Tunable solid-state emitters based on benzimidazole derivatives: aggregation induced red emission and mechanochromism of D-π-A fluorophore
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ABSTRACT
Photoluminescent solid-state materials are widely applied in modern technology, whereby molecular materials with luminescent “switching” properties when exposed to external stimuli are of the special interest. However, development of solid-state materials that exhibit broad spectrum of tuneable luminescence, especially red, still remains a major challenge. Aggregation induced emission phenomenon (AIE) was successfully demonstrated as a strategy for the design and development of novel solid-state emitters, particularly when combined with excited-state proton transfer reactions (ESIPT). Yet, extensive and complicated synthesis of AIE molecular systems, which are mostly large rotor molecules with luminescence in blue and green spectral region, is a major drawback.  
In this work we present a systematic study of the spectral properties of five AIE- and ESIPT-based solid-state emitters built on simple and easily synthesised benzimidazole (BI) derivatives, a class of compounds that have not yet been reported as solid–state emitters. BI-based Schiff bases 1-5 are characterised by absorption and fluorescence spectroscopies in solution and solid state. 1-5 are D-π-A structures with bulky aromatic groups that can undergo twisted molecular conformation, while presence of the –OH group causes excited state intramolecular proton transfer (ESIPT). Different substituents on π-conjugated backbone generate tuneable solid-state emission from blue to red. All examined compounds can form aggregates in “poor” solvent, such as water, while at the same time novel emission band appears at higher wavelengths. Although weakly emissive in solution, aggregation induced emission phenomena (AIE) are to varying degrees responsible for a pronounced solid-state emission of 1-5. Since AIE can be easily disrupted, spectral properties of solid-state fluorophores are sensitised to external stimuli, such as external mechanical stimuli or vapours of organic solvents. Reversible mechanochromic luminescence is observed for fluorophores 2-5 with wavelength shifts of 16 nm, 19 nm, 26 nm and 48 nm. Red fluorescence is observed for 5 and its application is demonstrated by developing simple reversible mechanochromic material. 
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1. Introduction
Solid-state emitters and molecular smart materials are an attractive research topic that simultaneously supports modern technology and advances in optoelectronic devices (e.g. OLEDs) [1], memory systems or security printing [2], fluorescent imaging or fluorescent sensors [3]. The exploitation of organic materials with fluorescence emission in solid state is highly desirable in material sciences, especially those with efficient red emission [4-7]. Red-emitting materials are of particular importance in bioimaging, where they can enable deep tissue penetration with minimum photo damage to living organisms. However, designing the solid-state emitters is a challenging task due to unclear molecular interactions and mechanism of molecular relaxation from the excited state in solid fluorophores. Designing the red solid-state fluorophores is especially challenging, because of the common aggregation caused quenching (ACQ) of D-π-A fluorophores (red fluorophores).
Recently, researches presented different molecular structures and families of solid-state emitters [4, 5, 8-14]. Special focus is placed on fluorophores that exhibit a proton transfer in the excited state (ESIPT), due to remarkable properties such as large Stokes shift, dual emission and spectral sensitivity to the surrounding medium. Solid state ESIPT emitters are summarised and discussed in a review paper by Padalkar and Sehi [15], where the importance of solid-state red emitters is once again underlined. Authors also discuss various strategies in developing novel ESIPT chromophores with solid-state emission, focusing on the fact that highly emissive solid-state ESIPT chromophores, which are none or weakly emissive in solution, are more appropriate for optoelectronic applications. 
Aside red fluorophores, even developing wide-spectrum tuneable solid-state emitters remains a challenge. Subtle structure modifications, such as changing a heteroatom and substituent positions of arylmaleimides, is demonstrated as an effective method for large changes in the fluorescent colour [16]. Hetero[n] rotaxanes are developed as solid-state fluorescent materials used for the supramolecular encryption [2]. Benzthiazole and benzoxazole derivatives are recognized as potential cores in design of novel solid-state emitters, yet benzimidazole solid-state emitters are not common [17-20]. 
Recent reports demonstrated a convenient way for developing solid-state emitters by exploiting the photophysical phenomenon aggregation caused emission (AIE) or aggregation caused enhanced emission (AIEE) [10, 21-24]. Fluorophores with AIE properties are investigated for diverse functional applications, focusing on their unique properties such as mechanochromism or other external stimuli responses [2-4, 13, 25, 26]. Mechanochromic fluorescent materials change their emission colours when external stimuli, such as grinding, crushing or pressing, are applied. It can be generally achieved by chemical or physical structural changes to the materials. However, molecular design of such materials is difficult. The main problem in developing mechanochromic materials is aggregation caused quenching (ACQ) [27], which is why recently developed mechanochromic materials are mostly ICT dyes with AIE-active properties [19]. Several molecular systems are presented as mechanoflurorochromic materials, such as aminosryrylquinoxalines [28] or AIE-dependent scorpion-like carbazole [29], triphenylamine [30] or acrylonitrile derivatives [31]. However, extensive and complicated synthesis of AIE molecular systems, which are mostly large rotor molecules with luminescence in blue and green spectral region, is a major drawback. Some authors explicitly claim that novel AIE molecular systems with facile synthetic procedures are desirable, avoiding large organic systems and focusing on small organic molecules [32].
In this work we present solid-state emission and stimuli-responsive properties of some benzimidazole-based Schiff bases previously synthesised in our research group [33]. Investigated compounds are able to form emissive nanoaggregates in water and undergo excited state intramolecular proton transfer reactions. ESIPT chromophores are weakly emissive in solution, but exhibit strong solid-state emission that can be easily modified by altering the substituent on the benzimidazole core or external stimuli. This work will help and guide in a further design of multi-stimuli responsive materials, especially aspiring towards facile and economic synthesis and exploitation of small organic molecular systems. 

