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5.1. Introduction 

Perylene is a brown solid material discovered by Kardos in 1913 [1,2]. This molecule is a 

planar aromatic compound containing five phenyl rings that possess strong affinity to 

interact with others through its π-cloud. Low solubility in common and widely-used 

solvents prevented the recognition of its fluorescent properties until 1959. Since then, 

various studies have been accomplished on perylene based material to make its derivatives 

in order to improve its solubility, and to be explored as pigment [3,4]. Perylene-3,4,9,10-

tetracarboxylic dianhydride (PTCDA) is a widely explored perylene derivatives known for 

its synthetic importance and distinct electronic and photophysical properties [5,6]. PTCDA, 

a derivative of perylene, is characterized by the presence of two anhydride groups that offer 

a unique platform for chemical modifications and functionalization. This structural 

versatility, combined with its planar aromatic core, results in strong π-π stacking 

interactions, high thermal stability, and remarkable electron-accepting capabilities, making 

PTCDA a valuable material in various scientific and technological applications [8]. One of 

the significant applications of PTCDA is in the synthesis of anion and cation sensing 

chemosensors based on Perylene-3,4,9,10-tetracarboxylicdiimide (PTCDI), reported first 

in 1913 as Pigment Red 179 [9-15]. PTCDIs first reported in 1913 are known Pigment Red 

179. In the realm of organic electronics, PTCDI derivatives are widely used as n-type 

semiconductors in organic field-effect transistors (OFETs). Their strong absorption in the 

visible region, high extinction coefficients, and excellent photostability enable them to 

function effectively as active layers in photovoltaic applications [16,17]. In recent years, 

PTCDI derivatives have also been explored for their potential in energy storage and 

conversion applications due to their excellent stability and redox-active nature [18,19]. 

PTCDI derivatives are also extensively studied for their applications in sensing 

technologies. Their strong fluorescence, high quantum yields, and excellent photostability 

make them ideal candidates for fluorescence-based sensors. These materials can be 

functionalized to detect a wide range of analytes, including metal ions, organic molecules, 

and biological species [9-15]. These sensors operate by exhibiting changes in their 

fluorescence intensity or wavelength upon binding with the target analytes, enabling 

sensitive and selective detection. In addition to ion sensing, PTCDI derivatives have been 

employed in the detection of organic molecules and biomolecules. For instance, they have 

been used to detect explosives, pesticides, and other hazardous chemicals [20]. These 

PTCDI derivatives operates based on mechanisms such as photoinduced electron transfer 
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(PET), charge transfer (CT), or fluorescence resonance energy transfer (FRET), which are 

influenced by the binding of target analytes [21-26]. The structure of some of the PTCDI 

based sensor probe molecules studied towards metal ion sensing are shown in figure 5.1. 

 

Figure 5.1: Derivatives of PTCDI used for detection of metal cation. 
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Generally, in the PTCDI based ion sensor, the nature of the analyte that senses depend on 

the nature of the recognition unit introduced in the perylenediimide periphery whereas the 

perylenediimide core is responsible for the reporting of the binding event through 

characteristic optical changes. For instance, for the purpose of recognition of anion the 

PTCDI is functionalised with anion binding functionality and successfully fabricated 

receptors for a range of anions including fluoride, acetate and phosphate ions, etc. [27]. It 

has been found that the fluoride sensing study reported on PTCDI derivatives are typically 

performed in organic media rather than pure water (Table 5.1). For instance, recently Yin 

et al. reported the synthesis of a perylenemonoimide-based colorimetric and fluorometric 

probe for detecting fluoride ion in presence of Ag+ ion. Although they were successful in 

detecting fluoride at very low concentrations, the fluoride source used was 

tetrabutylammonium salt dissolved in an organic solvent (THF) [28]. 

 From the review of literature on perylene core based optical sensor, it is found that almost 

all the probe molecules studied for sensing purposes are the derivatives of PTCDI. 

