

  symmetry-12-01903




symmetry-12-01903







Symmetry 2020, 12(11), 1903; doi:10.3390/sym12111903




Review



Vapochromism of Organic Crystals Based on Macrocyclic Compounds and Inclusion Complexes



Toshikazu Ono *[image: Orcid] and Yoshio Hisaeda *





Department of Chemistry and Biochemistry, Graduate School of Engineering, Center for Molecular Systems (CMS), Kyushu University, 744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan









*



Correspondence: tono@mail.cstm.kyushu-u.ac.jp (T.O.); yhisatcm@mail.cstm.kyushu-u.ac.jp (Y.H.)







Received: 28 October 2020 / Accepted: 18 November 2020 / Published: 19 November 2020



Abstract

:

Vapochromic materials, which change color and luminescence when exposed to specific vapors and gases, have attracted considerable attention in recent years owing to their potential applications in a wide range of fields such as chemical sensors and environmental monitors. Although the mechanism of vapochromism is still unclear, several studies have elucidated it from the viewpoint of crystal engineering. In this mini-review, we investigate recent advances in the vapochromism of organic crystals. Among them, macrocyclic molecules and inclusion complexes, which have apparent host–guest interactions with analyte molecules (specific vapors and gases), are described. When the host compound is properly designed, its cavity size and symmetry change in response to guest molecules, influencing the optical properties by changing the molecular inclusion and recognition abilities. This information highlights the importance of structure–property relationships resulting from the molecular recognition at the solid–vapor interface.
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1. Introduction


The development of chemosensors has been the subject of intensive research for potential applications in various fields covering human health, industries, and security fields. Gas chromatography, high-performance liquid chromatography, and electrochemical sensing are commonly used for the detection of small molecules and volatile organic compounds. However, most of these methods fail to meet the requirements of simple operation and are expensive. In this context, vapochromic materials that undergo color and/or fluorescence changes in response to specific gases and vapors have been a promising phenomenon. Colorimetric sensor arrays with pattern recognition capabilities have been widely used to detect and discriminate multiple chemically similar samples.



In the last decades, vapochromic materials based on organic dyes, metal complexes, metal organic frameworks, and covalent organic frameworks have attracted a lot of attention and various researches have been carried out. Various metal complexes are known to show vapochromism in the solid-states due to the significant changes in the metal-to-metal interaction and coordination bonding modes caused by the adsorption and desorption of vapor molecules. Several examples of metal-containing vapochromic materials such as Pt(II) or Au(I) have been reported and compiled in review papers [1,2,3,4,5,6]. On the other hand, metal-free vapochromic materials have been recently considered. The purpose of this mini-review is to investigate recent advances in the fields of vapochromism/vapofluorochromism of organic materials, especially focusing on host–guest compounds with distinct mechanisms and where structural identification has been achieved.




2. Vapochromic Materials Based on Macrocyclic Compounds


Macrocyclic compounds have long been known as host compounds, and cyclodextrins [7], calixarenes [8], thiacalixarenes [9], pillararenes [10], and cucurbiturils [11] have been reported. Some of them incorporate guest molecules into the cavity of their cyclic framework via intermolecular interactions to form a host–guest complex in solution and the solid-states. For example, the room-temperature phosphorescence from guest molecules has been observed when cyclodextrin derivatives and halogenated naphthalene are used as host compounds and guest molecules, respectively [12]. This is because the formation of the host–guest complex can suppress thermal deactivation. Thus, the formation of complexes, such as host–guest complexes, has been important for expressing hidden optical functions.



Macrocyclic compounds have internal cavities based on their molecular shape. If the size of the guest molecule does not match the size of the cavities, it will not be incorporated into the cavities. If the guest molecule matches the size of the cavities, it will be selectively incorporated into the cavities. These molecular recognition capabilities have been used to retain and remove substances and for sustained release materials. Based on this phenomenon, various sensor materials have been developed as molecular recognition membranes by combining with electrochemical sensors [13]. Research on vapochromism, in which the host compound is a solid and the guest compound is a vapor (gas), attracts great attention because of the absorption and luminescence response before and after the adsorption of the guest molecule. These studies have widely used porous materials as hosts that can adsorb gases and small organic compounds as guests. Among them, studies in which the crystal structures have been identified before and after guest adsorption are essential to discuss the mechanism of vapochromism. Recently, vapochromic materials based on pillar[n]arene derivatives, which are host compounds with a cyclic structure, have been of great interest.



