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Abstract

:

Solid-state emitters exhibiting mechano-fluorochromic or thermo-fluorochromic responses represent the foundation of smart tools for novel technological applications. Among fluorochromic (FC) materials, solid-state emissive coordination complexes offer a variety of fluorescence responses related to the dynamic of noncovalent metal-ligand coordination bonds. Relevant FC behaviour can result from the targeted choice of metal cation and ligands. Herein, we report the synthesis and characterization of two different colour emitters consisting of zinc complexes obtained from N,O bidentate ligands with different electron-withdrawing substituents. The two complexes are blue and orange solid-state fluorophores, respectively, highly responsive to thermal and mechanical stress. These emitters show a very different photoluminescent (PL) pattern as recorded before and after the annealing treatment. Through X-ray structural analysis combined with thermal analysis, infrared (IR) spectroscopy, PL, and DFT simulation we provide a comprehensive analysis of the structural feature involved in the fluorochromic response. Notably, we were able to correlate the on-off thermo-fluorochromism of the complexes with the structural rearrangement at the zinc coordination core.
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1. Introduction


Optical materials with adaptive capabilities to external stimuli (FC active) such as light, pH, temperature, chemical entities, and mechanical stress are critical to the development of novel smart materials. Smart tools are involved in bioengineering and environmental sciences, and in many technological applications, including sensors and actuators [1,2,3,4,5,6,7,8,9,10,11] The molecular emission in optical responsive materials can be trigged by mechanical force or heat. Mechano-fluorochromic (MFC) and thermo-fluorochromic (TFC) materials ensure a variation of the emission colour and/or intensity due to the specific input [12,13,14,15,16,17,18,19,20,21].



Due to their solid-state photoluminescent (PL) properties, many aggregation-induced emission materials (AIEgens) are FC active. MFC AIEgens change their packing structures in presence of external mechanical force [22], undergoing a variation in their PL pattern [1,12,22,23,24,25,26]. In TFC AIEgens the variation of PL behaviour is caused by a thermal treatment inducing a molecular rearrangement [17,27,28]. Both MFC and TFC AIEgens have been used for advanced applications such as display devices, sensing, and optical data storage [17,24,29,30,31,32,33,34,35,36,37,38]. Obviously, the structure–responsiveness relationship is critical for the prediction and understanding of AIEgens’ fluorochromic response. As FC AIEgens can be organic, metallo-organic, or polymeric materials, their response can be ascribed to very different mechanisms [17,38,39,40,41,42,43,44,45]. In the organic AIEgens, the PL change produced upon stimuli relies on the breakage of covalent bonds [46]. On the other hand, AIE active coordination complexes can offer a variety of PL responses due to the dynamic of non-covalent metal-ligand coordination bonds [1,47]. The MFC or TFC behaviour can result from the choice of a suitable metal cation able to vary the coordination environment under mechanical or thermal stress. Specifically, control of the PL properties can be achieved as a function of the coordination architecture and the ligands [11,34,48,49,50,51,52,53,54,55,56,57]. Minimal changes in the ligands can lead to noticeable changes in the chemical and physical properties of coordination complexes, including PL patterns [7,58,59,60,61,62,63,64]. In previous reports [65,66,67,68] we employed zinc (II) cation to activate the luminescence property of N,O chelating ligands and achieve a tuneable RGB (red-green-blue) emission by aiming specific substituents. These studies suggested further exploring the structural aspects involved in the PL emission of FC zinc complexes.



Herein, we report the synthesis and characterization of two novel zinc complexes obtained from N,O bidentate ligands with a different electron-withdrawing substituent. Each substituent was able to selectively direct a certain emission colour. The resulting complexes named Ac1 and Ac2 (acronym of AIE and complex, see Scheme 1) are blue and orange solid-state emitters, respectively. They were found responsive to mechanical stress and highly responsive to thermal stress. As TFC AIEgens, the complexes undergo a decrease in PLQY (PL quantum yield) and a slight red-shift in the PL maximum. Very different emission colours (estimated by naked-eye analysis and CIE diagram) were recorded before and after the annealing treatment. Through X-ray structural analysis, thermal analysis and IR and PL spectroscopy, we provide a comprehensive study of the two complexes’ structural features involved in the TFC response. Density Functional Theory (DFT) formalism was used to analyse and rationalise the experimental data, and to substantiate our findings [69,70]. We could correlate the TFC response with a relevant changeint the zinc coordination sphere. Interestingly, the results underline the complexes’ ability to act in PL on-off mode in a narrow temperature range from two different solid states.




2. Results and Discussion


2.1. Synthesis and Spectroscopic Analysis


The complexes Ac1 and Ac2 were obtained by reaction of two mononegative ligands with zinc (II) cation. The reaction proceeds with virtually quantitative yields. Single-crystal analysis of the two compounds, NMR, and elemental analysis are in good agreement with the predicted formulas (see Section 2). The ligands are potentially subjected to a keto-enol equilibrium. In presence of zinc (II) (as acetate salt), the more stable keto form [71] turns into the enolate form which acts as a mononegative N,O half-salen pincer [15,71,72,73,74,75]. The poorly emissive organic ligands undergo a fluorescence enhancement according to the CHEF (chelation fluorescence enhancement) effect imposed by zinc (II) coordination [38,76,77]. The optical data recorded by UV-vis and fluorescence spectroscopy in the solid-state are summarised in Table 1 (absorbance and emission maxima in solution are reported in Section 3.1).



