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Abstract

:

The present paper deals with a new two-in-one zero-dimensional (0D) organic–inorganic hybrid compound namely (C6H10N2)4[CdBr6][CdBr4]2. This molecular crystal structure contains isolated CdBr4 tetrahedra and CdBr6 octahedra. The optical characterization by UV–Vis–NIR spectroscopy shows that the (C6H10N2)4[CdBr6][CdBr4]2 exhibits a large gap energy of 4.97 eV. Under UV excitation, this hybrid material shows a bright cold white light emission (WLE) at room temperature. The photoluminescence (PL) analysis suggests that the WLE originates from the organic molecules. Density of states (DOS) analysis using the density functional theory (DFT) demonstrates that the calculated HOMO(Br)→LUMO(organic) absorption transition (4.1 eV) does not have significant intensity, while, the transition involving the valence band (VB) and the second and third conduction bands (CB) around 5 eV are allowed, which is in good agreement with the experimental gap value. The interesting theoretical result is that the LUMO(organic)→HOMO(Br) emission is allowed, which confirms the important role of the organic molecule in the emission mechanism, in good agreement with the experimental PL analysis.
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1. Introduction


Organic–inorganic hybrid compounds have evoked great attention as some of the most promising materials in the application of solid-state lighting [1,2,3,4,5,6,7,8,9], light-emitting diodes [10,11,12,13,14,15,16], and optical sensors [17,18]. Up to now, achieving white light emission has been recognized as a critical step for solid-state lighting to become a more efficient lighting source than conventional ones [19,20,21,22,23]. Very recently, low-dimensional Cd-based organic–inorganic semiconductors, with tetrahedral or octahedral coordination around the Cd cations, proved their fascinating luminescent properties as solid state white light emitters [24,25,26,27,28,29,30,31]. Scrutiny of the luminescence response of the previously studied Cd-based hybrid materials revealed that their emission behavior is very similar to that observed for pure CdX2 (X = Cl, Br and I) [32,33,34]. The emission bands of the pure CdX2 compounds, observed in the range of 326–620 nm, are assigned to the self-trapped excitons (STE). These STE generate a broad emission spanning the majority of the visible spectrum giving rise to white photoluminescence. For example, in the 2D perovskite (CH3NH3)2CdCl4 reported by R. Roccanova et al., the broadband white light emission (WLE) is attributed to the formation of STE in the CdCl6 octahedra [33]. In this context, the selection of the excitation wavelengths should be carried out with reference to the band gap energy value. In fact, the improvement in the self-trapping mechanism of excitons within the octahedral and the tetrahedral inorganic polyhedra of organic–inorganic hybrid materials needs a sub-gap excitation (EExc < Eg). In (C6(CH3)5CH2N(CH3)3) CdBr4∙DMSO, the white light emission was assigned to the STE within CdBr4 tetrahedra [34], while the emission observed from the (Ph4P)2CdBr4 was assigned to the high fluorescence and the weak RTP of the organic moieties [35]. Recently, R. Msalmi et al. reported the photoluminescence behavior of two zero-dimensional Cd-based hybrid compounds where the white light emission was observed using both sub-gap excitation energy and upper the gap excitation energy [29]. The authors indicated that the emission under excitation energy above the gap value results from the fluorescence and/or phosphorescence of π-conjugated aromatic cations, while the broad emission under sub-gap excitation is a combination of organic fluorescence and/or phosphorescence and the white emission from STE inside the inorganic anions [29]. In this work, we present a new organic–inorganic Cd-based hybrid compound (C6H10N2)4[CdBr6][CdBr4]2, containing tetra- and octahedral Cd2+ anions ([CdBr4]2− and [CdBr6]4−). To our knowledge, “two-in-one” hybrid Cd-based complexes with two different coordination around the Cd(II) centers, are rare and still need to be inspected for their relevant optical and photoluminescent behavior [30,36]. The crystal structure of the synthesized compound is determined by X-ray diffraction and analyzed with FTIR spectroscopy. The thermal stability is examined up to 1000 °C. The optical behaviors are also studied using UV–Vis–NIR absorption and photoluminescence spectroscopy.




