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Abstract 

9-N-Alkylaminomethylanthracenes (1 and 2) were synthesised for halophenol sensing, and their 

selectivity and sensitivity towards pentafluorophenol (PFP) in ethanol were investigated. Probe 1 

exhibited a good selectivity and sensitivity for PFP with a high association constant (4.35 × 105 

M-1) without any interference from other halophenols. The relatively high selectivity and 

sensitivity of probe 1 are caused by strong intermolecular hydrogen bonding interactions. The 

interaction of PFP with probes 1 and 2 was analyzed through UV-Vis, fluorescence, and 1H 

NMR spectroscopy, and was further supported by DFT calculations. The limit of detection for 

PFP was 2 µM in ethanol using probe 1. 

 

Keywords: Fluorescence sensing, Anthracene, Aminopropylimidazole, Pentafluorophenol, 

Hydrogen bonding.  
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1. Introduction 

Among the various phenol derivatives, mono- [ 1 ], di- [ 2 ], tri- [ 3 ], tetra- [ 4 ], and 

pentahalophenols are anthropogenic environmental pollutants. Most halophenol derivatives, 

especially fluorophenols, are used as agrochemicals such as herbicides [5], insecticides [6], and 

fungicides [ 7 ], and are also vital precursors for the synthesis of various pharmaceutically 

important compounds such as aminoacids [8], peptides [9], and nucleosides. Additionally, some 

derivatives are also used in the synthesis of antitumor agents and HIV inhibitors [10]. Thus, large 

amounts of fluorophenolic compounds are released into the environment. Unlike mono-, di-, and 

trihalophenols, tetra- and pentahalophenols cannot be degraded by aerobic or anaerobic 

microbial species under ordinary conditions [11]. The stability of xenobiotic pentafluorophenol 

(PFP) and its derivatives is attributable to its electron-deficient benzene ring, which contains a 

highly electronegative fluorine atom. The stability of the carbon–fluorine bond is 116 kcal/mol in 

CH3F, whereas that of the carbon–chlorine bond is 81 Kcal/mol in CH3Cl [12]. The high 

electronegativity of fluorine causes strong polarisation of the C–F bond in fluoro-organic 

compounds that facilitates easy dissociation in water such as lakes and rivers by inducing 

hydrophilic properties [ 13 ]. Thus, the accumulation of PFP in environments may cause 

dangerous chronic diseases in humans and animals because of its bio-hazardous properties [14]. 

Despite its known effects, PFP is being increasingly applied, thus increasing the release of this 

compound into the environment, which can cause problems in the future. Recently, several 

attempts have been made to detect the most hazardous halophenols in the environment using 

chromatography, electrochemical methods [ 15 ], adsorption on granular activated carbon 

materials [16], 19F NMR [17], fibre optics [18], and biochemical and electro-chromic techniques 

[19]. Simple and small molecular architectures have attracted great interest in the supramolecular 
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chemistry field because of their fast and straight forward synthesis and the possibility of 

controlling their solubility by altering their chemical functionalisation and structure. Nitrogen-

containing pyridine- and imidazole-appended probes have been utilised to detect various neutral 

molecules such as carboxylic acids [20], amides [21], and amino acids [22]. To the best of our 

knowledge, anthracene-based fluorescent probes with potential binding sites of secondary 

amines and imidazole have not been previously reported for the detection of fluorophenol 

derivatives. 

In the present work, we synthesised 9-N-alkylaminomethylanthracene based probes 1 and 2 for 

the detection of halo phenols. Probe 1 exhibited selective and sensitive “switch on” blue 

fluorescence emission with PFP among the different phenol derivatives whereas probe 2 was 

synthesised as a model compound for comparison. The binding behaviour of probes 1 and 2 

towards PFP was studied by using UV-Vis, fluorescence, 1H NMR studies and further supported 

by DFT calculations. 

 

 

 

       
 

Fig. 1. Structures of 9-N-alkylaminomethylanthracene probes 1 and 2. 
 