In natural light, Ac1 and Ac2 appear as light yellow and yellow powder, respectively. The absorbance pattern of the two crystalline complexes is similar and slightly red-shifted from Ac1 to Ac2 (see maxima in Table 1). On the other hand, the two crystalline complexes are emissive in the solid-state, according to an AIE pattern. Specifically, the cation acts as a constraint locking the poorly emissive organic ligands into a favourable emissive conformation, mostly involving π–π* LCT (ligand charge transfer) transitions [38]. A relevant PL colour tuning based on the different withdrawing substituent (X atom group in Scheme 1) was detected. As expected, [28,68] by increasing the electron-withdrawing strength of X substituent the emission band undergo a relevant red-shift (about 100 nm, see Figure 1) ascribable to a progressive reduction of the gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) [78].



PLQYs measured on Ac1 and Ac2 crystalline powder are 21% and 5%, respectively. PLQY measured for the nitro derivative is scarce but not negligible, and it runs in agreement with the “energy gap law” effect [75,79], showing a relevant Stokes shift (Table 1). The two crystalline complexes have largely spaced emission CIE coordinates. Naked-eye analysis performed by inspection with a UV lamp reveals Ac1 as a blue emitter and Ac2 as an orange emitter, in the crystalline phase (see inset of Figure 1, left side).



The compounds were crystallised in various solvents, both anhydrous and not. In solvents such as methanol, diethyl ether, methylene chloride, benzene, and toluene, we obtained irregular and fairly unpure powders to allow further characterization. Contrarily, in many water-soluble solvents like THF, acetone, ethanol, and DMSO, we obtained good quality crystals. Calorimetric and elemental analysis of the regular crystals showed a similar pattern, confirming the presence of a water molecule as observed in crystal structure analysis. We expected that small variations of the crystallisation conditions could drive zinc from tetra- to penta-coordination and vice versa [23,80], but, in our case, the presence of coordinated water molecule in the fifth position seems to yield regular crystals. As confirmed by X-ray diffraction patterns, single crystals with coordinated water were obtained both in THF and in ethanol. Both complexes Ac1 and Ac2 crystallize in a similar monoclinic unit cell with space group C 2/c (as discussed in Section 2.2) with two ligands and a water molecule completing the coordination sphere (Figure 2).



The cation displays a trigonal bipyramidal geometry, including one water molecule. The loss of the coordinated water results in the loss of crystallinity of the solid compound and leads to an amorphous phase, established through X-ray diffraction analysis, that in turn is stable for a short temperature range (about 20 °C) and melts afterwards. As the collapsed solid melts, the volatile ligand gets lost. The beginning of the phenomenon is about at the temperature of 140 °C for both complexes, due to their similar structural pattern and involved energy in the water-metal coordination. Starting from about 160 °C both compounds turn into the liquid phase. Optical observations confirmed the persistence of an opaque solid phase for about 20 °C and thermal analyses and X-ray diffraction study were used to ascertain the pattern. In addition, DSC curves registered on both Ac1 and Ac2 evidenced a double-peaked endothermic signal starting from about 140 °C. Based on TGA analysis (see Figure 3) the shoulder could be ascribed to the loss of the coordinated water triggering the collapse of the crystalline architecture and the following state change. For both complexes, TGA curves recorded on the crystalline samples show a weight loss step compatible with the loss of a water molecule in the same temperature range, close to the melting peak and long before the decomposition temperature. X-ray analysis performed at room temperature on thermally treated powders (annealed at 140 °C for 15′ or heated up to 200 °C) of Ac1 and Ac2 shows an amorphous pattern.



Despite the structural and synthetic simpleness, Ac1 and Ac2 provide an intriguing FC behaviour that can be related to the structural properties concerning an ordered and a disordered solid phase.



The PL properties of compounds able to form stacked molecular organization are subject to the solid-state molecular packing [81,82,83,84,85]. Therefore, changes in the emission wavelength and/or fluorescence intensity of the materials can be expected. The increase in the crystallite size distribution was expected to produce higher emission intensity due to the hindering of non-radiative relaxation pathways [38]. Both grinding and solvent fuming of the as-synthetized powder are methods to increase the size of particles causing a PL to increase or to disrupt regular crystals achieving the opposite effect [86,87]. In our case, the macroscopic MFC transformations give a less significant optical effect, as seen in Figure 4. We did assume that grinding or fuming processes do not cause significant changes in the molecular arrangement able to justify appreciable PL changes. Contrarily, the thermal treatment (which affects the coordination sphere) does produce a relevant structural modification and a relevant PL modification as consequence. Absorbance and emission pattern, and PLQYs of the samples after grinding and fuming are quite preserved except for the Ac2 sample (after grinding). In this case, the absorbance maximum red-shifts of 6 nm, the emission maximum red-shifts of 10 nm, and PLQY downsize to 4.3%.



