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Templating Effect of Trans-2,5-dimethylpiperazine (TDMP) on the Structure Dimensionality of Hybrid Metal Halides

 2-. Despite different crystal structures (space-groups, inorganic frameworks,…), the dimensionalities (from 0D to 2D) of the inorganic networks of these 13 hybrid materials could be rationalized according to only two parameters: the oxidation states (+1 or +2) and the coordination sphere (tetrahedron or octahedron) of the metal ions. The luminescence properties of the new hybrid silver bromide have been analyzed and discussed by comparing the luminescence mechanisms of the other previously reported trans-2,5dimethylpiperazine-1,4-diium metal halides.

Introduction

The templating effect of N-based compounds has been of great importance in modern chemistry for the directed synthesis of zeolites, metal phosphates, polyoxometalates or Metal Organic Frameworks with diverse physical and chemical properties. [1][2][3][4][5][6] This approach, firstly developed in the 1960s with organic groups encapsulated in zeolite structures, was then generalized to other microporous crystalline solid phases with diverse dimmensionalities. 4 The organic species, which are supposed to be chemically and thermally stable in the medium, usually contribute to the stability of the inorganic framework through van der Walls interactions or H-bonding and play the role of charge compensator of the negatively charged inorganic network. Thus, the size, shape and charge of the organic cations are key parameters influencing the templated assemblies.

In addition to the size of voids in porous materials, the organic structure-directing agents have also an influence on the dimensionality of the inorganic frameworks and the resulting physical properties. However, the role of the templates on this dimensionality has been little discussed up to now. Thus, the hydrogen bonding has been reported to influence the variable modes of condensation of metal centered polyhedra in hybrid compounds such as organoammonium-molybdenum oxide phases. 2 By bridging preferentially to the terminal or to oxo groups through H-bonding, the template molecules can influence the propagation of the connectivity in different directions. However, a complete understanding of the structural role of the organic cations is still not available because a large diversity of dimensionalities can be observed when the same quartenary amine is used for different inorganic components.

In this context, we decided to investigate the role of one single template on the dimensionalities of different inorganic frameworks. The trans-2,5-dimethylpiperazine was used as structure directing agent for different metal halides. This amine was recently used in combination of different metal halide anions to reach high quantum yield and record color rendering of white light emissions. 

Structure determination

Structure determinations of compounds 4 (CCDC 1424480), 5 (CCDC 1424481), 11 (CCDC 1424485), 12 (CCDC 1424486), and 13 (CCDC 1424487) were carried out from single-crystal X-ray diffraction with a Bruker-Nonius Kappa CCD diffractometer with monochromated Mo K radiation. Absorption corrections were carried out with SADABS. 14 Direct methods were used to determine the crystal structures and were completed by Fourier difference syntheses with SIR2004. 15 The refinement of the crystal structures with anisotropic displacement parameters was carried out using SHELXL-2013. 16 The CIFs were compiled with Olex2.12. 17 Additional symmetry elements were checked with the program PLATON. 18 Crystallographic data for these compounds are summarized in Table 1. 

Photoluminescence properties

Photoluminescence spectra were collected using a Fluorolog-3 spectrofluorometer from Horiba. 450W Xe light was used as excitation source.

Results and discussion
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Please do not adjust margins 13)) isolated between cationic TDMP (Figure 3). The ratio of organic cation: inorganic anion is Owing to the recent interest in the photoluminescence properties of hybrid metal halides compounds based on TDMP, [7][8][9][10]12,13 the solid-state photoluminescence properties of silver bromide compound 13 have been investigated. [19][20][21] The compound 13 exhibits an emission at 550 nm under excitation at 254 nm (Figure 4). Since the free amine shows no photoemission, this emission can be assigned to the inorganic layers. Interestingly, this yellow emission is similar to the one of the previously reported zinc bromide (compound 2). 10 In the latter compound, the photoemission was associated with the formation of V k centers. Such V k centers could also be created within the dimeric edge-sharing metal halide units without significant deformation of the layers (Figure 4). 