2. Experimental Analysis


2.1. Synthesis Method


For the preparation of the target compound, the following commercially available starting reagents were used without purification: C6H8N2 (2-picolylamine) (97%), cadmium bromide dihydrate (CdBr2·2H2O) (98%) and hydrobromic acid (HBr) (48%). First, 0.103 mL (1 mmol) of the C6H8N2 was added to 10 mL of heated aqueous solution, containing 0.344 g (1 mmol) of CdBr2·4H2O and 1 mL of hydrobromic acid HBr (48%). The resultant solution was stirred for 30 min until complete dissolution and allowed to stand at room temperature. After a few days, white crystals appeared.




2.2. Structure Determination


Crystal diffraction intensities of a suitable single crystal with size of 0.10 × 0.03 × 0.03 mm3 were collected at room temperature using an APEXII, Bruker-AXS diffractometer (Bruker-AXS, Karlsruhe (or State), Germany) using λ(MoKα) = 0.71073 Å. The various structural parameters were refined by the least-squares method applied to the square of the structural factors modules |F2|, using SHELXS/SHELXL 2018 [37]. The material was found to crystallize in the triclinic symmetry P  1 ¯   space group. Atomic positions and thermal factors were calculated following a series of refinements. Meanwhile, all the hydrogen atoms of the phenyl groups were geometrically fixed. The refinement converged with final discrepancy factors: R1= 0.0297, wR2= 0.0591 and GooF= 0.991 for (C6H10N2)4[CdBr6][CdBr4]2. Table 1 lists all of the recording data of intensities and structure resolution (CCDC-2278443, Supplementary Materials).



The elemental analysis was performed to confirm the composition of the sample to be H: 2.097 (3)% (theor. 2.125 %), N: 6.002 (3)% (theor. 5.908%) and C: 15.436 (3)% (theor. 15.419). The analysis of the halogens shows that the Br atoms present 59.264 (5)% (theor. 59.274%) of the total weight of the sample. The obtained experimental values confirm the molecular formula of the compound and its phase purity.




2.3. Physico-Chemical Characterizations


The thermal decomposition of (C6H10N2)4[CdBr6][CdBr4]2 was studied by TGA analysis under nitrogen flow. The thermogram was collected in a temperature range of 30 to 1000 °C with a heating rate of 10 °C/min. The infrared spectrum was recorded in the 500–4000 cm−1 range using a Perkin Elmer 1600 FT-IR Spectrometer (Perkin Elmer, Massachusetts, United States). The diffuse reflectance spectrum was measured using a UV–Vis–NIR spectrophotometer at room temperature in the wavelength range {200–1100 nm}. The UV–Vis diffuse reflectance spectrum of the synthesized compound was recorded at room temperature using a Varian Cary 5000 UV–Vis–NIR spectrophotometer (Varian, California, United States). The PL spectra were collected using a Horiba FluoroMax 4 spectrometer (Horiba Scientific, Kyoto, Japan) at room temperature under different excitation wavelengths.





3. Results and Discussion


3.1. Crystal Structure


(C6H10N2)4[CdBr6][CdBr4]2 crystallizes in the triclinic space group P  1 ¯   with the cell parameters indicated in Table 1. The asymmetric unit of (C6H10N2)4[CdBr6][CdBr4]2 consists of two deprotonated 2-ammoniummethylpyridinuim cations [C6H10N2]2+, one tetrahedral [CdBr4]2– anion and one anionic fragment [CdBr3]– (Figure 1a). The visualization of the coordination sphere around the Cd cations shows that Cd1 is hexacoordinated to six Br ions, which are completed by symmetry, to adopt an octahedral geometry (Figure 1b). The coexistence of both tetrahedral and octahedral coordination around the Cd(II) ions is a spellbinding structural aspect of this complex. This compound is similar to [C5H9–NH3]4CdBr6 where four- and hexa-coordinated Cd(II) ions are observed within the structure [30].



