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Abstract
Hydrochromic materials exhibit a colour change in response to water and moisture. Intensely coloured xanthylium cations, generated by acidifying xanthene-9-ol precursors with trifluoroacetic acid (TFA), are found to exhibit dramatic decolourization with high moisture-sensitivity. Mechanistic study confirms that the hydrochromic mechanism of xanthylium cations involves the nucleophilic addition of water molecules at the carbocation centre at 9-position of xanthylium, thus regenerating xanthene-9-ol. This accounts for the high reversibility with up to 50 acid-activation/moisture-deactivation cycles. Furthermore, functionalizing the cations with different aliphatic and aromatic groups (electron rich, electron poor and extended pi-conjugated moieties) at the 9- and 2,7-positions, enables the tuning of colour and moisture sensitivity of this hydrochromic system, by controlling the cations’ frontier molecular orbital energies and optical bandgap, as well as their chemical stability and nucleophilicity. To demonstrate the potential of the hydrochromic system for humidity sensing in smart packaging, optical paper probes and polymer films pre-doped with xanthene-9-ol precursors were prepared. Upon activation with TFA fume, they reveal different colour and decolourization rate in response to atmospheric moisture, ranging from minutes to hours, demonstrating feasibility for smart packaging and other potential applications. 
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Introduction
Chromism is the phenomenon in which a material exhibits colour and fluorescence changes in response to an external stimulus, such as electrical voltage (electrochromism),1-6 light (photochromism),7-11 mechanical forces (mechanochromism)12-15 and temperature change (thermochromism).16-20 The visual obviousness of these phenomena makes chromic materials useful for many applications, especially in sensing and optoelectronics. Hydrochromism refers to the phenomenon where a material reveals an optical response such as a change in colour and/or fluorescence when it is in contact with water or moisture. Hydrochromic materials are useful for a range of applications such as anti-counterfeiting encryption,21, 22 sweat-pore mapping, finger-printing, rewritable paper,23 humidity monitoring and moisture sensing,24 etc. In particular, moisture sensing is especially essential for packaging of moisture-sensitive products such as food, drugs, electronics, batteries and chemicals. Commercially, this is best associated with humidity indicator cards and self-indicating desiccants containing hydrochromic CoCl2, CuCl2 or methyl violet, which change colour from blue-to-pink, yellow-to-blue and orange-to-green, respectively. Despite its extensive use in packaging, hydrochromic materials are still limited. Furthermore, CoCl2 and CuCl2 are toxic, thus raising safety concerns in applications. In this aspect, the discovery of new hydrochromic materials compatible and incorporable into smart packaging solutions is therefore welcomed.
Compared to inorganic hydrochromic materials, organic counterparts may offer several advantages  including low toxicity, expanded colour range, and solution processability. Notably, there were several reports of organic hydrochromic materials based on different working mechanisms. Zhang’s group studied colourless oxazolidine, oxazine, fluoran and spiropyran -based molecular derivatives that undergo a reversible ring opening mechanism upon exposure to water, thus leading to intense colouration and NIR fluorescence turn on.25-27 Likewise, Kim’s group reported the moisture-sensitivity of fluorescein which exhibits fluorescence turn-on response upon undergoing water-triggered ring-opening.28 Kim’s group also demonstrated hydrochromism in polydiacetylenes (PDAs) containing hygroscopic carboxylic acid and imidazolium head groups, which undergo moisture-mediated and temperature-dependent colour and fluorescent changes, due to conformational changes of PDAs when the head groups were hydrated.29-31 Other hydrochromic systems based on water-mediated deprotonation reaction, rearrangement of dye packing, polarity-induced zwitterions formation, and interference of coordinating sphere were also reported by Maeda and Wurthner,32 Tan et al.,33 Harima et al.34 and Zhang et al.,35 respectively. 