2. Results and Discussion  

Recently, we reported using a 1-(3-imidazolepropyl)aminomethylpyrene probe to detect salicylic 

acid derivatives through an ‘off-on’ response [23]. Building on this concept, we applied a simple 

anthracene fluorophore to detect neutral molecules by observing the variation of its blue 

fluorescence emission upon binding various halophenol derivatives. Probes 1 and 2 were 
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prepared by a TiCl(OiPr)3-mediated reductive amination of 9-anthracenecarboxaldehyde with 1-

(3-aminopropyl)imidazole or n-butylamine in the presence of NaBH(OAc)3 in good yields 

(Scheme 1). The 1H NMR spectrum of probe 1 in DMSO-d6 showed an AnCH2NH proton at 

δ 4.59 as a singlet and ImH-5 and H-4 protons at δ 6.83 and δ 7.06, respectively. In the 13C NMR 

spectrum of 1 imidazole, C-2 appeared at δ 137.15 and AnCH2NH was observed at δ 46.85. The 

high-resolution mass spectrum (HRMS) of 1 clearly showed a molecular ion peak for [M+H]+ at 

m/z 316.1813 (see ESI). Similarly, probe 2 also exhibited characteristic peaks in 1H and 13C 

NMR spectra, as well as a HRMS peak at m/z 264.1689. All spectral features supported the 

successful synthesis of probes 1 and 2. 

 

Scheme 1. Synthesis of 9-N-alkylaminomethylanthracene probes 1 and 2. 

 

Reaction conditions: i) R-NH2, TiCl(OiPr)3, CH2Cl2, rt, 16 h; ii) NaBH(OAc)3, 2 h. 
 

The UV-Vis absorption spectrum of probe 1 (20 µM) in EtOH exhibited typical anthracene 

absorption maxima at λmax = 331, 348, 365, and 385 nm (Fig. 2). The absorption bands of probe 

1 were mostly due to n−π* and π−π* transitions. Upon the addition of various halophenols such 

as pentafluorophenol (PFP), 2,3,5,6-tetrafluorophenol (TFP), 2,4,6-trichlorophenol (TCP), 2,4-

difluorophenol (2,4-DFP), 2-fluorophenol (2-FP), 4-chlorophenol (4-CP), 4-bromophenol (4-BP), 

4-iodophenol (4-IP), and phenol (P), only PFP exhibited a significant change in the absorption 

maxima at λmax = 331 and 348 nm. The molar absorptivity (log ε) of probe 1 at λmax = 331 and 
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348 nm were changed from 3.40 and 3.34 to 3.94 and 3.10 M-1cm-1, respectively. Other 

halophenols did not show any obvious changes in the UV-Vis spectra of probe 1 (Fig. 2). The 

substantial changes in the spectra of probe 1 after the addition of PFP were suggestive of 

significant interactions between probe 1 and the electron-deficient PFP. 

 

Fig. 2. UV-Vis spectra of probe 1 (20 µM) in the presence of various halophenol derivatives (10 
eq. each) in EtOH. 
 

The fluorescence emission spectrum of probe 1 (20 µM) in EtOH revealed characteristic peaks at 

λem = 395, 417, and 443 nm upon excitation at 365 nm (Fig. 3). Various solvents such as 

dimethylsulfoxide (DMSO), acetonitrile, isopropylalcohol, and methanol were studied to 

evaluate the fluorescence emission behaviour. Ethanol showed the best result for the selective 

sensing of PFP (Fig. S1). 
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Fig. 3. (a) Fluorescence spectra of probe 1 (20 µM) in the presence of various halophenols (200 
µM, each): λex = 365 nm: (b) Relative fluorescence enhancement ratio ([I-I0/I0] × 100) intensity 
bar graph of probe 1 (20 µM) with various halophenols (200 µM) in EtOH: λex = 365 nm and λem 
= 417 nm. The inset figure shows the fluorogenic responses of probe 1 and 1•PFP complex. 
 