As illustrated in Figure 1b, the equatorial Cd1–Br bond distances are in the range of 2.7230(5)–2.7611 (5) Å, whereas the axial Cd1–Br bonds extend to 2.9370(5) and 3.0570 (5) Å. The cis angles around the Cd1-center range from 85.655 (15) to 94.346 (15)°, while the trans angles are equal to 180°. We introduce the distortion index (Δ) to quantify the structural distortion within the CdBr6 octahedron given by the following formula:


  Δ =  1 6    ∑   i = 6  6     [    d i −  d ¯    d ¯    ]   2   








in which   d ¯   is the average Cd-Br bond length, and di are the distances of the six individual Cd-Br bonds. The herein obtained Δ value of 1.5 × 10−3 describes the environment around the metal ion to be a slightly distorted octahedron.



Four bromide ions (Br4, Br5, Br6, Br7) ligate the second cadmium center, Cd2, to construct a tetrahedral geometry (Figure 1c). The Cd2–Br bond distances span from 2.5727 (7) to 2.5961 (7) Å and Br–Cd2–Br angles range from 105.84 (2) to 115.98 (2)°.



To precisely describe the coordination polyhedron around the Cd2 cation, we applied the τ4 parameter, calculated using Equation (1), which is a geometric parameter allowing for the recognition of the geometry around the central atom whether it is square planar geometry or tetrahedral


   τ 4  =    [  360 −  (  α +    β   )   ]      141      



(1)




where α and β are the two largest ligand–metal-ligand angles of the coordination sphere. For a perfect square planar geometry, τ4 is equal to zero, while it becomes unity for ideal tetrahedral geometry. The obtained τ4 value of 0.94 describes the geometry around the Cd2 to be a quasi-regular tetrahedron.



Figure 1d depicts the arrangement of the various molecular components. The projection along the [0  1 ¯  0]-direction reveals a layered structure made of an alternate stacking of organic and inorganic layers. It is clear from this figure that the anionic polyhedra forms inorganic layers occupying the (101) planes family between which are embedded the organic layers. Adjacent layers are fastened together through N–H⋯Br and C–H⋯Br hydrogen bonds. The geometric parameters of the hydrogen bonds are given in Table 2.




3.2. Infrared Spectroscopy


To confirm the existence of the organic molecules within the structure, FTIR spectroscopy was performed (Figure 2). The band assignments were made by comparison with some previous experimental results reported in the literature for similar compounds [38,39].



The presence of the 2-ammoniummethyl pyridindium ion was confirmed by the deformation and elongation vibrations modes of the NH3 group appearing around 1614 and 3005 cm−1 on each IR spectrum. They are assigned, respectively, to the deformation and elongation vibrations of the NH3+ group. The band observed at 3075 cm−1 corresponds to the pyridinium N − H stretching mode (ν(NH)) vibrations. The scissoring (δ) of CH2 can be found at 1478 cm−1, while the twisting modes related to (CH) groups appear at 775 and 456 cm−1. Two bands situated at 937 and 1234 cm−1 are attributed to ν(C-N) and ν(C-C), respectively, and the band detected at 625 cm−1 was assigned to δ(C-C-N).




3.3. Thermal Analysis


As one can see from the TGA curve (Figure 3), the decomposition of (C6H10N2)4[CdBr6][CdBr4]2 occurs in two steps. The compound was stable until 200 °C. The first decomposition was detected in the temperature range of 208–333 °C with a weight loss of 40 % and corresponds to the elimination of the organic ammonium salt (C6H10N2)+∙2Br—(Theo: 39.85%). The second decomposition step occurs between 483 and 743 °C and corresponds mainly to the departure of the inorganic part as Br2 and CdBr2 gas (Exp: 57% and Theo: 56.8%). The final product, CdO, is presumed to be the remainder compound of the last step (Exp: 3 %; Theo: 2.96%).