We previously reported the reversible hydrochromism of thioxanthylium cations (Tx+) generated by acidifying thioxanen-9-ol (TxOH) precursors with TFA.36 The colour and moisture-sensitivity of Tx+ can be tuned by structural functionalization of TxOH. As a chalcogen analogue of Tx+, xanthylium cations may therefore have similar hydrochromic properties. Xanthylium cations constitute the chemical structures of natural pigments that are found in some plants, fruits and wine.37-44 Chemically, xanthylium cations can be generated from xanthen-9-ols in an acidic medium, or via flash photolysis.45-47 Boyd et al. had earlier reported the fluorescence quenching of 9-aryl-substituted xanthylium cations generated in strongly acidic aqueous solutions with increasing concentration of “free” water, suggesting the possible hydrochromic properties of xanthylium cations.48 Some earlier reports on the chemical reactions of xanthylium cations with nucleophiles such as indoles, amines, sodium phenolate, sodium thiophenolate, imidazole and benzimidazole, revealed that 9-substituted aryl groups at xanthen-9-ols appear to influence their corresponding cation’s reactivity,47, 49-51 suggesting the possibility of tuning hydrochromic properties via structural functionalization, similar to what we have previously observed with Tx+ cations.
Herein, we report the hydrochromism of a series of simple xanthylium cations (Xn+) generated by exposing their xanthen-9-ol precursors (XnOH) to TFA. The intensely-coloured Xn+ cations can be decolourised when in contact with water and moisture, and mechanism study confirms that the regeneration of XnOH can be achieved by neutralization of acid. To study the structure-property relationship of the hydrochromic system, we synthesized a series of structural derivatives of XnOH and found that the colour and moisture sensitivity of Xn+ can also be tuned via structural functionalization, where the optical bandgaps and chemical reactivity of Xn+ towards water are respectively influenced. We subsequently studied the optical responses of Xn+ derivatives in solution, spin-casted thin films, and coated paper probes towards moisture. In particular, paper probes activated with TFA fume exhibit a decolourization rate that was influenced by relative humidity (RH) and can be regenerated up to 50 colourization/decolourization cycles. Finally, to demonstrate the applicability of the solution-processable XnOH/Xn+ hydrochromic system for moisture-sensing in smart packaging, porous transparent polymer films doped with XnOH derivatives were prepared, and their hydrochromic properties were examined. 
Results and Discussions
[bookmark: _Hlk132320446]A series of 9-functionalized (XnOH-a – XnOH-n) and 2,7-bifunctionalized (XnOH-o – XnOH-w) derivatives of XnOH precursors were synthesized and the hydrochromic properties of the corresponding Xn+, including the effects of structural functionalization on the colour and sensitivity, were studied. Derivatives XnOH-a – XnOH-n bear different groups at the 9-position, ranging from aliphatic cyclohexyl to various electron-rich, electron-deficient, heteroaromatic, polyfused, -extended aromatic groups. They were facilely synthesized via the Grignard reaction between xanthen-9-one and the Grignard reagents that were either commercially-available or prepared in situ (Scheme 1a). Derivatives XnOH-o – XnOH-w, which were functionalized with different aromatic groups at the 2,7-positions, were obtained by first preparing the 2,7-bifunctionalized xanthen-9-one intermediates (XnO-o – XnO-w) from the cross-coupling reactions with 2,7-dibromoxanthen-9-one, followed by the Grignard reaction with phenyl magnesium bromide (Scheme 1a). The XnOH precursors are generally stable under ambient conditions. They can simply be exposed to TFA to generate intensely-coloured Xn+ cations (Scheme 1b). 


Reagents and Conditions: (a) Mg, I2 (cat), THF, Reflux for 3 hr; (b) THF, Reflux for 24 hr, then H2O; (c) Br2, Acetic acid, Reflux for 24 hr; (d) KOAc, Pd(dppf)Cl2 (cat), 1,4-dioxane, 80 C for 24 hr; (e) K2CO3, Pd(PPh3)4 (cat), Toluene, Ethanol, Water, 100 C for 18 hr.