Probe 1 exhibited relatively very low fluorescence emission (‘off’ mode) with a very low 

quantum yield (Ф1 = 0.0019). In order to verifiy the emission behaviour at other absorption 

peaks such as 331, 348 and 385 nm, probe 1 was also excited using these and the fluorescence 

studies showed that the emission intensity found to be the best with 365 nm than any other (331, 

348 and 385 nm) (Fig. S2) and it was standardized for further fluorescence experiments. Upon 

the addition of PFP (10 eq.) to probe 1, the fluorescence emission was enhanced by nearly 10 

times (Ф1+PFP = 0.0891), additionally, TFP caused minor fluorescence enhancement (Ф1+TFP = 

0.0305) and other halophenols, including TCP, 2,4-DFP, 4-CP, 4-BP, 4-IP, and P, did not exert 

any effect on fluorescence emission (Fig. 3). Other than halophenols, fluorescence studies also 

performed with the miscellaneous phenol derivatives including 2-aminophenol (2-AP), 4-

cyanophenol (4-CNP), 4-nitrophenol (4-NP), 1,2,3-trihydroxybenzene (THB), 2,4-dinitrophenol 

(DNP), thiophenol (TP), 2-aminothiophenol (ATP), however none of these revealed any 

responses (Fig. S3).    

Page 7 of 24 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



7 
 

To investigate the binding strength and stoichiometry of probe 1 with PFP, fluorescence titration 

and Job’s plot experiments were performed in EtOH. Gradual addition of PFP to probe 1 (20 

µM) caused a gradual increase in the emission intensity at λem = 389, 417, and 443 nm, and 

saturation was achieved after 1.0 eq of PFP was added. The fitting of the fluorescence titration 

data at λem = 417 nm revealed the formation of a 1:1 complex with a good association constant: 

Ka = 4.35 × 105 M-1 (± 6.50 %) (Fig. 4a). In a Job’s plot experiment, the maximum fluorescence 

intensity was obtained when the mole fraction of PFP reached 0.5; this finding also supported the 

formation of a 1:1 complex (Fig. 4b). By plotting the polynomial relationship between the 

fluorescence intensity at λmax = 417 nm of probe 1 and [PFP] µm, the limit of detection (LOD) 

was determined to be 2 µM (R2 = 0.99487) (Fig. S4). 

Fig. 4. (a) Fluorescence titration spectra of probe 1 (20 µM) with PFP in EtOH. The inset shows 

the molar ratio plots of the fluorescence enhancement: λex = 365 nm and λem = 417 nm. (b) Job’s 

plot of probe 1 (20 µM) with PFP (20 µM) in EtOH: λex = 365 nm and λem = 417 nm.  
 

UV-Vis and fluorescence studies demonstrated that probe 1 selectively binds to PFP with high 

selectivity compared with other halophenol derivatives. The relative fluorescence enhancement 

ratio {[I-I0/I0] × 100, where I0 = fluorescence intensity of the probe in the absence of PFP and I = 

the fluorescence intensity of the probe in the presence of PFP} of probe 1 with PFP was higher 
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than that of TFP, showing that the absence of only one fluorine atom at the para position caused 

substantially altered the fluorescence enhancement.  

To improve the understanding of this behaviour, the normalised fluorescence enhancement ratio 

was plotted vs. [(G = PFP/TFP)], which revealed a large difference in the fluorescence 

enhancement ratio upon the addition of different equivalents of PFP and TFP (Fig. S5). The 

effects of halogens on binding were further investigated by UV-Vis and fluorescence studies of 1 

with tetrachlorocatechol (TCC) in EtOH. TCC contains four chlorine atoms and has a structure 

that is similar to that of PFP. However, TCC did not showed any effect on probe 1 (Fig. 3), 

indicating that the selectivity of the complexation with fluorinated phenol derivatives may be 

attributed to the existence of strong hydrogen bonding interactions between fluorophenols and 

the imidazole and aliphatic amine moiety of 1. The tendency of fluorophenols to exhibit 

hydrogen bonding interactions with amines (the 4-fluorophenol hydrogen bonding affinity to 

amines is 40.0 KJ mol-1) is higher in most of the media compared with other halophenols [24]. 

The relatively strong back-donation effect of the fluorine atom in most fluorophenol derivatives 

also contributes to stronger interactions with amines by allowing lower solvation than in other 

halophenols [25]. The pKa values of PFP and TFP are 5.49 and 5.54 [26], respectively, which are 

very similar; this similarity suggests that the fluorescence enhancement is not solely dependent 

on simple protonation at the secondary amine, which inhibits the PET process, in amino-

anthracene derivatives [27]. Fluorescence titration of 1 with TFP revealed the formation of a 1:1 

complex with Ka = 2.89 × 102 M-1 (± 2.82 %), which is 1000 times smaller than that of PFP (Fig. 

