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Abstract

:

Two new nonmetal cation tetrafluoroborate phases [H3tren](BF4)3 (I) and [H3tren](BF4)3 HF (II) were synthesized by microwave-assisted solvothermal and characterized by single crystal X-ray diffraction, IR spectroscopy and thermal analysis DTA-TGA. [H3tren](BF4)3 is cubic (P213) with unit cell parameter a = 11.688(1) Å. [H3tren](BF4)3•HF is trigonal (R3c) with unit cell parameters a = 15.297(6) Å and c = 12.007(2) Å. Both (I) and (II) structures can be described from isolated tetrafluoroborate BF4- anions, triprotonated tris-(2-aminoethyl)amine (tren) [H3tren]3+. Phase (II) contains disordered BF4- tetrahedron and hydrofluoric acid.
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1. Introduction


Hybrid materials are chemical compounds consisting of the association of organic moiety and inorganic portion. The inorganic part generally comprises of metal or nonmetal cations surrounded by electron donor atoms such as nitrogen, oxygen, fluorine, etc. Organic molecules are highly diverse and may contain functions such as carboxylates, phosphonates and amines. The idea behind this type of material is to couple specific properties of the various components within a single entity. The assembly of the properties of both components can be established in two ways: first, the entity simply presents the final properties of the two components regarding simple apposition, or second, the combination of two properties induces a strong synergistic interaction, allowing the creation of a new property resulting from the association of specific physical properties, such as optical, mechanical, magnetic and/or electrical properties.



Hybrid materials can be classified according to the dimensionality of the network. The dimensionality of the network can be 0D formed by isolated polyanions [1], one dimensional (1D) chains [2], two-dimensional (2D) formed by layers [3,4], and three-dimensional (3D) [5]. The cohesion between organic and inorganic moieties are provided by weak forces (hydrogen bonding and Van der Waals forces) or strong forces (covalent bonds).



Hybrid materials have applications in various domains such as gas molecule storage: CO2 for its conversion ability [6], H2 for fuel cells that provide a solution to the energy crisis [7], catalysis [8], and petroleum cracking [9]. Other applications related to the physical properties of these materials are possible in the field of Non-Linear Optical (NLO) [10,11], luminescence [12] or ferroelectricity [13].



Nonmetal cation oxoborates or tetrafluoroborates can be considered as a branch of hybrid solid in which the inorganic moiety does not contain metals. Nonmetal cation borates have received considerable attention due to their structural architecture which make them candidates to interesting applications in many domains such a: catalysis [14,15], ion exchange [16,17], Non-Linear Optical (NLO) [18] etc. Recently, H.-X. Liu et al. [19] reported nonmetal borates [C6H13N2][B5O6(OH)4] with interesting NLO properties. This compound presents a Second Harmonic Generation (SHG) efficiency nearly 0.9 times that of standard potassium dehydrogenates phosphate (KDP). V. Gieu et al. [20] and J. Ramajouti et al. [21] reported examples of tetrafluoroborates showing motivating NLO properties. In addition to their optical properties, nonmetal cation tetrafluoroborates are largely used as friendly solvent ionic liquids [22,23,24]. These ionic liquids are widely used for applications in separation, selective adsorption performed under humid conditions or catalysis in water. Great efforts are given to the synthesis and the crystal structure study of these materials since their physical properties are strongly dependent to their structures.



In this paper, we describe the solvothermal synthesis, single crystal X-ray measurements, thermal behaviour and IR spectroscopy of two nonmetal cation tetrafluoroborates [H3tren](BF4)3 (I) and [H3tren](BF4)3 HF (II).




2. Materials and Methods


2.1. Synthesis of [H3tren](BF4)3 (I) and [H3tren](BF4)3•HF (II)


[H3tren](BF4)3 (I) and [H3tren](BF4)3 HF (II) were synthesized by the hydrothermal synthesis method using microwave heating (oven MDS2100). Mixture of 0.5g (8.1 mmol) of boric acid B(OH)3, 1.3 mL (8.1 mmol) of tris-(2-aminoethyl)amine (tren) (95%) were dissolved in 10 mL of ethanol and introduced in Teflon vessel. Hydrofluoric acid HF (40%, Riedel-de Haën) was then added: 0.71 mL for phase (I) and 3.55 mL for phase (II). The mixture is heated at 190 °C for 1 h. Crystals of (I) and (II) can be obtained with high crystallinity using Teflon lined PARR autoclaves at 190 °C for 48 h.