On the other hand, a significant TFC response was obtained from Ac1 and Ac2 due to the pivotal role played by the zinc coordination sphere. Ac1 and Ac2 show blue and orange emissions, respectively, in the crystalline phase. As the coordinated water is lost, the crystal collapses and the pentacoordinate core turns gradually into a tetracoordinate fluorogenic unit. It can be assumed that the coordinated water loss has negligible influence on the PL pattern (which is mainly due to the ligands’ electronic transitions). Contrarily, the order degree is relevant to emission behaviour. In the disordered phase, the fluorophores are assumably closer and unstructured. The increased interaction between the fluorophores can cause the PLQY’ to decrease as observed in other studies [88,89,90,91,92] (Table 1). In addition, the molecular interactions specifically affect the PL behaviour of AIEgens. It was demonstrated that intermolecular interactions increasing electronic communication between fluorogenic units can result in the redshift of the emission wavelength [22].



In accordance with the above considerations, by samples annealing at 140 °C and removing the coordinated water molecule (under vacuo of 10-2 Torr for 15′) the emission downsizes to about one third (see Table 1) and undergoes a slight red-shift (see spectra of the treated samples in Figure 1, right side). Specifically, the double-peaked emission spectrum of Ac1 shows the increase of the second band causing a perceived colour more like turquoise, while the emission curve of Ac2 widens towards the NIR area. By extending the thermal treatment up to 200 °C (largely before decomposition, see Section 4), the sample melts. Interestingly, bringing the sample back to room temperature, the process resulted not reversible. The coordinated water is not re-absorbed, and the compounds remain as a frozen glass. The PL pattern recorded on samples treated up to 200 °C is very similar to the samples annealed at 140 °C. Only solvent recrystallization can bring the sample back to the pentacoordinate crystalline form.



Therefore, two structurally and spectroscopically different forms are revealed: the as-obtained samples (pentacoordinated crystalline complexes) and the samples which are obtained starting from 140 °C (amorphous tetracoordinated complexes). The switch between the two states (ordered-disordered) is not reversible and is quite sharp, as confirmed by the IR study. As will be discussed in Section 2.3, FTIR spectra collected on the sample Ac2 change radically just after 140 °C as in a switch mode, confirming the deep transformation of the complex triggered by the coordinated water loss.




2.2. Crystal Structure of Ac1 and Ac2


Crystals of Ac1 and Ac2 complexes were obtained by slow evaporation at room temperature. The asymmetric unit contains a coordination unit of Ac1 or Ac2 with a water molecule, as shown in Figure 5. Both Ac1 and Ac2 show an overall similar head-to-tail arrangement of two ligand molecules, oriented in opposite directions, and coordinating a single zinc ion. Therefore, zinc recognition is similar between the two complexes despite the different electronic properties of the chemical substituents on the aromatic ring.



The molecular structure of Ac1 or Ac2 consists of a ligand containing a central acyl hydrazone coordinating segment to zinc ion with an overall syn-conformation. The zinc ion lies in the plane of the keto-enol plane of the acyl hydrazone. As a consequence of coordination to zinc ion the X-substituted ring and the methoxybenzene groups are slightly rotated with respect to each other, and with respect to the plane of the acyl hydrazone group. Zinc ion displays a trigonal bipyramidal geometry characterized by two axial nitrogen atom groups (from two ligand molecules) and three oxygen atom groups in the equatorial plane including a water molecule, as shown in Figure 5. Despite the similar overall arrangement, the two complexes show a different orientation of the terminal methoxy groups.



The arrangement observed in the asymmetric unit is in turn structured in a tetrameric assembly of two sydimers around a pseudo C2 symmetry. The tetramer is held together by two symmetrically equivalent hydrogen bonds between the equatorial water molecule donating a hydrogen atom group to one of the N- atoms of the hydrazone group. Crystal packing consists of an assembly of these tetramers along the b-axis in agreement with the symmetry elements of the C2/c space group (Figure 6).




2.3. FTIR Analysis


FTIR analysis was employed to confirm our hypothesis about the structural transformation involved in the TFC response. We selected Ac2 as the compound with the most relevant TFC behaviour monitoring the IR spectra as a function of temperature and evaluating the absorbance area of the H2O band as the temperature rises.



The FTIR spectrum of the as-prepared Ac2 sample (red trace) and the spectrum of the same complex after thermal treatment at 200 °C under vacuum (blue trace) are reported in Figure 7. Both spectra were collected at room temperature. In the frequency range below 1650 cm−1, the as-prepared sample displays a rich pattern of well-resolved peaks, characteristic of a defect-free, crystalline structure. According to the literature [93] the spectrum is dominated by aromatic modes, i.e., at 1608, 1574 and 1535 cm−1 (in-plane ring deformations), at 1172–1118 cm−1 [δ(CCH)] and at 965–870 cm−1 [w(H–Ar)] (note: ν = stretching; δ = bending; w = wagging). Two peaks originating from the vibration of the whole tetracoordinated site are identified at 1012 and 834 cm−1. The thermal treatment induces a substantial modification of the vibrational pattern. Several peaks disappear (i.e., at 1385, 1150, 1118, 819 cm−1); the remaining display conspicuous shift and band broadening. To investigate the thermal behaviour in detail, we performed an in-situ FTIR experiment in which the sample was heated stepwise from 30 to 200 °C, collecting the spectra at each step after thermal stabilization for ten minutes. In Figure 8 are compared the spectra in the frequency range 1700–600 cm−1 were collected at 30 °C (green trace), 140 °C (turquoise), 150 °C (red) and 200 °C (light brown). The presence of two different patterns is evident, both well-resolved.