S6). The fluorescence studies with halophenol derivatives at λex = 385 nm also showed similar 

results (Fig. S7). 
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To understand the role of the imidazole, a simple aliphatic chain was introduced in probe 2. 

Probe 2 showed similar UV-Vis absorption (Fig. S8) and fluorescence emission peaks at λem = 

395, 417, and 443 nm (± 2 nm) upon excitation at 365 nm with a relatively high quantum yield 

(φ2 = 0.0032). Interestingly, other absorption maxima such as 329 (φ = 0.0020), 344(φ = 0.0024), 

and 385 nm (φ = 0.0020) showed less fluorescence emission (Fig. S9). Thus, the presence of the 

imidazole group causes only a minor quenching effect in 9-N-alkylaminomethylanthracene-

based probes. Upon the addition of various halophenols (10 eq.), PFP and TFP showed nearly 

five-fold enhancements, where as 2,4-DFP showed enhancements of one-to-two-fold at 395, 417, 

and 443 nm at λex = 365 nm (Fig. S10). The diminished selectivity observed in probe 2 could be 

explained by the presence of only one vital interaction site. Because of the structural similarity of 

PFP and TFP, these two species exhibit similar types of interactions with the secondary amine 

moiety being the only available limited binding site. 

Based on fluorescence titration and Job’s plot experiments, the association constants of PFP and 

TFP with probe 2 were found to be Ka = 4.11 × 103 M-1 (± 2.03 %) and 1.76 ×103 M-1 (± 5.41 %), 

respectively, which are 100 times smaller than those of probe 1 (Table 1) (Fig. S11). The Job’s 

plot experiments of probe 2 with PFP and TFP showed the formation of a 1:1 complex in EtOH 

(Fig. S12). The higher relative fluorescence enhancement ratio and association constant observed 

for probe 1 with PFP further support the importance of imidazole for the selective and sensitive 

recognition of PFP over other halophenols, as shown in Fig. S13. 
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Table 1. Association constants Ka (M
-1) of probes 1 and 2 with PFP and TFP in EtOH* 

 

Halophenols 

Association constant Ka(M
-1) 

1 2 

PFP 
4.35 × 105 4.11 × 103 

TFP 2.89 × 103 1.76 × 103 

* Association constants were obtained from fluorescence titrations in EtOH. Errors < ± 10%. 

 

The fluorescence emission of the 1•PFP complex in DMSO was weaker than that in EtOH. 

Additionally, no observable shift was observed in either the UV-Vis or fluorescence experiments 

(Fig. S14). 

To further investigate the interaction sites and mode of complexation between probe 1 and PFP, 

1H NMR was performed in DMSO-d6. The addition of 1.0 eq. of PFP to a DMSO-d6 solution of 1 

led to substantial downfield shifts of two methylene signals (labelled g and e in Fig. 5): Hg 

protons from δ 4.59 to 5.29 ppm (∆δ, 0.70) and He protons from δ 2.70 to 3.16 ppm (∆δ, 0.46), 

respectively. Furthermore, the Ha, Hb, and Hc protons of imidazole shifted downfield from δ 7.54 

to 7.98 ppm (∆δ, 0.44), δ 7.07 to 7.25 ppm (∆δ, 0.18), and δ 6.83 to 7.02 ppm (∆δ, 0.19), 

respectively. The anthracene Hm proton shifted from δ 8.53 to 8.77 ppm (∆δ, 0.24), clearly 

indicating the existence of hydrogen bonding between probe 1 and PFP. The large changes in 

chemical shifts of the labelled protons confirmed that both imidazole C2-H (proton a) and the 

secondary amine moiety bind to PFP. For this reason, the signals ascribed to the aliphatic protons 

g and e are shifted more downfield than d (see Table 2). The addition of a further 1.0 eq. of PFP 

to this solution did not result in further shifts of the proton signals, clearly indicating that a 1:1 

complex between probe 1 and PFP was formed (Fig. 5). 
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Fig. 5. Partial 1H NMR spectra of (i) probe 1 (5.0 × 10-3 M), (ii) 1 + 1.0 eq. PFP, and (iii) 1 + 2.0 
eq. PFP in DMSO-d6. 
 

