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A naphthalimide based fluorescent probe ‘1’ operates based 

on photoinduced electron transfer phenomenon is synthesized 

and its chemosensory application is explored. Among various 

metal ions, 1 selectively detects Fe3+ with a detection limit of 10 

3.0 x 10-8 M. 1 is stable at physiological pH, non-toxic under 

experimental conditions and suitable for the detection of Fe3+ 

ions present in aqueous samples and live cells.  

Iron, the most abundant transition metal in cellular systems, 

present in numerous number of enzymes and proteins and 15 

essential for various biological processes.1 Iron acts as an oxygen 

carrier in haemoglobin and involved in several electron transfer 

reactions.2 Owing to its redox nature (Fe3+/Fe2+), the labile iron in 

presence of reactive oxygen species can catalyze the formation of 

highly active oxygen derived free radicals via Fenton reaction.3 20 

The resultant highly reactive oxygen radical species can trigger 

protein oxidation, lipid peroxidation and DNA/RNA oxidation 

that can result in the development of pathology in diseases such 

as liver cirrhosis, cancer, neurodegeneration, hemochromatosis 

and hepatitis.4 Hence development of new methods is necessary 25 

for tight monitoring of intracellular iron. 

 Recently great efforts have been made to develop new methods 

for Fe3+ detection. Techniques like atomic absorption 

spectroscopy,5 colorimetry,6 spectrophotometry,7 and 

voltammetry8 have been used for both qualitative and quantitative 30 

detection of Fe3+ ions. Digital fluorescence microscopy is 

advantageous over the above methods to monitor Fe3+ in 

biological systems.9 Extensive research has been going on the 

development of fluorescent probes for the detection of 

intracellular iron. Since, Fe3+ is a fluorescence quencher due to its 35 

paramagnetic nature, most of the probes developed for Fe3+ 

detection are fluorescent ‘turn-off’ based.10 Fluorescence ‘turn-

on’ sensors are superior over ‘turn-off’ based in terms of 

sensitivity, hence research has been intensified in recent years to 

develop Fe3+ selective fluorescence ‘turn-on’ probes.11 
40 

 Rhodamine and fluorescein fluorophores are widely explored 

to develop Fe3+ selective fluorescence ‘turn-on’ sensors, owing to 

their excellent photo-physical properties.12 Apart from rhodamine 

and fluorescein, napthalimide is also an important fluorophore 

with good fluorescence quantum yield. Moreover, its 45 

fluorescence characteristics can be easily manipulated with 

simple chemical transformations.13 Generally, incorporation of 

electron rich substituents like tertiary amines or pyridine rings 

Scheme 1 Scheme for the synthesis of naphthalimide probe 1. 

(PET donors) onto the naphthalimide can quench its fluorescence 50 

via photoinduced electron transfer (PET) mechanism. The 

quenched naphthalimide fluorescence can be retrieved by 

reducing the electron donating capacity of PET donors, which is 

an advantageous factor for the development of fluorescent ‘turn-

on’ metal ion chemosensors.14 Utilizing this advantage, we have 55 

developed a naphthalimide based fluorescence ‘turn-on’ 

chemosensor with Fe3+ selective detection ability. 

 In the present manuscript, we report the design, synthesis and 

metal ion sensing properties of a naphthalimide based fluorescent 

probe 1. The weakly fluorescent probe 1 switched to highly 60 

fluorescent, selectively in the presence of Fe3+ ions. The 

underlying reason for the observed Fe3+-induced fluorescence 

changes in 1 is explored using DFT calculations and time 

resolved fluorescence studies employing time correlated single 

photon counting (TCSPC) technique. Cytotoxicity of the probe, 65 

effect of pH and other competitive metal ions on the Fe3+ 

detection ability of 1 are explored to evaluate the probe’s 

applicability to image the live cells exposed to Fe3+ ions.  

 The naphthalimide based probe 1 was synthesized as shown in 

scheme 1 and it is well characterised using NMR and ESI-HRMS 70 

analytical techniques (Figs. S1-S3, ESI†). The probe comprised a 

naphthalimide (signalling moiety) and a piperazine attached 

pyridine phenyl ether (metal coordination moiety) moieties. 

However the probe contained naphthalimide moiety, it exhibited 

weak fluorescence (Φ = 0.012) peaking at 518 nm in 1:1 v/v 75 

0.01M Tris HCl-CH3CN, pH 7.4 medium (Fig. 1b), which is in 

sharp contrast to the pure naphthalimide fluorescence. This 

excited singlet state quenching could be well rationalized by 

considering the intramolecular photoinduced electron transfer 

(PET) from piperazine ‘N’ to naphthalimide moiety.14 
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Fig. 1. Metal ion (20 µM) induced variations in the (a) absorbance, and 

(b) fluorescence spectra of 1 (10 µM); Excitation wavelength: 400 nm.  

