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Abstract:



New metal-organic frameworks (MOFs) based on zinc and cadmium ions, terephthalic acid, and flexible ligands 1,5-bis(imidazol-1-yl)pentane or 1,6-bis(imidazol-1-yl)hexane were prepared and characterized by X-ray diffraction, thermorgavimetric analysis and IR spectroscopy. The imidazolyl ligands were prepared by a new robust procedure involving the reaction between imidazole and 1,5-dibromopentane or 1,6-dibromohexane in a superbasic medium (KOH in DMSO). MOFs based on 1,5-bis(imidazol-1-yl)pentane had diamond topology (dia) and are triply interpenetrated. Ligands with longer spacer 1,6-bis(imidazol-1-yl)hexane, terephthalate ions and zinc(II) ions formed five-fold interpenetrated metal-organic framework also with dia topology, while cadmium(II) ions with the same ligands formed eight-connected uninodal net with a very rare self-penetrated topological type ilc and a point symbol 424.5.63. The influence of the chemical composition of MOFs on their photoluminescent properties is investigated and discussed in detail.
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1. Introduction


Ongoing research aimed at the design of new metal-organic frameworks (MOFs) is stimulated by their high capacity for gas storage and separation [1,2,3,4,5,6] photo-physical properties [7,8,9,10], sensor capabilities [11], excellent catalytic activity [12,13], medical imaging and drug delivery applications [14,15]. Functional properties of MOFs can be fine-tuned by careful choice of organic linkers, both rigid and flexible ligands are suitable for this aim [16]. The use of flexible ligands often hinders the formation of ordered 3D MOF structure, but on the other hand, conformationally mobile molecules can meet the geometrical demands of different metal coordination spheres and form structures otherwise inaccessible with rigid ligands [17]. Poly(azole)-based ligands have been widely used for the construction of MOFs, but most of them act as anionic azolate linkers [18], while neutral bidentate ligands are less explored. Among these ligands, bis(azol-1-yl)alkanes ligands have been mostly used as chelating ligands to prepare molecular complexes or linear coordination polymers [19,20]. Recently, several papers reporting the use of bis(imidazol-1-yl) or bis(1,2,4-triazol-1-yl) derivatives for building of coordination polymers with extended networks appeared [21,22,23,24,25,26,27,28,29,30,31,32]. In this contribution we report the synthesis of four new MOFs based on zinc(II) or cadmium(II) ions, terephthalic acid (H2bdc), and flexible ligands with longer polymethylene linkers, namely 1,5-bis(imidazol-1-yl)pentane (C5) or 1,6-bis(imidazol-1-yl)hexane (C6), synthesized by an improved procedure, which is also described here. The solid-state luminescence measurements of the title coordination polymers reveal the major influence of the length of the flexible bis(imidazolyl) linkers on the optical properties of the compounds.




2. Results and Discussion


2.1. Synthesis of the Ligands


Although the preparation of C5 and C6 ligands was reported by several groups before, their syntheses involved the use of metal potassium [33], sodium imidazolates [34,35], some procedures required inert atmosphere [36,37,38]. Based on our previous successful preparation of pyrazole derivatives in a superbasic medium KOH-DMSO [39,40], we have developed a new procedure for the synthesis of bis(imidazol-1-yl)alkanes, that does not require toxic solvents, hazardous alkali metals, or special experimental techniques and yields the ligands on a multigram scale (Scheme 1). The reaction between imidazole and corresponding dibromoalkanes proceeded smoothly to give ligands C5 and C6 in high yields.




2.2. Synthesis of Coordination Polymers 1–4


The single crystals of the coordination polymers were obtained by heating solutions containing equimolar amounts of zinc or cadmium nitrates and terephthalic acid and a slight excess (10%) of bis(imidazole) ligand C5 or C6. The solvent composition was optimized in each case to achieve the highest yields and best crystallinity of phase pure products, thus, the mixture of DMF and methanol (1:1) was used as solvent except for compound 1, for which pure DMF was used. The crystal structures of the title compounds were established by a single crystal X-ray diffraction method. Phase purity of the precipitates obtained was confirmed by comparison of experimental XRD data and patterns calculated from the crystal structure (see below). The XRD plots for compounds 1–4 are shown in Figures S1–S4 (supplementary materials). Also, all products were characterized by infrared spectroscopy, elemental analysis, and thermogravimetric analysis.



