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ABSTRACT 

2-Cyano-6-hydroxybenzothiazole (CBTOH) is a key intermediate in the biosynthesis of D-luciferin, also used for its 

chemical synthesis and as luciferin bioluminescence precursor for chemical analysis. We characterized CBTOH and 

its O-methylated derivative by UV-vis absorption, by steady-state and time-resolved fluorescence spectroscopy, and 

by density functional theory (DFT) quantum mechanical calculations. Both the acidity of the hydroxyl group and the 

basicity of the thiazole nitrogen strongly increase upon electronic excitation, triggering solvent- and acidity-dependent 

deprotonation and protonation processes, with concomitant changes in the fluorescence properties. DFT and time-

dependent DFT calculations revealed the existence of a charge displacement that takes place in the excited state 

from the phenol moiety to the cyanothiazole group for the neutral and the cationic forms of CBTOH. This study 

reveals CBTOH as the first member of a new class of small dyes with strong photoacid and photobase character, its 

rich excited-state behavior allowing modulation of its fluorescence properties through solvent and acidity changes. 

These features make CBTOH a potentially useful fluorescent probe. 

1. Introduction 

Acid−base chemistry plays a crucial role in many biological and chemical processes [1]. Upon electronic 

excitation, the acid or base strength often changes significantly. As a consequence, photon absorption commonly 

triggers proton-exchange reactions, providing a fundamental method to study their dynamics [2-4] . The fast change 

of acidity or basicity upon light absorption has a broad range of applications, such as light-controlled nanoparticles 

self-assembly [5], solar-fuel production [6], light-driven active proton transport [7], light-controlled proton conductivity 

in materials [8], molecular machines [9, 10], and remote spatial and temporal control over proton-sensitive processes 

[11, 12]. 

It is well known that some molecules become more acidic in the excited states (photoacids), whereas others 

increase their basicity (photobases) [2, 3, 13, 14]. Hence, upon optical excitation, photoacids often undergo a proton 

transfer to species capable of accepting the proton, and photobases protonate in the excited state in the presence of 

proton-donating species [2, 3, 13, 14]. Furthermore, molecules showing both acidic and basic groups with geometry 

suitable for intramolecular hydrogen bonding may experience excited-state intramolecular proton transfer (ESIPT) 

upon excitation [15, 16]. Molecules undergoing ESIPT have found a wide variety of applications as molecular 

sensors and for advanced organic optoelectronic materials in fluorescence imaging, white-light generation and 

organic light-emitting diodes [15, 17-21]. Great interest has also been directed towards bifunctional molecules with 

photoacidic and photobasic functional groups in distant positions [22-24]. It was found that the reactivity of one 

functional group may be controlled by the ionization state of the other functional group [23, 24]. Moreover, in the 

presence of species with hydrogen-bond donating and accepting abilities, these molecules may undergo excited-

state proton transfer through a relay mechanism, with the amphoteric species bridging between the acid and the 

basic sites, similarly to what occurs in living organisms [25, 26].  
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In this paper, the fluorescence of the bifunctional dye 2-cyano-6-hydroxybenzothiazole CBTOH (Fig. 1) is 

investigated. CBTOH is generally accepted as an essential intermediate in the biosynthetic cycle of firefly luciferin [27, 

28]. Firefly light emission involves the enzymatic oxidation of D-luciferin to yield electronically excited oxyluciferin (Fig. 

1), which is the bioluminescent molecule. Oxyluciferin is afterwards enzymatically oxidized to thioglycolic acid and 

CBTOH, which in turn regenerates luciferin by condensation with cysteine [28, 29]. This condensation has also been 

used for the chemical synthesis of luciferin [27, 28, 30], and in recent years it has found a wide variety of applications 

in bioluminescence assays for different analytes, protein labelling and in vivo imaging [31-36].  
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Fig. 1. Molecular structures of the compounds studied in this work and the molecules involved in the firefly bioluminescence, D-

luciferin and oxyluciferin (shown in the phenol-enol tautomeric form). 

We will show that CBTOH fluorescence strongly depends on the acid/base properties of the medium due to the 

photoacid character of the hydroxyl group and the photobase properties of the thiazole nitrogen. The excited-state 

proton-transfer behavior of CBTOH may bear some resemblance to those of D-luciferin and oxyluciferin. Many 

studies addressed this subject, aiming to identify the emissive forms of oxyluciferin and to understand the complex 

mechanism of color modulation of firefly bioluminescence [37-45]. Moreover, oxyluciferin analogues have been 

proposed as promising dyes for OLED applications [46]. Excited-state intermolecular proton transfer processes of D-

luciferin have been investigated in different media [47-51]. In water and aqueous mixtures, D-luciferin deprotonates in 

the excited state at the phenolic hydroxyl group, giving the corresponding phenolate anion. Several studies have also 

been performed to decipher the ground- and excited-state behavior of oxyluciferin and analogues [39-45, 52-54]. In 

the ground state, oxyluciferin exhibits keto–enol tautomerism and a triple chemical equilibrium by double 

deprotonation over a physiologically relevant pH range [45]. In the excited state, it was shown that the enol OH 

attached to the five-member ring is more acidic than the phenol OH [40, 53]. Additionally, it was reported that for both 

oxyluciferin and D-luciferin, the excited deprotonated species undergoes fluorescence quenching in acidic conditions, 

attributed to a protonation process at one of the nitrogen atoms, yielding a zwitterion [49, 52]. Recently, a time-

resolved fluorescence study on the excited-state dynamics of oxyluciferin complexed with firefly luciferase concluded 

that proton transfer plays a central role in the chemistry of this system [42]. 

Here, we report on the fluorescence properties and the photoinduced proton-transfer processes of the luciferin 

precursor CBTOH in various solvents under different acidity conditions. To help disentangling its complex behavior, 
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model compound 2-cyano-6-methoxy-benzothiazole, CBTOMe (Fig. 1), which cannot deprotonate, has also been 

investigated. We will show that CBTOH fluorescence is dramatically modulated by the solvent properties and the 

acidity of the medium, due to its rich excited-state behavior as a photoacid and a photobase. This fact makes this 

species particularly attractive as fluorescent probe to characterize the acid/base properties of the molecular 

environment. 

2. Experimental and computational methods 

All experiments were carried out at 298 K. Sample concentrations of ∼ 10−5 mol dm–3 for absorption and ∼ 10−6 

mol dm–3 for fluorescence were employed. For absorption measurements in aqueous solution, pH was measured 

with a Radiometer PHM 82 pH meter, with a tolerance of ± 0.02. In nonaqueous solutions and for fluorescence in 

aqueous solutions, pHc was calculated as −log ([H+]/mol dm–3).  

Fluorescence quantum yields were measured using quinine sulfate (concentration < 3 × 10–5 mol dm–3) in 

aqueous H2SO4 (0.5 mol dm–3) as standard (Φfl = 0.546) [55]. The estimated uncertainty of the fluorescence quantum 

yields measurements was 10 %. Fluorescence decay curves were measured by the time-correlated single-photon 

counting technique in an Edinburgh Instruments LifeSpec−ps time-resolved spectrometer, with PicoQuant LED and 

laser sources and a time resolution of ∼50 ps after IRF reconvolution. The quoted uncertainties of decay times and 

rate constants represent the statistically estimated standard deviation of the measured quantities (type A standard 

uncertainty) [56]. They are presented in parentheses after the estimated values of the measurands, referred to the 

corresponding last digits of the quoted results [56]. Decay-associated spectra [57, 58] were calculated by the 

equation: 

𝐼i(𝜈�) = 𝐴i(𝜈�) ∙ 𝜏i/∑ (𝐴i(𝜈�) ∙ 𝜏ii ) (1) 

where 𝐴i(𝜈�) is the wavenumber-dependent amplitude associated to the 𝜏i decay time. The amplitudes have been 

corrected to take into account the different acquisition time needed at each wavenumber to attain 5000 counts at the 

maximum of the fluorescence decay measurement. Log-normal functions were used in some cases to fit the spectral 

results [59]. 

We used DFT [60, 61] and TD-DFT [62] to determine the geometry of various CBTOH species, both in the ground 

state and in the first excited singlet state, respectively. Within the DFT methodology, we selected the B3LYP [63, 64] 

and CAM-B3LYP [65] functionals, and Dunning´s augmented correlation consistent polarized valence triple zeta 

(aug-cc-pVTZ) basis set [66]. All the calculations were carried out with the Gaussian 09 program package [67], and 

the MOLDEN program [68, 69] was employed in the analysis of the results. 

For further details, see the Supplementary materials. 
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3. Results and discussion 

3.1. Ground-state acid-base equilibrium of CBTOH in aqueous solution 

The absorption spectra of CBTOH were recorded in aqueous solution at different acidities (Fig. 2a). The spectra 

showed no significant changes in the pH range from 0.33 to 6, and exhibited a first absorption peak at 320 nm. The 

absorbance of this band decreased in basic solution and a new band appeared, centered at 376 nm. A sigmoidal pH-

dependent absorption was observed, suggesting that only two different forms of CBTOH exist over the entire 

investigated pH range, from 0.3 to 10. 

The absorption spectrum of CBTOH in acidic to neutral aqueous media (Figs. 2a and 3b) was very similar to that 

of CBTOMe (Fig. 3a). This indicates that the structure of CBTOH at these acidities is the neutral form N (Scheme 1), 

which shows the first absorption band at 320 nm. No evidence for N protonation was observed at the investigated 

acidities (pH > 0.33), which means that the p𝐾a of the protonated form C (p𝐾a,CN, Scheme 1) must be negative. This  

 

 

Fig. 2. a) Absorption spectra of CBTOH in aqueous solution at pH 0.33 (red) and between pH 4.62 (orange) and 9.71 (blue). b) 

Calculated N (orange) and A (blue) absorption spectra of CBTOH in aqueous solution obtained by applying principal component 

global analysis to the absorption spectra in part a). The shadowed areas in the calculated spectra represent three times the 

standard uncertainty range. The inset shows the experimental (circles) and calculated (solid lines) pH-dependent contributions of N 

(orange) and A (blue) species. 