Scheme 1. (a) Synthesis and chemical structures of XnOH precursors XnOH-a – XnOH-w. (b) Generation of Xn+ cations Xn+-a – Xn+-w from XnOH precursors by adding acid, and the proposed change back to XnOH on adding water.
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Figure 1. (a) Solution colour changes of XnOH derivatives (1 mM in CHCl3) upon adding a few drops of TFA, followed by water. The corresponding fluorescence changes (0.1 mM in CHCl3) observed under UV irradiation (ex = 365 nm) are shown in (b). 
Figure 1 shows the changes in colour and fluorescence of the 23 XnOH derivatives solutions when TFA was added, followed by addition of a large amount of water. All the derivatives of XnOH are soluble in chloroform to give colourless solutions. The 9-functionalized XnOH derivatives are mostly non-fluorescent with the exception of XnOH-e and XnOH-l which exhibit bright blue fluorescence originating from the pyrene and triphenylamine (TPA) groups, respectively. For the 2,7-bifunctionalized derivatives, XnOH-p – XnOH-r displayed deep to bright blue fluorescence while XnOH-u revealed bright yellow fluorescence attributed to naphthyl, thienyl, furanyl, and TPA -functionalized xanthene cores, respectively. In contrast, functionalizing the xanthene core at 9- and 2,7- positions with different single phenyl aromatic groups did not cause XnOH derivatives to be fluorescent. 
Upon addition of a few drops of TFA, intense colouration was observed in all derivative solutions except for XnOH-t. As shown in Figure 1, a wide range of colour across the entire visible region could be achieved for this series of functionalized derivatives. The intense colouration signals the generation of Xn+ cations, where the 9-position carbon becomes sp2-hybridised and establishes -conjugation between the xanthene core and the 9-functionalized aryl groups, thus reconfiguring the frontier molecular orbitals energy levels to absorb intensely in the visible region. Likewise, bright green to yellow fluorescence were turned on for derivatives Xn+-a, Xn+-b, Xn+-m, Xn+-n and Xn+-w, whereas red and orange fluorescence was turned on for Xn+-o and Xn+-v, respectively. The bright blue fluorescence of XnOH-e and XnOH-l becomes dimmer and turns deep blue in colour, whereas the blue and yellow fluorescence of XnOH-p – XnOH-r and XnOH-u is effectively quenched. The remaining solutions appear either dimly or non-fluorescent. Nonetheless, the range of colour achieved for this series of Xn+ cations appear to be wider compared to those of Tx+ analogues that we have previously reported, which generally reveal orange, red, brown and dark green colour.36  
Subsequently, a large excess of water was added to the solutions to demonstrate hydrochromism of the generated Xn+ cations. Dramatic decolouration was observed for all solutions except for mesityl-functionalized Xn+-c which remains orange in colour, and dimethylaniline-functionalized XnOH-k/Xn+-k which appears pale blue in colour with partial decolourization. Likewise, most of the solutions regained their fluorescence with the exception of XnOH-g and XnOH-k which now reveals deep blue and pale-turquoise fluorescence, respectively. Similar to the TxOH/Tx+ system, it is believed that the XnOH was regenerated upon Xn+ cations chemically react with water. 