3.4. Optical Analysis


3.4.1. UV–Vis Absorption Properties and Fundamental Gap Energy


To study the optical behavior of (C6H10N2)4[CdBr6][CdBr4]2, the recorded reflectance data were transformed into absorption mode using the Kubelka–Munk relation (Equation (2)) [40]


   F   (  R  )  =      (  1 −  R   )   2    2  R    =   K   S   ∝ 2 α    



(2)




where R denotes the sample reflectance, K is the Kubelka–Munk absorption coefficient, and S is the scattering coefficient.



Similarly to the known Cd-based organic inorganic hybrid materials [18,28,29,34,41], the absorption spectrum presented in Figure 4 shows an intense band in the UV region (at around 225 nm) with three weak bands in the range of 280–550 nm. The band observed at 225 nm is assigned to the intramolecular electronic transfer within the organic cation (π-π*), while the weak bands result from excitonic transitions within the [CdBr4]2− and [CdBr6]4- inorganic polyhedra and/or ligand to metal charge transfer from the bromide ions to the Cd cations [33,41]. It can be clearly observed that there is no characteristic absorption band in the region between 400 and 800 nm, which reveals that our synthesized crystal could be exploited for different optical applications such as luminescent devices and lasers. The fundamental band gap and linear absorption coefficient of the material are related through the Tauc function [42]:


     (   F   (  R  )  ×  h ν   )     1  m     =   A  2   (   h ν  −   E   g    )   



(3)




where A2 and h are a constant and Planck’s constant, respectively; m is equal to 1/2 for a direct allowed transition type and 2 for an indirect allowed transition. According to the Tauc equation, the experimental gap value is obtained from the intercept of the linear portion of the curve (F(R)hν)1/m versus the energy (Figure 5). The direct gap value     E   g   d     was calculated to be 4.97 eV (250 nm), while the indirect gap     E   g   i     was found to be 4.66 eV, which is close to the gap of the two similar ones in one hybrid compound [C5H9–NH3]4CdBr6 (4.58 eV)[30].




3.4.2. Photoluminescence Properties: White Light Emission


In this section, the photoluminescence response of our synthesized material was studied at room temperature as a solid thin film. To scrutinize the luminescence behavior of (C6H10N2)4[CdBr6][CdBr4]2, the sample was excited using sub-gap photon energy. Figure 6 presents the PL spectrum recorded under 3.3 eV (λExc = 375 nm) illumination along with a digital photo of the emitted light. As can be seen, under sub-gap excitation, a large emission covering the whole visible region is observed with a broad band centered at about 472 nm with a shoulder around 518 nm and a second peak at 618 nm.



The time-resolved PL decay was collected at 450 nm at λexc = 375 nm at room temperature. As shown in Figure 7, the lifetime was calculated using the exponential decay fitting to be 1.18 ns. The fast decay of the emission reveals the fluorescence nature of the emitted light. Moreover, the photoluminescence quantum yield of the solid sample was measured to be 1.63 % under 375 nm excitation.



The visualization of the chromaticity coordinates CIE of the emitted lights under λexc = 375 nm excitation in the chromaticity diagram 1931 (Figure 8) confirms the white light emission from (C6H10N2)4[CdBr6][CdBr4]2.



For white-light-emitting materials, the color rendering index (CRI) is a prominent parameter that reflects the ability of an illumination source to render the colors of objects compared with daylight [43,44]. The ideal daylight is characterized with chromaticity coordinates of (0.33, 0.33), a correlated color temperature (CCT) of 5500 K and a color rendering index (CRI) of 100. An illumination source with a CRI above 70 is considered satisfactory for interior applications, while that above 80 would be considered good and that above 90 would be considered excellent [43]. A white-light-emitting source with a CRI around 80 is adequate for the human eye, and that with a CRI above 90 is suitable for high-level applications such as photography and surgery [44]. The calculated chromaticity coordinates (x,y), the CCT and the CRI of lights observed under λexc = 375 nm excitation are (0.27, 0.31), 9308 K and 89, respectively. Thus, our material is characterized by cold white light emission and could be used for illumination sources.