6 
 

confirms the expected low ground-state basicity of the thiazole nitrogen. For the parent molecule benzothiazole, the 

p𝐾a = 1.2 was measured [70], and a much lower value is expected for CBTOH due to the strong electron-withdrawing 

effect of the cyano group. Low p𝐾a values for dissociation of protonated luciferin (p𝐾a ∼ −2.8) [71] and oxyluciferin 

(p𝐾a ∼ −2.3) [72] were also found. 

The absorption changes observed for CBTOH in basic media (Fig. 2a), not observed for the methylated species 

CBTOMe, can be assigned to deprotonation of the neutral form N at the hydroxyl group. Deprotonation gives the A 

anion (Scheme 1), responsible for the absorption band located at 376 nm.  
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Scheme 1. Ground-state acid−base equilibria of CBTOH, including the cation C, the neutral form N and the anion A. Also shown is 

the zwitterion Z detected in the first excited singlet state. 

By applying principal component global analysis (PCGA) [73, 74] to the series of absorption spectra of CBTOH at 

different acidities, we obtained the spectral components associated with N and A forms, together with their 

experimental and calculated acidity-dependent fractions (Fig. 2b) and the acidity constant of the CBTOH neutral form 

N, p𝐾a,NA = 8.01 ± 0.02. This value represents an apparent acidity constant, calculated from pH values and the 

spectrophotometrically measured molar concentrations of acid and base without activity corrections, for an ionic 

strength value lower than 0.0059 M. The obtained p𝐾a value is lower than that reported for the deprotonation at the 

phenolic group of D-luciferin (8.6) [75] and oxyluciferin (9.10) [45], showing again the electron-withdrawing effect of 

the cyano group. 

3.2. Photoacid character of the CBTOH hydroxyl group 

CBTOH showed a complex fluorescence behavior, which was disentangled with the help of the methylated 

derivative CBTOMe. The fluorescence spectrum of CBTOMe in neutral or slightly acidic aqueous solution showed 

only one band at 415 nm, independently of the excitation wavelength (Fig. 3a). The fluorescence excitation spectrum 

coincided with the absorption spectrum of CBTOMe in the same conditions, at any emission wavelength. Similar 

fluorescence excitation and emission spectra were obtained in acetonitrile, methanol and trifluoroethanol (spectra not 

shown). These results indicate that the neutral form N of CBTOMe must be the only species present in all these 

solvents, in both the ground state and the excited singlet state. Nevertheless, time-resolved studies of CBTOMe in 

neutral aqueous solution revealed that a biexponential function is needed to fit the fluorescence decay profiles over a 

wide range of wavelengths covering the emission band (Table 1). Global analysis led to decay times of 0.436 ns and 

0.84 ns. The decay-associated spectra were similar (see Fig. 4a). Fluorescence decays were also biexponential for  
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Fig. 3. Absorption (blue-filled areas) and normalized fluorescence excitation (left) and emission (right) spectra of a) CBTOMe in 

aqueous solution of pHc 3.99 (blue lines: λexc = 320 nm, λem = 415 nm, and red line: λem = 510 nm), b) CBTOH in aqueous solution 

of pHc 4.02 (light-blue thick line: λexc = 320 nm, blue solid line: λem = 500 nm) and at pHc 10.94 (purple dashed line: λexc = 375 nm, 

purple solid line: λem = 500 nm), c) CBTOH in trifluoroethanol at pHc 4.04 (blue lines: λexc = 320 nm, λem = 410 nm), and d) CBTOH 

in methanol at pHc 4.31 (blue lines: λexc = 320 nm, λem = 410 nm and red line: λem = 500 nm). 

CBTOMe in other solvents like trifluoroethanol, methanol and acetonitrile, with decay times shorter than 1 ns (Table 

1). These results suggest that there are two N* populations with different decay times but similar emission spectra, 

which might be ascribed to two different conformers of the neutral form N*. Based on the similar behavior found for 
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methoxy derivatives of naphthalene [76, 77], anthracene [78], and N-methylquinolinium [79], we tentatively assign the 

emissive species to the syn and anti conformers originated by methoxy group rotation in CBTOMe (Fig. 5), but 

recognize that other intramolecular changes may also be present. 

The fluorescence excitation spectrum of CBTOH in basic aqueous solution (Fig. 3b) peaked at 375 nm and 

matched the first absorption band recorded under similar conditions, attributed to the anion A (Fig. 2). The 

fluorescence emission, with maximum at 504 nm, partly overlaps with the absorption spectrum. This suggests that 

the emission originates from the excited anion A*, which exhibited a fluorescence quantum yield of 0.57 in basic 

aqueous solution (Table 2). 

Under mild acidic conditions, the fluorescence excitation spectrum of CBTOH in water (Fig. 3b), with maximum at 

321 nm, coincided with the absorption spectrum. This indicates that the neutral form N is the species being excited. 

However, the emission spectrum showed a very large Stokes shift and matched the emission band of the anion A*,  

 

Table 1 
Fluorescence decay times obtained for CBTOMe and CBTOH by multiexponential global analysis of fluorescence decays at the 
indicated wavelength emission ranges. Excitation at 333 nm 

Species and solvent λem/nm τ1/ns τ2/ns τ3/ns χ2 

CBTOMe      

water, pH 5.9a 380 to 440b 0.436(3) 0.84(1)  0.9905 

water, pHc 1.60 380 to 480b 0.377(4) 0.69(3) 2.47(3) 1.0510 

water, pHc 1.18 380 to 440b 0.291(5) 0.46(4) 2.32(7) 1.0579 

trifluoroethanol 360 to 440b 0.299(3) 0.585(8)  1.0339 

methanol 380 to 420b 0.336(5) 0.57(1)  1.0506 

acetonitrile 360 to 420b 0.203(7) 0.32(1)  0.9991 

CBTOH      

trifluoroethanol 380 to 480b 0.399(8) 0.913(5) 4.13(8) 1.0798 

methanol 370 to 490b 0.529(7) 1.07(1) 4.750(9) 1.2124 

Water, pHc 11.02c 460 to 520d − 5.097(4)  1.1045 

water, pH 5.9a 490e 0.47(5)   [2.2 %] 4.947(9)   [97.8 %]  1.1110 

water, pHc 3.00 490e 0.36(4)   [2.2 %] 4.288(8)   [97.8 %]  1.1010 

water, pHc 2.80 490e 0.33(4)   [2.2 %] 3.976(7)   [97.8 %]  1.0351 

water, pHc 2.61 490e 0.35(4)   [2.4 %] 3.592(7)   [97.6 %]  1.0916 

water, pHc 2.41 490e 0.31(4)   [2.4 %] 3.128(7)   [97.6 %]  1.0042 

water, pHc 2.31 490e 0.27(3)   [2.6 %] 2.834(6)   [97.4 %]  1.0638 

water, pHc 2.16 490e 0.28(2)   [3.1 %] 2.425(4)   [96.9 %]  1.0404 

a Distilled water [80].  
b Measurements every 20 nm.  
c Excitation wavelength 370 nm.  
d Measurements every 30 nm.  
e The fluorescence decay of CBTOH in acidic aqueous solutions was collected at a single wavelength. The percentages 
associated to τ1 and τ2 are indicated in square brackets. 
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Fig. 4. Decay-associated spectra (circles) corresponding to the indicated decay times for CBTOMe in a) water and b) acidified 

aqueous solutions (pHc 1.18), and for CBTOH in c) trifluoroethanol and d) methanol. The fit of a log-normal function (solid colored 

lines) to each of the experimental spectra is also shown. The grey lines represent the sum of the individual components. 

obtained in basic media. This reveals that the excited neutral form N* of CBTOH deprotonates in aqueous solution at 

the hydroxyl group to give A* (Scheme 2), showing that N is a stronger acid in the excited state than in the ground 

state. This interpretation was supported by calculation of the p𝐾a variation on going to the excited state through 

Förster cycle analysis [81, 82]. As the fluorescence of N* was not detected in water, we used the absorption maxima 

of N and A (Table 3) as measure of their excitation energy to calculate the p𝐾a change on going to the excited state:  
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∆p𝐾a,NA  = −9.8 (Table 4). The calculated p𝐾a  decrease leads to an excited-state value of p𝐾a,NA
∗  = −1.8, which 

confirms the strong acidity of the neutral form N* of CBTOH in its first excited singlet state. The electron withdrawing 

effect of the cyano group would further explain the fact that N* is a stronger acid than excited D-luciferin, for which an 

excited-state p𝐾a∗ ∼ 0 was estimated [48]. 
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Fig. 5. Conformers of the neutral form N and the cation C of CBTOMe (R = Me) and CBTOH (R = H). 

   

Table 2 
Fluorescence quantum yields of CBTOH in various solvents at 25 ºC and species to which the emission was attributed 

Solvent Φfl Solvent Φfl 

neutral mediaa  acid mediaa  

cyclohexane 0.017 (N*) water, pHc 3.61 0.32 (A*) 

dioxane 0.037 (N*)   

dichloromethane 0.031 (N*) basic media c  

tetrahydrofuran 0.055 (N*) water, pHc 10.82 0.57 (A*) 

methyl acetate 0.038 (N*) Methanol 0.65 (A*) 

acetonitrile 0.054 (N*) Ethanol 0.62 (A*) 

trifluoroethanol 0.088 (N*)   

dimethyl sulfoxide 0.27 (N*+A*)   

methanol 0.22 (N*+A*)   

ethanol 0.20 (N*+A*)   

1-propanolb 0.16 (N*+A*)   

2-propanolb 0.13 (N*+A*)   

2-methyl-1-propanolb 0.17 (N*+A*)   

1-butanolb 0.18 (N*+A*)   

2-butanolb 0.17 (N*+A*)   

ethylene glycolb 0.23 (N*+A*)   

a λexc = 322 nm.  
b Some anion is present in the ground state. 
c λexc = 375 nm. 
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Scheme 2. Excitation and deactivation pathways proposed for the neutral form N of CBTOH in neutral and slightly acidic aqueous 

and methanol solutions. The indicated wavelengths refer to the absorption and fluorescence maxima in methanol. Fluorescence of 

N* in water is 100 times weaker than that of A*. The dashed lines indicate the energy of the Franck-Condon states before relaxation. 