Pillar[n]arenes, reported by Ogoshi in 2008 [14], are macrocyclic molecules composed of 1,4-di-alkoxybenzene, which are called pillar[5]arene or pillar[6]arene, etc., depending on the repeating unit “n”. Research progress with these compounds has been rapidly expanded and has been summarized in some review papers regarding supramolecular complexes and host–guest chemistry [10,15,16]. In this mini-review, we present various vapochromic materials based on host–guest chemistry inspired by the unique structures of pillar[n]arenes and their related compounds.



The difference between the pillar[5]arene and the pillar[6]arene is the size of the cavity. The cavity size of pillar[5]arenes and pillar[6]arenes is ca. 4.7 and ca. 6.7 Å, respectively. The pillar[5]arene tends to incorporate linear chain hydrocarbons via CH–π interactions, whereas the pillar[6]arene tends to accommodate larger molecules such as aromatic molecules and cyclic alkanes. This cavity size-dependent selectivity of the guest molecule makes it possible to fractionate positional substitutes in organic compounds. For example, it has been reported that these materials can be used to separate styrene from ethylbenzene and to separate three xylene isomers [17,18]. Separation of linear and branched alkanes is demonstrated using the host–guest chemistry of pillar[n]arenes as well [19]. However, the color of the solid powder of a typical pillar[n]arene is white, making it difficult to visually detect the uptake event of the guest molecules, for example, by color-change. To overcome these problems, Ogoshi et al. [20] used a novel macrocyclic molecule in which an electron-accepting molecule, benzoquinone, was introduced into the molecular structure of the pillar[5]arene (1) (Figure 1). This material (1) was brown-color in the absence of any guest molecules. The color of the material changed from brown to light-red when linear alkane vapors were introduced, indicating that the alkane vapors, which had been challenging to detect due to the color change, were successfully detected with the naked eye. Uptake of methanol vapor induced a different color change, from brown to black. It was also found that branched and cyclic alkane vapors did not show a color change when exposed to them. Furthermore, when a mixture of linear, cyclic, and branched alkane vapors was used, it was found that the gas selectively adsorbed linear alkane vapors and showed a color change. In other words, it is possible to detect the presence of linear alkane gas molecules in the mixed alkane gas by the color change. Recently, Ogoshi et al. [21] investigated vapochromic behaviors of pillar[6]arene with one benzoquinone unit to detect various small aromatic guests vapors.



Vapochromic materials have been reported to be scalable to various guest molecules based on molecular design. Huang et al. [22] changed the analytes to volatile aliphatic aldehydes and investigated their vapochromic behaviors using 1 (Figure 2). Aliphatic aldehydes are selected as target compounds because they are generally highly reactive in nature and are potentially hazardous volatile organic compounds that are considered unfavorable effects on the environmental and human health. Exposure of guest-free crystals to various types of aliphatic aldehyde vapors resulted in quantitative adsorption of these aldehyde vapors and different color changes were observed. Comparison of the single-crystal structures revealed that different types of aldehyde vapors led to change in the relative positions of the adjacent 1,4-diethoxybenzene and benzoquinone units. As a result, the charge-transfer (CT) interactions between the electron-rich 1,4-diethoxybenzene and electron-deficient benzoquinone units were altered, resulting in vapochromic behaviors with different color changes. These behaviors were regenerated by the heat treatment and were able to repeatedly observe guest adsorption and desorption without any particular loss of performance.



Subsequently, Ogoshi et al. [23] investigated the creation of a vapochromic material using a unique mechanism that changes its liquid-to-solid state when exposed to specific vapors based on pillar[6]arene derivatives (2) (Figure 3). By attaching 12 n-hexyl (C6H13) chains to pillar[6]arene, this system was transformed into a room-temperature structural liquid, that is, a nanoscale system with some order but no periodic structure. This clear liquid has the characteristic of becoming turbid solid when exposed to guest vapors for several seconds. In particular, the state changes are expected to apply to new vapor detection systems due to the selectivity of vapors, such as cyclohexane. Powder X-ray diffraction (PXRD) measurements supported the fact that the linear n-hexyl group was initially contained in the cavity of pillar[6]arene, but the uptake of the cyclohexane guest vapor results in the de-threading of the n-hexyl group. This is because the cavity size of pillar[6]arene is more suitable for cyclohexane than linear alkyl chains. The guest inclusion behaviors were also confirmed by proton NMR measurements.