To confirm the mechanism of hydrochromism of the XnOH/Xn+ system, NMR studies were conducted on XnOH-a. 1H NMR titration studies were performed in deuterated THF solution and changes in the signal in the aromatic region of 7.0 – 8.7 ppm were monitored. The colourless solution of XnOH-a gave a compact set of peaks in the up-field region of 7.0 – 7.4 ppm. As TFA was added incrementally, intensities of these peaks gradually decreased while concurrently, a new set of signals gradually emerged in the more down-field region of 7.6 – 8.6 ppm, corresponding to the formation of Xn+-a (Figure 2a). When the 1H NMR signals of XnOH-a were completely disappeared, a bright yellow solution was obtained. Water was then added incrementally and a reversible trend of changes to the 1H NMR signals was observed: the signals corresponding to Xn+-a gradually decreased in intensity while the peaks corresponding to XnOH-a re-emerged (Figure 2b), resulting in a colourless emulsion solution. This study therefore confirms the hydrochromism mechanism of XnOH/Xn+ system: (1) Xn+ cations are generated from XnOH when acid protonates the OH group causing a dehydration reaction; (2) water added undergoes a nucleophilic addition to the Xn+ carbocation centre, resulting in the regeneration of XnOH (Scheme S2, ESI). The mechanism is similar to that of the TxOH/Tx+ hydrochromic system that we reported previously.36
The changes in colour and fluorescence of XnOH derivatives observed in Figure 1 are also in good agreement with the results obtained from spectrophotometric titration studies performed in dilute chloroform solutions (Figure S1 – S25, ESI). The colourless nature of all XnOH derivative solutions are evident in the absence of absorption beyond 400 nm. Taking XnOH-a/Xn+-a as an example, the addition of an incremental amount of TFA to XnOH-a resulted in the disappearance of absorption peaks at 246 and 291 nm and the emergence of highly intense absorption bands at 258, 375 and 452 nm, corresponding to the formation of Xn+-a cation (Figure 2c). 
Functionalization at the 9-position with 2-naphthyl, 1-pyrenyl, biphenyl, and 4-methoxylphenyl groups for Xn+-d, Xn+-e, Xn+-f, and Xn+-j, respectively, led to bathochromic shifts in their absorption spectra in comparison with Xn+-a with phenyl substituent at the 9-position (Figures S4 – S6, S10, ESI), as evidenced by red-shifting of colours from yellow to red, green, orange, and red, respectively. Styryl-functionalized Xn+-g exhibited intense absorption band at 695 nm but minimal absorption in the yellow to orange region (Figure S7, ESI), whereas absorption bands from 300 – 550 nm emerged for thienyl and furanyl -functionalized Xn+-h and Xn+-i (Figure S8 – S9, ESI). The solutions of these two cations appeared orange in colour. In contrast, intense absorptions in the red to far-red region were also observed for dimethylaminophenyl and TPA -functionalized Xn+-k and Xn+-l (Figure S11 – S12, ESI), translating to distinct blue and green colors, respectively. In the case of Xn+-m and Xn+-n functionalized with 4-fluorophenyl and 4-(trifluoromethyl)phenyl at the 9-position, respectively, only modest bathochromic shift in absorptions relative to Xn+-a were observed (Figure S13 – S14, ESI). Turning to the realm of bifunctionalized derivatives, two distinct absorption bands with similar relative intensities were observed for 4-ethylphenyl and 4-fluorophenyl-functionalized Xn+-o and Xn+-v, at 372 and 478, and 369 and 458 nm, respectively (Figure S15, S22, ESI). On the other hand, Xn+-p, Xn+-q, Xn+-r and Xn+-s, exhibited absorptions covering most or entire of the visible region hence more intense solution colors compared to other derivatives (Figure S16 – S19, ESI). TPA-bifunctionalized Xn+-u displayed a broad and intense absorption spanning from 550 – 1100 nm (Figure S21, ESI) underscoring the large extent of -conjugation. 
Similarly, the emergence of two strong photoluminescence (PL) bands at 421 and 509 nm reflects the turn-on of bright greenish-yellow fluorescence observed in Figure 1 due to the generation of Xn+-a (Figure 2d). TFA solutions were added until no further changes in the intensities of the absorption bands were observed. Following this, water (diluted in THF, owing to the high water sensitivity of the system) was incrementally added. This led to the gradual collapse of Xn+-a absorption bands and the re-emergence of XnOH-a absorption bands of similar relative intensities (Figure 2e), as well as the complete quenching of Xn+-a’s PL bands (Figure 2f), when approximately 221 M of water was added. 