The fluorescence emission of CBTOH in aqueous solution was almost negligible in the 400 nm region, where 

fluorescence is observed for CBTOMe. This fact would seem to indicate that the efficiency of the deprotonation 

process N* → A* + H+ approaches unity in aqueous solution. If this were true, an acidity-independent fluorescence 

quantum yield of CBTOH would be expected. No such independence was found, as the fluorescence quantum yield 

of CBTOH in basic solution, where A is directly excited (ΦA = 0.57, Table 2), is higher than that found in acidic 

medium, where A* is formed from N* (ΦNA = 0.32 at pHc = 3.61, where the quenching of A* by protons is almost non 

operative, see later). The value of the relation ΦNA/ΦA = 0.56 means that upon excitation of N, only 56 % of N* 

molecules yield A*. As no fluorescence from N* was detected in aqueous solution, we conclude that N* undergoes a 

fast nonradiative decay, which competes with the deprotonation process. A similar behavior was found for D-luciferin, 

whose low fluorescence quantum yield in water was attributed to its high nonradiative deactivation rate, comparable 

to the rate of proton-transfer to the solvent [48].  

The fluorescence of CBTOH in basic aqueous solution decayed monoexponentially with a lifetime of 5.097 ns 

(Table 1), which corresponds to the excited anion A*. In contrast, the fluorescence decay recorded at A* emission 

band in slightly acidic aqueous solution revealed a biexponential decay curve. The long decay time (4.947 ns, ∼98 %), 

very similar to that found in basic solution, must correspond to A* deactivation, whereas the short decay time (0.47 

ns, ∼2 %) is probably associated to the kinetics of its formation from N* [2, 3, 83-86]. The complex mechanism of 

proton transfer from a photoacid to the solvent has been recently reviewed and will not be discussed here [2]. 

The fluorescence spectra of CBTOH in several organic solvents showed emission maxima around 410 nm (see 

the spectrum in trifluoroethanol in Fig. 3c; similar spectra were measured in cyclohexane, dioxane, dichloromethane, 

tetrahydrofuran, methyl acetate and acetonitrile). These spectra are very similar to that of CBTOMe in water (Fig. 3a), 

which indicates that the emission of CBTOH in these solvents is due to N*. This means that the neutral form N* of 
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CBTOH is unable to dissociate in the above-mentioned organic solvents, which is consistent with their non-basic 

character. This conclusion is corroborated by the fact that the excitation spectrum overlapped the emission band, and 

coincided with the absorption spectrum, which is very similar to the absorption spectrum of N recorded in neutral to 

acidic aqueous solution (Fig. 2a). The fluorescence quantum yield of N* in the mentioned organic solvents is very low 

(< 0.1, Table 2). This fact, together with the short fluorescence decay times measured in these solvents (< 0.1 ns, 

results not shown), reveals again the high non-radiative deactivation rate of N*, also in organic solvents. 

The fluorescence decay of CBTOH in neutral trifluoroethanol was recorded at several wavelengths between 380 

nm and 480 nm. All decay curves can be fitted by a sum of three exponential functions, with a single set of decay 

times (Table 1). The two shortest decay times showed numerical values (0.400 ns and 0.896 ns) and decay-

associated spectra (Fig. 4c) similar to those obtained for CBTOMe (Table 1 and Fig. 4a), and are attributed, as for 

CBTOMe, to two different conformers of N*. The third component has a longer decay time (4.04 ns) and shows a 

very small contribution to the decay, which appears to increase at λem > 430 nm (Fig. 4c). It is very unlikely that this 

decay time would correspond to the anion, as trifluoroethanol is an acidic solvent. We will show in the next section 

that the thiazole nitrogen becomes more basic in the excited state and, therefore, a small fraction of N* molecules 

might be protonated by trifluoroethanol at the thiazole nitrogen leading to the cation, responsible for this long decay 

time. 

The fluorescence spectra of CBTOH recorded in neutral or slightly acidified methanol showed dual fluorescence 

(Fig. 3d). The first band was located at 410 nm, at about the same position as that of the N* emission band in 

trifluoroethanol (Fig. 3c), whereas the second band appeared at 492 nm and was very similar to the A* emission 

band in aqueous solution (Fig. 3b). The excitation spectra recorded at both emission bands were almost identical 

(Fig. 3d), and coincided with the absorption of N, indicating that this species is the ground-state precursor of the 

excited neutral species N* and the anion A*. We therefore conclude that upon excitation of N in methanol, a fraction 

of the N* molecules undergo deprotonation to yield A*, fluorescence from both N* and A* being observed. A similar 

behavior was observed in other alcohols and in dimethyl sulfoxide (spectra not shown), all of which have in common 

their ability to act as proton acceptors. In basified alcohols, only emission from A* was observed, exhibiting a high 

fluorescence quantum yield (0.65 in methanol, see Table 2). This value is much higher than that measured for N* in 

non-basic solvents (< 0.1, Table 2). This fact explains that the total fluorescence quantum yields of CBTOH 

measured in neutral alcohols and dimethyl sulfoxide, due to N* and A* emission (∼0.2, see Table 2), are higher than 

the values determined in non-basic solvents, where only N* fluoresces.  

Fluorescence decays of CBTOH in methanol, monitored at several wavelengths covering both the N* and A* 

emission bands, can be fitted by a sum of three exponential functions. Global analysis (Table 1) yielded a long-time 

component of 4.724 ns. We assign this component to A*, as the decay time is similar to that of the excited anion in 

water, and contributes to the decay at λ > 430 nm (Fig. 4d), region where the anion fluoresces. In contrast, the 

shortest decay times (0.485 ns and 0.98 ns) show their highest contribution at about 405 nm, matching the maximum 
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of the N* emission band. The biexponential decay may be related to a conformational equilibrium, as it was 

previously proposed for CBTOMe, and also to the complex kinetics of the N* deprotonation process, as it was found 

for other photoacids [2, 3, 83-86]. The amplitudes associated to the short decay times were positive at wavelengths 

corresponding to the N* emission band, decreasing at higher wavelengths and eventually reaching a negative value 

(see Fig. 4d). This fact indicates that the excited anion A* emitting at 492 nm is formed in the excited state from N*. 

In summary, N* deprotonates both in methanol and in water (Scheme 2), but fluorescence competes successfully 

with deprotonation in methanol. 

 
Table 3 
Experimental wavelengths of the first absorption and fluorescence maxima for the indicated species of CBTOH, together with a 
summary of the DFT and TD-DFT B3LYP/aug-cc-pVTZ geometry optimization results: computed vertical absorption and fluorescence 
wavelengths and corresponding oscillator strengths (f) a, dipole moments µ, and energies. 

Molecule 

(electronic state) 
λexp(abs)/nm λDFT(abs)/nm (f) λexp(fl)/nm λTD-DFT(fl)/nm (f) µ/D E/Eh 

N (S0) 
Nsyn conformer (S0) 
Nanti conformer (S0) 

320b  
304 (0.2846) 
307 (0.2500) 

   
5.932 
6.240 

 
−890.3720695 
−890.3721932 

N* (S1) 
N*syn conformer (S1) 
N*anti conformer (S1) 

  410c  
340 (0.2922) 
344 (0.2513) 

 
10.309 
11.092 

 
−890.2301316 
−890.2318502 

A (S0) 376b 410 (0.4056)   1.434 −889.8429051 

A* (S1)   504b 457 (0.3007) 1.377 −889.7369515 

C (S0) 
Csyn conformer (S0) 
Canti conformer (S0) 

390d  
397 (0.1765) 
406 (0.1559) 

  
 

 
2.296 
4.249 

 
−890.7189889 
−890.7191885 

C* (S1) 
C*syn conformer (S1) 
C*anti conformer (S1) 

  515e 
 

 
466 (0.1043) 
482 (0.0923) 

 
7.398 
8.809 

 
−890.6121851 
−890.6153767 

Z (S0) − 514 (0.2615) 
490 (0.3511)f 

  4.253 
4.670f 

−890.3271726 
−890.0708506f 

Z* (S1)   625b 582 (0.2295)f 2.698f −889.9848329f 

a For all the molecules, the molecular orbitals contributing most to the S0 → S1 transition are the frontier molecular orbitals. 
b In water. 
c In organic solvents and alcohols.  
d Excitation spectrum in trifluoroethanol.  
e In trifluoroethanol.  
f CAM-B3LYP functional results. 