According to the elemental analysis data coordination polymers 1, 2, and 4 contain lattice solvent molecules, their presence was also confirmed by X-ray diffraction analysis. The quantity of the solvent is in accordance with TGA results. The initial weight loss for compounds 1, 2, and 4 occurs in the range 80–200 °C; desolvated polymers are stable up to about 350 °C and decompose rapidly at higher temperatures. The TG plots are shown in Figures S5–S8 (supplementary materials).




2.3. Crystal Structures of Compounds 1–4


The compounds 1 and 2 were found to be isostructural. The asymmetric unit of the compound 1 contains Zn(II) cation, bdc2− anion, C5 ligand, and one DMF molecule. Zinc cation has a distorted tetrahedral coordination environment built by two N atoms of two C5 ligands and two O atoms of two bdc2− anions (Figure 1). Zn–N bond lengths are 1.9987(15) and 2.0273(16) Å. Zn–O bond lengths are 1.9581(14) and 1.9714(12) Å. Carboxylate groups of bdc2− anions are coordinated to Zn(II) cation in a monodentate manner. An uncoordinated carboxylate oxygen atom of one of bdc2− anions is disordered over two positions with s.o.f. 0.412(16)/0.588(16) (Figure 1). Zinc cations are interconnected via bridging bdc2− and C5 ligands to form a metal-organic framework (Figure 2) with a diamond topology (dia) while the overall crystal structure of both 1 and 2 results from a triple interpenetration of such nets (Figure 3). Despite the interpenetration, a moderate guest-accessible volume was found (25.2% according to PLATON calculations [41]), apparently occupied by guest DMF molecules.


Figure 1. Coordination environment of Zn(II) cation in 1 (ellipsoids of 50% probability). Hydrogen atoms are omitted. Symmetry transformations used to generate equivalent atoms: (i) 1 − x, −y, 1 − z; (ii) −x, −y, −1 − z; (iii) −1 + x, ½ − y, −½ + z.
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Figure 2. The projection of the single metal-organic framework in 1 along ac plane. Hydrogen atoms are omitted.
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Figure 3. Crystal packing in 1. Three independent dia subnets are highlighted by different colors. Guest DMF molecules and hydrogen atoms are omitted.
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The compound 2 features almost the same structure with a slight difference in a local coordination environment of Cd(II) cation. Cd(II) cation also coordinates four ligands (2 bdc2− and 2 C5) playing a role of the four-connecting tetrahedral node. The difference is bidentate coordination of carboxylate groups of bdc2− anions (Figure 4) because of larger ionic radius of Cd(II) cation. Cd–N bond lengths are 2.2355(14) and 2.2561(15) Å. Cd–O bond lengths are in range 2.2782(12)–2.4848(13) Å (average 2.37(9) Å). The void volume occupied by guest DMF molecules is 24.8% according to PLATON estimations, similar to that in 1.


Figure 4. Coordination environment of Cd(II) cation in 2 (ellipsoids of 50% probability). Hydrogen atoms are omitted. Symmetry transformations used to generate equivalent atoms: (i) −x, −y, −z; (ii) 1 − x, −y, 2 − z; (iii) −1 + x, ½ − y, −½ + z.
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The asymmetric unit of the structure 3 contains three Zn(II) cations, three bdc2− anions, and three C6 ligands. All Zn(II) cations have similar tetrahedral coordination environment built by two N atoms of two C6 ligands and two O atoms of two bdc2− anions coordinating in a monodentate manner (Figure 5). Zn–O bond lengths are in range 1.98(2)–2.05(3) Å. Zn–O bond lengths are in range 1.94(3)–2.12(3) Å. Zn(II) cations are interconnected via bridging bdc2− and C6 ligands to form a five-fold interpenetrated metal-organic framework (Figure 6) with diamond-like topology dia. This results in a rather dense structure containing no residual solvent accessible voids.


