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    Synthesis, crystal structures, high-temperatures phase transition, optic and electric properties of hybrid halogenometallates: [(CH3)(3)N(CH2)(2)Br](2)[(MBr4)-Br-II] (M = Cu, Zn)

Introduction

Solid-to-solid phase transition materials, with a significant number of promising applications such as switchable dielectric devices, shape memory, communication, signal processing, superelasticity and ferroelectric field-effect transistors have attracted special attention, owing to their excellent physical properties [1-8]. Although many researchers have been focused on the exploration of phase transition properties, it is still challenging to predict the formation of such materials combining excellent properties, such as the thermal capacity, photoelectric switches, magnetic, ferroelastic and nonlinear optical (NLO) properties [9][10][11][12][13][14][15]. Preparing new materials is crucial not only for the theoretical illustration of structure-property relationship but also for the exploration and exploitation of novel properties. One of the most viable approaches is to construct solid-to-solid phase transition materials induced by temperature, of which the structures change from the non-centrosymmetric to centrosymmetric phases. Fortunately, organic-inorganic hybrids have the advantage of adjustability to design and synthesize new phase transition materials with anticipated physical properties such as sensors and NLO responses [16][17][18][19][20]. Due to the advantages of convenient processing, light weight, diverse structures, discrete metal-halides anions and organic cations, the hybrid molecular systems are relatively more interesting [21][22][23][24]. The flexibility of organic structural moieties would enable remarkable structural changes, while inorganic frameworks account for superior electronic and optical properties.

Recently, many researchers have showed that the organic-inorganic hybrid halogenometallates have been proven to be excellent candidates to prepare phase transition materials In order to investigate this type of materials, we tried to build some new hybrid compounds with high-temperature phase transition. In this study, two molecular inorganicorganic halogenometallates compounds [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [M II Br 4 ] (M = Cu, Zn) were synthesized and characterized. Meanwhile, crystal structures of (1) and ( 2), phase transition temperatures, optic and electric properties have been reported. 

Experimental section

Single-crystal data collection and structure determination

The single-crystal X-ray diffraction data of compounds ( 1) and ( 2 data collections and refinement parameters of the crystal structures are listed in Table 1. The relevant selected bond lengths and angles are summarized Tables S2-S4.

Spectroscopies studies

Electrical measurements

Electrical measurements were performed on pellet disks of about 8 mm in diameter and 1 mm in thickness with SOLARTRON SI 1260 impedance equipment coupled to a dielectric interface in the 223-413 K and 1-10 6 Hz temperature and frequency range.

Optical properties

The UV-vis diffuse reflectance spectrum was measured at room temperature using a Shimadzu-type 3101 PC UV spectrophotometer equipped with a double beam monochromator covering the spectrum range from 200 nm to 800 nm. This technique allows determining the absorbance (A) and reflectance (R) of material. Thermogravimetric analysis (TGA) of the two compounds (1) and (2) were performed on raw powders with a TGA 'SETSYS Evolution' under air flow. The thermograms were collected on 10.3 mg sample in the RT-950K range (heating rate of 10 K.min -1 ). The organic species interact with the inorganic entities via C-H⋯Br hydrogen bonds. Selected bond lengths and angles are given in Table S3. The crystal structure can be described as alternating of S4. Finally, the organic and inorganic layers are connected by C-H•••Br by hydrogen-bonding interactions to produce a 3D framework. in agreement with the decomposition of the amine entity, the partial decomposition of the copper bromide and the formation of copper oxide CuO. For compound (2), the main weight loss can be attributed to the decomposition of the amine group together with the bromide is removed to support the charge neutrality (observed weight loss, 69.35%; calculated weight loss, 68.69%). The last transformation starts at about 700 K and corresponds to the formation of zinc oxide ZnO. The thermal stability analysis shows that ( 1) and ( 2) compounds are stable enough during the phase transition processes.

Thermal measurements

Results and discussion

Thermal analysis

Optical properties

For new compounds, it is of fundamental importance to study the optical of ( 1) and ( 2 the corresponding optical band gap can be defined as 2.30 eV and 4.87 eV for (1) and ( 2), respectively (Figure 5) and indicates that ( 1) is a semiconductor and potential optoelectronic candidate [49]. The difference of gap energy between these compounds can be attributed to the change of metal where the semiconducting property is closely related with the structural assembly, that is the connectivity model of the inorganic framework, where the band gap shows the rules of "corner-sharing < edge-sharing < face-sharing" [50,51].