Although PTCDI based probe depicted excellent optical response upon ion recognition but 

the synthesis and functionalization of PTCDI derivatives involves troublesome synthetic 

protocols [29,30]. On the other hand, 3,4,9,10-Perylenetetracarboxylic acid, another 

derivative of perylene, can be easily synthesized from the base hydrolysis of PTCDA.  

Moreover, the potassium salt of perylenetetracarboxylate (K4PTC) are highly soluble in 

water and also exhibits excellent bright luminescence and electrochemical properties [31]. 

Although the application of K4PTC as electrode materials in battery application is well 

documented, the work on sensor is not yet explored [32]. In 2018, Botana et al.  

demonstrated three-dimensional metal-organic framework (MOF) of K4PTC as humidity 

actuators on flexible substrates with printed techniques [33]. Recently, Rajamohan and co-

workers reported potassium-PTCA (K4PTCA) based MOFs as an efficient sensing probe 

for Cu2+ and Pb2+ detection [34]. 

In the attempt to use K4PTC as a fluoride sensor probe, herein we have demonstrated a 

complimentary methodology based on hypothesis 2 where fluoride recognition is achieved 

in an indirect way. K4PTC was first converted to Al3+-PTC complex which was 

subsequently used in the fluorometric/colorimetric recognition of fluoride ion in water 

medium. It was envisaged that fluoride is a hard base so it has the potential to take out Al3+ 

ion, (a hard acid) from the complex of Al3+ with a relatively softer base than fluoride (Figure 

5.2).  
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Table 5.1: Derivatives of Perylene used for detection of fluoride anion. 
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Figure 5.2: Schematic diagram of the demonstrated methodology. 

5.2. Objective of the study 

• To standardised a methodology for the sensing of fluoride ion with potassium salt 

of 3,4,9,10-Perylenetetracarboxylic acid (K4PTC) in 100% water as per hypothesis 

2.  

• To investigate mechanism of the process.  

• To validate the sensing performance of the methodology with real life sample. 

5.3. General experimental details 

5.3.1 Synthesis of K4PTC 

 

Scheme 1: Synthesis of K4PTC. 
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K4PTC was prepared by following literature reported method [40]. 2.25 mmol of 

Perylenetetracarboxylic dianhydride (PTCDA) was dissolved in 20 mL of ethanol, 

followed by the addition of 100 mmol of Potassium hydroxide (KOH) with continuous 

stirring. The initially reddish-brown solution transformed into a highly intense greenish-

yellow solution as the sparingly soluble PTCDA completely dissolved. Subsequently, the 

solution was heated to 80˚ - 90˚ C for 8h and then allowed to cool. After cooling, water was 

gradually added to the reaction mixture until a complete precipitation of yellow crude solid 

(potassium salt of PTC) was obtained. The product was further crystallized from hot water 

as orange crystals. Comparison of the PXRD of the synthesized MOF with the simulated 

PXRD from the single crystal XRD data obtained from the Cambridge Crystallographic 

Data Centre (CCDC numbers is 1509483) revealed the formation of the K4PTC MOF 

(Figure 5.3) [33]. 

Figure 5.3: (a) Powder X-ray diffraction pattern of prepared K4PTC; (b) Powder X-ray 

diffraction pattern of reported K4PTC (CCDC Number: 1509483). 

5.3.2. General Procedures for UV−Visible and Fluorescence Spectroscopy Studies   

Due to the good solubility and optical properties of K4PTC in water medium, the F- sensing 

experiment was performed in aqueous solution. A 10 mM stock solution of K4PTC and 

AlCl3 were prepared in ultra-pure water. Spectroscopy experiments were conducted with 

2.5 mL of K4PTC solution in water and subsequent addition of known amount of metal 

salts [1 × 10-2 M] at room temperature to monitor the change in optical properties of 

K4PTC.  The UV-Vis absorption experiments were performed with 10 μM aqueous solution 

of K4PTC whereas corresponding fluorescence spectra were recorded with 1 μM aqueous 

solution in a quartz cuvette at an excitation wavelength of 465 nm at room temperature. 