Figure 5. Coordination environment of Zn(II) cation in 3 (ellipsoids of 50% probability). Hydrogen atoms are omitted. Symmetry transformations used to generate equivalent atoms: (i) 1 + x, y, z.
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Figure 6. Structure of metal-organic framework in 3. Hydrogen atoms are omitted.
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The asymmetric unit of the structure 4 consists of a Cd(II) cation, a bdc2− anion, a C6 ligand and a methanol molecule. The Cd(II) cation coordinates four carboxylate O atoms of three bdc2− anions and two N atoms of two C6 ligands (Figure 7). The coordination environment of a Cd(II) cation can be described as distorted trigonal bipyramid where one of equatorial positions is occupied by bidentate carboxylate group of bdc2− anion. Cd–N bond lengths are 2.259(3) and 2.324(4) Å. Cd–O bond lengths lie in range 2.216(3)–2.446(3) Å (average 2.34(10) Å). Two Cd(II) cations are interconnected via two bridging carboxylate groups to form binuclear {Cd2(μ2-OOCR)2(OOCR)2(C6)4} secondary building unit (SBU, Figure 8). Each SBU is joined with eight other SBUs via four bridging bdc2− anions and four bridging C6 ligands to form 8-c uninodal net with a very rare self-penetrated topological type ilc and a point symbol 424.5.63 [42,43]. The crystal packing in 4 is shown on Figure 9. The void volume occupied by guest methanol molecules was calculated to be 14.8% according to PLATON routine.


Figure 7. Coordination environment of Cd(II) cation in 4 (ellipsoids of 50% probability). Hydrogen atoms are omitted. Symmetry transformations used to generate equivalent atoms: (i) 2 − x, 1 − y, −z; (ii) x, 1 + y, z; (iii) 2 − x, 1 − y, 1 − z; (iv) 1 − x, 1 − y, 1 − z; (v) 2 − x, −y, −z; (vi) 1 − x, −y, −1 − z.
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Figure 8. Structure of binuclear {Cd2(μ2-OOCR)2(OOCR)2(C6)4} secondary building unit in 4. Hydrogen atoms are omitted.
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Figure 9. Crystal packing in 4. Hydrogen atoms are omitted.
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The analysis of the chemical compositions and crystal structures of the title compounds could lead to a number of both expected and unexpected conclusions. First of all, the chemical formulas for 1–4 comprise an equimolar ratio of metal and organic ligands, the same as for the starting reaction mixtures. The ratio of one metal cation to two bidentate ligands often facilitates a four-connected network of coordination compounds and this is exactly the case for 1–3. Both Zn(II) and Cd(II) metals possess the d10 electronic configuration and hence no particular coordination geometry is stabilized by a crystal field. Bearing in mind such flexibility of the coordination environment of the metal cations as well as the bisimidazolyl ligands, the formation of diamond-like net (dia) in 1–3 is, therefore, not unexpected as this is the overwhelmingly common topology type for four-connected 3D networks. Surprisingly enough, the compound 4 is based on the completely different eight-connected nodes assembled into a very rare ilc topology. To the best of our knowledge, this compound is only the third case where such topology was identified [42,43]. Since the reaction conditions for the crystals growth of the title compounds were virtually the same, it is not clear what could be the driving force for the formation of such unique network in 4. Nevertheless, relatively high yield and chemical purity suggest that this is likely a thermodynamically stable product rather than a metastable kinetically hindered intermediate. It is worth mentioning that the degree of interpenetration of the dia net in isoreticular frameworks 1–3 correlates with the length of the bridging ligands. Indeed, the shorter C5 ligand in 1 and 2 allows three-fold interpenetration while a somewhat longer C6 affords structure 3 five-fold interpenetration.




2.4. Luminescence Properties


Cadmium(II) and zinc(II) coordination complexes are well known to demonstrate interesting luminescent properties [44,45,46,47], which prompted us to investigate the photoluminescence of title compounds. The powder samples were measured at under as similar conditions as possible (freshly prepared compounds, same procedure of pellet formation, measurements during the same day, etc.) to minimize errors during the direct comparison of the results. The excitation and emission spectra are shown on Figure 10. Emission luminescence spectra with normalized intensities are shown on Figure S13 (supplementary materials). The emission spectra are composed of two major independent components, which could be visualized by the deconvolution of the curves (See Figures S9–S12, supplementary materials). Zinc(II) and cadmium(II) cations (as well as the other metal cations with complete electron shell configuration) are known not to interfere with the ligand-centered luminescence [48], therefore, these two components could be assigned to the terephthalate anion and the imidazolyl moiety, respectively [49,50]. The position of the luminescence emission spectra peak for terephthalate anion is consistent among all four compounds (423–430 nm). The position of the peak of the emission spectra for imidazolyl group depends on the alkyl chain length. For compounds 1 and 2 with shorter C5 ligand it centers near 543–546 nm. For compounds 3 and 4 with longer C6 ligand the luminescence maximum is located at 484–488 nm. Such difference should be attributed to a change of the HOMO–LUMO energy levels of the imidazolyl moieties, separated by a different number of the methylene groups in the alkyl chain. It should be noted, that according to literature data, free imidazolyl ligands demonstrate emission maxima around 495 nm [24].