Likewise, upon acidification of the precursors of Xn+-b, Xn+-m and Xn+-n, bright green fluorescence bands with maxima at 497, 511, and 561 nm, respectively, were observed (Figure S24b, ESI). Conversion of XnOH-e to Xn+-e led to the quenching of its PL at 417 nm. In general, PL intensities of other 9-functionalized Xn+ derivatives were relatively weak. For the 2,7-bifunctionalized derivatives, the turn-on of red fluorescence on generating Xn+-o and Xn+-v from XnOH-o and XnOH-v, respectively, was associated with the collapse of 342 nm PL bands and the emergence of broad PL bands stretching across the visible region with maxima at 538 and 521 nm, respectively (Figure S25, ESI). Similar trend in PL spectra change was observed for yellow-fluorescent Xn+-w which has a PL maxima at 583 nm. Additionally, most of the remaining XnOH and Xn+ derivatives, however, exhibited low intensity in PL.   
The findings obtained from spectrophotometric titration study confirmed the high water and moisture sensitivity of most Xn+ derivatives, which means that direct solution processing of Xn+ cations under open-air ambient conditions would be difficult, probably requiring strict inert atmosphere. Fortunately, XnOH precursors are highly ambient-stable and soluble in common organic solvents, and thus solution processing of XnOH, followed with the “activation” by acid to form Xn+ at the point of use, can be straightforwardly performed in open-air for various intended applications. To study the potential of the XnOH/Xn+ hydrochromic system for atmospheric moisture sensing and relative humidity (RH) monitoring, XnOH precursors were spin-coated onto glass substrates and the rate of change in thin film absorption upon activation by TFA fume and then subsequent exposure to “open-air” in a controlled lab environment (24 C, RH 70 %) were monitored. Taking XnOH-a/Xn+-a as an example, the absorption peaks of Xn+-a at 373.5 and 450.5 nm gradually collapsed within a short period of 20 minutes due to the regeneration of XnOH-a by reaction with atmospheric moisture (Figure 2g). 
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Figure 2. Changes in 1H NMR spectra of XnOH-a with incremental addition of TFA (a) and subsequently, incremental addition of water (b). Changes in UV-Vis absorption spectra (c) and photoluminescence (PL) spectra (d) of XnOH-a with incremental addition of TFA was added until no further changes, and the subsequent changes in UV-Vis absorption (e) and photoluminescence (f) spectra when water (dissolved in THF) were incrementally added. (g) Changes in UV-Vis absorption spectra of XnOH-a thin film spin-coated on glass substrate and exposed to TFA fume, over a duration of 30 minutes.
Likewise, the activated thin films of XnOH-b – XnOH-w also generally reveal a similar trend in absorption changes associated with the conversion of Xn+ to XnOH upon reacting with atmospheric moisture in a controlled laboratory environment (24 C, RH 70 %) (Figure S26 – S27, ESI). In addition, the rate and extent of changes in absorption spectra over the period of 30 minutes can reflect the moisture sensitivity of each Xn+ derivative, which correlates with the nature and positions of the different groups functionalized on the xanthene core. Amongst the 9-functionalized derivatives, cyclohexyl functionalized Xn+-b showed a rapid collapse of absorption band within 5 minutes while mesityl functionalized Xn+-c showed no change in the absorption spectra after 30 minutes. Meanwhile, only partial collapses of absorption bands of pyrene, biphenyl and TPA -functionalized Xn+-e, Xn+-f, and Xn+-l were observed, indicating their lower moisture sensitivities relative to that of Xn+-a (Figure S26, ESI). On the other hand, for 2,7-bifunctionalized derivatives, the collapses of 4-ethylphenyl, 2-naphthyl and 4-methoxyphenyl -functionalized Xn+-o, Xn+-p, and Xn+-s, proceeded much more slowly and incompletely compared to Xn+-a, as well as 9-functionalized derivatives Xn+-d and Xn+-j, whereas absorption spectral changes of Xn+-v and Xn+-w functionalized with 4-fluorophenyl and 4-(trifluromethyl)phenyl groups, respectively, proceeded much more rapidly than these of 9-functionalized Xn+-m and Xn+-n (Figure S27, ESI). 