 
The results just described identify CBTOH as a new member of the well-known family of hydroxy-aromatic 

photoacids [2, 3]. Beginning with the pioneering studies of Albert Weller [87], the enhanced excited-state acidity of 

these compounds has been related to an intramolecular charge transfer taking place from the oxygen atom to the 

aromatic system, whether in the photoacid or in the conjugate base [2, 88]. We investigated this issue for the neutral 

form N and the anionic form A of CBTOH by means of quantum mechanical methods. We carried out DFT and time-

dependent DFT (TD-DFT) quantum mechanical calculations in order to determine the equilibrium geometry of these 

species, both in the ground state and in the first excited singlet state, respectively. The Cartesian coordinates of the 

optimized geometries are reported in the Supplementary materials (see Fig. S1 and Tables S1 – S6), and the main 
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theoretical results are summarized in Table 3. We investigated the syn and anti conformers of N (Fig. 5), being Nanti 

the most stable one (see the numerical results in Table 3 and the optimized structure in Fig. 6). Nevertheless, the 

energy difference between both conformers in vacuum is very small (27.16 cm−1), ensuring that probably both of 

them exist in similar concentrations in solution (their dipole moments are roughly equal, see Table 3). Moreover, the 

predicted first electronic transitions of Nsyn and Nanti are also very similar (Table 3). The computed wavelengths for 

absorption and fluorescence of N and A (Table 3) reasonably agree with the experimental values, taking into account 

the limitation of the DFT method and that the modelling considers isolated molecules in vacuum. From these results, 

we tentatively identify, as for CBTOMe, the syn and anti forms of N* with the CBTOH conformers experimentally 

detected by their somewhat different fluorescence decay times, but very similar decay-associated spectra (Table 1 

and Fig. 4, see above). 

The charge redistribution associated with excitation of N and A can be inferred from the shape of the natural 

transition orbitals displayed in Fig. 7 and from the charge analysis reported in Table 5. Here we include for each 

CBTOH species in the electronic ground state the Mulliken charges on the O atom, on the thiazole nitrogen, and on 

the cyano group. Considering the shortcomings in Mulliken’s population analysis, we also report the sum of the 

partial charges on the benzene and the cyanothiazole rings. Additionally, the charge changes upon excitation to the 

first excited singlet state, calculated from the TD-DFT B3LYP/aug-cc-pVTZ results, are also given. A significant 

charge displacement (−0.202 e) from the phenol moiety (OH and benzene ring B) to the cyanothiazole group (ring T) 

takes place upon N excitation, which almost doubles its dipole moment, for both Nsyn and Nanti conformers (Table 3). 

A much smaller charge displacement between the rings takes place upon A excitation (−0.060 e, Table 5), which is 

also reflected in its almost unchanged dipole moment value (Table 3). There is some charge displacement from the 

oxygen atom to the π system, both for the neutral form and for the anion, but its magnitude is rather small (Table 5). 

These results are qualitatively different from those found for phenol, 2-naphthol and their cyanoderivatives [89, 90]. 

Semiempirical and ab-initio calculations on these photoacids concluded that the charge distribution of the neutral 

form is very similar in the ground and the first excited singlet states, but a significant contribution of charge transfer 

character from the oxygen to the aromatic ring occurs upon excitation of the anion [89, 90]. This fact has been 

considered the main cause of photoacidity for hydroxy-aromatic photoacids [3, 88]. The present study indicates that 

the results on particular hydroxyarene photoacids cannot be generalized. The charge displacement observed for 

CBTOH is different from that in phenols and naphthols. 

 
Table 4 
Ground- and excited-state acidity constantsa for CBTOH in water at 298 K 

 p𝐾a,NA  ∆p𝐾a,NA  ∆p𝐾a,CN  ∆p𝐾a,ZA  ∆p𝐾a,CZ 

 8.01 −9.8 10.4b  8.1   −7.2 

a  ∆p𝐾a = p𝐾a∗ − p𝐾a, estimated by means of the Förster cycle analysis using the fluorescence maxima, except 
for ∆p𝐾a,NA, which was calculated with the absorption maxima, as no N* fluorescence was detected in water. 
b Calculated from the fluorescence maxima in trifluoroethanol, as no emission of C* and N* was detected in water. 
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Fig. 6. B3LYP/aug-cc-pVTZ optimized geometry of the Nanti conformer of CBTOH in the electronic ground state. 

 

Fig. 7. Frontier natural transition orbitals for the S0 → S1 excitation of the different CBTOH species. The computed DFT 

(B3LYP)/aug-cc-pVTZ vertical absorption wavelengths are also indicated. 

Table 5 
DFT B3LYP/aug-cc-pVTZ Mulliken charges on the O atom (qO), on the thiazole nitrogen (qN), and on the cyano group (qCN), and sum 
of the partial charges on the benzene ring (qringB) and on the cyanothiazole ring (qringT) of the indicated CBTOH species in the 
electronic ground statea. The last columns report the charge change upon excitation to the first excited singlet state, calculated from 
the TD-DFT B3LYP/aug-cc-pVTZ results. 
Molecule qO/e qN/e qCN/e qringB/e qringT/e ∆qO/e ∆qN/e ∆qCN/e ∆qringB/e ∆qringT/e 

Nsyn conformer −0.636 −0.614 −0.394 0.568 −0.061 0.029 −0.105 −0.090 0.150 −0.202 

Nanti conformer −0.634 −0.603 −0.401 0.566 −0.053 0.040 −0.103 −0.096 0.144 −0.202 

A −1.075 −0.590 −0.470 0.450 −0.375 0.049 −0.137 −0.046 0.012 −0.060 

Csyn conformer −0.612 −0.138 −0.282 0.812  0.649 0.033 −0.065 −0.097 0.215 −0.271 

Canti conformer −0.612 −0.128 −0.279 0.848  0.623 0.048 −0.062 −0.102 0.170 −0.242 

Z −0.990 −0.088 −0.403 0.674  0.316      

Zb  −0.977  −0.088  −0.394  0.628   0.348  0.025  −0.067  −0.018  0.022  −0.045 

a In qringB, the charges on the O-H group are not included; qringT includes all the substituents on this ring, and the charges on the 
bridging atoms between the two rings where equally distributed between the rings. 
b CAM-B3LYP functional results. 

3.3. Photobasic character of the CBTOMe thiazole nitrogen 

The fluorescence spectrum of CBTOMe in aqueous solution was independent of the pH on going from basic to 

slightly acidified solutions, but in concentrated acid solutions the spectrum changed. CBTOMe steady-state 
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fluorescence spectra were taken in aqueous solution acidified with HClO4 in the pHc range from 4 to 0 (Fig. 8a). The 

intensity of the emission band at 415 nm decreased as the acid concentration increased, and a new emission band 

appeared at 510 nm, with an isoemissive point at 457 nm. The excitation spectrum, nevertheless, was independent 

of acidity (Fig. 8a) and coincided with the absorption spectrum (Fig. 3a), which is also invariant in this pH range. 

These facts indicate that the only ground-state species over the whole acidity range (from pHc 0 to basic solution) is 

the neutral form N (Scheme 3). In basic, neutral, or slightly acidic solutions, excitation of this form leads to its 

fluorescence, with maximum at 415 nm. In strongly acidic solutions, the intensity of this band decreases and a new 

emission appears centered at 510 nm. This emission must be due, therefore, to a different species formed upon 

excitation of N. As this species only appears in strongly acidic solutions, we propose that N* becomes protonated in 

these media. The thiazole nitrogen of CBTOMe is the probable site of protonation, which yields the cation C* 

(Scheme 3), responsible for the emission at 510 nm. According to this interpretation, the thiazole nitrogen of 

CBTOMe increases its basicity in the excited state. We estimated the change in p𝐾a upon electronic excitation by 

means of the Förster cycle.[81, 82] As the absorption of C in water is not known, we used the fluorescence maxima   

 

 

Fig. 8. a) Right: Fluorescence emission spectra (λexc = 320 nm) of CBTOMe in aqueous solution between pHc 3.99 (blue) and pHc 

0.02 (red). Left: normalized excitation spectra (λem = 415 nm) at pHc 3.99 (blue) and at pHc 0.02 (red, dotted). b) Right: 

Fluorescence emission spectra (λexc = 320 nm) of CBTOH in trifluoroethanol solution between pHc 4.04 (blue) and pHc 0.02 (red), 

and at pHc 0.02 with λexc = 390 nm (green). Left: normalized excitation spectra at pHc 4.04 (blue, λem = 410 nm) and at pHc 0.02 

(red: λem = 410 nm, and green: λem = 500 nm). 
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as measure of the excitation energy of C and N. The Förster cycle predicts a change of 9.4 units in the p𝐾a of C upon 

excitation, confirming the large increase in basicity at the thiazole nitrogen of CBTOMe in the first excited singlet 

state. We cannot estimate the value of the excited-state acidity constant, as the ground-state p𝐾a for C dissociation is 

unknown (as shown above, for CBTOH p𝐾a,CN < 0). 

Fluorescence decays of CBTOMe were recorded in aqueous solution of pHc 1.18 at several wavelengths 

between 380 and 440 nm. All decay curves can be fitted by a sum of three exponential functions, with two short 

decay times of 0.299 ns and 0.50 ns and a third longer component of 2.45 ns (Table 1). The resulting decay-

associated spectra are shown in Fig. 4b. We assign the shorter components of the decay to the fluorescence of the 

N* conformers discussed above, as they show their maximum contribution in the region of the N* emission band and 

are similar to those found in neutral aqueous solution (Fig. 4a). The decay times of the two shorter components 

decreased as the acidity increased (Table 1), which agrees with the fact that N* fluorescence is quenched by protons. 

We assign the longest decay component (2.45 ns) to the lifetime of C*, as it exhibits a decay-associated spectrum 

with maximum contribution in the region where C* fluoresces, at longer wavelengths than N*, and shows an acidity-

independent decay time, much longer than those of N*.  
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Scheme 3. Excitation and deactivation pathways proposed for the neutral form N of CBTOMe (R = Me) in acidified aqueous 

solution and of CBTOH (R = H) in acidified trifluoroethanol. The indicated wavelengths refer to the absorption and fluorescence 

maxima of CBTOH in trifluoroethanol. The dashed lines indicate the energy of the Franck-Condon states before relaxation. 