Figure 10. Excitation and emission luminescence spectra of the compounds 1–4.
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The comparison of the luminescence spectra prompts a number of interesting observations and conclusions. First of all, metal cation does not seem to have an effect on the shape of both excitation and emission spectra. However, a twice greater luminescence intensity for zinc-containing compounds (1 and 3), compared to the corresponding cadmium compounds (2 and 4), implies that the Zn2+ increases the probability of the electron transitions between ligand molecular orbitals, compared to Cd2+. Very interestingly, the length of the alkyl chain greatly affects the relative intensity of the luminescence as well as the ratio between the terephthalate and the imidazolyl components of the spectra. The coordination structures 1 and 2 with pentamethylene chains feature significantly higher intensity of the emission of the imidazolyl component, compared to that of terephthalate. On the contrary, the relative luminescence intensities of both the terephthalate and imidazolyl moieties in 3 and 4, containing hexamethylene chain, are comparable. At this point, it is hard to explain how one methylene group affects the luminescence properties so much. Clearly, detailed spectroscopic studies of the quantum yields and luminescence lifetimes as well as quantum chemical calculations should provide the missing insights on the luminescence properties of the title compounds. Lastly, the crystal structure of the building unit as well as the network topology in 4 does have little effect (if at all) on its luminescence. As it was mentioned above, the differences should be attributed to the chemical composition of the compounds, rather than to the topology of the coordination networks.





4. Materials and Methods


All reagents and solvents were commercially available and used as supplied without further purification.



The FTIR spectra were recorded from KBr pellets in the range 4000–400 cm−1 on Scimitar FTS 2000 Fourier-transform infrared spectrometer. Thermogravimetric analysis (TGA) were performed using TG 209 F1 Iris Thermo Microbalance (NETZSCH) instrument at temperatures between 25 and 600 °C in He atmosphere and heating rate 10 °C/min. Powder X-ray diffraction (PXRD) patterns were measured with Cu-Kα radiation on a Phillips PW 1830 instrument equipped with a vertical Bragg-Bretano powder goniometer and a PW 1710 control unit. Elemental analyses (C, H, N) were performed on the Euro EA CHN Elemental Analyzer. NMR spectra were recorded on Bruker AV300 instrument operating at 300 MHz for 1H and 75 MHz for 13C. The luminescence spectra were recorded on Horiba Jobin Yvon Fluorolog 3 Photoluminescence Spectrometer, equipped by 450 W xenon lamp, excitation/emission monochromator, and FL-1073 PMT detector.



Diffraction data for single crystals of compound 1 and 2 were obtained at 130 K on an automated Agilent Xcalibur diffractometer equipped with a CCD AtlasS2 detector (MoKα, graphite monochromator, ω-scans). Diffraction data for a single crystal of compound 3 and 4 were obtained at 120 K on an automated Agilent GV1000 diffractometer equipped with a CCD AtlasS2 detector (CuKα, rotating anode, ω-scans). Integration, absorption correction, and determination of unit cell parameters were performed using the CrysAlisPro program package [51]. The structures were solved by a direct method and refined by the full-matrix least squares technique in the anisotropic approximation (except hydrogen atoms) using the SHELX-2014 software package [52]. Positions of hydrogen atoms of organic spices were calculated geometrically and refined in the riding model. The data given for 3 are the best we could achieve. Despite our hardest efforts, we were able to isolate only small crystals of the compound which gave modest diffraction. The values of the ratio I/σ(I) at a resolution higher than 1.0 does not exceed 4 (Rint > 0.40). Thus, we were not able to establish a complete crystal structure of a compound 3 that would meet all quality criteria. However, the structure of the metal-organic framework including the local coordination geometry of Zn(II) cations, the conformation of the organic ligand, as well as the connectivity and topology of the coordination network are reliably determined. The crystallographic data and details of the structure refinements are summarized in Table 1. Selected geometric parameters of molecular structures 1–4 are listed in Table 2.



Table 1. Crystal data and structure refinement for 1–4.