The spectrum remains well-resolved, and the peak intensities are retained from 150 °C up to 200 °C. These observations suggest an order-disorder transition occurring in the 140–150° interval, which suppresses the peaks characteristic of the crystalline phase (crystal field spitting and/or cooperative reticular modes) and produces a disordered phase which however does not flow up in the sample holder. Interestingly, in the region between 3450 and 2400 cm−1, the as-prepared sample displays a broad absorpcentredtered at around 3000 cm−1, encompassing a 1000 cm−1 interval. Superimposed on this band we found sharp peaks originating from the ν(CH) modes of the aromatics and the methyl group (above and below 3000 cm−1, respectively). The band at 3000 cm−1 is indicative of the presence of water in the sample: the in-situ FTIR experiment as a function of temperature allowed us to explore in more detail the status of absorbed water.



In Figure 9, it is reported that the absorbance area of the H2O band, corresponding to the residual water content (WC) in the sample, %WC, as a function of temperature. It is seen that %WC is constant up to 140 °C and suddenly decreases to zero above this temperature (see also an inset of Figure 9). The onset of water desorption corresponds to the transition temperature at which the spectrum in the 1650–600 cm−1 interval changes (see Figure 8). These observations suggest that water molecules are incorporated in the crystalline structure of Ac2; they persist if the crystals remain intact and are released as soon as the ordered structure collapses. The order/disorder transition is irreversible: by cooling down the thermally treated sample (10 °C/min), the spectrum collected at 30 °C is coincident (apart from the ordinary temperature effects) to that at 200 °C (see Figure 8). The water band does not re-appear after one week of exposure at atmospheric conditions (25 °C, 40 ± 10 RH), confirming that H2O molecules are embedded in the ordered structure during the crystallization process and are not absorbed from the environment.




2.4. Theoretical Analysis


TD-DFT calculations (in Tamm Dancoff approximation) [94] on Ac1 and Ac2 were performed to examine the effect of the electron-withdrawing substituent on the electronic pattern and the PL pattern. The experimental data were compared with the theoretical simulation of both absorbance and emission spectra in the wavelength range of 300–500 nm. Experimental absorption peaks for Ac1 and Ac2 (dotted lines) and the same peaks calculated by TD-DFT simulation (full lines) are reported in Figure 10. The maximum of the band and the trend obtained with the simulation match the experimental trend. For Ac1 the margin of error is minimal (within −1.5% < simulation error < 0.3%) compared to Ac2 (+5.2%). The quality of simulation data is unquestionable, considering: (i) lack of dynamic electronic correlation not included in DFT formalism, (ii) TDDFT treatment not covering orbital relaxation effects [95], (iii) lack of vibronic contribution evaluation and, therefore, the related band broadening effects. Similar considerations are valid for both absorption and emission spectra. The errors in the fluorescence peaks are: −0.8% and +5.2% for Ac1 and Ac2, respectively. Higher systematic errors for Ac2 can be ascribed to a slightly zwitterionic nature of the complex and the charge transfer phenomenon involving the nitro-group [96,97].



The Natural Transition Orbital (NTO) analysis [98] shows the excitations (absorption/emission) involving frontier orbitals HOMO⇒LUMO and HOMO-1⇒LUMO + 1 (see Table 2). The energy position of absorption peaks can be correlated with a decrease of the electronic orbital gap from Ac1 to Ac2 (Table 2), in accordance with the previous discussion (see Section 2.1).



The differential densities (ρdiff = ρex − ρgr) maps between excited states and ground states (Figure 11) in both cases show a negligible involvement of zinc cation. Although the key role of the metal is as a bridge between two ligands, a negligible superposition of zinc orbital to the overall energy level is observed. Similarly, the fluorine atom in Ac1 shows no contribution to the electron density migration path. Contrarily, the Ac2 system exhibits positive values of isodensities in the substituting sites (Figure 11, red lobes), indicating an electron density transfer from the central region of the molecule to the peripheral zones, both in absorption and in emission phenomena. Interestingly, the absorption phenomenon involves mainly only one of the two ligand molecules in the complex, while the emission phenomenon involves the whole two-ligands system.





3. Experimental Section


3.1. Synthesis of the Complexes Ac1 and Ac2


The ligands 4-fluoro-N′-(4-methoxybenzylidene) benzohydrazide and 4-nitro-N′-(4-methoxybenzylidene) benzohydrazide were prepared by reaction of 4-fluorobenzohydrazide or 4-nitrobenzohydrazide, respectively, as previously described [39,40,41,42]. A stoichiometric amount of 4-methoxybenzaldehyde was used. All starting reagents and solvents were commercially purchased from Aldrich products.