We obtained the fluorescence spectrum of C* by applying principal component global analysis to the series of 

emission spectra of CBTOMe measured at different acidities [73, 74]. According to Scheme 3, any fluorescence 

emission spectrum 𝑭(𝜈�) from the series can be expressed as a linear combination of the spectra of the emissive 

species N* and C*:  

𝑭(𝜈�)  = 𝑐N 𝑭N(𝜈�) + 𝑐C 𝑭C(𝜈�) (2) 
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In Eq. (2), 𝑭N and 𝑭C represent the fluorescence spectra that would be obtained if each absorbed photon led to 

an excited molecule of N and C, respectively, and only the unimolecular deactivation of these species would be 

operative, while the coefficients 𝑐N and 𝑐C represent the contributions of 𝑭N and 𝑭C to the experimental spectra. From 

Scheme 3, the equations which give 𝑐N and 𝑐C can easily be derived (see the Supplementary materials): 

𝑐N = 1

1+
𝑘p
N

𝑘N
[H+]

 (3) 

𝑐C =
𝑘pN

𝑘N
[H+]

1+
𝑘p
N

kN
[H+]

 (4) 

Principal component global analysis was applied to the series of CBTOMe emission spectra (Fig. 8a) with the set 

of Eqs. (2) to (4). A good agreement was obtained between the experimental spectra and those calculated as the 

sum of N* and C* contributions (see Fig. S2 in the Supplementary materials). The analysis provided the component 

spectra 𝑭N and 𝑭C given in Fig. 9a, their contributions 𝑐N and 𝑐C shown as an inset in the same figure, and the value  

 

 

Fig. 9. Fluorescence emission spectra 𝑭N (green) and 𝑭C (red), obtained by applying principal component global analysis to the 

series of emission spectra of a) CBTOMe in aqueous solution (data in Fig. 8a), and b) CBTOH in trifluoroethanol (data shown in Fig. 

8b). The shadowed areas in the calculated spectra represent three times the standard uncertainty range. The insets display the 

experimental (circles) and calculated (solid lines) acidity-dependent contributions of 𝑭N (green) and 𝑭C (red) to the emission spectra. 
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of the rate constants ratio 𝑘pN/𝑘N = 11.0(1) mol−1 dm3. We must note that the steady-state spectra analysis does not 

allow discriminating between the CBTOMe N* conformers discussed above, as both are quenched by protons in a 

similar extent (see the influence of acidity on τ1 and τ2 in Table 1). Therefore, the calculated component spectra 𝑭N, 

as well as the contribution 𝑐N and the rate constants ratio 𝑘pN/𝑘N  must be interpreted as a mean value for both 

conformers.  

3.4. Excited-state behavior of CBTOH in acidified trifluoroethanol: photoprotonation at the thiazole nitrogen 

We registered the fluorescence spectra of CBTOH in acidified trifluoroethanol between pHc 4 and 0 (Fig. 8b). As 

discussed above, the only emission band observed in slightly acidic media, centered at 410 nm, is due to the neutral 

form N*. With increasing acidity, this band declined and a new band of increasing intensity appeared at about 515 nm. 

An isoemissive point was observed at 486 nm. The excitation spectrum at pHc 0.02 was almost identical to that 

measured at pHc 4.04 when monitored at λem = 410 nm, but it showed an additional very weak contribution at ∼ 390 

nm when recorded at an emission wavelength of 500 nm (Fig. 8b). Under excitation at 390 nm, a unique emission 

band peaking at 515 nm was obtained at pHc 0.02 (Fig. 8b).  

The fluorescence behavior just described for CBTOH in strongly acidic trifluoroethanol parallels that of CBTOMe 

in acidic water (Fig. 8, panels b and a), which indicates that the excited neutral form of CBTOH also protonates at the 

thiazole nitrogen to give the cation C* (Scheme 3), responsible for the emission band observed at 515 nm. Moreover, 

at pHc 0.02 the excitation spectrum recorded at λem = 500 nm showed a very weak contribution at about 390 nm, and 

excitation at this wavelength led to an emission spectrum matching that of C*. This indicates that in the ground state 

a very small fraction of CBTOH molecules are in the cationic form in this acidic alcohol at pHc 0.02. We applied the 

principal component global analysis methodology to the series of emission spectra (Fig. 8b) with the set of Eqs. (2) to 

(4). The fit resulted in the component spectra 𝑭N and 𝑭C given in Fig. 9b, their contributions 𝑐N and 𝑐C shown as an 

inset in the same figure, and the ratio of rate constants 𝑘pN/𝑘N = 4.05(2) mol−1 dm3. As for CBTOMe, the experimental 

spectra were satisfactorily reproduced as the sum of 𝑭N  and 𝑭C  contributions (Fig. S3 in the Supplementary 

materials). 

The charge analysis reported in Table 5 shows an increase of the negative charge on the thiazole nitrogen of the 

neutral forms upon excitation (−0.103 e for Nanti), which is probably related to the better proton-acceptor ability at this 

position observed in the excited state. We also performed DFT and TD-DFT quantum chemical electronic structure 

calculations for C in the ground state and in the first excited singlet state, respectively. The calculated equilibrium 

geometries of the Csyn and Canti conformers (Fig. 5) are collected in Tables S7 to S10 in the Supplementary materials. 

Table 3 shows the computed energies (very similar for the two conformers) and the predicted vertical absorption and 

fluorescence wavelengths for these species in vacuum, which reasonably agree with the experimental values in 

solution. The natural transition orbitals (displayed in Fig. 7 for the Canti conformer) and the data in Table 5 show also 
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a significant charge displacement from the phenol ring to the protonated cyanothiazole moiety upon excitation of the 

cation (−0.242 e for Canti), slightly higher than that of the neutral form (−0.202 e).  

3.5. Excited-state behavior of CBTOH in acidic aqueous solution: OH photodissociation and subsequent thiazole 

nitrogen protonation 

The fluorescence spectra of CBTOH were also recorded in acidic aqueous solution between pHc 4 and pHc 0 (Fig. 

10a). As we have shown above, the fluorescence emission of CBTOH in aqueous solution of pHc 4 is due to the 

anion A*, formed by dissociation of the neutral form N* in the excited state. Fig. 10a shows that the fluorescence 

intensity of A* drastically decreases upon increasing the acidity of the solution, with a very weak band at λ > 550 nm 

emerging at high acidity. However, the shape of the excitation spectrum did not change in this acidity range (Fig. 

10a), and corresponds to N. We interpret these findings as evidence for the excited-state protonation of A*, to yield a 

neutral form with a very weak, longer-wavelength fluorescence emission. The species responsible for this band 

cannot be N*, because this species should emit around 410 nm. The most probable site for A* protonation is the 

thiazole nitrogen, as the electron density on this atom significantly increases upon excitation (−0.137 e, Table 5), 

reducing at the same time the negative charge on the oxygen atom (0.049 e). Accordingly, we propose that A* 

protonation leads to the zwitterion Z* (Scheme 4), which would fluoresce at λ > 550 nm. To support this assignment, 

we conducted DFT and TD-DFT calculations in order to determine the equilibrium geometry of this species, both in 

the ground state and in the first excited singlet state, respectively. The Cartesian coordinates of the optimized 

geometries are given in the Supplementary materials (Tables S11 to S13), and the main theoretical results are 

summarized in Table 3. No convergence was achieved for Z* with the B3LYP functional, and therefore we resorted to 

the CAM-B3LYP functional for this species. The fluorescence wavelength predicted for Z* in vacuum (582 nm) is 

much longer than those calculated for other CBTOH species (Table 3), which supports the assignment of the 

experimental 625 nm fluorescence band of CBTOH in water to species Z*. 

If both A* and Z* fluoresce, the emission spectrum 𝑭(𝜈�) in acidic medium will be a linear combination of the 

emission spectra of A* and Z*, which, similarly to Eq. (2), will be given by 

𝑭(𝜈�) = 𝑐A 𝑭A(𝜈�) + 𝑐Z 𝑭Z(𝜈�) (5) 

According to Scheme 4, the coefficients 𝑐A and 𝑐Z depend on acidity according to Eqs. (6) and (7) (the deduction 

of these equations is similar to that of Eqs. (3) and (4), see the Supplementary materials). 

𝑐A = 1

1+
𝑘pA

𝑘A
[H+]

  (6) 

𝑐Z =
𝑘pA

𝑘A
[H+]

1+
𝑘pA

𝑘A
[H+]

  (7) 
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Fig. 10. a) Fluorescence emission spectra (right, λexc = 320 nm) of CBTOH in aqueous solution between pHc 4.02 (blue) and pHc 

0.13 (red), and normalized excitation spectra (left, λem = 500 nm) at pHc 4.02 (blue) and at pHc 0.13 (red). b) Fluorescence emission 

spectra 𝑭A (blue) and 𝑭Z (red, multiplied by 50) obtained by applying PCGA to the series of emission spectra shown in part a), 

together with the experimental (circles) and calculated (solid lines) acidity-dependent contributions of 𝑭A (blue) and 𝑭Z (red) to the 

emission spectra (left-side inset). The right-side inset shows the experimental (circles) and calculated (solid line) reciprocal of the 

fluorescence decay time component assigned to A* against[HClO4 concentration. The shadowed areas in the calculated spectra 

represent three times the standard uncertainty range. 
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Scheme 4. Excitation and deactivation pathways proposed for the neutral form N of CBTOH in acidified aqueous solution, including 

the absorption and fluorescence maxima wavelengths for each species. The dashed lines indicate the energy of the Franck-Condon 

states before relaxation. 
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We applied PCGA to the series of emission spectra shown in Fig. 10a with the set of Eqs. (5) to (7). The analysis 

provided the component spectra 𝑭A and 𝑭Z , their contributions 𝑐A and 𝑐Z  (Fig. 10b), and the rate constants ratio 

𝑘pA/𝑘A = 1.410(3) × 102 mol−1 dm3. Fig. 10b shows that the intensity of the emission spectrum 𝑭Z (multiplied by a 

factor 50 to compare it with 𝑭A) is extremely low. This implies that the fluorescence quantum yield of species Z* is 

approximately 50 times lower than that of A*, according to the areas of the corresponding spectra. Furthermore, 

spectrum 𝑭Z shows two bands: the main one, peaking at 625 nm, must be due to the zwitterion Z*, whereas the 

weaker band at 430 nm is located at about the same position as the N* emission band of CBTOMe in aqueous 

solution (Fig. 8a). This suggest that this emission corresponds to the fluorescence of undissociated N* molecules. 