2.2. Single-Crystal Data Collection and Structure Determination


Single crystal X-ray diffraction data were obtained on a SIEMENS AED2 four-circle diffractometer at room temperature using ω-2θ scans. The structure determinations were carried out with SHELXS-97 [25], SHELXL-97 [26] programs within the WINGX package [27]. Positions and anisotropic displacement parameters for all non-hydrogen atoms are freely refined without any constraints. Hydrogen atoms bound to carbon and nitrogen atoms are fixed geometrically using AFIX23 and AFIX137 for CH2 and CH3 groups, respectively. Experimental powder X-ray diffraction patterns of the two compounds are in good agreement with those calculated using full pattern matching mode simulations (Figure S2 for (I) and S5 for (II) in the ESI).



2.2.1. Structure Determination of [H3tren](BF4)3 (I)


The extinction conditions have led to the P213 non-centrosymetric space group. The structure of [H3tren](BF4)3 was solved by the TREF option in SHELXS-97 program. Three boron and two fluorine atoms were first located at 4a crystallographic sites. The remaining non-hydrogen atoms: fluorine, nitrogen and carbon were localized from Fourier difference map and were distinguished from distance criteria [28]. Three primary amines of tren molecule are found to be protonated unlike tertiary amine. Final refinements of atomic positions, anisotropic displacement parameters (ADP) and secondary extinction converged to R = 0.062 and Rw = 0.190 (1241 independent reflections and 79 parameters).




2.2.2. Structure Determination of [H3tren](BF4)3 HF (II)


All attempts to solve the structure in the centrosymmetric space group (R-3c) have been unsuccessful. The agreement factors are high, and no acceptable structural model has been proposed. This prompted us to determine the structure in the non-centrosymmetric space groupR3c. TREF option in SHELXS-97 program was used to get the preliminary solution. The five atoms found were attributed arbitrarily to carbon atoms. The visualization of the arrangement of these atoms, using the Cameron graphic tool included in the Wingx package, helps to distinguish between carbon, nitrogen and fluorine atoms. At this step, all the atoms were located in general position except N(1) in special crystallographic site 6a. The remaining fluorine, boron and carbon atoms were localized from Fourier difference maps and were distinguished from distance criteria. Unbounded fluorine atoms are attributed to hydrofluoric acid. The hydrogen atom is easily located using the difference Fourier map.



The atomic displacement parameters of the fluorine atoms F(2) and F(4) were found to be abnormally high. These two fluorine atoms are disordered, and hence each atom is equitably positioned in two general positions with an occupation factor equal to 50%. Similarly to phase (I), the three primary amines of tren molecule are found to be protonated, unlike tertiary amine. The refinement of all atomic positions and anisotropic atomic displacement parameters (ADP) for all atoms except hydrogen atoms leads to confidence factors R1 = 0.07 and Rw = 0.21 (825 independent reflections and 99 parameters).



The conditions of data collection for both phases are shown in Table 1.






3. Results


3.1. Structure Description of [H3tren](BF4)3 (I)


The asymmetric unit of [H3tren](BF4)3, drawn using the ORTEP program [29], contains three independent boron atoms, six fluorine anion, two nitrogen atoms, and two carbon atoms. Ellipsoids are given with a probability of 50% and show an abnormally high thermal agitation for some fluorine atoms (Figure S1, left in the Supplementary).



The structure of [H3tren](BF4)3 can be described as a distorted BF4 tetrahedron and [H3tren]3+ triprotonated amine (Figure 1). In each BF4- tetrahedron, the boron atom is linked to three equivalent fluorine atoms and one other fluorine atom. The average of the distances B(1)-F and B(2)-F are strictly identical and are equal to 1.37 Å, while the mean B(3)-F distance is 1.34 Å. In each tetrahedron, two F-B-F angles are observed, ranging from 107 to 111° with an average of 109.5°. These two angles are close to being the same for the B(2)F4 tetrahedron. The values of F-B-F angles and B-F distances in phase (I) are comparable to those found in other nonmetal cation tetrafluoroborates encountered in the literature. The N-C distances are slightly smaller than the C-C distances in the organic part. These interatomic distances and angles are habitually observed in hybrid compounds.



Strong hydrogen bonds are established between fluorine atoms of B(1)F4 and B(2)F4 with hydrogen atoms of terminal nitrogen atoms of the organic molecule and form 3 dimensional network. One can note that B(3)F4 is free, and that no hydrogen bonds exist between fluorine atoms and hydrogen atoms of terminal amine groups.



The terminal N(2)H3 groups established hydrogen bonds (dN-F < 2.94 Å) with fluoride ligands, whereas central nitrogen Nc atoms are distant from fluoride anions (d > 3.03 Å). The three equivalent fluorine atoms F(4) of the B(2)F4 tetrahedron link three amine groups [H3tren]3+. Fluorine ion F(1) of the B(1)F4 tetrahedron established three hydrogen bonds with three hydrogen atoms of the three terminal atoms of the same triprotonated amine molecule (Figure 2). The [H3tren]3+ cation adopts a “spider”-shaped configuration. It should be considered that tren amines cannot be tetra protonated, as proved from the values of the Nc-Nt distances from central nitrogen atoms Nc to terminal nitrogen atoms Nt [30,31,32], and Nt-Nt distances. Only the scorpion configuration corresponds to a tetra protonated amine (Figure 3).