By reacting the related ligand with zinc (II) acetate the two complexes were obtained. As an example, the synthesis of Ac2 is described. An amount of 0.600 g (2.00 mmol) of the ligand 4-nitro-N′-(4-methoxybenzylidene) benzohydrazide was dissolved in 12 mL of dry 1,1,2,2, TCE. Zinc (II) acetate (0.183 g, 1.00 mmol) was added to the solution under stirring at 150 °C. After 45 min, the solution was poured into 40 mL of hexane. The precipitated solid was recovered by filtration and purified by crystallization in dichloromethane/hexane. Yield: 70%.



1H NMR for Ac1 (400 MHz, DMSO-d6, 25 °C, ppm): 3.81 (s, 3H), 7.00 (d, 2H), 7.21 (t, 2H), 8.03 (dd, 2H), 8.15 (d, 2H), 8.80 (s, 1H). Elemental analysis calculated (%) for C30H26F2N4O5Zn: C, 57.57; H, 4.19; N, 8.95; found: C, 57.96; H, 4.43; N, 8.69. MALDI-TOF of Ac1 m/z: 625.18 (M + H). Absorbance and emission NMP solution (excitation wavelength 400 nm): λab.sol = 344 nm; λem.sol = 378 nm. Zinc content (calculated ad ZnO% from TGA analysis): experimental = 13.1%; calculated = 12.8%. Mp = 168 °C.



1H NMR for Ac2 (400 MHz, DMSO-d6, 25 °C, ppm): 3.81 (s, 3H), 7.05 (d, 2H), 8.17 (d, 2H), 8.19 (d, 2H), 8.27 (d, 2H), 8.87 (s, 1H). 13C NMR (400 MHz, DMSO-d6, 25 °C, ppm): 163.2, 158.7, 152.8, 142.5, 141.8, 130.2, 128.3, 126.1, 115.3, 114.6, 55.9, ppm. Elemental analysis calculated (%) for C30H26N6O9Zn: C, 52.99; H, 3.85; N, 12.36; found: C, 53.18; H, 3.93; N, 12.51. MALDI-TOF of A1 m/z: 679.17 (M + H). Absorbance and emission NMP solution (excitation wavelength 400 nm): λab.sol = 455 (429) nm; λem.sol = 542 nm. Zinc content (calculated ad ZnO% from TGA analysis): experimental = 12.1%; calculated = 11.8%. Mp = 198 °C.




3.2. Materials and Methods


Optical observations were performed employing a Zeiss Axioscop polarizing microscope with an FP90 Mettler heating stage. A DSC scanning calorimeter Perkin Elmer Pyris 1 apparatus at a scanning rate of 10 °C/min under nitrogen flow was used to detect phase transition temperatures and enthalpies. Thermogravimetric analysis was performed by a Perkin Elmer TGA 4000. From TGA analysis the zinc content in models and polymers was measured as ZnO residue. Decomposition temperature was evaluated at 5% weight loss. 1H NMR spectra were recorded in d6 DMSO by using a Bruker Spectrometer 400 MHz operating. Mass spectrometry measurements were performed using a Q-TOF premier instrument (Waters, Milford, MA, USA) equipped with an electrospray ion source and a hybrid quadrupole-time of flight analyzer. Mass spectra were acquired in positive ion mode, in 50% CH3CN solution, over the 400–800 m/z range. Instrument mass calibration was achieved by a separate injection of 1 mM NaI in 50% CH3CN. Data were processed by using MassLynx software (Waters). UV-visible absorption spectra and emission fluorescence spectra were recorded by Jasco F-530 spectrometer and by Jasco FP-750 spectrofluorometer, respectively.




3.3. PLQY Calculations


PLQY (the ratio of photons absorbed to photons emitted through fluorescence) of models and polymers were recorded on quartz substrates by a Fluorolog 3 (spectrofluorometer, Horiba Jobin Instruments, Kyoto, Japan). Due to the high refractive index of the films, which results in substantial waveguiding of the luminescence, the spectrofluorometer was equipped with an integrating sphere and an optical fibre connection. This overcomes the angular dependence of the emission from the film. Measurement is done of the fluorescence emission (Ec) and the scatter (Lc) of the sample and the emission and scattering of a blank (La and Ea). From the two spectral measurements (sample and blank), the PLQY can be calculated from the Equation: Φ = Ec − (1 − A)Eb/La·A = Ec − Ea/La − Lc, where Eb is the integrated luminescence from the sample caused by indirect luminescence from the sphere and A is the absorbance of the sample at the excitation wavelength.




3.4. FTIR Apparatus


A stainless steel, vacuum-tight cell equipped with ZnSe windows (Specac HTHP cell) was accommodated in the sample compartment of a suitably modified FTIR spectrometer to perform in-situ acquisition of spectra during heating/cooling cycles. The cell was directly connected through service lines to a water reservoir, a turbo-molecular vacuum pump and a Pirani vacuometer. The cell temperature was electrically controlled in the 35–300 °C range to an accuracy of ±0.5 °C. The FTIR spectrometer was a Spectrum GX from Perkin-Elmer (Norwalk, CT, USA), equipped with a Ge/KBr beam splitter and a wide-band DTGS detector. The transmission spectra were collected with the following instrumental parameters: resolution = 2 cm−1; Optical Path Difference (OPD) velocity = 0.5 cm/s; spectral range 4000–650 cm−1. The thin film sample used for FTIR analysis was obtained by casting acetone solutions onto KBr tablets in subsequent depositions and dried at room temperature under diaphragm pump vacuo.