2. Experimental section

2.1 General methods
All chemicals and solvents for synthesis and characterisation were purchased from commercial suppliers Acros, Aldrich or Fluka. Organic solvents were obtained from Kemika d.d., Zagreb. Milli-Q water was used for the preparation of aqueous solutions. Absorbance spectra were recorded on a Cary 100 Scan Varian spectrophotometer. Absorbance measurements were carried out using quartz cells of 1 cm path length and absorbance values were recorded at 1 nm. Wavelength scan was performed between 200 nm and 800 nm. Baseline was recorded prior to each set of experiments. Fluorescence measurements were carried out on a Varian Cary Eclipse fluorescence spectrophotometer at room temperature using 1 cm path quartz cells. Excitation wavelengths were determined from absorbance maxima. Emission spectra were recorded from 300 nm to 800 nm. Solid-state emission was recorded on the Agilent Cary Eclipse spectrofluorimeter, using the solid sample holder accessory (Agilent). Solid sample holder enables fluorescence measurements on solid samples. It consists of a vertical sample mounting ‘slide’ supported by optical rails attached to the accessory baseplate. The angle of incidence of the excitation (the angle between the exciting light and a line perpendicular to the surface of the sample mounting slide) was 35°. 
The 1H spectra were recorded on a Varian Gemini 300 at 300 MHz. All NMR spectra were measured in DMSO-d6 solutions, while chemical shifts are reported in ppm (δ) relative to TMS as internal standard.

2.2 Aggregation induced emission investigation
Due to low solubility in water, 1-5 were initially dissolved in ethanol or DMSO and stock solutions were prepared, c (stock) = 1×10-3 mol dm-3. Working solutions were prepared by dilution of concentrated stock solutions. The ethanol/water or DMSO/water mixtures with different water fractions were prepared by slowly adding the target molecule in solvent mixture at room temperature. The concentration was maintained at 10 µM. The emission and absorption measurements were performed immediately. 
Dynamic light scattering (DLS) experiments were carried out in aqueous (fw = 99% water/ethanol) and in ethanol solution, c = 10 μM on Malvern Zetasizer Nano instrument. 

2.3 Mechanofluorochromism study
The ground powder was obtained by grinding the pristine sample with a pestle in the mortar. The fumed sample was prepared by fuming the ground powder with ethanol vapour for 5 min.
The crystal phases in samples were analysed by powder X-ray diffraction (PXRD) using Shimadzu XRD6000 with CuK radiation. Data were collected 2-70 °2 in a step scan mode with step of 0.02° and counting time of 0.6 s.