Interference from other analytes were checked by introducing 1 mM solution of the ions 
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(Anion: F⁻, Cl⁻, Br⁻, I⁻, OH⁻, HSO₄⁻, H₂PO₄⁻, and CH3COO-; Cation: Ca2+, Ba2+, Cu2+, Fe2+, 

Fe3+, Ni2+, V3+, Zn2+, Co2+, Mn2+, Mg2+, Na+, Al3+) to each sample. The solutions of F⁻, Cl⁻, 

Br⁻, I⁻, OH⁻, HSO₄⁻, H₂PO₄⁻, and CH3COO- were prepared from their sodium salts. 

Recyclability experiments involved the alternate addition of 100 μL of 10 mM solution of 

Al³⁺ ion and 10 mM solution of NaF in a sequential manner. 

5.3.3. Determination of F− in Water Samples 

Different volumes of standard solution of NaF (100 ppm) were added to prepare water 

samples containing different concentrations of F− required to obtain the calibration plot. 

The methodology was validated with different concentration of NaF in ppm level prepared 

in tape water.  

5.4. Results and Discussion 

5.4.1. UV-Vis and Fluorescence study 

K4PTC is highly soluble in water, hence all the ion recognition experiment were performed 

in water medium. The ion screening experiment was done with done with UV-Vis and  

Figure 5.4:(a) UV−Vis absorption spectra of K4PTC (10 M) solution in water upon 

addition of 30μL different metal ions (10 mM); (b) Bar representation of the change in 

absorbance of the peak at 470 nm in presence of different metal ions; (c) Change in the 

UV−Vis absorption spectra of K4PTC solution in water upon gradual addition of Al3+; (d) 

change in absorbance of the peak at 470 nm with increase in the concentration of Al3+.  
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fluorescence spectroscopy. The aqueous solution of K4PTC solution showed two 

absorptions peaks at 438 and 470 nm. The metal ion binding study revealed that K4PTC 

coordinated with Al3+ ion selectively among the tested metal ion (Figure   5.4 a,b). The UV-

Vis spectra showed that the two absorption peaks of K4PTC solution at 438 and 470 nm 

disappears upon addition of Al3+ and a new broad peak emerged at 480-530 leading to the 

colour change from greenish yellow to dark orange (Figure 5.4 c, 5.5c). The process became 

saturated upon addition of 60μL of 10mM of Al3+ aqueous solution (0.023 mM 

concentration of Al3+ in the reaction mixture).  The UV-Vis titration data showed linear 

decrease of the absorbance of the peak at 470 nm upon incremental addition of 

concentration of the Al3+ in the medium. The Al3+ binding was further explored with 

fluorescence spectroscopy. The K4PTC solution in water displayed two maxima at 

λem = 485 and 511 nm upon excitation at λexc = 465 nm. Like the observations in UV-Vis 

spectroscopy, addition of Al3+ (aq) solution to the K4PTC solution in water showed gradual 

quenching of the fluorescence of K4PTC solution and complete quenching of fluorescence 

 

Figure 5.5: (a) UV−Vis absorption spectra of K4PTC solution in water upon addition of 

different anions; (b) Bar representation of the change in absorbance at 465 nm upon 

addition of different anions to Al3+-K4PTC solution; (c) colorimetric and fluorometric 

changes. [C= K4PTC]. 
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was observed once the concentration of Al3+ in the reaction mixture reaches 0.023 mM 

(Figure 5.5a). As a consequence, the bright green fluorescence colour of the K4PTC 

solution disappeared. However, other tested metal ions (Ca2+, Ba2+, Cu2+, Fe2+, Fe3+, Ni2+, 

V3+, Zn2+, Co2+, Mn2+, Mg2+, and Na+) did not have any impact on the fluorescence intensity 

of K4PTC solution. These findings attributed to the formation of an in-situ Al3+-PTC 

complex leading to the observed changes in the optical property of the solution. 