Some trends can be observed from these findings. Firstly, Xn+ derivatives functionalized with electron-donating (e.g., 4-methoxy) and pi-extended (e.g., naphthyl and pyrene) aromatic groups are generally more stabilised, less electrophilic and thus less moisture sensitive. In contrast, Xn+ derivatives functionalized with aliphatic group (cyclohexyl at the 9-position) and electron-deficient (e.g., 4-trifluoromethylphenyl and 4-fluoro phenyl) aromatic groups are generally less stabilised, more electrophilic, and thus more moisture sensitive. Secondly, when comparing functionalization of Xn+ with the same aromatic groups at the 2,7-positions vs. the 9-position, it appears that the former has a greater influence on the cation stability, and hence electrophilicity and moisture sensitivity than the latter. For instance, naphthyl and 4-methoxy 2,7-bifunctionalized Xn+-p and Xn+-s appear to be less moisture sensitive than their 9-functionalized counterparts, Xn+-d and Xn+-j, respectively, while 4-fluorophenyl 2,7-bifunctionalized Xn+-v appears to be more moisture sensitive than 9-bifunctionalized Xn+-m. The high stability of Xn+-c is believed to be due to the steric hinderance imposed by mesityl group, which impedes nucleophilic attack of water molecules at the carbocation centre. Compared with the hydrochromic Tx+ analogues, the results herein seem to suggest that Xn+ cations are generally more moisture-sensitive. For example, Xn+-a thin film took approximately 20 minutes to completely decolourize (Figure S26a, ESI) whereas analogue Tx+-a took approximately 27.5 minutes.36
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Figure 3. (a) Decolourization of activated paper probes containing derivatives Xn+-a to Xn+-w over time (24 hr), standing under controlled laboratory environment. Changes in reflectance (R%) of activated paper probes containing (b) Xn+-a, (c) Xn+-e, (d) Xn+-j, (e) Xn+-n, (f) Xn+-s and (g) Xn+-w at 450, 520, 500, 450, 450 and 500 nm, respectively, obtained through colorimetric analysis, over time (2 hr), standing under different RHs at 25 C. 
[bookmark: _Hlk141903189] Paper probes were therefore fabricated by simply immersing cellulose-based Whatman® filter paper into XnOH derivatives solutions, and then air-dried. The fibrous nature of filter paper offers greater porosity, making the probes more suitable for activation by TFA fume and subsequent sensing of atmospheric moisture. All pre-activated paper probes appear white in colour but brief exposure to TFA fume led activated probes to display a range of colour due to the generation of Xn+ (Figure 3a). The activated probes were then placed in a controlled laboratory environment (24 C, RH 70 %) and their colour changes of probes were visibly monitored over a period of 24 hours. 
The activated probes were observed to decolourize at different rates, reflecting the differences in moisture sensitivity of Xn+ derivatives, which are influenced by structural functionalization. Taking Xn+-a probe as a reference for comparison (which decolourises within 30 minutes), Xn+-b probe decolourized within 5 minutes showing the destabilisation of Xn+ with aliphatic cyclohexyl group at the 9-position. Xn+-m and Xn+-n probes decolourised within 20 minutes due to the destabilisation effect of electron-withdrawing aromatic groups at the 9-position. The cation stabilisation effect of electron-donating and -extended aryl groups at the 9-position was evident in paper probes containing Xn+-d, Xn+-e, Xn+-i, Xn+-j, Xn+-k and Xn+-l as Xn+-d probe took 2 hours to decolourise while the rest remained partially coloured even after 24 hours. In contrast, 2,7-bifunctionalization of Xn+ with electron-rich and -extended aryl groups led to greater Xn+ cation stability as Xn+-o, Xn+-q and Xn+-r took up to 8 hours while decolourization of Xn+-p, Xn+-s and Xn+-u remained incomplete after 24 hours. It was also worth noted that decolourization of electron-deficient aryl groups bifunctionalized Xn+-v and Xn+-w probes was slower compared to Xn+-a, as well as Xn+-m and Xn+-n. Interestingly, Xn+-t decolourised shortly within 10 minutes which could be due to electron-donating dimethylaniline groups undergoing additional protonation by TFA thus destabilising and increasing the electrophilicity of the Xn+-t carbocation centre. The trends observed in Figure 3a generally agree with changes in activated thin film absorptions.
