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The paper reports on the synthesis and fluorescence characteristics of novel 
1,8-naphthalimide fluorophore. It was configured as a “fluorophore-spacer-
receptor” system able to act as a pH-probe via PET (photoinduced electron 
transfer) fluorescence sensing mechanism. Due to the tertiary amine receptor 
the novel probe showed “off-on” switching properties under the transition from 
alkaline to acid media. Also, the ability of the probe to detect metal ions in water/
dimethylformamide (1:1, v/v) has been evaluated by monitoring the changes of its 
fluorescence intensity. Among the tested metal ions (Cu2+, Pb2+, Zn2+, Ni2+, Hg2+, 
Fe3+) only the presence of Fe3+ was efficiently detected by fluorescence quenching 
mechanism. 
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INTRODUCTION

Analysis of pollutants of different origins in air, soil 
and water sources is a challenge for scientists on 
a global scale. A number of scientific laboratories 
are engaged in the development of new detectors 
for their detection. There is great interest in the 
development of highly efficient and selective sensors 
for the detection of heavy and transition metal ions. 
This has given rise to a drive to develop molecular 
devices capable of performing sensory functions, 
such as fluorosensors responding by a change in their 
fluorescence emission (Lieberzeit & Dickert, 2009; 
Saccomano et al., 2021; Thai & Lee, 2021; Wu et al., 
2017). The measurement of pH is very important in 
biological, chemical and industrial fields. In recent 
years, the optical pH sensory technique based on the 
absorption or emission of certain organic compounds 
with structural diversity, has received increasing 
attention because it offers many advantages over the 
potentiometric method, such as fast response time 
and the absence of the otherwise requested reference 
electrode (Abu-Thabit et al., 2016; Martínez-Quiroz 
et al., 2016; Ozdemir, 2020; Qi et al., 2015; Ye et al., 
2019; Wang et al., 2010).

Two common principles for fluorescence sensors 
are used: photoinduced electron transfer (PET) and 

internal charge transfer (ICT) (Jinbo et al., 2020; 
Panchenko et al., 2014; Prasanna de Silva et al., 2009; 
Valeur & Leray, 2000; Wu et al., 2019).

Among different fluorescent chemosensors, 
naphthalimide derivatives are attracting much attention 
due to their excellent stability, photophysical, thermal, 
electrochemical and electroluminescence properties, 
which can be modulated by introduction of different 
substituents at the 4th position of the naphthalimide 
ring. Despite the many naphthalimides synthesized, 
the design of new fluorescent sensors which exhibit 
high selectivity and sensitivity fluorescence, low-
toxicity and stability are still challenging (Geraghty et 
al., 2021; Gudeika, 2020; Lee, 2016; Li et al., 2012; 
Oshchepkov et al., 2021; Pablos et al., 2022; Poddar 
et al., 2019; Shaki et al., 2010; Tian et al., 2010; Zhang 
et al., 2019).

This paper reports on the design and synthesis of novel 
PET based 1,8-naphthalimide fluorophore (1). Also, 
the photophysical properties of the new compound in 
presence of protons and metal cations are presented.
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MATERIALS AND METHODS

N-allyl-4-nitro-1,8-naphthalimide as a precursor for 
the synthesis of the target dye has been synthesized 
according to a method described previously 
(Konstantinova et al., 1993). 1-(2-Aminoethyl)
piperazine was product of Sigma Aldrich (Merck). 
Solvents are of p.a or analytical grade (Fluka). 
Commercial HEPES (Fisher Chemical) was used. 
Zn(NO3)2, Cu(NO3)2, Ni(NO3)2, Pb(NO3)2, Fe(NO3)3 and 
Hg(NO3)2, and salts were the sources for metal cations 
(all Aldrich salts at p.a. grade).

The melting point was recorded on a Büchi 535 
apparatus (Switzerland). Thin-layer chromatography 
(TLC) measurements were performed on silica gel 
plates (Merck, 60 F 254, 20x20 cm, 0.2 mm thickness, 
ready-to-use). pH values were monitored using a 
704 pH-meter (Metrohm, Swiss). Electronic spectra 
were recorded on a Hewlett Packard 8452A UV/vis 
spectrophotometer; IR - on a Varian 660 instrument 
(Varian, USA); 1H-NMR spectra - on DRX-250-Brucker 
equipment and fluorescent spectra – on spectrometer 
FS-2 (Scinco).