3.5. Single-Crystal X-ray Analysis


Single crystals of Ac1 and Ac2 complexes were prepared at room temperature by slow evaporation from a solution obtained by mixing stoichiometric amount of the related ligands in ethanol (500 μM, 2 mL) and zinc acetate (II) in water (20 mM, 0.050 mL). Light yellow and yellow coloured diamond-shaped plates of Ac1 and Ac2, respectively, appeared with typical dimensions of 0.07 × 0.1 × 0.6 mm. Small-sized crystals required data collection to be performed from the XRD1 beamline at the Elettra Synchrotron Light Source, Trieste Italy (wavelength, λ = 0.7000 Å). By using a small loop of fine rayon fibre, the selected crystals were dipped in the cryoprotectant paratone oil and flash-frozen in a stream of nitrogen at 100 K. Complete data sets were collected using an oscillation range of 0.5°. Data were processed using XDS and POINTLESS 1.11.21 with a data collection statistic reported in Table 3. Crystals of both complexes gave a similar monoclinic unit cell and space group C 2/c, although, the Ac2 complex shows a slighter bigger unit cell volume (~8%) than the Ac1 complex. No data twinning was detected. Structure solutions of the complexes were found by direct methods using SIR2000 [99] which revealed the presence of one zinc ion in the ASU, located on a centre of symmetry, and most of the expected ligands’ atoms connectivity. Structures were anisotropically refined using full matrix least-squares methods on F2 against all independent measured reflections using SHELXL [100] run under WinGX suite for the refinement of small molecules [101]. A water molecule was found with a fully occupancy coordinated to the zinc ion for both structures. All hydrogen atoms were introduced and refined in agreement with a riding model as implemented in SHELXL. Figures were generated using Mercury CSD 3.6 [102]. During refinement for Ac2 complex a top peak (~7 sigma level) in the residual difference Fourier map was found and near to one of the nitrogen atom groups of the -N-N- bond of the hydrazone planar moiety. This peak could either be interpreted as a disordered nitrogen atom group from the unreacted molecule used for chemical reaction (Scheme 1) or could be the result from X-ray radiation damage used for data collection; however, both interpretations result yield in relatively high values of refinement parameters for Ac2 (Table 3). Similar result was obtained from diffraction of different crystals of Ac2 complex. Crystal data and structure refinement details for the complexes are reported in Table 3 [103]. Crystallographic data for Ac1 and Ac2 and their models were deposited with the Cambridge Crystallographic Data Centre and can be obtained via https://www.ccdc.cam.ac.uk/structures/ (accessed on 14 March 2022).




3.6. Molecular Modelling


For each system employed in TD-DFT analysis (adopting ORCA 5.0.1 software) [104] of emission spectra 40 excitation roots have been produced with the corresponding normalized intensities. Basis set and tolerances values are identical to the other adopted in our previous paper [71]. The relative absorption intensities were achieved through the transition electric dipole moments evaluation. A Voigt profile was used to represent the wavelength versus normalized oscillator strength. The data were fit with using a Lorentzian functions, with a Full Width Half Maximum (FWHF) of 30 nm. This convolution yields a broader shape of the absorption spectra and well reproduce the main peaks present in the absorption experimental spectra. The state corresponding to the max intensities of absorption profile were successively relaxed through the gradient evaluation of the specific excited state. Once obtained a converged relaxation of the structures in the excited state, the energies of radiative process S1=>S0 transition (following the Kasha rule) [105] gives an estimation and comparison of the position of emission peaks of the two systems.