  Further colorimetric analysis was performed on probes coated with XnOH-a, XnOH-e, XnOH-j, XnOH-n, XnOH-s and XnOH-w. The reflectance (R%) of each probe in the visible region, and the L* a* b* colour coordinates defined in the CIE1976 colour chart were monitored over time upon activation by TFA fume and placed in a humidity chamber at a fixed temperature of 25 C. As RH increased from 52.5  2.5 % to 72.5  2.5 % and 87.5  2.5 %, both the rate and extent of changes in R% spectra of pre-activated probes increased for all six derivatives (Figure S28 – S33, ESI). Further analysis of the R% for each derivative at the wavelength that showed the greatest difference between pre and post activation, (450, 520, 500, 450, 450 and 500 nm, respectively) displayed the same trend over the duration of 120 minutes (Figure 3b – g). Similar trends can also be observed for the respective plots of L* values against time, which reflects the changes in brightness of probes colour, with white being the brightest (Figure S34, ESI). 
Monitoring the different rate and extent of changes in R% spectra (Figure S28 – S33, ESI), R% at specific wavelengths of study (Figure 3b – g) and L* values (Figure S34, ESI) of the probes, over the period of 2 hours, the moisture sensitivity of each Xn+ derivative was also proven to be influenced by structural functionalization. Replacing phenyl group at 9-position with -extended pyrene and electron-rich 4-anisole moieties reduces moisture sensitivities of Xn+-e and Xn+-j, respectively, while replacement with electron-poor 4-(trifluorophenyl)phenyl group increases moisture sensitivity of Xn+-n. Bi-functionalization of anisole group at the 2,7-positions significantly reduces moisture sensitivities of Xn+-s owing to the extra cation stabilisation effect from both inductive electron-donating methoxy groups, as well as extension of Xn+ -network with two additional aryl groups. On the other hand, 4-(trifluorophenyl)phenyl group functionalization at the 2,7-positions reduces moisture sensitivity of Xn+-w to a lesser extent than Xn+-n (at the 9-position), probably due to the cation stabilisation effect via extension of Xn+ -network in the former offsetting destabilisation effect attributed to the induction of electron-deficient trifluoromethyl groups. In addition, the results herein confirms the trend of Xn+ cations being slightly more moisture-sensitive than Tx+ analogues. For example, paper probes containing the Xn+-a took approximately 90 minutes to decolourize under RH of 87.5  2.5 % (Figure 3b) compared to approximately 100 minutes for the Tx+-a.36  
The XnOH/Xn+ hydrochromic system was also found to be highly reversible, as evident in most derivatives’ probes being able to undergo 10 cycles of reactivation by TFA fume and decolourization by atmospheric moisture (Figure 36, ESI). For example, the selected probes containing the six derivatives studied above still reveal intense colouration even after the 10th time (Figure 4a). Nonetheless, the reversibility of derivatives functionalized with mesityl, styryl, furanyl, and dimethylaminophenyl groups exhibited poorer reversibility, which is highly likely attributed to the occurrence of side reactions in these reactive groups. Colorimetric analysis performed on XnOH-a -coated probe showed only small changes in R% at 450 nm throughout 50 decolourization/reactivation cycles (Figure 4b), thus demonstrating the high reversibility of this hydrochromic system. 
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Figure 4. (a) Photos of paper probes coated with XnOH-a, XnOH-e, XnOH-j, XnOH-n, XnOH-s and XnOH-w undergoing up to 10 cycles of (re)activation by TFA fume and decolourization after standing in open air for 24 hours. (b) R% of XnOH-a probe at 450 nm undergoing 50 cycles of (re)activation and decolourization.
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Figure 5. TFA fume -activation, atmospheric moisture-induced decolourization, and reactivation of transparent cellulose triacetate films doped with 5 wt.% of XnOH-a, XnOH-e, XnOH-j, XnOH-n, XnOH-s and XnOH-w.