Table 2 Proton chemical shift differences (∆δ, in DMSO-d6) measured for probe 1 with PFP* 

Protons Ha Hb Hc Hd He Hf Hg Hm 

1 (δδδδ1) 7.54 7.07 6.83 3.99 2.70 1.89 4.59 8.53 

1+PFP (1.0 eq.) (δδδδ2) 7.98 7.25 7.02 4.13 3.16 2.17 5.29 8.77 

∆δ∆δ∆δ∆δ (δδδδ2- δδδδ1) 0.44 0.18 0.19 0.14 0.46 0.28 0.70 0.24 

*Chemical shift values are in ppm. 
 

 

The fluorescence and 1H NMR studies clearly revealed that both binding strength and 

fluorescence enhancement depend on the position of the fluorine atom on the phenol ring. Ortho 

(2nd and 6th) fluorine atoms and para (4th) fluorine atoms facilitate binding with probe 1. No 
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response was observed with 2,4-DFP, and relatively low enhancement was observed with TFP, 

which supports the proposed hypothesis.  

The possible interference resulting from other halophenol derivatives on the interaction between 

probe 1 and PFP was investigated. Fluorescence enhancement was retained in the presence of 

other halophenol derivatives. Thus, probe 1 is free from interference by other halophenol 

derivatives (Fig. S15). 

The pH values of the halo-substituted phenols investigated ranged from 4 to 10. The most 

commercially used pentachlorophenol’s pKa is 4.9, which was the lowest, followed by that of 

PFP (5.49) [28]. The pH-Dependent fluorescence studies revealed that the fluorescence emission 

of probe 1 was turned on under pH 4.3 because of the protonation of the secondary amine in 1 

and completely quenched over pH 10.75 (Fig. 6). The phenoxide ion generated from PFP in 

basic media (over pH 10.75) caused the complete quenching of probe 1, and no interactions were 

observed between probe 1 and PFP. Therefore, probe 1 can be effectively used to detect PFP in 

the pH range 4 – 11 in EtOH. 

 

Fig. 6. The pH-dependent fluorescence studies of probe 1 (20 µM) alone and in the presence of 
1.0 eq. of PFP (20 µM) from pH 1 to 14, λex = 365 nm and λem = 417 nm in EtOH. 
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To understand the nature of the binding mode and the complexation mechanism of PFP with 

probes 1 and 2, energy-minimisation calculations using the B3LYP/6-31G* level theory for 

vacuum and for ethanol solvent (SM8 solvent model) were performed with Spartan 10 software. 

As predicted from the 1H NMR studies, the energy-minimised structure (Fig. 7) also supported 

the synergic multiple hydrogen bonding and π-π interactions of the 1•PFP complex in EtOH as 

an implicit solvent. In order to make more clear visualization only vital hydrogen bonding 

interactions are mentioned in the Fig. 7.   

 

Fig. 7. Energy-minimised structure of 1•PFP using B3LYP/6-31G* method in EtOH (implicit) 
medium.  
 

The energies of the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) of probe 1 were -5.11 eV and -1.43 eV, respectively, while those of 

the newly formed complex 1•PFP were -6.15 eV and -3.91 eV, respectively, indicating that the 

formed complex (-∆Ε1 = 3.68 eV, -∆Ε1•PFP = 2.24 eV) was stable (Fig. 8). The band gap energy 

(-∆Ε1•PFP = 2.24 eV) is much smaller than (-∆Ε2•PFP = 3.14 eV), which further confirms that  
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complex stabilisation is more feasible in probe 1 than in probe 2 and similar type of binding 

mode observed in probe 2 with PFP and TFP further supported the UV-Vis and fluorescence 

results (Fig. S16). The interaction energies of 1•PFP and 2•PFP were -28.82 kcal/mol and -10.21 

kcal/mol, respectively, which showed that complexation is thermodynamically feasible [29]. The 

decreased HOMO-LUMO band gap energies of respective probes and their complexes in EtOH 

compared to vacuum showed the solvent effect (Table 3) [30]. The optimised, most stable 

geometry of the 1•PFP complex were due to the free rotation of the propyl spacer and secondary 

amine; additionally, imidazole facilitates stronger hydrogen bonding interactions. Similar 

interactions were observed for probe 2 with both PFP and TFP, supporting the UV-Vis and 

fluorescence results.  