3.2. Structure Description of [H3tren](BF4)3 HF (II)


The projection of the structure along the c direction is given in Figure 4. The asymmetric unit of the structure of [H3tren](BF4)3 HF is composed of ethylene diamine groups and distorted BF4-tetrahedron anions. One can see that the disordered fluorine atoms have high atomic displacement parameters. Atomic displacement parameters of terminal nitrogen atoms are almost greater than tertiary amine group (Figure S1, right in the Supplementary).



In the structure of [H3tren](BF4)3 HF, the environment of boron is disordered. It is composed of four fluorine atoms; among them, two occupy a general position with a 50% occupancy factor. The distances B-F vary between 1.29 and 1.44 Å, with an average of 1.36 Å. Distances between disordered fluorine atoms are 0.76(3) and 0.77(2) for F(2)-F(2)p and F(4)-F(4)p, respectively. Distances between two non-equivalent fluorine atoms vary between 2.17 and 2.3 Å.



Hydrogen bonds are established between fluorine atoms of hydrofluoric acid and three hydrogen atoms, each one belongs to one terminal NH3 groups of the one organic molecules (Figure 5). In addition, each of the organic molecules established via NH3 groups hydrogen bonds with F(2), F(3) and F. A total of 15 hydrogen bonds are observed between organic molecules and inorganic part.



Concerning the organic moiety, the amine is triproptonated [H3tren]3+ and adopts a “spider” type configuration. Indeed, the values of the Nc-Nt distances from central nitrogen atoms Nc to terminal nitrogen atoms Nt (3.147 Å), as well as Nt-Nt distances (4.67 Å), agree with triprotonated amine. The averages of the N-C distances (1.496 Å) and the C-C distances (1.517 Å) are similar to those encountered in other hybrid compounds.




3.3. Thermal Analysis


Thermal behavior DTA-TGA was studied using a TA 2960 instrument within a temperature range 25–650 °C with heating rate 10 °C/min in an argon atmosphere (Figures S3 and S6 in the Supplementary). Upon heating, [H3tren]·(BF4)3 exhibited a single weight loss which took place in the interval 200–450 °C, and was attributed to the loss of almost the totality of the sample. This weight loss corresponds to the decomposition of the organic molecules and the departure of BF3. Less than 10% of the residual sample was attributed to black carbon. For [H3tren](BF4)3 HF (II), two weight losses were observed in two steps; the first step was observed in the interval 100–250 °C, and was assigned to the loss of one mole of HF molecules per one mole of (II) (exp./th. = 4.83/4.87) for (II). The second weight loss, which occurred in the interval 250–425 °C, corresponded to the decomposition of the organic molecules and the departure of BF3.




3.4. IR Spectroscopy


Infrared spectroscopy is effectively used to approve the structure determined by X-ray diffraction and to identify functional groups in the obtained material. To qualitatively analyze the main functional groups in these compounds, the infrared spectrum was acquired using a Bomem Michelson MB120 Fourier transform infrared spectrometer with a diamond-anvil cell as a micro sampling device. Infrared data were collected in the range 650–4000 cm−1. Spectral resolution was 4 cm−1.



The infrared spectrum of compounds (I), (II) and tris-(2-aminoethyl)amine are given in the Electronic Supplementary Information ESI (Figures S4, S7 and S8). Infrared spectra of (I) and (II) are quite similar. Absorption peaks at higher wave numbers (3300–3150 cm−1) for (I) and (II) are assigned to N-H symmetric and antisymmetric stretching vibrations of NH3 groups. A clear shift to higher wavenumbers is observed compared to the starting reactant tris-(2-aminoethyl)amine. This shift is attributed to the presence of strong hydrogen bonding N-H.F in (I) and (II). Moreover, hydrogen bonds are stronger in (II) compared to (I), in direct correlation with N-F distances (Tables S3 and S6 in the Supplementary). This may explain the appearance of ν (NH3) at higher wavenumber in (II). Bands observed in the range 2850–2930 cm−1 are assigned to symmetric and antisymmetric stretching of methylene groups. For example, in compound (I), methylene scissoring, wagging, twisting and rocking vibration bands appear, respectively, around 1469, 1323, 1298 and 724 cm−1. C-N and C-C aliphatic groups stretching bands are observed in the range 1220–1020 cm−1 [33]. These results are in good agreement with the literature [34,35].