3.4.3. Theoretical Modeling


To gain insight into the optical properties of the (C6H10N2)4[CdBr6][CdBr4]2, we carried out DFT simulations. All calculations have been carried out using the Quantum Espresso program package [45]. Starting from the crystallographic data, we relaxed the geometry and we simulated the DOS reported in Figure 9. To simulate the electronic structure, we used the HSE06 functional [46] including a 43% Hartree–Fock exchange, a 2 × 1 × 1 k point mesh grid and a cutoff on the wavefunctions of 70 Ryd (280 Ryd on the charge density). For the hybrid HSE06 calculation, we adopted scalar-relativistic norm-conserving pseudo potentials with electrons from H 1s; C 2s2p; N 2s2p; Br 4s4p; Cd 4s4p4d5s shells were explicitly included in calculations. As we can see from the PDOS, the main contribution of the valence band (VB) is mainly associated with the Br, while the conduction states are made up of three bands: the first is only associated with the organic cation contribution, the second is mainly from the organic cation with a slight Cd contribution, and the third one shows the Cd and Br states. This electronic structure suggests an important role of the organic molecule in both absorption and emission processes. In fact, the transition would be expected to be from halogen to organic states, while the emission could proceed in the reverse direction. Another interesting aspect that we can see from the DOS is that the electronic coupling between the organic and inorganic moieties at the VB and CB is very low. Interestingly, we calculated a HOMO/LUMO band gap of 4.1 eV which is lower than the experimental one. However, since the nature of the edge of the VB is mainly localized on the inorganic moiety, the edge CB is mainly composed by the organic states and no coupling between organic and inorganic contribution is found; the lowest VB-CB transition could show a low oscillator strength and does not have significant intensity in absorption, see the green arrow in Figure 9. On the other hand, the transition involving the VB and the second and third CB band around 5 eV would be allowed due to the consistent coupling between the inorganic and organic contribution of the non-occupied states, see the red arrow in Figure 9.






4. Conclusions


In summation, a new white-light-emitting hybrid material, (C6H10N2)4[CdBr6][CdBr4]2, containing four- and hexa-coordinated Cd(II) cations was prepared by the slow evaporation method. From XRD data, it is observed that the grown crystal belongs to the triclinic crystal class and centrosymmetric space group P  1 ¯  . IR spectroscopy was used to ascertain the assignments of the experimentally observed features. The thermal analysis demonstrates the stability of the synthesized compound up to 200 °C. The optical band gap energy (Eg) of the studied compound was determined by UV–Vis–NIR absorbance measurements and was found to be 4.97 eV for the direct-type one. The solid-state photoluminescence measurements show that the obtained material exhibits cold white light emission under excitation at λexc = 375 nm with a high color rendering index (CRI) of 89, which makes the compound adequate for solid-state lighting sources. Theoretical investigation of the electronic structure shows a good agreement between the calculated and the experimental results and confirms the important role of the organic molecules in the emission mechanism. The fast emission, with a lifetime of 1.18 ns, demonstrates the organic fluorescent nature of this material.
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Figure 1. Asymmetric unit of 1 (a), geometric description of the CdBr6 octahedron (b), (symmetry code for generating equivalent atoms: (i) −x + 1, −y + 2, −z + 1), geometric description of the CdBr4 tetrahedron (c) and projection of the crystal structure of (C6H10N2)4[CdBr6][CdBr4]2 in the (a,c) plane (d). 






Figure 1. Asymmetric unit of 1 (a), geometric description of the CdBr6 octahedron (b), (symmetry code for generating equivalent atoms: (i) −x + 1, −y + 2, −z + 1), geometric description of the CdBr4 tetrahedron (c) and projection of the crystal structure of (C6H10N2)4[CdBr6][CdBr4]2 in the (a,c) plane (d).