3. Results and discussion
3.1 Design and spectral properties of solid-state emitters
Benzimidazole-based Schiff bases 1-5 (Figure 1a) are molecular systems that possess ICT character due to the introduction of an electron donating N,N-diethyl amino group and strong electron withdrawing -CN and –NO2 groups on the benzimidazole acceptor moiety. The structural core of 4 and 5 also contains a salicylidene moiety that potentially introduces photoinduced proton transfer reactivity (ESIPT). Benzimidazole moiety is an attractive building block of electron donor-π-electron acceptor (D-π-A) molecular systems due to the multifunctionality of its heteroaromatic conjugated planar structure [34]. As we previously demonstrated, benzimidazole-based D-π-A molecular systems based on charge-transfer interactions are excellent candidates for designing optical chemosensors in solution and polymer matrices. Their properties as chromophores (fluorophores) enabled development of novel sensing systems, such as ion-selective optodes, as well as chemosensors for metal ions [35, 36]. 
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Figure 1. A) Benzimidazole-based Schiff bases 1-5; B) Solid-state emission spectra and photographs taken under UV lamp (λexc = 365 nm) of 1-5.

Absorbance and fluorescence emission spectra of 1-5 in ethanol are presented in Fig S1. 
Charge transfer in chromophores 1-5 induces strong absorption in the violet-blue region of the visible spectrum with pronounced molar extinction coefficients. Absorbance maxima in ethanol are detected at λabs = 397 nm, λabs = 408 nm, λabs = 419 nm, λabs = 427 nm and λabs = 440 nm, respectively, which is observed as yellow solution. They are weakly emissive in ethanol in the green spectral region (λemiss = 460-501 nm). The spectral properties of 1-5 in solution were also characterised by the UV-visible absorption and fluorescence spectrophotometries in different aprotic and protic solvents. A pronounced difference in spectral properties of fluorophores in organic solvents and water was observed both in absorption and emission spectra, which suggested that 1-5 likely form nanostructures in water. Novel emission maxima at longer wavelengths in water (λemiss = 405-625 nm) also led us to assume that such fluorescence properties come from the formation of aggregates and possibly aggregation induced emission. Basic photophysical properties of 1-5 in ethanol, H2O and solid state are summarised in Table 1.

Table 1. Photophysical properties of 1-5 in ethanol, H2O and solid state.
	Comp.
	λabs /nm
	λemiss/nm
	ε/
mol-1 dm3 cm-1
	Stokes shift / nm
	λemiss/nm

	
	H2O
	EtOH
	H2O
	EtOH
	H2O
	EtOH
	H2O
	EtOH
	solid state

	1
	429
	397
	512
	460
	20 730
	34 970
	83
	63
	525

	2
	356
	408
	490
	473
	19 840
	32 390
	49
	65
	571

	3
	355
	419
	630
	501
	4 400
	40 010
	286
	82
	580

	4
	364
	427
	570
	468
488
	22510
	42690
	206
	41
	536

	5
	390
	440
	612
	483
	20 680
	61800
	220
	43
	620



Although 1-5 are weakly emissive in solution, they showed strong fluorescence under 365 nm illumination in powder form (Figure 1b). Thus, solid state emission in compounds 2-5 is a surprising factor. Emission can be explained by the formation of emissive aggregates, which, in a combination with specific properties arising from the electron-withdrawing substituents in 2 and 3 and ESIPT ability of 4 and 5, resulted in emission covering broad wavelength spectrum, with emission maxima λemiss = 525 – 620 nm (Figure 1b.).
Solid-state emission can be easily tuned by introducing different electron-withdrawing substituent on the benzimidazole core (Figure 1b). When weak electron-withdrawing methyl group is present (1), emission at lowest wavelengths is observed (λemiss = 525 nm). By introducing stronger electron-withdrawing -CN and –NO2 groups, solid state emission can be tuned towards higher wavelengths. Notably attractive observation is the red emission in ESIPT-inspired solid-state fluorophore 5 (λemiss = 625 nm). Once again, tuning the fluorescence is directly dependent on the nature and position of substituted groups. Thus, weakly emissive 1 was excluded from further experiments.
Solid state emission is achieved by suppressing other radiationless deactivation pathways which occur in the excited state. Strategies for the design of novel solid state emitters are e.g. restriction of twisted intramolecular charge transfer (TICT), restriction of cis-trans isomerisation, aggregation induced emission, aggregation induced enhanced emission, or often combination of several such phenomena. ESIPT emitters are preferably part of such designs because of their unique desirable photophysical properties. Basic flexible imine group and acidic phenolic hydrogen are suitable for ESIPT in dyes 4 and 5. Cis-trans isomerisation of the keto form can effectively deactivate the excited state which causes quenching of fluorescence in solution. However, in the aggregated state cis-trans isomerisation is effectively blocked through tight molecular packing. Conformational changes significantly suppress nonradiative deactivation pathways and favour the radiative decay. 


