for 3. In addition, complexes 2 and 3 exhibit green emission fluorescence behaviors owing to the rigidity of structure. 
5. Supplementary material

Crystallographic data (excluding structure factors) for the structural analysis have been deposited with the Cambridge Crystallographic Data Center as supplementary publication Nos. CCDC 1530937 (1), 1530938 (2), and 1530939 (3). Copies of the data can be obtained free of charge via www.ccdc.ac.uk/conts/retrieving.html (or from The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, Fax: +44-1223-336-033. E-mail: deposit@ccdc.cam.ac.uk). 
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