	
Compound

	
1

	
2

	
3

	
4






	
Empirical formula

	
C22H27N5O5Zn

	
C22H27CdN5O5

	
C20H22N4O4Zn

	
C21H26CdN4O5




	
M, g/mol

	
506.85

	
553.88

	
447.78

	
526.86




	
T, K

	
130(2)

	
130(2)

	
120(2)

	
120(2)




	
λ, Å

	
0.71073 (MoKα)

	
0.71073 (MoKα)

	
1.54184 (CuKα)

	
1.54184 (CuKα)




	
Crystal system

	
Monoclinic

	
Monoclinic

	
Orthorhombic

	
Triclinic




	
Space group

	
P21/c

	
P21/c

	
P212121

	
P−1




	
a, Å

	
10.73257(16)

	
10.8546(3)

	
15.123(5)

	
9.2444(10)




	
b, Å

	
23.2562(3)

	
23.6261(7)

	
18.806(5)

	
10.0116(8)




	
c, Å

	
9.76351(17)

	
9.6799(3)

	
20.722(4)

	
14.4659(13)




	
α, deg.

	
90

	
90

	
90

	
107.371(8)




	
β, deg.

	
105.3925(17)

	
104.140(3)

	
90

	
91.269(8)




	
γ, deg.

	
90

	
90

	
90

	
116.622(10)




	
V, Å3

	
2349.55(6)

	
2407.21(13)

	
5893(3)

	
1123.1(2)




	
Z

	
4

	
4

	
12

	
2




	
D(calcd.), g/cm3

	
1.433

	
1.528

	
1.514

	
1.558




	
μ, mm−1

	
1.088

	
0.949

	
2.038

	
8.124




	
F(000)

	
1056

	
1128

	
2784

	
536




	
Crystal size, mm

	
0.34 × 0.31 × 0.21

	
0.88 × 0.15 × 0.13

	
0.10 × 0.04 × 0.04

	
0.42 × 0.23 × 0.06




	
θ range for data collection, deg.

	
3.40–30.99

	
3.36–31.14

	
3.62–70.07

	
5.15–74.36




	
Index ranges

	
−15 ≤ h ≤ 14, −32 ≤ k ≤ 32, −14 ≤ l ≤ 9

	
−15 ≤ h ≤ 15, −32 ≤ k ≤ 31, −13 ≤ l ≤ 11

	
−17 ≤ h ≤ 18, −22 ≤ k ≤ 22, −25 ≤ l ≤ 15

	
−11 ≤ h ≤ 11, −10 ≤ k ≤ 12, −17 ≤ l ≤ 15




	
Reflections collected/independent

	
24131/6791

	
24703/6948

	
15255/9867

	
8600/4465




	
Rint

	
0.0160

	
0.0184

	
0.1258

	
0.0568




	
Reflections with I > 2σ(I)

	
6249

	
6270

	
5058

	
4272




	
Goodness-of-fit on F2

	
1.075

	
1.090

	
1.760

	
1.055




	
Final R indices [I > 2σ(I)]

	
R1 = 0.0374, wR2 = 0.1059

	
R1 = 0.0268, wR2 = 0.0607

	
R1 = 0.1719, wR2 = 0.4597

	
R1 = 0.0487, wR2 = 0.1236




	
R indices (all data)

	
R1 = 0.0409, wR2 = 0.1082

	
R1 = 0.0317, wR2 = 0.0628

	
R1 = 0.2661, wR2 = 0.5394

	
R1 = 0.0503, wR2 = 0.1292




	
Largest diff. peak/hole, e/Å3

	
1.227/−0.532

	
1.584/−0.379

	
3.392/−3.531

	
1.790/−1.490










Table 2. Selected bond lengths and angles for 1–4.







	
Compound 1




	
Bond

	
d, Å

	
Bond

	
d, Å




	
Zn(1)–O(11)

	
1.9581(14)

	
Zn(1)–N(11)

	
2.0273(16)




	
Zn(1)–O(21)

	
1.9714(12)

	
Zn(1)–N(14) i

	
1.9987(15)




	
Angle

	
ω, deg.

	
Angle

	
ω, deg.




	
O(11)–Zn(1)–O(21)

	
102.79(7)

	
O(21)–Zn(1)–N(11)

	
117.80(6)




	
O(11)–Zn(1)–N(11)

	
93.57(7)

	
O(21)–Zn(1)–N(14) i

	
112.02(6)




	
O(11)–Zn(1)–N(14) i

	
125.78(6)

	
N(14) i–Zn(1)–N(11)

	
104.57(6)




	
Symmetry transformations used to generate equivalent atoms: (i) x − 1, −y + ½, z − ½.