The fluorescence quantum yields (ΦF) were measured 
relatively to Coumarin 6 (ΦF = 0.78 in ethanol) as 
standards. All fluorescence measurements were 
performed at 25.0°C. A 1×1 cm quartz cuvette was 
used for all spectroscopic analysis. To adjust the pH, 
very small volumes of hydrochloric acid and sodium 
hydroxide were used. The effect of the metal cations 
upon the fluorescence intensity was examined by 
adding portions of the metal cations stock solution 
(fresh prepared aqueous solutions) to a known volume 
of the fluorophore solution (10 mL dimethylformamide 
buffered with HEPES buffer). The addition was limited 
to 100 μL so that dilution remains insignificant.

RESULTS AND DISCUSION

The synthetic route used for the preparation of 
1,8-naphthalimide fluorophore (1) is outlined in 
Scheme 1.

N-allyl-4-nitro-1,8-naphthalimide as a precursor for 
the synthesis of the target dye has been synthesized 
according to a method described previously 
(Konstantinova et al., 1993).

For the synthesis of 1,8-naphthalimide fluorophore (1) 
N-allyl-4-nitro-1,8-naphthalimide (1.41 g, 0.005 mol) 
was dissolved in 25 ml dioxane, then 0.66 ml (0.005 
mol) of 1-(2-Aminoethyl)piperazine was added and the 
solution was stirred for 3 h while boiling. The reaction 
was monitored by TLC (system heptane:acetone = 
1:1 on silica gel). After cooling to room temperature, 
the reaction mixture was poured into 50 ml water. 
The precipitate of N-allyl-4-((2-(piperazin-1-yl)ethyl)
amino)-1,8-naphthalimide (1) was filtered off, washed 
with water till pH 7 and dried in vacuum at 40 °C. Yield 
95%. The product obtained was purified with column 
chromatography (above mentioned system). The dye 
(1) was characterized and identified by TLC (system 
heptane:acetone = 1:1 on silica gel) - Rf = 0.49; UV-
vis spectrum - λmax (DMF) = 430 nm; fluorescent 
spectrum - λmax (DMF) = 517 nm and 1H NMR (CDCl3, 
ppm): 8.54-8.53 (d, 1H, -CH- from ArH); 8.36-8.35 
(d, 1H, -CH- from ArH); 8.05-8.04 (d, 1H, -CH- from 
ArH); 7.59 (t, 1H, -CH- from ArH); 6.82-6.81 (d, 1H, 
-CH- from ArH); 5.93 (m, 1H, -CH=); 5.24-5.21 (d, 
2H, =CH2); 5.13-5.11 (d, 2H, -NCH2CH=CH2); 4.92 
(bs, 4H, 2 x -CH2 from piperazine); 4.72 (bs, 5H, 2 x 
-CH2 from piperazine, ArNH-); 2.89 (bs, 2H, -NHCH2-
CH2-);2.82 (bs, 2H, -NHCH2-CH2-); 0.81(bs, 1H, -NH 
from piperazine). Elemental analysis: calculated for 
C21H24N4O2 (MW 364.4) C 69.21, H 6.64, N 15.37%; 
Found C 69.33, H 6.61, N 15.42 %.

(1)

Scheme 1

Table 1. Basic spectral characteristics of (1)

Compound Yeild,% Rf Melting 
point, °С

λA,
nm λF,nm νA – νF,

cm-1 ФF*

N-allyl-4-nitro-1,8-
naphthalimide 97 0.65 109-112 348 - - -

1 95 0.49 > 280 430 517 3868 0.357

* ФF was measured relatively to Coumarin 6 (ΦF = 0.78 in ethanol) (Reynolds, Drexhage, 1975)
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Characteristics of the compound (1)

The photophysical properties of the compound (1) were 
investigated in dimethylformamide at a concentration 
of 1 x 10-5 mol l-1. Table 1 summarizes the basic spectral 
characteristics of (1): the values of absorption (λA) and 
fluorescence (λF) maxima, Stokes shift (νA - νF) and the 
quantum yield of fluorescence (ФF).

The absorption maximum of (1) is shifted 
bathochromically in comparison with N-allyl-4-nitro-
1,8-naphthalimide (430 nm) due to the electron 
donating ability of the amino group. The presence of 
the last one leads to the availability of fluorescence. 
The value of the Stokes shift is within the range typical 
for the naphthalimide dyes. The low quantum yield is a 
result of the PET present in the molecule.