Electrical properties

Impedance spectroscopy

Generally, materials with structural phase transitions display a variety of physical properties accompanied by anomalies as responses. The temperature-dependent electric properties can be characterized and confirmed the thermal anomalies. The two transition temperatures in the sample (1) are close and then it is difficult to take several electrical measurements in a weak temperature range. In the following, we can assume that these two peaks correspond to a single transition. 2) as a function of temperature. The radius of the semi-circles after 333K decreases with increasing temperature indicating that the conductivity is thermally activated. Below 333K, the conduction of the two compounds is not activated thermally (Fig. 6 (a) and 7 (a)) which proves the peak at 330K observed in the thermal properties of the compound (2). This result evidences the characteristic of a metallic conduction: when the temperature increases, the density of conduction electrons remains constant, but the thermal agitation increases the frequency of the collisions and thus decreases the conductivity [52]. The good conformity between the experimental and theoretical curves (figure 6 and 7) confirms the right choice of equivalent circuit based in the Z-View logical. This circuit is described by two cells in series, each one consisting of a resistance (R) parallel to a fractal capacity (CPE). These cells are attributed to the grain and grain boundaries effects.

The resistivity of the grain (R g ) is used to calculate the conductivity of the grain (σ g ) by the following relation:

σ σ σ σ g =e/R g *S
where (e/S (cm -1 )) represents the sample geometrical ratio.

The temperature dependence of the conductivity ln(σ g ) (Figure 6 and 7 (d)) is described by the Arrhenius law and shows a change of the slope near T 1 for the compound (1) and near T 2 , T 3 and T 4

for the compound (2) which confirms the transitions temperatures observed in the thermal study.

The calculated activation energies from linear fits to the data points are E aII =0.65eV and E aI =0.70eV

for (1) and E aIV =0.92eV, E aIII =0.70eV and E aII =0.52eV for the compound [START_REF] Lines | Principles and applications of ferroelectric and related materials[END_REF]. The comparison between the conductivity σ g of two compounds shows that the compound (1) is more conductive.

AC conductivity and conduction mechanism

AC conductivity at various temperatures and frequencies of the two synthesized compounds is shown in figures 8 and 9 (a, b). Weak temperature dependence and strong frequency dependence effects are observed in these spectra. The values of conductivities of the (1) vary in the range 10 -5 -10 -4 Ω -1 cm -1 which is higher than the observed conductivities of the sample (2) (10 -8 -10 -7 Ω -1 cm -1 ).

This result confirms the value of gap energy of the sample (1) and shows their semiconducting character. The Ac conductivities curves show two dispersion domains attributed to the grain and grain boundary response at higher and lower frequencies, respectively. These curves are simulated with Jonscher's power law:

σ ac = σ dc + Aω s [53]
This simulation allows to determinate the exponent (S) which describes the degree of interaction of charge carriers with their environment, charges, and impurities [54]. Based in the Elliot Theory 

Conclusion

In -The thermal analysis proves two transitions phase in the (1) sample and four transitions phase in the (2) sample.

-The optical and electrical show that the Cu-based compound is a semiconducting and can be used in the application of the photovoltaic cells.

-The all phase transitions are confirmed by the electrical properties.