 

Table 3. Calculated band gap energies (eV) and interaction energies (kcal/mol) of probes 1 and 2 
with their complexes with PFP*. 

 

 

 

 

 

*HOMO-LUMO band gap energies (eV) and interaction energies (kcal/mol) were calculated 
through the B3LYP/6-31G* method. 
 

Probe 

Band gap Energy (-∆Ε, ∆Ε, ∆Ε, ∆Ε, eV) Interaction Energy (kcal/mol) 

-∆Ε∆Ε∆Ε∆Εvac -∆Ε∆Ε∆Ε∆ΕEtOH  -∆Ε∆Ε∆Ε∆Εvac -∆Ε∆Ε∆Ε∆ΕEtOH 

Probe 1 2.41 2.24 93.00 28.82 

Probe 2 4.27 3.14 42.00 10.21 
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Fig. 8. HOMO and LUMO of PFP, probe 1 and 1•PFP complex calculated by the B3LYP/6-

31G* method in EtOH medium. 
 
The higher selectivity and sensitivity observed for probe 1 toward PFP among the various 

halophenol derivatives could be due to the existence of strong hydrogen bonding interactions 

between the electronegative fluorine atoms of PFP and probe 1 (involving imidazole and the 

secondary amine moiety). These strong interactions occurred through the close proximity of the 

phenolic –OH proton of PFP to the lone pair electron of the secondary amine. In probe 1, the 

PET efficiency and fluorescence emission are primarily dependent on the protonation strength 

and synergic interactions such as hydrogen bonding, columbic interactions, and π-π interactions. 

As a result, even in acidic medium (buffer-maintained pH), the inhibition of PET is not very 

strong, where as in the presence of PFP, PET inhibition is relatively effective. The additional 

effect of imidazole on the suppression of fluorescence in ethanol is also altered by the hydrogen 

bonding interactions with PFP in EtOH. Although the observed hydrogen bonding distance 
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between the Hm proton (10th position on the anthracene moiety) and the para fluorine is larger, it 

should not be ignored because of the π-π interactions between the highly electron-rich and 

electron-deficient rings of the probe and PFP, which contribute to increase the probe’s selectivity 

for PFP over TFP. 

 

3. Conclusion  

In conclusion, the simple 9-N-(3-imidazolylpropylamino)methylanthracene probe 1 was prepared 

and investigated using UV-Vis, fluorescence, and 1H NMR spectroscopic methods. Probe 1 

selectively recognised the xenobiotic PFP over the other selected halophenols with a high 

association constant (4.35 × 105 M-1) in EtOH and showed a very low detection limit (2 µM) due 

to the presence of flexible propyl spacer between imidazole N and secondary amine for 

optimised geometry with PFP through synergic multiple interactions i.e. hydrogen bonding; and 

π-π interactions, which resulted in an ‘off-on’ mode of response. The binding phenomenon was 

monitored by UV-Vis and fluorescence experiments to observe enhancement effects and 1H 

NMR to observe shifts; these studies were supported by DFT-based computational studies.  

 

4. Experimental Section  

4.1 General  

The melting points were determined using a Thomas-Hoover capillary melting point apparatus 

and were uncorrected. 1H and 13C NMR spectra were recorded on a Bruker AM-400 

spectrometer. FAB mass spectra were collected at the KBSI Daegu branch. UV-vis, absorption 

spectra were recorded on a Shimadzu UV-1650PC spectrophotometer. Fluorescence spectra were 

measured on a Shimadzu RF-5301 fluorescence spectrometer equipped with a xenon discharge 
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lamp using 1-cm quartz cells with slit 3. All measurements were performed at 298 K. Analytical-

grade ethanol was purchased from Merck. 1-(3-Aminopropyl)imidazole and other compounds 

used for the synthesis were purchased from Aldrich Chemical Co. and were used as received. 

Fluorescence quantum yields were determined by integration of the corrected fluorescence 

spectra. Quinine hemisulfate in 0.5-mol/L H2SO4 was used to correct fluorescence spectra as a 

fluorescent standard (Ф = 0.54) [31]. 