The synthesized naphthalimide (1) is based on the 
“fluorophore-spacer-receptor” architecture, where 
aminonaphthalimide acts as a fluorophore and the 
electrondonating piperazine tertiary amino group 
is the cation receptor, while the ethylene group in 
between serves as a spacer separating covalently the 
two units.

In the absence of a bound cation or proton, the highest 
occupied molecular orbital (HОМО) of the unbound 
receptor has higher energy than that of the half-
filled HOMO of the excited fluorophore. This energy 
difference drives a rapid electron transfer from the 
receptor to the excited-state fluorophore resulting in 
quenched or “switched off” fluorescence. When the 
receptor is bound to a cation or proton, the energy 

level of the receptor is lower than that of the HOMO 
of the excited fluorophore. Hence, the receptor is 
stabilized and the electron transfer is not energetically 
favored. Thus the fluorescence is “switched on”. In the 
presence of an anion deprotonation of the nitrogen 
atom connected to the naphthalimide part occurs 
leading to fluorescence increment and bathochromic 
movement of λmax (as shown in Scheme 2).

Influence of pH on absorption and fluorescent 
properties of compound (1)

The compound under study was designed as a 
fluorescence sensor for determining pH changes over 
a wider pH scale. This was the reason to investigate 
the photophysical behavior of probe (1) in water/DMF 
(1:1, v/v) solution at different pH values.

The UV-VIS spectrum of compound (1) was recorded. 
It revealed the longest-wavelength absorption band in 
the range between 375 nm and 475 nm (Figure 1).

This absorption band is typical for the naphthalimide 
dyes and it is attributed to the internal charge transfer 
(ICT). It is well known that the photophysical properties 
of the naphthalimide derivatives are basically related 
to the polarization of their chromophoric system. 
Light absorption in this molecule generates a charge 
transfer interaction between the electron-donor 
substituent at C-4 position and the electron-acceptor 
carbonyl groups within the naphthalimide molecule. 
The absorption spectra of compound (1) shifted 
bathocromically in the 2-14 pH window in the course 
of the transition from acid to alkaline media (Figure 1).

H
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Scheme 2. Mechanism of compound (1) action
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The changes in the fluorescence spectra of compound 
(1) in water/DMF (1:1, v/v) solution at different pH 
values are depicted in Figure 2.

In alkaline media (pH 7.9 - 14) naphthalimide (1) 
showed fluorescence in the range between 450 nm 
and 650 nm with a maximum at 533 nm (Figure 3).

The addition of HCl to compound (1) (pH 8.4 – 5.6) 
converts the imino group of piperazine fragment 
in quaternary ammonium cations which strongly 
decreases the electron donating ability of the nitrogen 
atom. As a result, the PET transfer is terminated and 
the fluorescence of the molecule is “switched on“. 
The quantum yield of fluorescence ΦF = 0.357 was 
calculated using Coumarin 6 (ΦF = 0.78 in ethanol) as 
a standard (Reynolds, Drexhage, 1975) according to 
Eq. (1) (Grabchev et al., 2006), where Aref, Sref, nref and 
Asample, Ssample, nsample represent the absorbance at the 
excitation wavelength, the integrated emission band 
area and the solvent refractive index of the standard 
and the sample, respectively.

  

(1)

Upon further acidification of the medium (pH 5.6-2), 
the fluorescence intensity decreases and compound 
(1) goes into the "off" state. This is explained by the 
protonation of the imino group attached to the 
naphthalimide nucleus. Confirmation of the fact is that 
the compound ceases to fluoresce and a hypsochromic 
shift is observed in the absorption spectra (Figure 1).

In an alkaline media (pH 8.4-13), a hump is observed 
in the fluorescence spectrum, which could be 
explained as follows: in the pH range 8.4-10.5, the 
deprotonation of the imino group connected to the 
naphthalimide nucleus begins and the fluorescence of 
the compound increases more slightly in comparison 
with that in the pH range 8.4-5.6. In the pH range 
10.5-14, the deprotonation of the nitrogen atoms 
from the 2-piperazine-1-ylethylamine part begins. This 
is confirmed by the fact that the molecule does not 
produce fluorescence as PET is regenerated.

The sensory activity observed in the pH range 14 – 2 
is “off1-on1-off2-on2-off3”.

To evaluate compound (1) for pH sensing purposes, 
the calibration curve was constructed (Figure 2) and 
acidity constant was determined. The pKa values of 
compound (1) has been calculated by the Eq. (2) (Qian 
et al., 2008).