	
Compound 2




	
Bond

	
d, Å

	
Bond

	
d, Å




	
Cd(1)–O(11)

	
2.2782(12)

	
Cd(1)–O(22)

	
2.4000(13)




	
Cd(1)–O(12)

	
2.4848(13)

	
Cd(1)–N(11)

	
2.2561(15)




	
Cd(1)–O(21)

	
2.3262(12)

	
Cd(1)–N(14) i

	
2.2355(14)




	
Angle

	
ω, deg.

	
Angle

	
ω, deg.




	
O(11)–Cd(1)–O(12)

	
55.05(4)

	
N(11)–Cd(1)–O(21)

	
84.42(5)




	
O(11)–Cd(1)–O(21)

	
91.19(5)

	
N(11)–Cd(1)–O(22)

	
111.99(5)




	
O(11)–Cd(1)–O(22)

	
106.26(5)

	
N(14) i–Cd(1)–O(11)

	
112.06(5)




	
O(21)–Cd(1)–O(12)

	
126.27(4)

	
N(14) i–Cd(1)–O(12)

	
89.67(5)




	
O(21)–Cd(1)–O(22)

	
55.49(4)

	
N(14) i–Cd(1)–O(21)

	
144.03(5)




	
O(22)–Cd(1)–O(12)

	
159.54(5)

	
N(14) i–Cd(1)–O(22)

	
90.73(5)




	
N(11)–Cd(1)–O(11)

	
129.33(5)

	
N(14) i–Cd(1)–N(11)

	
99.61(5)




	
N(11)–Cd(1)–O(12)

	
88.08(5)

	

	




	
Symmetry transformations used to generate equivalent atoms: (i) x − 1, −y + ½, z − ½.




	
Compound 3




	
Bond

	
d, Å

	
Bond

	
d, Å




	
Zn(1)–O(11)

	
2.03(3)

	
Zn(2)–O(23) ii

	
1.95(2)




	
Zn(1)–N(11)

	
2.05(2)

	
Zn(2)–N(24) iii

	
1.99(3)




	
Zn(1)–O(22)

	
2.12(3)

	
Zn(3)–N(14)

	
2.05(3)




	
Zn(1)–N(34) i

	
1.98(2)

	
Zn(3)–O(31)

	
1.98(2)




	
Zn(2)–O(13)

	
1.94(3)

	
Zn(3)–N(31)

	
1.99(2)




	
Zn(2)–N(21)

	
2.01(3)

	
Zn(3)–O(34) iv

	
1.99(3)




	
Angle

	
ω, deg.

	
Angle

	
ω, deg.




	
O(11)–Zn(1)–N(11)

	
105.1(14)

	
O(23) ii–Zn(2)–N(21)

	
108.3(14)




	
O(11)–Zn(1)–O(22)

	
120.9(11)

	
O(23) ii–Zn(2)–N(24) iii

	
109.7(14)




	
N(11)–Zn(1)–O(22)

	
97.4(14)

	
N(24) iii–Zn(2)–N(21)

	
112.5(10)




	
N(34) i–Zn(1)–O(11)

	
111.6(15)

	
O(31)–Zn(3)–N(14)

	
110.4(11)




	
N(34) i–Zn(1)–N(11)

	
112.1(9)

	
O(31)–Zn(3)–N(31)

	
114.5(11)




	
N(34) i–Zn(1)–O(22)

	
108.8(15)

	
O(31)–Zn(3)–O(34) iv

	
115.6(9)




	
O(13)–Zn(2)–N(21)

	
114.4(13)

	
N(31)–Zn(3)–N(14)

	
111.8(9)




	
O(13)–Zn(2)–N(24) iii

	
98.5(14)

	
N(31)–Zn(3)–O(34) iv

	
109.7(11)




	
O(13)–Zn(2)–O(23) ii

	
113.3(10)

	
O(34) iv–Zn(3)–N(14)

	
92.8(12)




	
Symmetry transformations used to generate equivalent atoms: (i) x + 1, y, z; (ii) x, y + 1, z; (iii) x + 1/2, −y + 3/2, −z; (iv) −x + 1, y + ½, −z + 5/2.




	
Compound 4




	
Bond

	
d, Å

	
Bond

	
d, Å




	
Cd(1)–O(11)

	
2.399(3)

	
Cd(1)–O(22) i

	
2.216(3)




	
Cd(1)–O(12)

	
2.446(3)

	
Cd(1)–N(11)

	
2.324(4)




	
Cd(1)–O(21)

	
2.287(3)

	
Cd(1)–N(21)

	
2.259(3)




	
Angle

	
ω, deg.