 In order to identify the fusibility of PET process in 1, its 

frontier molecular orbital energy levels were calculated using 

density functional theory (DFT) and time dependent density 5 

functional theory (TDDFT) calculations using Gaussian 03 

package with B3LYP functional and 6-31G(D,P) basis set. The 

energetically optimized structure of 1 and its corresponding 

Cartesian coordinates are provided in Fig. S4, ESI†. The 

electronic transitions derived from TDDFT calculations on 1 and 10 

their corresponding oscillator strengths are provided in Table 1, 

ESI†. These results revealed that electronic transitions from 

HOMO to LUMO and HOMO-3 to LUMO have considerable 

contribution to state S1. Theoretically generated UV-visible 

absorption spectrum of 1 is shown in Fig. S5, ESI† and it is well 15 

matched with the experimentally obtained (Fig. 1a). The 

molecular orbital energy level calculations on 1 denoted that the 

energy of piperazine ‘N’ lone pair orbital (HOMO-2) was located 

above the HOMO-3 of the probe. This orbital arrangement 

permits electron transfer from piperazine ‘N’ (HOMO-2) to 20 

naphthalimide moiety (HOMO-3) and prohibits the electron 

comeback from LUMO of the naphthalimide and thereby quench 

its fluorescence (Fig. S6a, ESI†).15 Hence, the results of DFT 

calculations indicated that the observed weakly fluorescent nature 

of 1 might be resulted from the PET from piperazine ‘N’ 25 

(HOMO-2) to naphthalimide moiety (HOMO-3).  

 However, the kinetic information pertaining the excited singlet 

state quenching of probe 1 was established using time resolved 

fluorescence studies. The fluorescence decay profile of 1 along 

with the instrument response function (IRF) is provided in Fig. 30 

2a. As shown in Fig. 2a and Fig. S7, ESI†, the decay profile of 1 

could be best fitted by bi-exponential function. The first 

component exhibited very fast decay time (τfast ~190 ps) with 

very high amplitude of ~99% and the second component showed 

very slow decay time (τslow ~ 7 ns) with 1% amplitude (Fig. S7, 35 

ESI†). The fast-decaying component could be assigned to the 

charge separation time, while the slower one is the natural 

lifetime of naphthalimide. Assuming the fast-decaying 

component was due to charge separation, the rate constant of 

charge separation state ‘kcs’ was determined (kcs = 1/τfast - 1/τslow) 40 

to be 5.12 x10 9 s-1. In agreement with the steady state 

fluorescence yield, the quantum yield for charge separation ϕcs 

[ϕcs = (1/τfast - 1/τslow) / 1/τfast] was calculated to be > 97%. The 

observed very fast decay profile of 1 (nearly equal to IRF) clearly 

established the efficient PET process and it was also confirmed 45 

from the results of DFT calculations. 

 Metal ion chemosensory application of probe 1 was estimated 

in aqueous acetonitrile media (1:1 v/v 0.01M Tris HCl-CH3CN, 

pH 7.4) using UV-visible and fluorescence analytical techniques. 

The weakly fluorescent probe 1 (10 µM) turned to highly 50 

fluorescent (Φ = 0.35) with enhanced emission intensity at ∼518 

nm, selectively upon addition of Fe3+ (20 µM) ions .The addition 

of other competitive metal ions (20 µM) like Na+, K+, Mg2+, Ca2+, 

Cu2+, Cr3+, Mn2+, Co2+, Ni2+, Zn2+, Cd2+, Hg2+, Fe2+ and Pb2+ has 

trivial impact on the fluorescence characteristics of 1 (Fig. 1b). 55 

Generally, addition of paramagnetic metal ions like Cu2+ and Fe3+ 

quenches fluorescence. However, the observed enhancement in 

the fluorescence intensity of 1 with the addition of Fe3+ might be 

ascribed due to the Fe3+-induced reduction in the photoinduced 

electron transfer from piperazine ‘N’ to naphthalimide moiety. 60 

Under similar conditions, probe 1 (10 µM) alone displayed an 

absorption band centred at ∼407 nm (ε = 11000 cm-1 M-1) and it 

was impassive to the addition of various metal ions (20 µM) 

except Fe3+, the addition of which shifted the absorption maxima 

of 1 to ∼383 nm (ε = 12600 cm-1M-1, Fig. 1a). The observed Fe3+ 65 

selective blue shift in the absorption maxima of 1 indicated the 

involvement of piperazine ‘N’ attached to naphthalimide moiety 

in 1-Fe3+ complex formation.  