To improve the vapochromic properties of pillar[n]arenes, direct modification of fluorophore in their molecular skeleton has also been reported. Huang et al. [24] proposed a novel macrocyclic molecule, in which an anthracene moiety was introduced in a part of pillar[5]arene (3) (Figure 4). Upon exposure of this material to vapors of various ketone with different alkyl chains (C3–C8), the compound showed unique vapochromic/vapofluorochromic behavior, as shown in Figure 4c. For example, after exposure to C4, C5, and C6, the anthracene moieties exist as monomers in the solid-state. In contrast, after exposure to C7 and C8, the anthracene moieties effectively form excimers in the solid-states. Single-crystal structures and PXRD experiments suggested that two types of anthracene assemblies, H-aggregation for fluorescence of excimer and J-aggregation for fluorescence of monomer, were found to exhibit different vapochromic properties.



Another example of pillararenes modification with a fluorescent material is the so-called BowtieArene, which consists of a tetraphenylethylene (TPE) fluorophore and two pillar[5]arenes [25]. This figure-of-eight macrocycle material exhibits unique multi-stimuli-responsive fluorescence accompanied by vapor absorption with host–guest interactions.



It has also been reported that vapochromic properties can be found using pillar[n]arene without fluorescent tags. For example, Ogoshi et al. [26] reported that pillar[6]arene showed vapofluorochromism against benzonitrile, methyl benzoate, and divinylbenzene by crystal-state host–guest complexation at the solid–vapor interface. Li et al. [27] proposed the co-crystallization approach to demonstrate vapochromic materials (Figure 5). The red-colored co-crystals (4•5) were prepared by slow evaporation of the tetrahydrofuran-saturated solution of 4 and 5. The red coloration was caused by intermolecular CT interactions between the electron-rich 4 and electron-deficient 5 with absorption at 452 nm. However, after the co-crystals (4•5) were smashed to power and activated by heating at 70 °C under vacuum for 12 h, the materials (4•5α) color changed to white. Exposure of 4•5α to various vapors of haloalkane resulted in a color changes from white to a red or orange color. Such a combination of macrocycle/host–guest chemistry and co-crystal engineering offers great potential for further research.



Following these trends, it is possible to design various vapochromic materials in which changes in absorption and luminescence properties are induced by the uptake of guests, adding a new twist to the macrocyclic that function as host molecules. In particular, those with an apparent crystal structure allow for a detailed evaluation of host–guest interactions. Research is being carried out on how host molecules with what structures exhibit vapochromic properties.




3. Vapochromic Materials Based on Inclusion Crystals


The guest inclusion phenomenon is frequently observed in many organic compounds’ crystallization process, regardless of the cyclic compounds mentioned above. This is because organic compounds have complex structures in three dimensions. For example, organic compounds with bulky and rigid substituents tend to include guest molecules because they do not pack easily without guests [28,29,30,31]. This suggests that a phenomenon may be found in which the packing structure changes depending on the type of guest, resulting in a change in optical properties. Indeed, inclusion crystals consisting of organic dyes as host molecules and various guest molecules have been reported. Most of them have been studied to modulate solid-state optical properties by changing the packing structure depending on the type of guest molecules. If this phenomenon allows the preparation of host–guest complexes through the solid-gas interface, it can cause vapochromism. The evaluation of the crystal structure of the host–guest complexes provides important information to discuss the mechanism of vapochromism.



In 2010, Naota et al. [32] proposed the first vapochromic organic crystals based on naphthalenediimide (NDI) derivatives (Figure 6). They designed S-shaped NDI derivatives bearing two pyrrole-imine tethers via an alkyl chain (6). The NDI moiety is an electron-deficient π-conjugated molecule that forms CT complex with electron-rich pyrrole-imine moieties and exhibits absorption and coloration in the visible light region. It has been found that the coloration of this material changes when various solvent molecules are incorporated as guests into the material’s cavities due to a shift in the relative position of the NDI moiety and the pyrrole-imine tethers, resulting in a change in the CT interaction and coloration.