3.2 Aggregation induced emission (AIE) investigation 
The intramolecular charge transfer (ICT) compounds, such as dyes 1-5, are strong candidates for the design and development of novel aggregation-induced emission molecular systems (AIEGens). Self-assembled nanoaggregates of structurally similar benzimidazole derivative were previously presented as sensing system for pH, based on aggregation-deaggregation mechanism and aggregation induced emission [37]. After careful consideration, it is clear that 1-5 are another class of benzimidazole-based derivatives found to form nanoaggregates in water.
Aggregation induced emission phenomenon of 2-5 was investigated by UV-visible absorbance and fluorescence spectroscopies, and light scattering on the nanostructures was also examined by dynamic light scattering (DLS) measurements in aqueous (fw = 99% water/ethanol) and ethanol solutions. Absorption and emission properties of 2-5 have been studied in binary solvent-nonsolvent mixtures (ethanol-H2O and DMSO-H2O) by changing the volume percentage of water (fw), as shown for 5 in Figure 2a and for 2-4 in Fig S2-S4. 
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Figure 2. A) Emission spectra of 5 in DMSO at different volume fraction of water; B) effect of water fraction on the emission intensity, (c = 10 µM, λexc = 365 nm) and C) dynamic light scattering results of 5 in aqueous solution (fw = 99%).

Compounds were soluble in common organic solvents but insoluble in water (aqueous solution, H2O, refers to solutions prepared by diluting stock ethanol solution in a large quantity of water, volume fraction fw = 99 %). Spectral properties of examined systems are significantly different in so called “good” solvents (organic solvents) and “bad” solvent-water, especially in fluorescence spectra where novel emission band appeared at higher wavelengths. On the addition of water to a solution of 1-5 in DMSO, the absorbance spectra remain virtually unchanged until the water fraction fw reached the threshold value (70-80 %) (Fig S5). Above this threshold value the absorption spectra show a blue shift with a maximum at λ = 355-390 nm and a level-off red tail indicating presence of light scattering effects on nanoparticles [38], while new fluorescence emission band appears at λemiss = 450-640 nm (Fig. 2a). At the same time, aqueous mixtures appear completely homogenous and without precipitates. Although all examined compounds formed aggregates in water with new emission maxima, the most pronounced aggregation induced emission was observed for 5. The intensity of nanoaggregate emission in aqueous solution, (fw = 99 %) is around 7-fold the emission in organic solvents at given wavelength (λemiss = 620 nm) for 5 (Fig. 2b).
The presence of nanoaggregates in aqueous solution was also confirmed by a simple test for the Tyndall effect in aqueous solutions (Fig S6). Nanoaggregates of 2-5 in water cause light scattering, seen as a red-line through the solution when a red laser beam is directed through solutions. Light scattering in ethanol solution is not observed. Very weak light scattering was observed for 1. 
The dynamic light scattering (DLS) measurements confirmed absence of any particles in pure ethanol, but revealed the presence of aggregates in aqueous solutions with sizes 15 nm, 33 nm, 79/450 nm, 206 nm and 40 nm for fluorophores 1-5, respectively (Fig 2c, Fig S2-S4). 