According to the mechanism proposed in Scheme 4, the N* fluorescence intensity (if detected) should be pH 

independent over the acidity range studied (0 < pHc < 4). We hypothesized that the extremely weak N* fluorescence 

(only a bit stronger than the solvent Raman band, see Fig. 10b) shows up in the 𝑭Z  component due to the 

comparably weak Z* fluorescence. A similar emission band should exist in the 𝑭A  component, but it results 

undetectable due to the much higher intensity of the A* fluorescence. To confirm this hypothesis, we enlarged the 

experimental fluorescence spectra shown in Fig. 10a in the region of 400 nm (see Fig. S4 in the Supplementary 

materials). It is seen that the fluorescence intensity does not change with acidity in the pHc range from 0 to 4 for a 

wavelength of 400 nm (where A* does not emit), in contrast with the strong change observed at 500 nm. These 

findings indicate that there is a constant emission of CBTOH at about 400 nm in the pHc range from 0 to 4, which 

must be assigned to the N* emission, caused by the fraction of molecules that do not dissociate. The fact that the N* 

emission intensity does not increase at lower pH values indicates that the dissociation process is independent of 

acidity in the pHc range from 0 to 4. From this result, we conclude that Z* is formed exclusively through A* 

protonation in aqueous solution up to an acidity of pHc = 0.  

The assigned maximum fluorescence wavelength of Z* (625 nm, Table 3) allows the estimation by the Förster 

cycle of the change upon excitation in the acidity constant for the Z ⇆ A + H+ equilibrium, ∆p𝐾a,ZA = 8.1 (Table 4). 

This positive value contrasts with the large negative value for the N ⇆ A + H+ equilibrium, ∆p𝐾a,NA = −9.8, from which 

the excited-state value p𝐾a,NA
∗  = −1.8 was calculated. This negative value implies that A* will not protonate at the 

oxygen atom at the investigated acidities (pHc > 0), as was experimentally found. Although we do not know the 

ground-state acidity constant for the dissociation of Z, and therefore we cannot calculate its excited-state value, the 

large positive value of ∆p𝐾a,ZA suggests that the excited anion A* probably has a higher tendency to protonate at the 

thiazole nitrogen than at the oxygen atom, in agreement with our interpretation of the fluorescence results. 

Fluorescence decays of CBTOH in acidic aqueous solution were registered at 490 nm (Table 1). The decays can 

be described by biexponential functions over the whole analyzed acidity range (see Fig. S5 in the Supplementary 

materials). The fits provided a short decay time with a very small contribution at any acidity (maximum 3 %), together 

with a long decay time which constitutes the main contribution to the decay over the investigated pHc range (Table 1). 

According to the assignment of the main emission to the anion (Fig. 10a), the long-time decay component must be 
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due to A*. The value obtained in slightly acidic solution (4.947 ns) confirms this assignment, as it almost coincides 

with the decay time obtained by directly exciting the anion in basic medium (5.097 ns). The value of the long decay 

time decreased as acidity increased, as expected from the proposed quenching model. According to Scheme 4, a 

linear relationship is predicted between the reciprocal of A* decay time and the proton concentration, 

𝜏A−1 = 𝑘A + 𝑘pA[H+]  (8) 

The plot of the reciprocal of the long decay time versus HClO4 concentration (inset in Fig. 10b) confirms the 

expected linear relationship. The fit of Eq. (8) provided the values kA = 2.03(2) × 108 s–1, which agrees with the value 

obtained in basic solution (1.962(1) × 108 s–1), and 𝑘pA = 3.04(5) × 1010 mol−1 dm3 s-1. The value of 𝑘pA indicates that 

the A* protonation rate is diffusion controlled in aqueous solution. In addition, these values yield the ratio 𝑘pA/𝑘A = 

1.50(3) × 102 mol−1 dm3, which reasonably agrees with the value obtained above from PCGA of the steady-state 

spectra (1.410(3) × 102 mol−1 dm3).  

It remains to discuss the origin of the minor fast component in the biexponential fluorescence decays of CBTOH 

in acidic aqueous solutions (Table 1). The fluorescence decays have been measured at 490 nm, near the emission 

maximum of A*, where both Z* and N* show minimal emission (Fig. 10b). Moreover, these two species show very 

weak fluorescence at all acidities, so the short fluorescence decay time cannot be attributed to the emission of Z* or 

N*. As discussed above for slightly acidic media, the short decay time is most probably associated to the kinetics of 

the proton transfer from N* to the solvent. It has long been known for other photoacids that this process involves 

more than one step and its kinetics is not monoexponential [2, 3, 83-86]. The complex kinetics of N* dissociation was 

not studied in detail in this work. 

In summary, the excited neutral form of CBTOH in acidic aqueous solution experiences an increase of acidity of 

the OH group and basicity of the thiazole nitrogen. Characteristic of this solvent is its capacity to act as a base and its 

ability to effectively solvate the ionic forms A* and H+ after deprotonation. Accordingly, OH deprotonation constitutes 

the more effective photochemical process for the neutral form N* of CBTOH, even in strongly acidic aqueous solution. 

After this step, the increase of basicity at the thiazole nitrogen in the excited state induces protonation of A* by H+ to 

form Z*, this process being diffusion controlled. These results revealed a reversed acidity pattern of CBTOH in the 

first excited singlet state, as was also reported for selected molecules [22, 24, 91-93]. 

4. Conclusions 

The ground- and excited-state behavior of the firefly luciferin precursor CBTOH and its methylated derivative 

CBTOMe has been investigated for the first time in various solvents and acidity conditions. CBTOH behaves as a 

photoacid and a photobase, since both the acidity of the hydroxyl group and the basicity of the thiazole nitrogen 

increase upon excitation. The solvent properties and the medium acidity govern the excited-state protonation and 

deprotonation processes of CBTOH, and therefore control the fluorescence properties of the dye. 
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CBTOH and CBTOMe exist in the ground state as the neutral form N in aqueous solution over the investigated 

pH range, from 0.3 to 10. For CBTOH, N is a weak acid, which dissociates at the hydroxyl group to give the anion A 

(p𝐾a,NA = 8.01). The acidity of N greatly increases in the first excited singlet state (p𝐾a,NA
∗  = −1.8), making the excited 

neutral form N* of CBTOH a strong photoacid. In aqueous solution, N* dissociates to a large extent at the hydroxyl 

group to give the anion A*, with exhibits a much higher fluorescence quantum yield. Deprotonation of N* is less 

efficient in methanol than in water, and dual emission from N* and A* was observed. For CBTOH in non-basic 

solvents such as trifluoroethanol and acetonitrile, N* does not dissociate and only emission from N* is seen.  

In addition to the photoacid character of the CBTOH hydroxyl group, the thiazole nitrogen shows an enhanced 

basicity in the excited state. Upon increasing the acidity in trifluoroethanol, we observed that the excited neutral form 

N* of CBTOH became protonated at the thiazole nitrogen to give the fluorescent cation C*. This protonation takes 

place also for CBTOMe in acidic water.  

The excited anion A* of CBTOH exhibits also an enhanced basicity at the thiazole nitrogen. We showed that A* 

undergoes in acidic aqueous solution a diffusion-controlled protonation at the thiazole nitrogen, affording the 

zwitterion Z*, which hardly fluoresces. 

We performed DFT and TD-DFT quantum mechanical calculations, which evidenced the existence of an 

intramolecular charge displacement from the phenol group to the cyanothiazole moiety for N and C upon excitation, 

and in much smaller amount for the anion and the zwitterion. For all CBTOH species, the charge change on the 

oxygen atom upon excitation is rather small. This behavior is different from that previously calculated for other 

photoacids like phenol, 2-naphthol, and their cyano derivatives, where a significant charge displacement from the 

oxygen to the ring occurs only for the anionic species.  

The results of this work highlight the interest of CBTOH as the first member of a new class of small strong 

photoacids, with the added value of rich excited-state behavior due to the photobase character of the thiazole 

nitrogen. This fact causes a great sensitivity of CBTOH fluorescence spectra and decay times to both solvent and 

acidity, and suggests that this species could be a useful fluorescent dye to probe the acid/base properties of the 

molecular environment. 
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Experimental Section 

2-cyano-6-hydroxybenzothiazole, CBTOH, and 2-cyano-6-methoxybenzothiazole, CBTOMe, have been 

provided by Aldrich and were used as received. Solutions were made up in double-distilled water and 

spectroscopy-grade solvents, and were not degassed. Acidity was varied with HClO4 (BDH Chemicals), 

NaOH (Fluka) and NaH2PO4/Na2HPO4 buffers (made up with Aldrich products), in aqueous solutions 

and with HClO4 (BDH Chemicals.) and NaOH (Fluka) in nonaqueous solutions. 

For absorption measurements in aqueous solution, pH was measured with a Radiometer PHM 82 pH 

meter equipped with a Radiometer Type B combined electrode and calibrated with Crison standard 

buffer solutions of pH 4.01, 7.00 and 9.21, with a tolerance of ± 0.02.  

UV–vis absorption spectra were recorded on a Varian Cary 3E spectrophotometer. Fluorescence 

excitation and emission spectra were taken on a Spex Fluorolog-2 FL340 E1 T1 spectrofluorometer, with 

correction for instrumental factors by means of a Rhodamine B quantum counter and correction 

functions obtained by the method of Gardecki and Maroncelli [1]. The excitation and emission 

monochromators were calibrated with a Hg(Ar) pen-lamp (Lot-Oriel), yielding a wavelength precision 

better than 1 and 0.5 nm, respectively. Samples for steady-state fluorescence spectroscopy were prepared 

in 1 cm quartz cuvettes at concentrations giving absorbance values less than 0.1 at the excitation 

wavelength.  