4. Conclusions


MCF and TFC materials are responsive to severe structural variations and the FC ability is related to metal-ligand dynamic governed by noncovalent coordination bonds. Therefore, the suitable choice of metal cation and ligands can result in a variety of TFC and MCF responses. Herein, we studied two novel zinc complexes easily obtained from half-salen mononegative ligands with a different electron-withdrawing substituent. The simple variation of this substituent produced two complexes with different emission color. In the crystalline form the two complexes are blue and orange solid-state fluorophores, respectively. As for many AIEgens, they resulted responsive to mechanical stress and highly responsive to thermal stress. Specifically, after an annealing treatment the emission curves and the naked-eye perceived colours underwent a red-shift while PLQYs decreased. Through X-ray structural analysis, thermal and IR analysis, PL spectroscopy, and DFT simulation, we were able to understand the relationship between structural details and TFC response of the two complexes. Their FC response was correlated with the structural rearrangement of the zinc coordination core triggered by coordinated water molecule. When this water molecule is lost during annealing process, the regularity of the crystalline structure is transformed in an amorphous phase. In this stage, fluorophores could be closer in space and exposed to radiative relaxation pathways which in turn cause a red-shifted decreased emission. Therefore, we demonstrated as TFC behaviour stems from an irreversible transition order/disorder. Remarkably, the related on-off PL pattern occurring in a small temperature range offers new insights for technological applications as sensing, anti-counterfeiting, and optical thermometry.
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Scheme 1. Synthetic route to complexes Ac1 and Ac2. 
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Figure 1. Normalized emission curves were recorded on crystalline thin film samples of Ac1 (blue curve), and Ac2 (red curve) before (on the left) and after (on the right) the annealing treatment at 140 °C. In the inset the spin-coated thin films used for recording the emission spectra, were photographed under the UV lamp at 365 nm. 
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Figure 2. General picture of the crystal structure of Ac1 (X = F) and Ac2 (X = NO2). 
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Figure 3. TGA (Section A) and DSC (Section B) curves for Ac1 (blue lines) and Ac2 (red lines) crystalline samples. 
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Figure 4. A sample of as-synthetized Ac1 (on the left) and Ac2 (on the right), photographed after grinding, solvent fuming (acetone) and heating process. 
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Figure 5. Thermal ellipsoids representation of Ac1 (on the left) and Ac2 (on the right) drawn at 50% probability Ortep representation. Atoms are color-coded as follows: carbon (brown), hydrogen (white), oxygen (red), nitrogen (blue), zinc (light gray), fluorine (yellow). 
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Figure 6. Crystal packing of Ac1 (on the left) and Ac2 (on the right) showing the assembly of tetramers along the b-axis (water molecule indicated as a red sphere). For sake of clarity, only the Ac2 adduct with higher occupancy is shown. Atoms are color-coded as follows: carbon (brown), hydrogen (white), oxygen (red), nitrogen (blue), zinc (light gray), fluorine (yellow). 
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Figure 7. FTIR spectra of the as-prepared sample (red trace) and of the same after exposure to 200 °C under vacuum (10−2 Torr). Spectra collected at 30 °C. 






Figure 7. FTIR spectra of the as-prepared sample (red trace) and of the same after exposure to 200 °C under vacuum (10−2 Torr). Spectra collected at 30 °C.



[image: Molecules 27 02551 g007]







[image: Molecules 27 02551 g008 550] 





Figure 8. FTIR spectra of Ac2 in the frequency range 1700–600 cm−1 collected at 30 °C (green trace), 140 °C (turquoise), 150 °C (red) and 200 °C (light brown). 
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Figure 9. Absorbance area of the H2O band at 3000 cm−1 and residual water content in the sample as a function of temperature. The inset compares the FTIR spectra in the 3800–2000 cm−1 range collected at 140 °C (blue trace) and 150 °C (red trace). 
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Figure 10. Absorption (above) and fluorescence (below) spectra of Ac1 (red lines) and Ac2 (blue lines). Calculated data and experimental values are represented by solid and dotted lines, respectively. Simulated excitations were convoluted adopting a Lorentzian function with 6 nm of FWHM. Positions of the main simulated peaks are reported including the difference shift with the experimental values (bracket). 
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Figure 11. Electron differential density between excited states and ground states in Ac1 (above) and Ac2 (below). Positive and negative density iso-values are indicated in red and blue, respectively. Differential excitation in the ground state equilibrium geometry (left) and excited relaxed geometries (right). The iso-surface is calculated at 0.001 |e|/a0 for all plots. 
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Table 1. Optical data recorded by UV-vis and fluorescence spectroscopy.
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	λab.film

(nm) [a]
	λem.film

(nm) [b]
	Stokes Shift (nm) [c]
	PLQY% [d]
	CIE Coord [e]
	λab.film

(nm) [f]
	λem.film

(nm) [g]
	PLQY% [h]
	CIE Coord [i]





	Ac1
	347
	429 (455)
	92
	21 ± 0.2
	0.184; 0.154
	352
	430 (456)
	6.8 ± 0.2
	0.25; 0.33



	Ac2
	380
	542
	162
	5.0 ± 0.2
	0.421; 0.469
	388
	549
	0.8 ± 0.2
	0.57; 0.34







[a] Wavelength of UV-Visible absorbance maxima on spin-coated thin films; [b] Wavelength of emission maxima on spin-coated thin films (excited to absorption maximum wavelength); [c] Stokes shift (from emission to absorption); [d] PLQYs measured on crystalline samples; [e] Emission CIE coordinates of the crystalline samples; [f] Wavelength of UV-Visible absorbance maxima on spin-coated thin films annealed at 140 °C for 15′; [g] Wavelength of emission maxima on spin-coated thin films annealed at 140 °C for 15′ (excited to absorption maximum wavelength); [h] PLQYs measured on the samples annealed at 140 °C for 15′; [i] Emission CIE coordinates of the annealed samples.
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Table 2. Electronic excitation analysis for Ac1 and Ac2.
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	Gap [a] (eV)
	Abs [b] (nm)
	Abs-M.O. [c]
	Emi [b] (nm)
	Emi-M.O. [c]





	Ac1
	3.70
	339
	H⇒L (0.64); H-1⇒L + 1 (0.33)
	439
	H⇒L (0.85); H-1⇒L + 1 (0.15)



	Ac2
	3.21
	402
	H⇒L (0.94); H-1⇒L + 1 (0.06)
	504
	H⇒L (0.54); H-1⇒L + 1 (0.45)