Furthermore, the titration of the K4PTC solution with Al3+ ion was performed (Figure 5.6). 

The Stern-Volmer plot exhibited a non-linear behaviour which indicates that the quenching 

is static in nature. In other words, the complexation of Al3+ has taken place in ground state 

rather than in excited state (Figure 5.6b) [41,42]. From the plot of F0/F vs [Al3+], the 

equilibrium constant for the Al3+complexation reaction of K4PTC (considering the linear 

variation up to 16 M addition of F-) was calculated and found as 1.06 × 103 M-1 [43].  

 

Figure 5.6: (a) Emission spectra of K4PTC solution in water upon gradual addition of Al3+ 

ion to K4PTC; (b) Stern-Volmer plot of quenching of emission of K4PTC in presence of 

Al3+. 

The metal ion recognition study inferred that the K4PTC selectively coordinated with Al3+ 

ion among the tested metal ions in water medium. Therefore, as per hypothesis 2 the affinity 

Al3+-K4PTC mixture in water towards the various anions was investigated. The UV-Vis 

titration study revealed that the peaks at 438 and 470 nm reappeared only after addition of 

F- ion solution whereas other anions fail to do so (Figure 5.7a). The solution colour 

transformed from brownish red to greenish yellow as the original K4PTC reappears in the 

reaction mixture (Figure 5.7c). Furtehrmore, fluorescence study also stated resurgence of 

the emission upon addition of NaF to the Al3+-K4PTC solution (Figure 5.8).  These finding 
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attributed to the fact that F- ion acted as Al3+ scavenger owing to the formation of stable 

(AlFx)
(3-x)+ complex which eventually released the PTC4- dye . Furthermore, UV-visible 

 

Figure 5.7: (a) UV−Vis absorption spectra of K4PTC solution in water upon addition of 

different anions; (b) Bar representation of the change in absorbance at 465 nm upon 

addition of different anions to Al3+-K4PTC solution; (c) colorimetric and fluorometric 

changes. [C= K4PTC]. 

Figure 5.8: (a) Fluorescence spectra of K4PTC solution in water upon addition of different 

metal ions; (b) Bar representation of the change in fluorescence intensity of 485 nm peak. 
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Figure 5.9: (a) UV-Vis absorption spectra of PTC- Al3+ solution upon gradual addition of 

F- in water medium; (b) Change in absorbance of the peak at 470 nm of PTC- Al3+ mixture 

upon gradual addition of F- in water medium; (c) Emission spectra of PTC- Al3+   upon 

gradual addition of F- in water medium; (d) Increase in the intensity of emission at 511 nm 

of PTC- Al3+ mixture upon gradual addition of F- in water medium. 

titration study depicted that the broad peak at 457-478 nm disappeared with simultaneous 

increase in the absorbance of the peaks at 438 and 465 nm by following a ratiometric 

(A=438/A=503 and A=465/ A=503) trend w.r.t. the concentration of F- (Figure 5.9a). Similarly, 

fluorescence study also portrayed the gradual enhancement of the fluorescence intensity 

upon incremental addition of NaF solution (Figure 5.9c). Both the absorption and emission 

titration data revealed a linear variation with the added NaF concentration to the Al3+- 

K4PTC solution in water (Figure 5.9b,d). 

The quantum yield of K4PTC solution in water upon sequential addition of Al3+ and F- ion 

is measured by considering Rhodamine B as reference [44,45]. Calculation of quantum 

yield of K4PTC solution (1μM) revealed that upon addition of excess Al3+ ion the quantum 
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yield drops from 81% to 9.2%; however subsequent addition of excess F- ion led to 

fluorescence turn on with the regain of the quantum yield upto 74 % (Figure 5.10).  This 

observation confirmed that the dye, F- can displace the PTC4- dye from the Al3+-PTC 

complex and the phenomena can be used in the development of fluorescent sensor for F− 

ion in water medium with high contrast.    