Fluorescence decay traces were measured by the time-correlated single photon counting technique in 

an Edinburgh Instruments LifeSpec-ps time-resolved spectrofluorometer. We used as excitation sources 

a pulsed LED (PLS 340-10) and a diode laser (LDH-P-C-375, under magic-angle polarization 

conditions) from PicoQuant, controlled by a PDL-800B driver. A cooled microchannel-plate 

photomultiplier tube from Hamamatsu (R−3809U−50) was used as detector. 4 000 data points were 

collected for each fluorescence decay and recorded until they reached 5 000 counts in the peak channel. 

The time-resolved fluorescence intensities were not corrected for the instrument spectral response. 

Model equations were fitted to the experimental data using a nonlinear weighted least-squares 

algorithm. All data analyses (equation fitting, decay-traces reconvolution and principal component global 

analysis) were performed using in-house routines implemented in Matlab R2012a for Windows 

(Mathworks, Natick, Massachusetts, USA). 

 

 

 

 

 
[1] J.A. Gardecki, M. Maroncelli, Set of secondary emission standards for calibration of the spectral responsivity 

in emission spectroscopy, Appl. Spectrosc. 52 (1998) 1179-1189. 
.  
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Results of theoretical calculations 

 

 

Fig. S1. Atom numbering for the cation C of CBTOH. We used the same atom numbering for the 
common atoms of all the molecules under study. 

 

 

 

Table S1. Atomic Cartesian coordinates for the DFT B3LYP/aug-cc-pVTZ ground-state optimized 
geometry of the Nsyn conformer. 

 

Atom number Atom type x/Å y/Å z/Å 
1 C −0.331819 −0.532549 −0.000193 
2 C −0.088407 0.858740 −0.000078 
3 C −1.175783 1.743378 −0.000082 
4 C −2.455698 1.240036 −0.000201 
5 C −2.680387 −0.149427 −0.000021 
6 C −1.624738 −1.049982 −0.000051 
7 S 1.184489 −1.382951 −0.000129 
8 N 1.233382 1.227256 0.000211 
9 H −0.992584 2.808176 0.000138 
10 H −3.314035 1.896079 −0.000344 
11 O −3.982355 −0.548571 0.000088 
12 H −1.806390 −2.116703 0.000167 
13 C 2.002572 0.187036 0.000200 
14 C 3.422012 0.238644 0.000383 
15 N 4.574335 0.233106 −0.000193 
17 H −4.040518 −1.509552 0.001532 
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Table S2. Atomic Cartesian coordinates for the TD-DFT B3LYP/aug-cc-pVTZ first-excited-singlet-state 
optimized geometry of the N*syn conformer.  

Atom number Atom type x/Å y/Å z/Å 
1 C −0.315591 −0.519283 −0.000060 
2 C −0.081221 0.878416 −0.000075 
3 C −1.215999 1.743011 −0.000039 
4 C −2.502258 1.236861 0.000035 
5 C −2.705199 −0.141950 0.000050 
6 C −1.595533 −1.043006 0.000012 
7 S 1.205396 −1.388442 −0.000077 
8 N 1.206457 1.284168 −0.000098 
9 H −1.044027 2.810038 −0.000043 
10 H −3.361563 1.890825 0.000074 
11 O −3.971293 −0.606224 0.000072 
12 H −1.772444 −2.111305 0.000018 
13 C 2.024898 0.190533 −0.000020 
14 C 3.414814 0.230751 0.000089 
15 N 4.580549 0.229288 0.000161 
17 H −3.990476 −1.570902 0.000227 

 

 

 

Table S3. Atomic Cartesian coordinates for the DFT B3LYP/aug-cc-pVTZ ground-state optimized 
geometry of the Nanti conformer.  

Atom number Atom type x/Å y/Å z/Å 
1 C −0.376501   −0.517385     0.049638 
2 C −0.087862     0.865951   −0.007269    
3 C  −1.144651     1.782957   −0.028659 
4 C  −2.440618     1.316151     0.006258 
5 C  −2.708464   −0.064221     0.062793 
6 C  −1.680739   −0.995966     0.085096 
7 S    1.113793   −1.414444     0.064274 
8 N    1.244987     1.192269   −0.037187 
9 H  −0.930441     2.841018   −0.072097 
10 H  −3.267663     2.015193   −0.009763 
11 O  −3.982308   −0.545341     0.097911 
12 H  −1.913435   −2.049519     0.128531 
13 C    1.979717     0.127812   −0.005556    
14 C    3.400265     0.135513   −0.024482 
15 N   4.551791     0.095699   −0.038091 
17 H  −4.613762     0.180803     0.078280 
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Table S4. Atomic Cartesian coordinates for the TD-DFT B3LYP/aug-cc-pVTZ first-excited-singlet-state 
optimized geometry of the N*anti conformer.  

Atom number Atom type x/Å y/Å z/Å 
1 C  −0.310372  −0.523845   0.000013 
2 C  −0.081815   0.872057  −0.000055 
3 C  −1.217851   1.728253  −0.000028 
4 C  −2.508500   1.214027   0.000026 
5 C  −2.704419  −0.160807   0.000043 
6 C  −1.588422  −1.057142   0.000020 
7 S    1.209493  −1.383207  −0.000085 
8 N    1.205614   1.283728  −0.000157   
9 H  −1.053527   2.796593  −0.000022 
10 H  −3.359490   1.882584   0.000056 
11 O  −3.915030  −0.755723   0.000067 
12 H  −1.780457  −2.120380  −0.000031 
13 C   2.031142   0.197928   0.000061 
14 C   3.420103   0.238411   0.000102 
15 N   4.586144   0.239268   0.000113 
17 H  −4.619667   −0.095958   0.000045 

 

 

 

Table S5. Atomic Cartesian coordinates for the DFT B3LYP/aug-cc-pVTZ ground-state optimized 
geometry of A.  

Atom number Atom type x/Å y/Å z/Å 
1 C 0.390076 −0.559844 −0.000006 
2 C 0.131088 0.846558 −0.000085 
3 C 1.242198 1.722566 −0.000106 
4 C 2.510124 1.219314 −0.000018 
5 C 2.807199 −0.212073 0.000180 
6 C 1.658031 −1.087095 0.000088 
7 S −1.156102 −1.395757 −0.000186 
8 N −1.168090 1.219665 −0.000134 
9 H 1.058085 2.790200 −0.000188 
10 H 3.367831 1.880515 −0.000071 
11 O 3.986794 −0.637597 0.000090 
12 H 1.839574 −2.153380 0.000091 
13 C −1.976352 0.189682 0.000173 
14 C −3.380553 0.269410 0.000179 
15 N −4.539493 0.292401 0.000132 

 

  



7 
 

Table S6. Atomic Cartesian coordinates for the TD-DFT B3LYP/aug-cc-pVTZ first-excited-singlet-state 
optimized geometry of A*. 

Atom number Atom type x/Å y/Å z/Å 
1 C 0.360164 −0.502191 −0.000132 
2 C 0.146556 0.875768 −0.000249 
3 C 1.279754 1.713791 −0.000022 
4 C 2.559482 1.196249 0.000104 
5 C 2.814173 −0.223588 −0.000191 
6 C 1.642635 −1.074054 0.000046 
7 S −1.156902 −1.356080 −0.000219 
8 N −1.197216 1.300051 −0.000360 
9 H 1.121885 2.785643 0.000098 
10 H 3.421002 1.850324 0.000339 
11 O 3.973643 −0.729672 0.000442 
12 H 1.794375 −2.144060 0.000144 
13 C −1.982494 0.213928 −0.000106 
14 C −3.383830 0.221984 0.000237 
15 N −4.550585 0.201581 0.000542 

  

 

 

Table S7. Atomic Cartesian coordinates for the DFT B3LYP/aug-cc-pVTZ ground-state optimized 
geometry of the Csyn conformer. 

 

Atom number Atom type x/Å y/Å z/Å 
1 C −0.371565 −0.525612 0.054162 
2 C −0.119635 0.857657 0.010936 
3 C −1.171858 1.780164 −0.005978 
4 C −2.451415 1.289195 0.021140 
5 C −2.707838 −0.104294 0.064800 
6 C −1.665809 −1.027215 0.081593 
7 S 1.133011 −1.413401 0.065657 
8 N 1.232032 1.120411 −0.010010 
9 H −0.985268 2.844313 −0.039206 
10 H −3.300225 1.957434 0.009764 
11 O −4.000590 −0.450610 0.087952 
12 H −1.859465 −2.090239 0.114715 
13 C 2.023987 0.050535 0.013652 
14 C 3.429424 0.122029 −0.002464 
15 N 4.580945 0.172741 −0.019424 
16 H 1.613065 2.059558 −0.041602 
17 H −4.130269 −1.406522 0.117024 
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Table S8. Atomic Cartesian coordinates for the TD-DFT B3LYP/aug-cc-pVTZ first-excited-singlet-state 
optimized geometry of the C*syn conformer 

 

Atom number Atom type x/Å y/Å z/Å 
1 C −0.336796 −0.487838 0.052340 
2 C −0.113073 0.862715 0.010391 
3 C −1.202159 1.766229 −0.005193 
4 C −2.501663 1.300438 0.021573 
5 C −2.747433 −0.072775 0.064405 
6 C −1.657268 −0.999322 0.080670 
7 S 1.130431 −1.429828 0.065285 
8 N 1.251642 1.168899 −0.012294 
9 H −1.018319 2.831850 −0.038351 
10 H −3.338052 1.982983 0.009934 
11 O −4.009383 −0.490347 0.089369 
12 H −1.843020 −2.064872 0.113856 
13 C 2.057176 0.036595 0.012876 
14 C 3.440104 0.072875 −0.002052 
15 N 4.601256 0.113171 −0.014900 
16 H 1.637673 2.098576 −0.043807 
17 H −4.102590 −1.453204 0.118608 

 

 

Table S9. Atomic Cartesian coordinates for the DFT B3LYP/aug-cc-pVTZ ground-state optimized 
geometry of the Canti conformer. 