In 2016, we investigated the vapochromic behavior of NDI derivatives bearing two tris(pentafluorophenyl)borane units (7) (Figure 7) [33,34]. The luminescence intensity of the supramolecular host was weak, but it increased by 76, 46, and 37 times under saturated vapor pressure in response to vapors of toluene, benzene, and m-xylene, respectively. On the other hand, no increase in luminescence intensity was observed for the vapors of methanol, ethanol, acetone, dichloromethane, chloroform, hexane, and cyclohexane, although adsorption of molecules was observed. The guest-dependent color and fluorescence changes which were observed, attributed to intermolecular CT interactions between the electron-deficient NDI, and the electron-rich aromatic guest molecules were observed. These results show that vapochromic/vapofluorochromic behaviors against aromatic compounds can be achieved by host–guest interaction at the solid–vapor interface.



Based on these findings, we systematically varied the side chains of NDI derivatives (8–10) and evaluated the vapochromic behaviors (Figure 8) [35,36]. Among them, NDI with a 2-benzophenone unit (8) showed a vapochromic/vapofluorochromic behavior toward toluene, p-xylene, 4-fluorotoluene, and anisole. The detection limits for toluene and p-xylene vapors are 10 parts-per-billion (ppm) and 20 ppm, respectively. From the single-crystal structures obtained from recrystallization, it was found that the guest molecules were incorporated in the space of the host framework to form a CT complex. This suggests that the absorption and fluorescence behavior is dependent on the type of guest molecule incorporated in the crystal. On the other hand, NDI with a diphenylmethane unit and NDI with a 3,5-di-tert-butylbenzene unit as substituents did not exhibit vapochromic behavior. This means that modification of side-chain structure of NDIs can be devised to achieve novel vapochromic/vapofluorochromic materials without significantly changing the electronic properties of the compounds. Modification of the solid-state structure plays an important role in the development of molecular recognition of the solid–vapor interface between sensor materials and the analytes. In addition, two sensor ensembles (7 and 8) have been combined to create a mini-sensor array used to identify small aromatic compounds containing benzene, toluene, and xylene isomers with the naked eye.



The introduction of bulky substituents of dyes is essential to create porous crystals that can act as vapochromic materials. For example, Yang et al. investigated porous organic crystals by modifying the H-shaped pentiptycene scaffold of dyes and have been applied as vapochromic materials [37,38]. The pentiptycene unit is well known as a rigid-bulky substituent [39] so that aggregation-induced fluorescence quenching is minimized and pore volume accessible to guest molecules is created.



Porous crystals can also be prepared by dendron modification of dyes and have been applied as vapochromic materials. In 2020, Takeda et al. [40] studied porous organic crystals consisting of π-conjugated molecules with multibranched carbazole units as dendritic propeller sites (11) (Figure 9). It was found that these crystals can capture and release water molecules from the atmosphere. Also, the apparent color of the crystalline powder changes is readily detectable with the naked eye. For example, at room-temperature (25 °C), the crystals are yellow when the humidity is below 40%, but they turn entirely red when they reach 50%. This color change is reversible in response to humidity changes, and the humidity and temperature in which the color change occurs are close to our living environment. Thus, crystals can be used as high-performance sensors or adsorbates under water-containing conditions.



Vapochromism of organic crystals using intramolecular proton transfer has been reported. Uekusa et al. [41] suggested that 5-aminoisophthalic acid (12) exhibited a reversible color change upon exposure to solvent vapors via a pseudopolymorphic transformation between pink hemihydrate and yellow anhydrous crystals (Figure 10). When exposed to solvent vapors such as methanol, ethanol, and acetonitrile, the white crystals gradually turn into yellow anhydrous crystals, and they revert to hemihydrate crystals in the presence of water. Crystal structural analysis suggested that in the crystal structure of the hemihydrate form, carboxylate anion (COO−) and ammonium cation (NH3+) were formed through proton transfer to form a zwitterion. On the other hand, in the non-hydrated state, the amino group remains in the form of NH2 conformation, and the compound 12 is in a nonionic state with no proton transfer. The protonation and deprotonation of the carboxylate group has been assigned by observing the twisting of the group against the plane of the aromatic ring. Stimulated by solvent vapors, the compound 12 undergoes the dehydration/hydration conversion, resulting in a vapochromic behavior with a significant impact on the proton transfer behavior. The similar strategy was also reported by the same group using pimemidic acid [42].