Suppression of intramolecular motion, cis-trans isomerisation and increased rigidity in aggregated state resulted in suppression of non-radiative relaxation, which can also be demonstrated by changing the viscosity of the medium surrounding the molecules. The effects of solvent viscosity on spectral properties of 2-5 were studied in mixtures of solvents of varying viscosity (glycerol-methanol mixtures of different volume ratios) (Fig. S7). As the volume fraction of glycerol increased, fluorescence intensity became stronger, which in the case of 2-5 can be attributed to the restriction of the intramolecular rotation of the dimethylamino or diethylamino groups conjugated to the aromatic ring, as well as the restriction of the cis-trans isomerisation leading to a more rigid molecular arrangement. The restricted rotation enhances electron donating ability towards the acceptor moiety, possibly stabilising the TICT state in viscous medium and enabling ESIPT. Absorption spectra showed no evidence of aggregation (absence of level-off red tail). 
To conclude this section, we can confirm that 2-5 form self-assembled nanostructures in water. Nanoaggregates emit fluorescence at higher wavelengths, which is prominent for 5 and can be attributed to aggregation induced emission phenomena caused by molecular packing and restriction of molecular motions in aggregated state.  Formation, size and morphology of aggregates in water and its influence on the emission intensity were not in the focus of this work, but we can observe strong difference between 1, which forms small number of very small aggregates, and other compounds with pronounced aggregation, such as 5. 

3.3 Stimuli-responsive solid-state emission
Solid-state fluorescence and aggregation properties of 2-5 encouraged us to study the stimuli responsive properties of investigated compounds. Optical properties that can be altered by external stimuli in controlled environment, such as mechanofluorochromism and effect of microenvironment (atmosphere saturated with vapours of different organic solvents) can be observed to varying degrees for compounds 2-5.
2-5 showed different fluorescence behaviours upon the treatment of grinding and fuming. As shown in Figure 3a, the pristine (as prepared) sample of 5 emits red fluorescence with emission maxima λmax = 620 nm. Upon grinding using a mortar and pestle, the pristine sample showed very small batochromic shift to longer wavelengths (5 nm). However, after fuming the sample with acetone or ethanol vapours for 10 min, emission converted to yellow-orange fluorescence and emission maxima switched to λmax = 572 nm. When the powder 5 was reground, the fluorescence emission restored its original state an emitted red colour with emission at λmax ≈ 625 nm. If the powder 5 was fumed again, its emission shifted to λmax ≈ 572 nm. Wavelength switches are reversible, after the first fuming, as shown in Fig 3b. Simultaneously, fluorescence intensity drops with every cycle. This mechanochromic conversion could be repeated without any chemical change, as shown by NMR spectroscopy (Figure 4b). It appears that molecules of 5 in its pristine form (as prepared) are arranged in more planar structures, which is disrupted by fuming the sample and causing the new molecular arrangement and blue shifted fluorescence. By grinding the sample, red shifted fluorescence is observed due to possibly better molecular interactions. 
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Figure 3. (A) Solid-state emission of ground/fumed 5; (B) Photographs of 5 ground / fumed in several cycles, observed in daylight and under UV lamp (λexc = 365 nm).