Moisture-sensitive products must be packed in inert gas atmosphere or vacuum-packed conditions to minimise exposure to external humidity in order to effectively avoid deterioration of quality and spoilage. In addition to the use of desiccants, monitoring the internal humidity will be useful to gauge any compromise of packaging mechanism, thus contributing to shelf-life improvement, quality assurance, and wastage reduction. To explore the possibilities of incorporating the XnOH/Xn+ hydrochromic system into polymers or plastics for smart packaging materials with humidity monitoring and moisture-sensing function, different XnOH derivatives were homogenously mixed at 5 wt.% loading into cellulose triacetate solutions pre-dissolved in chloroform. The doped solutions were casted into thin films using petri-dishes as a mould, which can be easily peeled off after drying. Cellulose triacetate was chosen due to its high porosity, which allows for gaseous interactions. The doped films appeared colourless and optically transparent. Upon short exposure to TFA fume, intense colouration occurred due to the formation of Xn+ cations (Figure 5). The activated films decolourized at different rates over a period of 1 hour on standing in open air in a controlled laboratory environment. Both the colour and decolourization rate of the activated films were, similarly, influenced by structural functionalization as discussed earlier. Films doped with Xn+-e, Xn+-j and Xn+-s retained some colouration due to the cations stabilising effect of pyrene and anisole groups, while films doped with Xn+-n and Xn+-w decolourised within half an hour as 4-(trifluoromethyl)phenyl groups enhances Xn+ electrophilicity and hence films’ moisture sensitivities. Thereafter, upon re-exposure to TFA fume, all the films could be reactivated with intense colouration occurring almost instantaneously.
Conclusion
In summary, we reported a new hydrochromic system based on the reversible switching between XnOH and Xn+ brought about by acidification and hydration, respectively, where intensely coloured Xn+ revealed drastic decolourization and fluorescence change upon exposure to water or moisture. It was also demonstrated that both colour and sensitivity of hydrochromic Xn+ cations can be tuned via structural functionalization. In general, electron rich and -extended aromatic groups contribute to cation stabilisation, reducing electrophilicity and hence exhibiting lower moisture sensitivity. In contrast, aliphatic groups and electron-deficient aromatic groups destabilise Xn+, hence increasing electrophilicity and showing less moisture sensitivity. Structural functionalization also affects the optical bandgaps of cations, thus influencing their colour and fluorescence. This hydrochromic system was also found to be highly reversible, with XnOH-a coated paper probes able to undergo up to 50 cycles of activation and decolourization. To explore the possibility of incorporating this system into polymers or plastics to develop smart packaging with moisture sensing function, cellulose triacetate films doped with different derivatives of XnOH were prepared. The optically transparent films can be easily activated and reactivated with TFA fume, exhibiting different colour and rate of decolourization. 
This XnOH/Xn+ hydrochromic system is analogous to that of TxOH/Tx+ system that we have previously reported. Comparing the two systems, the XnOH/Xn+ system appears to offer a wider colour range and higher moisture sensitivity, as evident by comparing the rate of decolourization of activated paper probes, and R% changes at different RHs with similar experimental conditions. The latter is likely due to the larger and more polarizable S atom in Tx+ that enables better cation stabilization than the O atom in Xn+. Similar differences in reactivity were also observed by Hori et al. when comparing 9-phenylchalcogenoxanthylium salts.50 More importantly, apart from the facile synthesis and versatile functionalization, the XnOH/Xn+ hydrochromic system has many advantages including fast and easy of activation by acid, extreme moisture sensitivity and RH-dependence decolourization. They also have tuneable colour and moisture sensitivity, reversibility and solution-processability. As a potentially low-cost and robust alternatives to existing inorganic and organic systems, the XnOH/Xn+ system is highly promising for a wide range of applications such as anti-counterfeiting and re-writable paper, and especially in moisture-sensing for smart packaging solutions.    
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