  [25]. Indeed, the motion and reorientation of the organic cations and deformation of the anionic framework were confirmed to easily induce the phase transitions. For instance, a series of hybrid molecular halogenometallates (C 10 H 16 N) 2 MnBr 4 [26], (C 6 H 13 NH) 2 ZnBr 4 [27], [(C 6 H 14 )NH 2 ] 2 CuBr 4 [28], [BnNMe 2 R]CdBr 4 ((BnNMe 2 R) : heteroleptic ammonium cation) ; (Bn = benzyl; R = Me or n-Pr) [29], have been successfully constructed and exhibited a series of distinct physical properties such as high Curie temperature, strong luminescence, switchable dielectric responses, electric and magnetic ordering properties, ferroelectric, strong piezoelectric coefficient and fast polarization switching behaviour. Other hybrid halogenometallates compounds have also been prepared by the spherical components organic amine, which is considered to be structure-directing agent and easily induces the phase transition properties [30]. For example, [(CH 3 ) 2 NH 2 ]M II (HCOO) 3 (M = Mn, Fe, Co and Ni) [31], driven by order-disorder transformations of organic moieties, has been reported to exhibit structural phase transition in the range of 160-185 K. Among many types of the various hybrid halogenometallates, crystals with the formula A 2 MX 4 (A = organic amines; M = bivalent metal; X = Cl, Br or I) often exhibit various successive structural phase transitions and lead to a multifunctional material with excellent multiferroic properties. Especially, compound [(CH 3 ) 4 N] 2 ZnBr 4 , which belongs to the A 2 MX 4 family, with the structural phase transitions observed at 100K and 287 K related of the motion of the organic cations thus generating perfect ferroelastic properties [32]. However, the low temperature phase transitions have limited the applications that are more compatible with high temperature [33]. Therefore, the design and synthesis of molecular hybrid halogenometallates with high phase transition temperatures have become a new challenge [33]. Among them, the T c of compounds [(CH 3 ) 3 NCH 2 Cl] 2 [CoBr 4 ]) (1), and [(CH 3 ) 3 NCH 2 Br] 2 [ZnBr 4 ]) (2) (T c ~387 K), obviously shows that the values of T c increase when different halogens are introduced with the cations [34-35]. It is expected that the long organic chains can help us to explore the individual function of organic cations and its influence on electrical conductivity [36].

  ) were collected at 150 K on a D8 VENTURE Bruker AXS diffractometer equipped with a (CMOS) PHOTON 100 detector, Mo-Kα radiation, and processed with the APEX 3 program suite [37]. The used X-ray wavelength was the Mo-Kα radiation (λ = 0.71073 Å). Frames integration and data reduction were carried out with the program SAINT [38]. The program SADABS [39] was employed for multiscan-type absorption corrections. Structures were determined by dual space methods using the SHELXT program, [40] and refined with full-matrix least-square methods based on F 2 (SHELXL-2014) [41] through the WinGX program suite [42]. Non hydrogen atoms were refined anisotropically. Hydrogen atoms were positioned geometrically and allowed to ride on their parent atoms, with C-H = 0.98 Å. The graphics program Diamond [43] was used to draw the structures. Crystallographic data, details on

  Differential scanning calorimetry (DSC) measurements were recorded on raw powders with NETZCSCH DSC 200 F3 instrument (Pt crucibles, Al 2 O 3 as a reference) under nitrogen atmosphere. The DSC measurements of [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [M II Br 4 ] (M = Cu, Zn) were carried out in the temperature range from 200K to 433K with heating and cooling rate of 5 K.min -1 .

  ) 3 N] + cation, the bond lengths of C-C and C-N are in the range from 1.495(3) Å to 1.520(3) Å. The C-N-C and N-C-C angles are in the range of 107.35(2) ° to 114.31(2)°. All bond lengths and bond angles fall within the normal ranges [34-35].

( 2 -

 2 bromoethyl)trimethylammonium cations and tetrabromocuprate(II) anions. The latter are alternated with organic parts forming infinite zigzag chains that run parallel to the a-axis (Figure 1(b)). The terminal Br atoms of the [Br(CH 2 ) 2 (CH 3 ) 3 N] + cations participate also in building intramolecular hydrogen bonds, in which the distances C3•••Br fall in the range of 3.640 (3) -3.831 (3) Å, and the C-H•••Br bond angles range from 124° to 136 °. Otherwise the four Br atoms of [CuBr 4 ] 2-anions serve as acceptors and form C-H•••Br hydrogen bonds with the organic cations. These weak interactions result in the formation of 3D supramolecular assembly architecture. The asymmetric unit of [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [ZnBr 4 ] (2) is composed of four discrete [ZnBr 4 ] 2- anions and eight [Br(CH 2 ) 2 (CH 3 ) 3 N] + cations (Figure 2(a)). The Zn II ions adopt the distorted tetrahedral geometry with the Zn-Br bond lengths in the range of 2.3895(14) Å to 2.4298(15) Å. The bond angles of Br-Zn-Br are in the range from 106.37(6)° to 113.17(6)°. Moreover, the threedimensional view of the crystal structure along the b-axis shows the inorganic anion organized as sheet of isolated tetrahedral ZnBr 4 moieties forming a zero dimensional network. Meanwhile, the interlayer spacing between these sheets is occupied by the organic chains [Br(CH 2 ) 2 (CH 3 ) 3 N] as shown in Figure 2 (b). Organic cations neutralize the negative charge of the anionic part. The C-C and N-C bond lengths vary from 1.457 (13) to 1.530 (11) Å. The selected bond lengths and bond angles within the cationic part indicate that the N-C, C-C distances and the N-C-C, C-N-C, Br-C-C angles are comparable with those observed in other similar hybrid metal-halides with the same organic cation [34-35]. There are intra-and intermolecular hydrogen bonds in the crystal of [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [ZnBr 4 ] (2), with C-H•••Br distances varying from 3.565 (10) to 3.989 (12) Å. The C-H•••Br bond angles are in the range of 111 to 175°. The hydrogen bonding data are summarized in Table