	
Angle

	
ω, deg.




	
O(11)–Cd(1)–O(12)

	
54.22(9)

	
O(22) i–Cd(1)–N(21)

	
108.86(11)




	
O(21)–Cd(1)–O(11)

	
90.18(10)

	
N(11)–Cd(1)–O(11)

	
83.89(11)




	
O(21)–Cd(1)–O(12)

	
86.53(10)

	
N(11)–Cd(1)–O(12)

	
91.99(12)




	
O(21)–Cd(1)–N(11)

	
173.57(11)

	
N(21)–Cd(1)–O(11)

	
110.33(11)




	
O(22) i–Cd(1)–O(11)

	
139.13(10)

	
N(21)–Cd(1)–O(12)

	
164.17(12)




	
O(22) i–Cd(1)–O(12)

	
86.97(10)

	
N(21)–Cd(1)–O(21)

	
90.41(11)




	
O(22) i–Cd(1)–O(21)

	
100.73(10)

	
N(21)–Cd(1)–N(11)

	
89.32(13)




	
O(22) i–Cd(1)–N(11)

	
85.42(12)

	

	




	
Symmetry transformations used to generate equivalent atoms: (i) −x + 2, −y + 1, −z.










1,5-Bis(imidazol-1-yl)pentane (C5). A suspension of 1.36 g (20 mmol) of imidazole, 1.68 g (30 mmol) of powdered KOH in 5 mL of DMSO was vigorously stirred at 80 °C during 30 min. The reaction flask was then immersed in a cold water bath and, after cooling to room temperature, 2.30 g (10 mmol) of 1,5-dibromopentane in 5 mL of DMSO was added dropwise during 30 min. After the addition was completed, the reaction mixture was stirred and refluxed overnight, then it was quenched with 200 mL of water and evaporated in vacuum on a rotary evaporator. The resulting viscous residue was treated by ethyl acetate to extract the product. Removal on ethyl acetate gave the product as light-yellow oil. Yield 88%. IR bands (cm−1): 1578, 1466, 1433, 1430 (Im). NMR 1Н (CDCI3), δ, ppm: 1.05 (q, 2Н, ImСН2СН2СН2, J 7.5 Hz), 1.56 (q, 4Н, ImСН2СН2СН2, J 7.5 Hz), 3.67 (t, 4Н, ImСН2СН2СН2, J 7.5 Hz), 6.66 (2Н, H4-Im), 6.78 (2Н, H5-Im), 7.20 (2Н, H2-Im). NMR 13С (CDCI3), δ, ppm: 22.9 (ImСН2СН2СН2), 29.8 (ImСН2СН2СН2), 46.0 (ImСН2СН2СН2), 118.2 (Im-C5), 128.5 (Im-C4), 136.4 (Im-C2).



1,6-Bis(imidazol-1-yl)hexane (C6) was prepared similarly to compound C5 using 1,6-dibromohexane as alkylating agent. Yield 86%. IR bands (cm−1): 1562, 1507, 1462, 1349 (Im). NMR 1Н (CDCI3), δ, ppm: 0.97 (q, 4Н, ImСН2СН2СН2, J 6.5 Hz), 1.43 (q, 4Н, ImСН2СН2СН2, J 6.5 Hz), 3.59 (t, 4Н, ImСН2СН2СН2, J 6.5 Hz), 6.60 (2Н, H4-Im), 6.71 (2Н, H5-Im), 7.14 (2Н, H2-Im). NMR 13С (CDCI3), δ, ppm: 25.0 (ImСН2СН2СН2), 30.2 (ImСН2СН2СН2), 46.1 (ImСН2СН2СН2), 118.0 (Im-C5), 128.5 (Im-C4), 136.5 (Im-C2).



Synthesis of [Zn(bdc)(C5)]·DMF0,6·H2O0,4 (1): A mixture of Zn(NO3)2·6H2O (30 mg, 0.1 mmol), terephthalic acid (17 mg, 0.1 mmol), C5 (18.5 µL, 0.11 mmol) and DMF (4 mL) was mixed and heated at 100 °C for 24 h in a screwed-cap glass vial. The obtained brownish crystals were filtered, washed with DMF (1 mL, three times) and dried in air flow for 10 min. Yield: 43 mg (89% based on Zn). Elemental analyses. Calculated for C20,8H25,2N4,6O5,1Zn (%): C 51.5; H 5.2; N 13.3. Found (%): C 51.2; H 5.3; N 13.3. TG analysis. Found: 10% solvent weight loss. Calculated for 0.6(DMF) + 0.4(H2O): 10%. IR bands (cm−1): 3450 (w), 3125 (m), 3055 (w), 2942 (m), 2864 (w), 1956 (w), 1605 (s), 1532 (m), 1500 (m), 1455 (m), 1348 (s), 1236 (s), 1095 (s), 1015 (m), 955 (s), 826 (s), 749 (s), 656 (s), 629 (m), 570 (m), 514 (m).