 Job plot analysis was carried out to estimate the stoichiometry 

of 1-Fe3+ complex and it was found to be 1:1 in nature (Fig. S8, 70 

ESI†). The 1:1 stoichiometry of 1-Fe3+ complex was further 

confirmed using ESI MS data (Fig. S9, ESI†). The tri-positive (1-

Fe)3+ complex was optimized using Gaussian 03 with B3LYP 

functional and 6-31G(D,P) basis set and the optimized structure 

and its corresponding coordinates are provided in Fig. S10, ESI†. 75 

Theoretically generated UV-visible absorption spectrum of (1-

Fe)3+ complex is shown in Fig. S5, ESI†. The absorption band at 

339 nm was resulted from the electronic transitions of the 

naphthalimide moiety and it is at shorter wavelength side 

compared to the experimentally observed (Fig. 1a). The results of 80 

the TDDFT calculations on (1-Fe)3+ complex revealed that the 

transition from HOMO-2 to LUMO has considerable contribution 

to state S1 (Table 1, ESI†). The combined results of the 

theoretical calculations on 1 and (1-Fe)3+ complex indicated that 

the molecular orbital energy levels of 1 were reduced upon 85 

complexed to Fe3+ and the reduction was much pronounced in the 

case of piperazine ‘N’ lone pair orbital. This sharp reduction in 

the energy of piperazine ‘N’ lone pair orbital prohibits the PET 

from piperazine ‘N’ to naphthalimide and hence enhances the 

fluorescence quantum yield of 1-Fe3+ complex (Fig. S6b, ESI†).15 90 

 The Fe3+ induced reduction in PET in 1 was further confirmed 

using TCSPC experiments. Fig. 2b portraits the fluorescence 

decay profiles of 1 as a function of Fe3+ concentration. Upon 

successive addition of Fe3+ ions (0-100 µM) to 1 (100 µM), a 

gradual enhancement in the amplitude of slowly decaying 95 

component with a concomitant reduction in the amplitude of fast 

decaying component was observed by keeping the respective  

Fig. 2. Nano-second fluorescence lifetime decay profiles of 1 (a) and 1 

with different amounts of Fe3+ (b).  
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Fig. 3. The Fe3+ (0-20 µM) concentration dependent variations in the 

absorbance (a) and fluorescence (b) spectra of 1 (10 µM). Excitation 

wavelength was 400 nm. 

decay times unaltered (Fig. S11, ESI†). The observed reduction 

and increment in the amplitudes of the fast and slow decaying 5 

components, respectively confirmed the conversion of charge 

separated state to florescent excited singlet state by the formation 

of 1-Fe3+ complex. Lenoir response curves using the fluorescence 

lifetime data were plotted to determine the lower detection limit 

and it was found to be ~6.3 x 10-7 M. (Fig. S12, ESI†) Hence, the 10 

TCSPC results corroborated the DFT results and suggested that 

upon binding to 1, Fe3+ lowers the energy of piperazine ‘N’ lone 

pair orbital and hence prohibits PET form piperazine ‘N’ to 

naphthalimide. 