 

Figure 5.10: Change in the quantum yield of K4PTC upon sequential addition of Al3+ and 

NaF in water. 

To study the sensitivity of recognition of F- ion by the in situ prepared PTC-Al3+ complex, 

increasing amount of F− (aq) were added to the solution of PTC-Al3+ complex in water. The 

absorbance ratios (A503/A438 and A503/A466) against [F−] revealed a good linear 

relationship within the range from 0.2 to 8 ppm (10 to 526 M) with a LOD of 0.2 ppm 

(0.59 μM) (R2 = 0.98) (Figure 5.11). The LOD was calculated from the fluorescence 

intensities and found as 1 ppb (0.05 μM) (R2 = 0.98), which is lower than that calculated 

from the UV-Vis spectroscopy. The low LODs implied that this bifunctional (colorimetric 

and fluorometric) approach for selective sensing of F- ion in water medium with K4PTC is 

suitable for monitoring F- ion in drinking water. 
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Figure 5.11: (a) Change in the absorbance of PTC-Al3+ mixture upon increasing amount 

of NaF (in ppm) in water; (b) Increase in the fluorescence intensity of PTC-Al3+ mixture 

upon increasing amount of NaF (in ppm) in water; (c) Linear variation of the ratio of 

absorbance at λ= 465 nm ad 503 nm upon increasing amount of NaF; (d) Linear variation 

of the emission intensity at λ= 511 nm upon increasing amount of NaF. 

5.4.2. Recyclability Study 

To test the reversibility of the sensing methodology, Al3+ was added to the aqueous solution 

having all the three components (K4PTC, AlCl3 and NaF) and the respective optical 

(absorption and emission) changes of the solution was monitored.  The study revealed the 

emergence of the broad absorption peak at 457-478 nm and the quenching of the emission 

peak upon addition of Al3+ ion. Subsequent addition of F- ion to this solution led to 

disappearance of the UV-Vis peak at 457-478 nm associated with the fluorescence emission 

turn on at 510 nm. With the alternating addition of F− and Al3+, the switching of absorbance 

and fluorescence was tested for five consecutive cycles and found good recyclability of the 

methodology (Figure 5.12).   
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Figure 5.12: Recyclability of the probe characterized by (a) UV−vis absorption 

spectroscopy and (b) fluorescence spectra. 

5.4.3. Investigation of the sensing mechanism 

As a hard metal ion Al3+ (aq) forms stable complexes with strong hard bases like F- ion 

[46,47]. Carboxylate oxygens are relatively less hard than F-, therefore it was presumed 

that F- can easily take out Al3+ that forms complex with perylelene tetracarboxylate (PTC) 

ligand and form stable (AlFx)
(3-x)+(aq) complex. The complexation of Al3+ with PTC4- led 

to substantial changes in the absorption as well as quenching of emission.  However, the 

average life time (from TRPL study) of the excited state K4PTC did not vary (5.2 × 10-9 s 

and 5.4 × 10-9 s in absence and presence of Al3+ respectively) indicating the complexation 

at the ground state rather than the excited state, pointing to the static nature of quenching 

(Figure 5.13 a,b) [48,49]. The Stern-Volmer plot also exhibited a non-linear behaviour 

which further conferred the static quenching of Fluorescence of K4PTC by Al3+. However, 

upon subsequent addition of F-, the fluorescence gets turn on suggesting removal of Al3+ 

ion by F- ion owing to the formation of Al3+-fluoride complex. The average life time of the 

solution containing all the three components was found as 5.2 × 10-9 s similar to the K4PTC 

solution. To validate the formation of the Al3+-fluoride complex, the K4PTC, Al3+ and F- 

mixture in water was precipitated out by adding ethanol and the precipitate was dried and 

analysed. FTIR analysis showed the peak at 600 cm-1 attributing to the vibrational 

stretching frequency of F-Al-F species (Figure 5.13c) [50]. Furthermore, we have carried 

out the reaction of K4PTC, Al3+ and F- in D2O and recorded the 19F spectra. The 19F spectra 

showed the peak at -156.1 ppm which also dictated the formation of (AlFx)
(3-x)+ species in 
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the reaction mixture (Figure 5.13d) [51]. The plausible mechanism involved in the sensing 

process is depicted in figure 5.14. 