In 2019, we investigated [43] the vapochromism of organic crystals using intermolecular proton transfer of acid-base complexes. To do this, three crystals, salts, cocrystal, and salt-cocrystal continuum, were designed by pKa values of acids and bases (Figure 11). The structure–property relationships of crystals were well studied to realize the regulation of proton transfer dynamics between acid-base complexes by photoluminescence color change. An acid-base complex consisting of a pyridine-modified pyrrolopyrrole dye with salicylic acid (13•14), categorized as a salt-cocrystal continuum, undergoes vapochromism against vapors of dichloromethane. The luminescent color change is attributed to modulation of the degree of protonation by alternating the crystal packing environment upon inclusion and desorption of dichloromethane. When the complex was fumed with triethylamine (TEA) vapor for 1 h, the emission color changed to blue. The emission color change originated from deprotonation of 13 by TEA vapor.




4. Conclusions


Vapochromic materials based on host–guest chemistry at the solid–gas interface have been extensively studied. In the first part, we focused on the pillararene derivatives among the macrocyclic molecules as hosts. We introduced their guest-recognition abilities depending on the size of the intrinsic ring framework. Modification of the macrocyclic molecules allows the rational design of vapochromic materials and studies on creating rational vapochromic materials and their mechanisms. In the latter part, we introduced various vapochromic materials, focusing on the fact that the inclusion crystal is a host–guest complex. The importance of introducing appropriately bulky substituents into the dye molecules and a new mechanism of vapochromic materials, in which proton transfer changes in response to guest vapors, were introduced. It is expected that the creation of vapochromic materials will continue through various molecular materials and complexes. We believe that the future of these studies has the potential to be applied to artificial olfactory systems that can outperform the olfactory capabilities of living organisms.
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Figure 1. Vapochromic behavior of 1 against various alkane vapors and methanol vapors. Reproduced with permission from Reference [20]. Copyright 2017 American Chemical Society. 






Figure 1. Vapochromic behavior of 1 against various alkane vapors and methanol vapors. Reproduced with permission from Reference [20]. Copyright 2017 American Chemical Society.
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Figure 2. Vapochromic behavior of 1 against aliphatic aldehydes vapors. Reproduced with permission from Reference [22]. Copyright 2018 American Chemical Society. 
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Figure 3. (a) Chemical structure of 2. (b) Photographs of 2 by (i) exposing structural liquid 2 to cyclohexane vapor at 25 °C for 30 min and (ii) heating the solid 2 at 80 °C under reduced pressure for 30 min. (c) Schematic illustration of the guest vapor-induced state change of 2. Reproduced with permission from Reference [23]. Copyright 2019 American Chemical Society. 
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Figure 4. (a) Chemical structure and crystal structure of 3. (b) Chemical structures of ketones (C3–C8). (c) Schematic illustration of activation and vapochromic/vapofluorochromic behaviors of 3. Reproduced with permission from Reference [24]. Copyright 2019 American Chemical Society. 
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Figure 5. (a) Chemical structures of 4 and 5. (b) Crystal structure of 4•5. (c) Pictures of 4•5 and 4•5α. (d) Vapochromic behavior of 4•5α against various vapors. Reproduced with permission from Reference [27]. Copyright 2016 Wiley-VCH. 
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Figure 6. (a) Chemical structures of 6. (b) Vapochromic behavior of 6 against various vapors. 
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Figure 7. (a) Chemical structure of 7. (b) Guest inclusion behavior of 7 against vapors of guest molecules. (c) Photographs of 7 and 7 with exposure of guest vapors under daylight (upper row) and under ultraviolet-light (365 nm, bottom row). Reproduced with permission from Reference [34]. Copyright 2016 Wiley-VCH. 
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Figure 8. (a) Chemical structures of 8–10. (b) Crystal structure of 8 including anisole as a guest molecule. (c) Visualization of calculated voids and contact surface maps of 8. (d) Vapochromic bahavior of 7 and 8, and 7 and 8 after exposing guest vapors for 1 day. 
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Figure 9. (a) Chemical structure of 11. (b) Photographs of vaphochromic behavior of 11 upon uptake/release of water molecules. Reproduced with permission from Reference [40]. Copyright 2020 Nature publishing group. 
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Figure 10. Vapochromic behavior of 12. Reproduced with permission from Reference [41]. Copyright 2019 American Chemical Society. 
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Figure 11. (a) Chemical structures of 13 and 14. (b) Crystal structure of acid-base complex (13•14) and its CH2Cl2 included structure. (c) Schematic illustration of emission color tuning by various vapor molecules. 
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