Figures 3 a

 3 Figures 3 a and b show the DSC curves of samples (1) and (2) which depicts two endothermic peaks at T 1 =368 K and T 2 =385K for (1) and four endothermic peaks at T 1 =283K, T 2 =330K, T 3 =368K and

  ) for potential application in the future. The measurements of UV/Vis diffuse reflectance and absorption spectra were carried out. The band gap type, direct band gap or indirect band gap, are highly related to the optical absorption characteristics. The absorption spectra for (1) and (2) (inset in figures 5 a and b) clearly display a sharp peak at (210 nm) of (2) and a most intense peak at (340 nm) of (1) in the ultraviolet spectral region, suggesting a direct band gap [46, 47]. According to Tauc equation [48],

Figure 6

 6 Figure 6 and 7 (a, b and c) show the Nyquist diagram of the samples (1) and (2) as a function of

[ 55 ]

 55 , the behavior of this exponent (Figure8and 9 (c)) as a function of the temperature was used to determine the origin of the conduction mechanism. For sample (1) (figure 8 (c)), the two phases are described by NSPT model where the exponent (S) increases with increasing temperature. For the sample (2) (figure 9 (c)), the exponent (S) increase with increasing temperature in the phase I and II which indicate that the NSPT model described well the conduction in these phase. The third and fourth phases are described by CBH model where the exponent decreases with increasing temperature.

Fig. 1 .

 1 Fig.1. (a)-The asymmetric unit of [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [CuBr 4 ] (1) ; (b)-View of [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [CuBr 4 ] (1) along the b-axis.

Fig. 2 .

 2 Fig.2. (a)-The asymmetric unit of [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [ZnBr 4 ] (2) ; (b)-View of [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [ZnBr 4 ] (2) along the b-axis.

Fig. 3 :

 3 Fig.3 : DSC curves of (a)-[(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [CuBr 4 ] (1) and (b)-[(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [ZnBr 4 ] (2) at 5 K.min -1 .

Fig. 4 :

 4 Fig.4 : ATG curves (a)-[(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [CuBr 4 ] (1) and (b)-[(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [ZnBr 4 ](2).

Fig. 5 .

 5 Fig. 5. Optical absorption spectra and determination of Gap energy of (a)-[(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [CuBr 4 ] (1) and (b)-[(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [ZnBr 4 ] (2).

Fig. 6 .

 6 Fig.6. (a, b and c): Theoretical and experimental Nyquist diagram and (d)-Variation of the ln(σ g ) versus 1000/T of [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [CuBr 4 ] (1).

Fig. 7 .

 7 Fig.7. (a, b and c): Theoretical and experimental Nyquist diagram and (d)-Variation of the ln(σ g ) versus 1000/T of [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [ZnBr 4 ] (2).

Fig. 8 .

 8 Fig.8. (a and b) Frequency dependence of the AC conductivity at various temperatures and (c)-Temperature dependence of the exponent S of [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [CuBr 4 ] (1).

Fig. 9 .

 9 Fig.9. (a and b) Frequency dependence of the AC conductivity at various temperatures and (c)-Temperature dependence of the exponent S of [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [ZnBr 4 ] (2).

2.1. Materials

  

	Copper(II) bromide (CuBr 2 ), Zinc(II) bromide (ZnBr 2 ), hydrobromic acid HBr (48%),
	(2-bromoethyl)trimethylammonium bromide [Br(CH 2 ) 2 N(CH 3 ) 3	+ Br -] were purchased from Sigma-
	Aldrich and used without further purification.	