 

Figure 5.13: (a) Time resolved photoluminescence spectra of K4PTC in presence of Al3+ 

and F-; (b) Table representation of the decay rates; (c) FTIR spectra of K4PTC and K4PTC 

in presence of Al3+ and F; (d) 19F NMR spectra: top- K4PTC, Al3+ and F- mixture in D2O; 

bottom: K4PTC and F- mixture in D2O.  

 

Figure 5.14: Plausible reactions involved in the sensing process 
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5.5. Validation of the method with real life sample 

In order to check the applicability of the methodology towards detection of fluoride ion in 

water, we have checked our methodology’s performance with F- contaminated laboratory 

samples and samples collected from the Karbi Anglong district of Assam, India. For the 

UV-Vis analysis, 2.5 mL of a 1.6 × 10-4 M solution of K4PTC was placed in a cuvette, and 

70 μL of a 10 × 10-3 M AlCl3 solution in aqueous medium was added. Subsequently, 50 μL 

of each water sample was added separately to each mixture. For fluorescence measurement, 

2.5 mL of 1.2 × 10-5 M solution of K4PTC was placed in a cuvette, and 70 μL of a 1 × 10-3 

M AlCl3 solution in an aqueous medium was added. Then, 50 μL of water having known 

concentration of fluoride was added separately to each mixture and the optical change was 

monitored with UV-Vis as well as the fluorescence spectrometer. From the data, the linear 

calibration curve was obtained (Figure 5.11 c,d). Subsequently, the absorption and emission 

behaviour of the K4PTC-Al3+ solution was measured upon addition of the water sample 

having unknown fluoride concentration.  The solution exhibited the characteristic 

colorimetric and fluorometric change regaining the orange-red colour and greenish-yellow 

fluorescence, indicative of the presence of fluoride ion (Figure 5.15). The fluoride ion  

 

Figure 5.15: Measurement of the concentration of fluoride in the water sample (a) UV-Vis 

spectra, (b) emission spectra, (c) change in colour of the solution upon addition of water 

sample; (d) comparison of the fluoride data with ion selective electrode (ISE) data. 
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concentration was determined from the calibration curve, producing a value as shown in 

Table incorporated in the figure 5.15d for laboratory prepared samples and sample collected 

from Karbianglong district of Assam, India. The results were found to be in good agreement 

with those obtained from ion-selective electrode (ISE) measurements. The deviation 

between the methodology and the ISE measurement could be attributed to experimental 

errors. This study underscores the capability of this dye displacement methodology to 

assess the presence of fluoride ions in both qualitative and quantitative aqueous media.   

5.6. Conclusion 

A perylene tetracarboxylate dye-based MOF (K4PTC) is demonstrated as a fluorometric as 

well as colorimetric probe for sensing of F- ion in 100% water. K4PTC shows turn off 

fluorescence response in presence of Al3+ ions. However, subsequent addition of 

fluoridated water results naked eye discernible fluorescence turns on response. The LOD 

value calculated for F- ion was found to be 0.2 ppm and 1 ppb for UV-Vis and Fluorometric 

technique respectively. The detection range is found to be within the concentration limit set 

as per WHO guideline for fluoride ion. The chemosensor can be easily recyclable for 

further application with good performance up to fifth cycle. The present work highlights a 

simple method for rapid and sensitive detection of fluoride in water with high precision 

with the aid of a common organic fluorescent dye, 3,4,9,10-Perylenetetracarboxylate.      
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