Fluorescent properties of molecules in solid state depend on the molecular arrangement, conformational flexibility and intermolecular interactions in the material. Thus, HOMO-LUMO energy levels, and consequently fluorescent properties of materials, are significantly affected by any modification in the molecular packaging. Since the aggregation directly affects the molecular arrangement, novel solid-state fluorophores are often based on the AIE phenomena. Also, aggregation can be easily disrupted, wherefore solid-state fluorescence originated from AIE molecular systems can be easily modified. Thus, AIE materials are recently becoming the main interest in developing stimuli responsive materials, especially those with red fluorescence. It is also highly desirable to exploit AIE systems (especially small organic molecule that are not often presented as AIE systems) with facile and economic synthesis as novel stimuli-responsive materials. Schiff bases 1-5 are easily and economically synthesized. Although they are simple molecules and similar systems are well known ligands in coordination chemistry, their AIE properties have not been reported in the literature. 
To evaluate differences between pristine, ground and fumed states, characteristics of 5 were investigated by powder X-ray diffraction (XRD) (Figure 4a). Raw as-derived sample 5 displays a pattern typical of well crystalline compound. Structurally, the compound was not described, thus no ICDD assignation was possible. On behalf of only one very strong peak at about 13.3 °2 it is suggested the pattern may be the consequence of the preferential orientation of the crystallites. Additionally, based on a sole low-angle peak at about 4.5 °2 the presence of the ordering at meso-level is suggested (size of the domains is about 2 nm). Therefore, raw sample is a well crystalline mesostructured sample with notably preferred orientation of the crystallites. The crystallites size was calculated using Scherrer's equation and found to be about 72 nm (Figure 4a Inset). The grinded sample is basically amorphised. These patterns follow the same qualitative and quantitative relations, just heavily reduced in the intensity. From the semiquantitative peak ratio we observe the intensity is quartered (Figure 4a Inset). From the microstructural point of view, the crystallite size decreased to nanosizes (about 44 nm), which is actually the main difference and occurs as the expected consequence of the amorphisation process. Therefore, grinded sample is partially amorphised raw sample.
The fumed sample displays recrystallisation based intensity increase (Figure 4a Inset); this pattern is the same as the previous two, yet the peak intensity ratio differs. Namely, the peak latter does not support preferred orientation in the same extent as in the raw sample. Peaks below 15°2 preserve peak intensity ratio but those above 30 °2 grow in intensity and get narrower, pointing out to a higher crystallite size (about 83 nm). Therefore, humidified (fumed) sample is structurally the same as the previous two, but definitively with some microstructural differences. Specifically, greater crystallites and somewhat lower preferential orientation are observed. Such behaviour clearly indicates differences in structural properties, and it is observed as a consequence of different rates of crystallization occurring in the course of syntheses and during humidifying. Namely, different growth rate will surely influence the distribution of the crystallographic fringes having different surface energies. 
To conclude, powder X-ray diffraction (XRD) showed that mechanochromic properties of investigated compounds can be assigned to morphological transition between crystalline and amorphous state, as shown in Figure 4a for 5.  
Mechanofluorochromic properties of 2-4 are less expressed as shown in Figures S8-S10. Reversible fluorescent wavelength switch of 16 nm, 19 nm or 26 nm was observed. In contrast to 5, 2-4 exhibit a batochromic switch of emission maxima upon grinding of pristine sample, without the need for initial fuming, indicating that they are in crystalline form as prepared (Figure S11). 
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Figure 4. A) The diffraction patterns of the as-derived, grinded and humidified samples. Inset 1. Scherrer’s crystallite sizes, Inset 2. Semiquantitative relative peak ratio; B) NMR spectra of 5 as-derived and after grinding.

Stimuli-responsive characteristics were further investigated by exposing the samples to atmosphere of organic solvents vapours. Effect of vapours on the solid-state fluorescence of 2-5 was investigated in sealed Petri dish. When left overnight in the atmosphere of different organic solvents, 2-5 exhibit solid-state emission at the same wavelength but different fluorescence intensity. General observation was that fluorescence intensity decreases as polarity of solvent increases. The most pronounced change in fluorescence intensity is observed for 5 and shown in Figure 5.
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Figure 5. (A) Fluorescence intensity of  5 vs. ET(30) solvent polarity parameter; (B) Photographs of 5 after being exposed to vapours of tetrahydrofurane, dichloromethane, acetone, ethanol and methanol, observed in daylight and under UV lamp (λexc = 365 nm).

To demonstrate the possible applications of investigated compounds, we present novel paper-based fluorescent materials. Filter paper strips are soaked in saturated ethanol solution of 2-5 and dried at room temperature. Paper strips with different colour are developed, while 5 retained orange-red emission (Figure 6a). Since mechanofluorochromic properties of 2-4 are not significantly expressed (Figure S12), demonstration of applicability is presented for 5 (Figure 6b). Patterns can be reversibly recorded simply by writing with spatula and subsequently erased by fuming with solvents within few minutes. Writing / erasing is reversible for several cycles. This simple demonstration implies potential of such simple and small organic molecule in optical recording, security printing or mechanochromic materials.
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Figure 6. Different patterns written with a spatula on the sample casted on the filter paper and erased by keeping the paper strip in the acetone vapour atmosphere for a few minutes (365 nm UV light).

4. Conclusions
Five benzimidazole-based Schiff bases are presented as novel solid-state emitters. Different substituents on the π-conjugated backbone generate tuneable solid-state emission from blue to red. Fluorophores 4 and 5 can undergo the excited state proton transfer, which conjoined with the aggregation induced emission enable red fluorescence in solid-state emitter 5. 
Since AIE can be easily disrupted, spectral properties of solid-state fluorophores are sensitised to external stimuli, such as external mechanical stimuli or vapours of organic solvents. Reversible mechanochromic luminescence is observed for fluorophores 2-5 with wavelength shifts from 16 nm to 48 nm. Red fluorescence of fluorophore 5 is exploited in order to demonstrate a simple reversible mechanochromic paper-based material. 
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