2.2. Synthesis of [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [CuBr 4 ] (1) and [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [ZnBr 4 ] (2)

  

	CuBr 2 (1 mmol) and [Br(CH 2 ) 2 N(CH 3 ) 3 + Br -] (2 mmol) were mixed in hydrobromic acid aqueous
	solution (20 mL). After being stirred for 1 h at room temperature, the reaction solution was
	evaporated slowly at room temperature for several days. The block brown single crystals of
	[(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [CuBr 4 ] (1) were collected, washed with a small amount of distilled water and
	dried in open air. Yield: 73.4% based on Cu.
	The compound [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [ZnBr 4 ] (2) was obtained in the same way except by using
	ZnBr 2 (1 mmol) instead of CuBr 2 . The colourless block crystals were collected washed with a small
	amount of distilled water and in open air. Yield: 81.5% based on Zn.

  The Br-Cu-Br bond angles range between 96.797(14)° and 136.897(16)°, which are seriously deviated from the ideal values of 109.5° (Table S1). The geometrical features of CuBr 4 entities agree well with those reported for other Cu(II) salts containing isolated tetrahedra [33-35]. In the case of the [Br(CH 2 ) 2 (CH 3

	3.1. Crystal structure
	In order to understand the details of the structures of [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [CuBr 4 ] (1) and
	[(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [ZnBr 4 ] (2) compounds, single-crystal X-ray diffraction data were collected at
	150 K. The analyses indicate that (1) and (2) crystallize in the monoclinic crystal system with the
	space group P2

1 /c. The asymmetric unit of (1) consists of discrete [CuBr 4 ] 2-anion and two symmetrically independent [Br(CH 2 ) 2 (CH 3 ) 3 N] + cations (Fig.

1(a)

).

The [CuBr 4 ] 2-complex anion adopts intermediate geometry between square-planar and regular tetrahedral coordination with Cu-Br bond distances ranging from 2.3684(4) Å to 2.4151(4) Å.

Table 1 .

 1 summary, we have prepared two new metal-halide hybrid perovskite materials [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [CuBr 4 ] (1) and [(CH 3 ) 3 N(CH 2 ) 2 Br] 2 [ZnBr 4 ] (2) which undergoes two phases transitions at T 1 =368 K and T 2 =385K for (1) and four phases transitions at T 1 =283K, T 2 =330K, T 3 =368K and T 4 =402K for (2) confirmed by the DSC measurements together with electric anomalies. These compounds crystallize in the monoclinic system, space group P2 Crystal data for [Br-(CH 2 ) 2 -N(CH 3 ) 3 ] 2 CuBr 4 (1) and [Br-(CH 2 ) 2 -N(CH 3 ) 3 ] 2 ZnBr 4 (2)

	Compound name	[Br-(CH 2 ) 2 -N(CH 3 ) 3 ] 2 CuBr 4	[Br-(CH 2 ) 2 -N(CH 3 ) 3 ] 2 ZnBr 4
	Empirical formula	C 10 H 26 Br 6 CuN 2	C 10 H 26 Br 6 ZnN 2
	Diffractometer	D8 VENTURE	D8 VENTURE
	Color	brown	colourless
	Formula weight (g.mol -1 ) 717.33	719.12
	Temperature (K)	150	150
	Crystal system	Monoclinic	Monoclinic
		P2 1 /c	P2 1 /c
	a (Å)	11.9099 (11)	19.011 (2)
	b (Å)	9.3350 (7)	18.982 (2)
	c (Å)	18.8862 (18)	24.422 (2)
	β (°)	90.479 (4)	94.184 (4)
	V (Å 3 )	2099.7 (3)	8790(2)
	Z	4	16
	R int	0.065	0.134
	ρ calc , (g.cm -3 )	2.269	2.174
	Absorption correction	Multi-scan	Multi-scan
	Radiation (Å)	MoKα (0.71073)	MoKα (0.71073)

1 /c. The cationic and anionic entities are linked with each other by C-H … Br hydrogen bonding to generate an interesting 3D supramolecular framework. The optical properties show that the sample (1) has a semiconducting character for which the gap energy is 2.30eV. For the sample (2) the gap energy is equal to 4.87eV. This result is confirmed by the values of conductivities which are higher for sample (1) comparing to sample (2). The conduction mechanisms of each phase in the two compounds are determined based on the Elliot theory.
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