[a] Vertical electronic gaps, obtained as the difference from orbitals eigenvalues (Koopmans) are reported in the second column. [b] Abs and Emi are the calculated TD-DFT absorption and emission peaks. The relative orbital compositions in terms of the Natural Transition orbitals are indicated in the adjacent columns. [c] H and L indicates the HOMO and LUMO orbitals and in the round brackets the probability amplitude coefficients.
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Table 3. Crystal data and structure refinement details for Ac1 and Ac2 complexes.
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	Ac1
	Ac2





	CCDC number
	2156626
	2156702



	Formula complex and solvent
	C30H24N4O4F2·Zn (II)·H2O
	C30H24N6O8 Zn (II)·H2O



	Temperature (K)
	100
	100



	Wavelength (Å)
	0.7000
	0.7000



	Crystal system
	Monoclinic
	Monoclinic



	Space group
	Χ 2/c
	Χ 2/χ



	α (Å)
	30.629 (6)
	35.712 (11)



	β (Å)
	8.1810 (16)
	7.690 (1)



	χ (Å)
	10.809 (2)
	10.954 (1)



	β (°)
	97.79 (3)
	103.703 (12)



	R-merge (last shell: 0.75−0.71 Å)
	0.046 (0.225)
	0.038 (0.169)



	CC (1/2)
	0.998 (0.967)
	0.999 (0.980)



	I/σ (I)
	12.9 (3.9)
	17.4 (5.6)



	Completeness (%)
	96.7 (95.7)
	98.5 (98.8)



	Estimated mosaicity (°)
	0.21
	0.25



	Volume
	2683.5 (9) Å3
	2922.6 (10) Å3



	Z
	4
	4



	Calculated density
	1.544 g/cm3
	1.541 g/cm3



	θ range for data collection (°)
	2.35 to 29.754
	1.16 to 29.742



	Reflections collected/unique
	19,218/3996
	13,222/4285



	Data/restraints/parameters
	3996/0/202
	4285/0/221



	R1 indices (I > 2σ (I), 3647)
	0.0497 (0.0646, all data)
	0.1527 (0.1660, all data)



	wR2
	0.153 (0.167, all data)
	0.475 (0.484, all data)



	Highest diff. peak and hole
	1.07; −0.902
	5.90; −0.974



	F (000)
	1280
	1392



	Goodness-of-fit on F2
	0.93
	2.24
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Intensity (AU)

Intensity (AU)

500

600

760 l(nm)‘





media/file18.png
Absorbance (A.U.)

O
o

=
o

O
~

O
N

o
[

T=30°C; T = 140°C

T =150°C; T = 200°C

b\.J ’\‘ \

1600

1200 800
K
Wavenumber (cm )






media/file21.jpg
402(+22)

339(-5)

480

360

320

560

520

430

440

s 8 S

[snun “que] Ansudjup

zZ s 3 8

[snun “qae] Ansuayug

Wavelength [nm]





media/file3.jpg





media/file22.png
Intensity [arb. units]

Intensity [arb. units]

125

1.00

0.75

0.50 |-

0.25

0.00

1.25

1.00

0.75

0.50

0.25

0.00

339(-5)

439(-16)

440

480 520
Wavelength [nm]






media/file19.jpg
Absorbance area (cm)

50
40
30
20
10

o

H

Jr——

i

e )

100
80
60
40
20

20

60

100 140
Temperature (°C)

180

220

Residual H,O content (%)





media/file7.jpg





media/file10.png
TFuming
-

=
=
Grinding Annealing Grinding Annealing
e x 00— G 1 (LD






media/file14.png





media/file11.jpg





media/file6.png





media/file15.jpg
Absorbance (A.U.)

1.0

0.8

0.6

04

0.2

initial

thermally treated at 200°C

Py

3000 2000
Wavenumber (cm)






nav.xhtml


  molecules-27-02551


  
    		
      molecules-27-02551
    


  




  





media/file16.png
Absorbance (A.U.)

147

0.8 -

initial

thermally treated at 200°C

0.6 -

0.4 -

0.2 1

e

3000 | 2000
Wavenumber (cm-7)

1000






media/file2.png
X=F Ac1

+ zinc (Il) acetate X=N0O2 Ac2

synthesis of ligands





media/file20.png
Absorbance area (cm)

S0}

40|
30|
20|

10}

Absorbance (A.U.)

o
w
o

o
]
3

o
[*,
o

I-*f._) U e i
T =140°C
| | T=150"C
JaM\y
.-"/ r _.,'\'f\._,",__ o
Wﬂﬁf S o T ——\*F-.m?"_..

3800 3400 3000 2600 2200

Wavenumber (cm™')

&
I

1100

20

60 100 140
Temperature (°C)

180

220

Residual H2O content (%)





media/file23.jpg
W





media/file5.jpg





media/file24.png





media/file1.jpg
+zinc (I) acetate

synthesis of ligands

H0





media/file12.png





media/file9.jpg





media/file0.png





media/file8.png
80

60

40

20

Heat flow
1 ]

]

#/J_——__

T % 1
200 TG 280

|
200

T
400

T
600

! |
T(°C) 800

60

40

20

Heat flow

|
T(°C) 800





media/file17.jpg
Absorbance (A.U.)

0.8

0.6

0.4

0.2

1600 1200 5 800
Wavenumber (cm’)