Synthesis of [Cd(bdc)(C5)]·DMF (2): Cd(NO3)2·4H2O (31 mg, 0.1 mmol), terephthalic acid (17 mg, 0.1 mmol), and C5 (18.5 µL, 0.11 mmol) were mixed in methanol (2 mL) and DMF (2 mL) and heated at 100 °C for 24 h in a screwed-cap glass vial. The obtained colorless crystals were filtered, washed with DMF (1 mL, three times) and dried in air flow for 10 min. Yield: 46 mg (83% based on Cd). Elemental analysis. Calculated for C22H27CdN5O5 (%): C 47.7; H 4.9; N 12.6. Found (%): C 47.7; H 5.2; N 12.7. TG analysis. Found: 13% solvent weight loss. Calculated for 1(DMF): 13%. IR bands (cm−1): 3422 (w), 3110 (m), 2939 (m), 2864 (w), 1670 (s), 1560 (s), 1527 (m), 1444 (m), 1388 (s), 1296 (m), 1236 (m), 1098 (s), 1014 (w), 943 (m), 890 (w), 837 (s), 753 (s), 657 (s), 526 (s).



Synthesis of [Zn(bdc)(C6)] (3): A mixture of Zn(NO3)2·6H2O (30 mg, 0.1 mmol), terephthalic acid (17 mg, 0.1 mmol), and C6 (20 µL, 0.11 mmol) were mixed in methanol (2 mL) and DMF (2 mL) and heated at 100 °C for 24 h in a screwed-cap glass vial. The obtained colorless crystals were filtered, washed with DMF (1 mL, three times) and dried in air flow for 10 min. Yield: 32 mg (71% based on Zn). Elemental analysis. Calculated for C20H22N4O4Zn (%): C 53.6; H 5.0; N 12.5. Found (%): C 53.0; H 5.0; N 12.5. IR bands (cm−1): ν = 3446 (w), 3122 (m), 3050 (w), 2948 (m), 2868 (w), 1952 (w), 1604 (s), 1528 (m), 1498 (m), 1454 (w), 1353 (s), 1243 (m), 1110 (s), 952 (m), 886 (w), 826 (s), 757 (s), 656 (s), 622 (w), 583 (w), 517 (w).



Synthesis of [Cd(bdc)(C6)]·MeOH (4): The compound was prepared similarly to 2, using C6 ligand (20 µL, 0.11 mmol) instead of C5. Yield: 41 mg (78% based on Cd). Elemental analysis. Calculated for C21H26CdN4O5 (%): C 47.9; H 5.0; N 10.6. Found (%): C 48.2; H 4.7; N 11.0. TG analysis: Found: 6% solvent weight loss. Calculated for 1(MeOH): 6%. IR bands (cm−1): 3411 (m), 3129 (m), 3046 (w), 2936 (m), 2861 (w), 2817 (w), 1855 (w), 1562 (s), 1522 (m), 1446 (m), 1379 (s), 1293 (m),1237 (m), 1090 (s), 1035 (m), 939 (m), 888 (w), 835 (s), 751 (s), 657 (s), 557 (w), 517 (m).




5. Conclusions


In summary, we reported the new convenient multi-gram scale synthesis of two bisimidazolyl molecules with flexible nature and four coordination polymers based on these molecules, Zn(II)/Cd(II) cations as well as terephthalate ligands. Three compounds feature very common four-connected diamond-like topology (dia), which could be anticipated, contrary to the other compound with a very rare ilc topology based on eight-connected nodes. All compounds feature ligand-based luminescence properties in the solid state with two independent emission sources. The detailed analysis of the luminescence spectra reveals the major influence of the chemical composition on the optical properties of the materials. Strikingly, the experimental data indicate that varying of the length of the alkyl chain of bis(imidazole) ligand by just one methylene unit greatly affects the relative luminescence intensity of the terephthalate anion compared to that of imidazolyl moiety.
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Scheme 1. Synthesis of the ligands in a superbasic medium. 
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