 

Atom number Atom type x/Å y/Å z/Å 
1 C 0.359901  −0.545708    0.000000 

 2 C 0.135852    0.845054    0.000008 
3 C 1.205591    1.742668    0.000021 
4 C 2.477608    1.221445  −0.000017 
5 C 2.703033  −0.175995  −0.000031 
6 C 1.638409  −1.074804  −0.000013 
7 S −1.164438  −1.403097    0.000019 
8 N −1.211148    1.135690    0.000004 
9 H 1.043929    2.811355    0.000031 
10 H 3.326642    1.892189  −0.000037 
11 O 3.934075  −0.702604  −0.000043 
12 H 1.832254  −2.137086  −0.000007 
13 C −2.022913    0.081048  −0.000003 
14 C −3.426965    0.183605    0.000017 
15 N −4.576962    0.262238  −0.000032 
16 H −1.574498    2.082232  −0.000036 
17 H 4.623749  −0.027689    0.000393 
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Table S10. Atomic Cartesian coordinates for the TD-DFT B3LYP/aug-cc-pVTZ first-excited-singlet-
state optimized geometry of the C*anti conformer. 

 

Atom number Atom type x/Å y/Å z/Å 
1 C −0.321378  −0.505910  −0.000009 

 2 C −0.135677    0.852550  −0.000012 
3 C −1.247404    1.722596    0.000001 
4 C −2.538204    1.220073    0.000011 
5 C −2.741053  −0.158055    0.000010 
6 C −1.625468  −1.053757  −0.000003 
7 S 1.169824  −1.405131  −0.000007 
8 N 1.220720    1.197041  −0.000036 
9 H −1.094579    2.793510    0.000004 
10 H −3.380875    1.896965    0.000016 
11 O −3.925870  −0.762009    0.000012 
12 H −1.808183  −2.119041  −0.000007 
13 C 2.058002    0.087859  −0.000011 
14 C 3.438696    0.162905    0.000012 
15 N 4.598445    0.236909    0.000033 
16 H 1.580973    2.137290    0.000014 
17 H −4.666797  −0.137776    0.000012 

 

 

 

Table S11. Atomic Cartesian coordinates for the DFT B3LYP/aug-cc-pVTZ ground-state optimized 
geometry of Z. 

 

Atom number Atom type x/Å y/Å z/Å 
1 C 0.422355 −0.587366 0.000081 

 2 C 0.180592 0.820089 0.000045 
3 C 1.259041 1.732081 −0.000059 
4 C 2.521854 1.233046 0.000076 
5 C 2.824551 −0.208108 0.000977 
6 C 1.680539 −1.105860 0.000253 
7 S −1.131607 −1.434774 −0.000239 
8 N −1.138404 1.112035 −0.000031 
9 H 1.070355 2.798467 −0.000328 
10 H 3.378264 1.892878 −0.000168 
11 O 3.991579 −0.612763 −0.000388 
12 H 1.874909 −2.168201 0.000072 
13 C −1.997536 0.075533 −0.000004 
14 C −3.383639 0.222976 −0.000032 
15 N −4.535522 0.341822 −0.000057 
16 H −1.479511 2.064009 −0.000059 
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Table S12. Atomic Cartesian coordinates for the DFT CAM-B3LYP/aug-cc-pVTZ ground-state 
optimized geometry of Z. 

 

Atom number Atom type x/Å y/Å z/Å 
1 C 0.421466  −0.588627    0.000100 

 2 C 0.181829     0.819191     0.000063 
3 C 1.261652    1.729555  −0.000041 
4 C 2.523711    1.228614    0.000095 
5 C 2.824233  −0.212995    0.000995 
6 C 1.678867  −1.109019    0.000272 
7 S −1.133772  −1.433689  −0.000221 
8 N −1.136726    1.113128  −0.000012 
9 H 1.074576   2.796224  −0.000309 
10 H 3.381116    1.887153  −0.000150 
11 O 3.990649  −0.619410  −0.000370 
12 H 1.871634  −2.171652    0.000091 
13 C −1.997421    0.077923    0.000015 
14 C −3.383300    0.227458  −0.000013 
15 N −4.535002    0.348043  −0.000039 
16 H −1.476395    2.065616  −0.000041 

 
 
 
Table S13. Atomic Cartesian coordinates for the TD-DFT CAM-B3LYP/aug-cc-pVTZ first-excited-
singlet-state optimized geometry of Z*. 

 

Atom number Atom type x/Å y/Å z/Å 
1 C  −0.381183  −0.515504  −0.000017 
2 C  −0.192845    0.854362    0.000051 
3 C  −1.301442    1.716588    0.000058 
4 C  −2.563640    1.205158  −0.000001 
5 C  −2.821314  −0.223354  −0.000052 
6 C  −1.648666  −1.086848  −0.000076 
7 S 1.111114  −1.376840  −0.000023 
8 N 1.169203    1.184914    0.000105 
9 H  −1.146542    2.787791    0.000102 
10 H  −3.426384    1.853626  −0.000003 
11 O  −3.953843  −0.713136  −0.000140 
12 H  −1.803560  −2.155127 −0.000132 
13 C 1.991895    0.080938    0.000048 
14 C 3.381683    0.158700    0.000044 
15 N  4.532490    0.241649    0.000045 
16 H 1.530630    2.122048    0.000145 

 
 

  



11 
 

Deduction of Equations (2) to (4) 

According to Scheme 3, any fluorescence spectrum from the series measured for CBTOMe at different 

acidities, 𝑭(𝜈�) , can be expressed as a linear combination of the spectra of the emissive species N* and 

C*:  

𝑭(ν�) = ξN(ν�)  𝑘rN [N*]𝑠𝑠 + ξC(ν�)  𝑘rC [C*]𝑠𝑠   (S1) 

In this equation, [N*]ss and [C*]ss are the excited-state steady−state concentrations of N* and C* 

respectively, obtained under continuous illumination; 𝑘rN  and 𝑘rC  are the radiative deactivation rate 

constants of the respective species; and ξN(ν�) and ξC(ν�) represent the fluorescence emission spectra of 

N* and C*, respectively, with the area normalized to unity, multiplied by a common instrumental factor.  

From Scheme 3, the expressions of [N*]ss and [C*]ss can easily be deduced, 

[N*]𝑠𝑠 = IN
𝑘N+𝑘𝑝N[H+]

   (S2) 

[C*]𝑠𝑠 = IN 𝑘𝑝N[H+]
𝑘C�𝑘N+𝑘𝑝N[H+]�

   (S3) 

where IN is the spectral photon flow absorbed by N, which remains constant in the spectral series, 𝑘N and 

𝑘C are the deactivation rate constants (radiative and nonradiative) of N and C, respectively, and 𝑘pN is the 

protonation rate constant of N* to yield C*. 

Substitution of Eqs. (S2) and (S3) in Eq. (S1) gives Eq. (S4). 

𝑭(ν�) = � 1

1 + 
𝑘𝑝N

𝑘N
 [H+]

�× �ξN(ν�)  𝑘rN  IN
𝑘N

� + �
𝑘𝑝N

𝑘N
[H+]

1 + 
𝑘𝑝N

𝑘N
 [H+]

�× �ξC(ν�)  𝑘rC  IN
𝑘C

 �  (S4) 

Eqs. (2) to (4) of the paper are easily deduced from Eq. (S4). 
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Fig. S2. a) Fluorescence emission spectra (λexc 
= 320 nm) of CBTOMe in aqueous solution 
between pHc 2.99 (blue) and pHc 0.02 (red), 
and results at representative acidities of the 
principal component global analysis of the 
series with the set of Equations (1) to (3): 
experimental spectra (thick gray line) and 
calculated spectra (solid black line), obtained 
as a linear combination of the independent 
spectra 𝑭N  and 𝑭C  provided by PCGA at b) 
pHc 2.99, c) pHc 1.01, and d) pHc 0.02. The 
contributions of 𝑭N  (blue-filled plot) and 𝑭C 
(red-filled plot) are also shown. 

 

Fig. S3. a) Fluorescence emission spectra (λexc 
= 320 nm) of CBTOH in trifluoroethanol 
solution between pHc 3.03 (blue) and pHc 0.02 
(red), and results at representative acidities 
of the principal component global analysis of 
the series with the set of Equations (1) to (3): 
experimental spectra (thick gray line) and 
calculated spectra (solid black line) obtained as 
a linear combination of the independent spectra 
𝑭N and 𝑭C provided by PCGA at b) pHc 3.03, 
c) pHc 1.01, and d) pHc 0.02. The contributions 
of 𝑭N (blue-filled plot) and 𝑭C (red-filled plot) 
are also shown. 



13 
 

 

Fig. S4. Enlarged portion of the fluorescence 
emission spectra (λexc = 320 nm) of CBTOH 
measured in acidic aqueous solution between 
pHc 0.13 (red) and pHc 4.02 (blue). The black 
line represents the spectrum measured in basic 
aqueous solution (pHc 10.94, λexc = 375 nm). 
The inset shows the acidity dependence of the 
fluorescence intensity at 400 nm (green) and 
500 nm (violet). 

 

Fig. S5. Fluorescence decay traces of CBTOH 
in aqueous solutions at different acidities (λexc 
= 333 nm, λem = 490 nm). Results from a 
global biexponential fit (coloured lines) are 
shown, together with the excitation pulse 
(black line). The inset shows the experimental 
(circles) and calculated (solid line) reciprocal 
of the fluorescence lifetime component 
assigned to A* against [HClO4]. 

 

 