Influence of the metal halide building units on the dimensionality

The hybrid compounds 1-13 are built of metal halide complexes in tetrahedral or octahedral environments, and This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins TDMP. During the hydrothermal synthesis, the condensation of metal halide polyhedral anions can occur and leads to 0D (compounds 1-5), 1D (compounds 6-10) or 2D (compounds 11-13) inorganic frameworks. In these materials, theTDMP cation plays the role of organic structure-directing agent. As previously reported for other templates, this cation influences the inorganic assembly by its size, shape and charge. However, the dimensionality is also related to the charge of the inorganic anions. Thus, the oxidation states of the metal ions and their coordinations are two important parameters influencing the dimensionality in this chemical system: (i) M 2+ ions in tetrahedral MX 4 units crystallize in 0D compounds, (ii) M 2+ ions in octahedral MX 6 units crystallize in 1D compounds and (iii) M + ions in tetrahedral MX 4 units lead to layered compounds (Table 2 and Figure 5). For example, copper halides crystallize, with the same organic template, in a 0D crystal structure (compound 4) when Cu ions are in the oxidation state +2 in CuBr 4 tetrahedral units, a 1D crystal structure (compound 9) when Cu ions are in the oxidation state +2 in CuCl 6 octahedral units, or a 2D crystal structure (compound 11) if Cu ions are in the oxidation state +1 in CuBr 4 tetrahedral units. It is worth noting that the two copper bromide materials can be identified in the same sample and can also be synthesized within the same conditions. The charges are relatively uniform in the anionic MX n units and cationic TDMP units (i.e. no polarity). In addition, the volumes of both MX n and TDMP units are similar. For these reasons and in order to satisfy electrostatic interactions, the volumes occupied by anions and cations in the crystal structure can be expected to be similar. As the oxidation state of the metal ions differ, the anionic MX n units have different charges. In the crystal structure, this charge must be balanced with the fixed charge of the cationic templates. To balance the charges and the different volumes occupied by cations and anions, the condensation of inorganic anions can occur. This condensation also modifies the dimensionality of the inorganic network. For tetrahedral anions with M 2+ , the [MX 4 ] 2-units have a charge equal and opposite to the ones of the organic cations. As cations and anions occupy similar spaces and have opposite charges, they can crystallize in the ratio 1:1 and be isolated in an hydrogen bond network (i.e 0D structure). For octahedral anions with M 2+ , the charge of [MX 6 ] 4-units is twice the ones of the organic cations. Previously, the influence of the templating agents on the dimensionality of the crystal structures has been discussed by comparing the effect of different amines on the polyhedral connectivity. [22][23][24] From our results, one can conclude that the synergy between the organic templates and the inorganic frameworks is also important to consider. Thus, significant differences in the dimensionality can be observed for the same organic template and similar inorganic constituents. 
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Conclusions

The templating effect of the trans-2,5-dimethylpiperazine on hybrid compounds built with different metal halides has been investigated. Thirteen compounds based on different metals (Zn, Co, Cu, Cd, Ag, Pb, and Sn) and different halogens (Cl, Br) lead to very different structures but the dimensionalities of the inorganic network of all thirteen materials were shown to be dependent on only two key parameters: the oxidation states and the coordination sphere of the metal ions. Thus, the tetrahedral M 2+ X 4 , the octahedral M 2+ X 6 , and the tetrahedral M + X 4 lead, respectively, to 0D, 1D and 2D crystal structures.

We believe this analysis of thirteen compounds illustrates well the tendency of metal halide building units to condensate into high dimension inorganic networks in order to balance both the size and charges of organic cations vs. inorganic anions. Thus, this work shows that, in the future, a better understanding of the synergy between inorganic components and organic templates would enable a better design of materials with specific properties.

  MX 4 building units (Compounds (1-5)). The crystal structures of compounds 1-5 are built of anionic [MX 4 5)), and TDMP. The ratio of organic cation: inorganic anion is 1:1 for all compounds. Compounds 1-3 crystallize in the space-group C2/c (Figure 1(a)). The bond lengths in the tetrahedral anionic units are 2.2546(12) Å < d Zn-Cl < 2.2837(11) Å for 1, 2.3965(6) Å < d Zn-Br < 2.4248(6) Å for 2, and 2.2605(9) Å < d Co-Cl < 2.2854(8) Å for 3. Compound 4 crystallizes in the space-group P-1 (Figure 1(b)). The bond lengths in the tetrahedral [CuBr 4 ] 2-anionic units are 2.3667(7) Å < d Cu-Br < 2.3890(7) Å. Compound 5 crystallizes in the spacegroup Pnma (Figure 1(c)). The bond lengths in the tetrahedral [CdBr 4 ] 2-anionic units are 2.5325(11) Å < d Cd-Br < 2.6167(7) Å.