[image: Crystals 14 00459 g001]







[image: Crystals 14 00459 g002] 





Figure 2. IR spectra of (C6H10N2)4[CdBr6][CdBr4]2. 
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Figure 3. TGA of (C6H10N2)4[CdBr6][CdBr4]2. 
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Figure 4. K-M absorption spectrum of (C6H10N2)4[CdBr6][CdBr4]2. 
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Figure 5. Tauc plot for (a) direct and (b) indirect gap calculation. 
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Figure 6. Emission spectrum for (C6H10N2)4[CdBr6][CdBr4]2 excited at 375 nm (inset: digital photo of the compound before and during excitation). 
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Figure 7. PL lifetime profile of (C6H10N2)4[CdBr6][CdBr4]2 at λexc = 375 nm. 
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Figure 8. Color coordinates of the emitted white light in the CIE diagram (1931); λexc = 375 nm. 
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Figure 9. DOS of the (C6H10N2)4[CdBr6][CdBr4]2. The separated PDOS contributions for each species are reported in different colors. 
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Table 1. Crystal data and refinement parameters of (C6H10N2)4[CdBr6][CdBr4]2.
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	Empirical formula
	(C6H10N2)4[CdBr6][CdBr4]2



	Formula weight (g. mol−1)
	1896.47



	Temperature (K)
	296 (2)



	Crystal system
	Triclinic



	Space group
	P  1 ¯  



	a (Å)
	7.9551 (3)



	b (Å)
	12.7497 (6)



	c (Å)
	13.5271 (6)



	α (°)
	65.249 (2)



	β (°)
	80.351 (2)



	γ (°)
	75.455 (2)



	V (Å3)
	1202.97 (9)



	Z
	1



	Crystal size (mm3)
	0.10 × 0.03 × 0.03



	Color
	Brown



	λ (MoKα) (Å)
	0.71073



	Absorption correction
	Multi- scan



	No. of collected reflections
	46856



	No. of independent reflections
	4229



	No. of observed reflections (I > 2σ(I))
	3213



	No. of parameters
	223



	Tmin

Tmax
	0.357

0.697



	Index range
	−9 ≤ h ≤ 9

−15 ≤ k ≤ 15

−16 ≤ l ≤ 16



	R1
	0.0297



	wR2
	0.0591



	Goof
	0.991










 





Table 2. Hydrogen bond geometry (Å, °).
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D-H⋯A

	
D-H

	
H⋯A

	
D⋯A

	
D-H⋯A






	
N1—H3N1…Br3 a

	
0.91

	
2.78

	
3.426(4)

	
129




	
N1—H3N1…Br2 b

	
0.91

	
2.89

	
3.358(4)

	
113




	
N1—H1N1…Br1 a

	
0.91

	
2.55

	
3.348(4)

	
146




	
N1—H2N1…Br3 b

	
0.91

	
2.54

	
3.422(5)

	
163




	
N2—HN2…Br1

	
0.88

	
2.37

	
3.241(4)

	
171




	
N3—H3N3…Br4 c

	
0.91

	
2.84

	
3.546(5)

	
135




	
N3—H3N3…Br6 d

	
0.91

	
2.86

	
3.462(5)

	
125




	
N3—H2N3…Br5

	
0.91

	
2.50

	
3.402(5)

	
172




	
N3—H1N3…Br6 a

	
0.91

	
2.67

	
3.509(5)

	
153




	
N4—Hn4…Br2 b

	
0.88

	
2.41

	
3.277(5)

	
169




	
C6 —H6…Br7 e

	
0.95

	
2.77

	
3.568(6)

	
142




	
C11—H10…Br1

	
0.99

	
2.77

	
3.452(7)

	
127




	
C12—H12…Br7 f

	
0.95

	
2.80

	
3.640(7)

	
148




	
Symmetry codes: a = −1 + x, y, z; b = 1 − x, −y, 1