   

(2)

Four values were obtained for pKa: 2.9 - corresponding 
to the protonation of the nitrogen atom connected to 
the naphthalimide part, 7.32 - corresponding to the 
protonation of the nitrogen atom from the piperazine 
part, 8.75 - corresponding to the deprotonation of the 
nitrogen atom connected to the naphthalimide part 
and 13.2 - corresponding to the deprotonation of the 
nitrogen atom from the piperazine moiety.

The enhancement of the fluorescence emission FE1 = 
1.38 and FE2 = 1.33 have been used as a qualitative 
parameter. The FE1 = I/Io is determined as the ratio 
between the maximum fluorescence intensity I at pH 
5.6 and the minimum fluorescence intensity Io at pH 2. 
The FE2 = I/Io is determined as the ratio between the 
maximum fluorescence intensity I at pH 10.5 and the 
minimum fluorescence intensity Io at pH 14. 
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Figure 1. Absorption spectra of fluorophore (1) in water/
DMF (1:1, v/v) solution at different pH values

Figure 2. Fluorescence spectra of fluorophore (1) in 
water/DMF (1:1, v/v) solution at different pH values
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Influence of metal cations on the fluorescence 
intensity of compound (1)

The signaling fluorescent properties of compound (1) 
in the presence of transition metal cations (Cu2+, Fe3+, 
Ni2+, Pb2+, Zn2+ and Hg2+) were investigated. In order to 
avoid the aggregation process and more complicated 
equilibrium, the influence of the metal cations was 
studied in organic solvent. The investigation was carried 
out in DMF using 0.5, 1, 5 and 10 metal equivalents. 
Figure 3 shows the fluorescence quenching FQ of 
compound (1) in the presence of various metal cations.

As can be seen from the figure, the novel compound 
(1) exhibits sensor selectivity, a strong fluorescence 
quenching was observed only upon the addition of 
Fe3+, while the remaining ions produce a weaker effect. 
Possibly the well pronounced quenching effect of Fe3+ 

is due to the better complexation and paramagnetic 
properties of Fe3+ which are resulting unspecific 
fluorescence quenching by energy or electron transfer 
(Fabbrizzi et al., 1996; Yordanova et al., 2014). 

To maintain a constant pH values, the experiments 
have been performed in DMF in presence of HEPES 
buffer (pH 7.2). The HEPES buffer was chosen, 
because it ensures pH in the physiological range which 
is assumption for applications in living organisms. In 
Figure 4a and 4b presents the fluorescence spectra 
in DMF describing the behavior of sensor (1) towards 
the transition metal Fe3+ without and with a presence 
of a buffer.

It was found that upon addition of an equivalent of 
Fe3+ cations without addition on buffer (Figure 4a) 
results FQ = 1.53 while the addition 10 equivalent of 
Fe3+ quenches the emission with FQ = 2.31. After the 
addition of 10 µl of buffer HEPES (pH = 7.2) a bigger 
fluorescence quenching was observed (FQ=2.33 at 
using of an equivalent of Fe3+ and 2.65 at using of 10 
equivalent of Fe3+).

Therefore, we can conclude that both in the presence 
as well as in the absence of buffer coordination of the 
metal with the ligand is observed, as a result of which, 
however, PET is not interrupted.

CONCLUSIONS

The synthesis and characterization of new N-allyl-4-
((2-(piperazin-1-yl)ethyl)amino)-1,8-naphthalimide, has 
been described. Novel compound was designed as a 
“fluorophore-spacer-receptor” format, making the 
compound capable to act as a molecular fluorescence 
PET-based pH probe. The photophysical properties 
of the novel compound were studied in water/DMF 
(1:1, v/v) solution and discussed. The determined pKa 
values indicate that it would be able to act as efficient 
“off-on” switches for pH. Also, the novel probe showed 
sufficient sensor selectivity towards metal ions. In the 
presence of Fe3+ the synthesized compound quenched 
its fluorescence intensity (FQ = 2.65). These results 
demonstrate the potential of the novel naphthalimide 
derivative to detect metal ions with pronounced 
selectivity towards Fe3+.

Cu2+ Zn2+ Ni2+ Hg2+ Fe3+ Pb2+
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 Men+/L = 1:1
 Men+/L = 5:1
 Men+/L = 10:1

Figure 3. Effect of metal cations (c = 1 x 10-4 mol l-1)  
on the fluorescence of probe 1 (c = 1 x 10-5 mol l-1)  

in a DMF solution
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