Figure 1 .

 1 Figure 1. Representation of the 0D crystal structures for (a) compounds 1-3, (b) compound 4, and (c) compound 5.

Figure 2 .

 2 Figure 2. Representation of the 1D crystal structures of (a) compounds 6-8 (Due to structural disorder, the amines cannot be localized by X-ray diffraction -the chains of [MX 4 ] 2-units are ordered for clarity), and (b) compounds 9-10.

Figure 3 .

 3 Figure 3. Representation of the 2D crystal structures for compounds 11-13. Photoluminescence

Figure 4 .

 4 Figure 4. Photoluminescence properties of compound 13 ( exc = 254 nm) and mechanism with the formation of Vk centers.

Figure 5 .

 5 Figure 5. Classification of the dimensionalities of the inorganic network of the hybrid metal halides according to the oxidation states and the coordination polyhedron of the metal ion.

Table 1 .

 1 Crystallographic data for compounds 4-5 and 11-13

		4	5	11	12	13
	Space group	P-1	Pnma	P21/c	P21/c	P21/c
	a/Å	7.20781(14)	13.7873(5)	8.0150(4)	7.8025(3)	7.9147(16)
	b/Å	7.23746(13)	14.7844(10)	7.8040(2)	7.7952(4)	8.0914(16)
	c/Å	13.4221(2)	6.9901(3)	12.2864(2)	12.6471(6)	12.985(4)
	α/°	92.2638(15)	90	90	90	90
	β/°	97.7120(17)	90	117.617(2)	119.124(4)	118.58(2)
	γ/°	90.2231(16)	90	90	90	90
	V (Å 3 )	693.28(2)	1424.84(13)	680.94(4)	671.97(6)	730.2(4)
	Z	2	4	4	4	4
	Radiation	Mo Kα	Mo Kα	Mo Kα	Mo Kα	Mo Kα
	2Θ range for data collection/°	12.82 to 56.18	12.84 to 61	12.86 to 66.6	12.82 to 56.96	13 to 55.2
	Reflections collected	22934	25708	25270	13666	12933
	Data/restraints/parameters	3354/0/118	2219/0/63	2602/0/64	1681/0/63	1669/0/64
	Goodness-of-fit on F 2	1.044	1.039	1.060	1.029	1.036
	Final R indexes [I>=2σ (I)]	R1 = 0.0318 wR2 = 0.0778	R1 = 0.0425 wR2 = 0.0815	R1 = 0.0361 wR2 = 0.0866	R1 = 0.0382 wR2 = 0.0993	R1 = 0.0314 wR2 = 0.0741
	Largest diff. peak/hole / e Å -3	0.85/-0.76	1.77/-1.63	1.87/-1.84	1.15/-1.15	1.35/-1.49

Table 2 .

 2 Comparison of dimensionalities and oxidation states of metal ions in compounds 1-13.

	Compound	Anion	Coordination polyhedron	Oxidation state of the metal ion	Dimensionality	Space-group	Reference
	1 2 3 4 5 6 7 8 9 10 11 12 13	2-2-[ZnBr 4 ] [ZnCl 4 ] 2-[CoCl 4 ] 2-[CuBr 4 ] 2-[CdBr 4 ] [PbCl 4 ] 2-[PbBr 4 ] 2-[SnBr 4 ] 2-2-[CuCl 4 ] 2-[CdCl 4 ] [CuBr 2 ] -[AgCl 2 ] -[AgBr 2 ] -	Tetrahedron Tetrahedron Tetrahedron Tetrahedron Tetrahedron Octahedron Octahedron Octahedron Octahedron Octahedron Tetrahedron Tetrahedron Tetrahedron	+2 +2 +2 +2 +2 +2 +2 +2 +2 +2 +1 +1 +1	0D 0D 0D 0D 0D 1D 1D 1D 1D 1D 2D 2D 2D	C2/c C2/c C2/c P-1 Pnma P-42 1 m P-42 1 m P-42 1 m C2/c C2/c P2 1 /c P2 1 /c P2 1 /c	10 10 11 This work This work 12 7 8 13 13 This work This work This work
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