Tetrafluoroborate anion BF4− is characterized by both symmetric and asymmetric stretching and deformation vibrations. For ideal BF4 tetrahedron, symmetric modes ν1 (symmetric stretching) = 777 cm−1 and ν2 (symmetric deformation) = 360 cm−1 are Raman active whereas ν3 (asymmetric stretching) = 1070 cm−1 and ν4 (asymmetric deformation) = 533 cm−1 are both Raman and IR active [36]. One can note that ν1 (symmetric stretching) appear in both IR spectra of (I) and (II) in spite that this mode is IR inactive for regular BF4 tetrahedron [37]. Broadening of peaks corresponding to BF4 tetrahedron in phase (II) compared to phase (I) may explain the disordered observed for two fluorine atoms belonging to boron atoms. An approximately full assignment of band vibrations is given in Tables S7 and S8 in the Supplementary.



For compound (II), no vibration bands corresponding to H2O are observed, this supports the results obtained by X-ray diffraction and agrees with the thermogravimetric analysis. On the other hand, the formula of (II) with hydrofluoric acid is in good agreement with synthesis condition in high HF ratio.





4. Conclusions


In the chemical system boric acid tris-(2-aminoethyl) amine (tren)-hydrofluoric acid, two new phases were successfully obtained, and their structures were determined by single-crystal X-ray diffraction method. These two obtained phases were characterized by means of various techniques, such as single-crystal and powder X-ray diffraction, IR absorption spectroscopy, and thermal analysis.



The cubic structure of [H3tren](BF4)3 (I) can be described as a distorted BF4 tetrahedron and organic cations [H3tren]3+. The cohesion between the two entities is provided by strong hydrogen bonds. In the structure of [H3tren](BF4)3 HF (II) the B3+ cations environment is disordered: two fluorine atoms of BF4 tetrahedron occupy two positions with occupancy factor of 50%. Compared with previous studies, the amine tren is triprotonated [H3tren]3+ and adopts a spider configuration.



Borate materials, including nonmetal tetrafluoroborates, are candidates in practical applications mainly as second harmonic generating (SHG) optical materials, host materials for fluorescence, piezoelectric materials, and so on. These applications are related to the diversity in the structural architecture of this class of materials.
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Figure 1. View of the structure of [H3tren](BF4)3. 
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Figure 2. Environment of the BF4 tetrahedron and [H3tren] cation in the structure of [H3tren](BF4)3. 
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Figure 3. Configuration spider (left), plane (middle) and scorpion (right) of the tren amine. 
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Figure 4. Projection of the structure of [H3tren](BF4)3 HF along the [001] direction. 
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Figure 5. Hydrogen bonds in [H3tren](BF4)3 HF. 
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Table 1. Crystallographic data of [H3tren](BF4)3 (I) and [H3tren](BF4)3 HF (II).
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I

	
II






	
Formula

	
B3F12N4C6H21

	
B3F13N4C6H22




	
Formula weight (g mol−1)

	
409.7

	
429.7




	
Crystal system

	
cubic

	
trigonal




	
Space group

	
P213 (n°198)

	
R3c (n°161)




	
a (Å)

	
11.688(1)

	
15.297(6)




	
b (Å)

	
11.688(1)

	
15.297(6)




	
c (Å)

	
11.688(1)

	
12.0070(2)




	
V (Å3), Z

	
1596.7(4); 4

	
2433.2(4); 6




	
Wavelength (MoKα) (Å)

	
0.71073




	
Dimensions (mm3)

	
0.095 × 0.209 × 0.190

	
0.08 × 0.13 × 0.61




	
μ(MoKα) (mm−1)

	
0.2

	
0.2




	
ρcalc. (g cm−3)

	
1.704

	
1.682




	
Temperature (K)

	
298




	
2θ range (°)

	
3–55

	
3–60




	
(hkl) limits (one unique set)

	
−10 ≤ h ≤ 10;

	
−21 ≤ h ≤ 10;




	
−10 ≤ k ≤ 10;

	
0 ≤ k ≤ 21;




	
−15 ≤ l ≤ 15

	
0 ≤ l ≤ 16




	
Scan mode

	

	
ω-2θ




	
Reflexions measured/unique/(I > 2σ(I))

	
1430/1241/893

	
1581/825/748




	
R(int)/R(sigma)

	
0.0175/0.003

	
0.0152/0.0127




	
Number of refined parameters (on F2)

	
79

	
99




	
aR/Rw

	
0.062/0.190

	
0.070/0.212




	
Goodness of fit

	
1.089

	
0.994




	
Difference Fourier residues (e Å−3)

	
0.56/−0.27

	
0.47/−0.36
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