 The absorbance and fluorescence characteristics of 1 at various 15 

concentrations of Fe3+ added are shown in Fig. 3. Upon 

increasing the amount of Fe3+, absorption band of 1 at ∼407 nm 

was gradually blue shifted with a slight enhancement in its molar 

absorption coefficient. The maximum shift was observed with the 

addition of 20 µM of Fe3+ ions (Fig. 3a). Under similar 20 

conditions, fluorescence intensity of 1 at ∼518 nm was 

substantially increased with the addition of serial concentrations 

of Fe3+ ions (0-20 µM). The increment in the fluorescence 

intensity was linear in the range of 0.1 x 10-7 to 8.0 x 10-6 M 

concentration of Fe3+ ions (Fig. 3b). Binding constant of 1-Fe3+ 25 

complex and Fe3+ ion detection limit of 1 were calculated from 

the fluorescence data (Fig. S13, ESI†) and are found to be 1.04 x 

105 M-1 and ~3.0 x 10-8 M, respectively. Reversibility of 1-Fe3+ 

complex was established using EDTA experiments (Fig. S14, 

ESI†). The fluorescent ‘1-Fe3+’ solution turned to non-fluorescent 30 

with the addition of EDTA solution and its fluorescence was 

regained upon addition of excess amounts of Fe3+. The emission 

spectrum of ‘1-Fe3+-EDTA’ solution resembled 1 alone, indicated 

that the added EDTA extracted Fe3+ from 1-Fe3+ complex and 

resulted in the formation of 1 and EDTA-Fe3+ complex.  35 

 Stability at physiological pH, non-toxicity and free from the 

interference of biologically relevant ions are the key criteria to a 

chemosensor for biological applications. The effect of pH on the 

fluorescence characteristics of 1 was estimated using acid-base 

titration experiments (Fig. S15, ESI†). The results revealed that 40 

emission characteristics of 1 were impassive to the variations in 

pH in the range of pH 4.5-10 and indicated its stability at 

physiological pH conditions. Moreover, the observed 

enhancement in the fluorescence intensity of the probe under 

strong acidic conditions (pH < 4) indicated that PET process is 45 

inhibited by the protonation of PET donor (piperazine ‘N’).16 

Further the results of the MTT assay designated that both the NIH 

3T3 and W138 cells are viable (cell viability is more than 90%) 

even after 48h of internalization of 1 (up to 25 µM concentration) 

and suggested its applicability for live cell  50 

Fig. 4. Fluorescence microscopic images of W138 cells: Row 1 (a1-a3): 

bright field images, Row 2 (b1-b3): fluorescence images obtained using 

green filter. Column 1 (a1-b1): W138 cells alone, Column 2 (a2-b2): 

cells treated with 1 (10 µM) alone; Column 2 (a3-b3): cells treated with 1 

(10 µM) and Fe3+ (10 µM). 55 

imaging experiments (Fig. S16, ESI†). Furthermore, the cytotoxic 

effect of Fe3+ on W138 cells is also evaluated using MTT assay 

(Fig. S16c, ESI†). The results revealed that the W138 cells are 

significantly viable up to 25 µM of added Fe3+ ions.  

Metal ion competitive experiments were performed to assess the 60 

Fe3+ ion detection ability of 1 in presence of other metal ions and 

the results suggested that probe 1 could be used to detect Fe3+ 

ions even in the presence of other competitive metal ions at 

excess concentrations (Fig. S17, ESI†).  

 After establishing high Fe3+ selectivity and sensitivity, non-65 

interference from other common metal ions, broad pH stability 

and non-cytotoxicity of probe 1, we have conducted live cell 

imaging experiments using probe 1 (Fig. 4). The W138 human 

lung fibroblast cells were used for live cell imaging experiments. 

Cells alone, cells incubated with only Fe3+ ions (10 µM) and cells 70 

incubated with only 1 (10 µM) did not show any considerable 

fluorescence emission when they observed under fluorescence 

microscope. However, upon exposing to exogenous Fe3+ ions (10 

µM), an intense intracellular green fluorescence was observed 

from the probe loaded cells. Further, W138 cells loaded with 1 75 

(10 µM) were treated with various amounts of Fe3+ ions (0-10 

µM), corresponding fluorescence outputs were measured using a 

well plate reader and a calibration curve was constructed (Fig. 

S18a, ESI†). A clear enhancement in the fluorescence intensity of 

the probe loaded cells was observed even with the addition of 1 80 

µM of Fe3+ ions and the fluorescence intensity was linearly 

increased with the amount of Fe3+ added (Fig. S18a, ESI†). 

Similarly, W138 cells loaded with 1 (10 µM) were separately 

incubated with Fe3+ ions (2.5 and 5.0 µM) and the amount of Fe3+ 

ions added was determined separately from the fluorescence 85 

outputs using the calibration curve and ICP-OES analyses (Fig. 

S18b and Table 2, ESI†). These results revealed the practical 

applicability of 1 to detect Fe3+ ions present in the live cells. To 

our knowledge, 1 is the first naphthalimide based PET fluorescent 

probe useful for the selective detection of Fe3+ ions present in the 90 

aqueous as well as biological samples in ‘turn-on’ fluorescence 

mode. 

 In conclusion, we have reported the first naphthalimde based 

Fe3+ selective fluorescence ‘turn-on’ probe that operates based on 
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PET mechanism for the selective detection of Fe3+ ions present in 

aqueous and biological samples. The probe is weakly fluorescent 

due to the photoinduced electron transfer from piperazine ‘N’ to 

naphthalimide and turned to highly fluorescent selectively with 

the addition of Fe3+ ions. The Fe3+-induced reduction in the PET 5 

in probe 1 is confirmed using DFT calculations and TCSPC 

experiments. Probe 1 is highly selective to Fe3+ ions and the 

presence of other competitive metal ions does not affect its Fe3+ 

detection ability. The probe is stable over a wide range of pH, 

non-toxic under experimental conditions and could be used for 10 

the imaging of intracellular Fe3+ ions with its ‘turn-on’ 

fluorescence output.  
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