4.2 Association constant calculations 

The association constants of probes 1 and 2 were calculated using Gnuplot ver. 4 software with 

the reduced chi-square method (error bound ± 10.0%) and the curve-fitting method (error bound 

± 5.0%) from the adjusted r-square method using fluorescence titration data. Solutions (20.0 × 

10-6 M) of probes 1 and 2 were prepared in 50-mL volumetric flasks (± 0.025 mL) (see ESI).  

4.3Theoretical calculations 

Theoretical calculations carried out according to the literature [32].  

4.4 Synthesis of probes 

Synthesis of probe 1. 

A mixture of 9-anthracenecarboxaldehyde (50 mg, 0.24 mmol), 1-(3-aminopropyl)imidazole (36 

mg, 0.29 mmol), and TiCl(OiPr)3 (0.37 mL, 0.29 mmol) in CH2Cl2 (8 mL) was stirred at room 

temperature for 12 h, and then, NaBH(OAc)3 (61 mg, 0.29 mmol) was added. The resulting 

mixture was stirred for an additional 2 h. After the reaction was completed, the solvent was 

removed. The residue was neutralised with NaHCO3 solution and extracted with ethyl acetate. 

The organic layer was dried over anhydrous Na2SO4 and concentrated to dryness. The residue 

was purified by silica gel chromatography (elution with 10 % MeOH in CH2Cl2, Rf = 0.7) to give 

1 in 78% yield (58 mg). MP 109–110 °C; 1H NMR (400 MHz, DMSO-d6) δ 1.88 (m, 2H, Hf), 
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2.69 (t, J = 7.1 Hz, 2H, He), 3.98 (t, J = 6.9 Hz, 2H, Hd), 4.59 (s, 2H, Hg), 6.83 (s, 1H, Hc), 7.06 

(s, 1H, Hb), 7.48–7.57 (m, 5H, Hj,k-Ant, Im-Ha), 8.07 (d, J = 8.1 Hz, 2H, Hi-Ant), 8.39 (d, J = 7.9 

Hz, 2H, Hl-Ant), 8.88 (s, 1H, Hm-Ant); 13C NMR (100 MHz, DMSO-d6) δ 30.9, 44.0, 45.1, 46.4, 

119.3, 124.8, 125.0, 125.8, 126.6, 128.2, 128.8, 129.9, 131.0, 132.2, 137.2; HR Mass C21H21N3 

[M+H]+: 316.1814, Found: m/z 316.1813. 

Synthesis of probe 2. 

A mixture of 9-anthracenecarboxaldehyde (50 mg, 0.24 mmol), n-butylamine (21 mg, 0.29 

mmol), and TiCl(OiPr)3 (0.37 mL, 0.29 mmol) in CH2Cl2 (8 mL) was stirred at room temperature 

for 12 h, and then, NaBH(OAc)3 (61 mg, 0.29 mmol) was added. Work up was performed as 

described for probe 1.The residue was purified by silica gel column chromatography (elution 

with 2% MeOH in CH2Cl2, Rf = 0.5) to give 2 in 70% yield (45 mg) as a gummy solid. 1H NMR 

(400 MHz, DMSO-d6) δ 0.87 (t, J = 7.0 Hz, 3H, NHCH2CH2CH2CH3), 1.32 (m, 2H, 

NHCH2CH2CH2), 1.47 (m, 2H, NHCH2CH2), 2.76 (t, J = 6.9 Hz, 2H, NHCH2), 4.62 (s, 2H, 

CH2NH), 7.49–7.58 (m, 4H, Hj,k-Ant), 8.07 (d, J = 8.1 Hz, 2H, Hi-Ant), 8.40 (d, J = 7.9 Hz, 2H, 

Hl-Ant), 8.53 (s, 1H, Hm-Ant); 13C NMR (100 MHz, DMSO-d6) δ 13.9, 20.0, 31.5, 45.2, 49.5, 

124.7, 125.0, 125.8, 126.5, 126.8, 128.8, 129.9, 131.0, 132.2, 134.6; HR Mass C19H21N [M+H]+: 

264.1688, Found: m/z 264.1689. 
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