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A highly selective fluorescent chemosensor for successive detection of Fe3+ and 
CN− in pure water
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Chemistry and Chemical Engineering, Northwest Normal University, Lanzhou, China

ABSTRACT
A water-soluble fluorescent chemosensor (D) based on 1, 8-naphthalimide derivative has been 
designed and synthesised as a new fluorescent sensor for successive detection of Fe3+ and CN−. 
Fluorescence measurements show that chemosensor D has excellent fluorescent-specific selectivity 
and high sensitivity for Fe3+ over many other metal ions in pure water. Moreover, the complex of D 
and Fe3+ (D–Fe3+) displayed high sensitivity for CN− over many other anions in the same medium. 
Even more important, the recognition of the sensor D for Fe3+ and D–Fe3+ complex for CN- could be 
used successfully in pure water. The test strips based on D and D–Fe3+ exhibited good selectivity to 
Fe3+ and CN,- respectively, we believe the test strips could serve as convenient and efficient Fe3+ and 
CN− test kits.
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1.  Introduction

In recent years, the design and synthesis of fluorescent 
chemosensors for cations and anions have been received 
extensive attention because of their fundamental role in 
medical, environmental and biological applications [1–9]. 
Bifunctional probes, which refer to those based on a single 
host that can independently recognise two guest species 
with distinct spectra responses by the same or different 
channels, have already emerged and have gradually 
become a new research focus in the field of fluorescence 
sensors [10–16].

Iron is the most abundant transition-metal ion in 
humans and other mammals, which plays important roles 
in various biological systems [17–20]. Moreover, excessive 
of iron ion is also harmful to the environment [21]. So the 
sensors for Fe3+ are badly needed [22–26]. Meanwhile, 

cyanide anion (CN−) is extremely toxic to living organ-
isms, and a trace amount of intake of the cyanide anion 
can therefore result in death [27,28]. The World Health 
Organisation (WHO) sets the maximum permissive level 
of cyanides in drinking water at 1.9 μM [29]. In addition, 
a large quantity of cyanide anion is widely used in indus-
try for the synthesis of fine chemicals, electroplating and 
precious metal mining and so on [30]. Hence, the rational 
design and synthesis of efficient sensors to selectively 
detect CN− at the environmental and biological levels have 
attracted much attention [31–44].

For practical applications of the probes in biochemical 
studies (especially for cell imaging studies), good water sol-
ubility is essential, because the usage of organic solvents 
usually destroys the normal function of biomolecules [45]. 
Although previous work has involved the development 
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and 1, 8-naphthalic anhydride (Scheme 1). 5-aminoisoph-
thalic acid (0.72 g, 4.0 mmol) and 1, 8-naphthalic anhydride 
(0.79  g, 4.0  mmol) were combined in hot absolute DMF 
(20 mL). The solution was stirred under reflux conditions 
for 8 h, after cooling to room temperature, the white precip-
itate was filtrated, washed with absolute ethanol three times 
and dried under vacuum, then get the product D in 77% 
yield (m.p. > 300 °C). The chemosensor D has been charac-
terised by 1H NMR and IR, 1H NMR (DMSO-d6, 600 MHz): δ 
13.46 (s 2H), δ 8.51–8.56 (m 5H), δ 8.25 (s 2H), 7.90–7.92 (t 
2H). IR (KBr, cm−1) v: 3349 (w), 1699 (s), 1585 (m), 1411 (w), 
1348 (w), 1282 (w), 923 (w) (Figure S1 and S2). D has two 
terminal carboxylic acid groups, and because of the strong 
intermolecular H–bonding interaction in the solid state, the 
solubility of D is very poor in water. To alleviate the prob-
lem of solubility in water, we have dissolved it by adding 
two equivalents of NaOH that converts –COOH groups to 
sodium salt of D, and because of the ionic character of the 
latter, D after deprotonation could be completely dissolved 
in pure water media. Mass spectrometry was made with 
sodium salt of D (D2−) (Figure S3). ESI–MS m/z: calcd for 
C20H10NO6, [D2− + H] = 360.0508, found [D2− + H] = 360.0550.

2.3.  General procedure for UV–vis experiments

All UV–vis spectra were recorded on a Shimadzu UV–2550 
spectrometer after the addition of perchlorate metal salts 
and sodium salt of anion in water, while keeping the ligand 
concentration constant (2.0 × 10−5 M).

2.4.  General procedure for fluorescence spectra 
experiments

All fluorescence spectra were recorded on a Shimadzu 
RF–5301 fluorescence spectrometer after the addition 
of perchlorate metal salts and sodium salt of anion in 
water, while keeping the ligand concentration constant 
(2.0 × 10−5 M). The excitation wavelength was 310 nm.

3.  Results and discussion

In order to investigate the Fe3+ recognition abilities of the 
sensor D, we carried out a series of Host–Guest recognition 

of a wide variety of chemical and physical sensors for the 
detection of CN−, so far, improving the detection selec-
tivity and sensitivity in the context of interference from 
coexisting anions such as F− and AcO− in pure water has 
been challenging.

In view of these and base on our research interesting in 
ions recognition [46–58], we want to develop a water-solu-
ble sensor. In this paper, a water soluble chemosensor (D) 
based on 1, 8-naphthalimide derivative has been designed 
and synthesised as a new fluorescent sensor for successive 
detection of Fe3+ and CN−. The strategy for the design of 
the chemosensor (D) was as follow. The 1, 8-naphthalim-
ide group acts as fluorophore [59–64], carboxyl group acts 
as coordinate group and hydrophilic group. We are very 
gratifying to see that the results go as we expect, sensor 
D displays high sensitivity and rapid response (<1 min) for 
recognising Fe3+ in pure aqueous system. Excitingly, D–
Fe3+ displays high sensitivity for cyanide in same system, 
successfully achieve successive detection of Fe3+ and CN−.

2.  Experimental section

2.1.  Materials and apparatus

Fresh double-distilled water was used throughout the exper-
iment. All other reagents and solvents were commercially 
available at analytical grade and were used without further 
purification. 1H NMR spectra was recorded on an Agilent 
DD2 at 600 MHz spectra. 1H chemical shifts are reported in 
ppm downfield from tetramethylsilane (TMS, δ scale with 
the solvent resonances as internal standards). UV–visible 
spectra were recorded on a Shimadzu UV–2550 spectrom-
eter. Fluorescence spectra were recorded on a Shimadzu 
RF–5310. Melting points were measured on an X–4 digital 
melting-point apparatus. The infrared spectra were per-
formed on a Digilab FTS–3000 FT–IR spectrophotometer. 
Mass spectra were performed on a Bruker Esquire 3000 plus 
mass spectrometer (Bruker–FranzenAnalytik GmbH Bremen, 
Germany) equipped with ESI interface and ion trap analyser.

2.2.  Synthesis of the chemosensor D

Compound D can be readily prepared by a simple and low-
cost acetylation reaction of 5-aminoisophthalic acid group 

Scheme 1. Synthetic procedures for sensor D.
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experiments in pure water. The recognition profiles of the 
chemosensor D towards various metal ions that include 
Fe3+, Ag+, Ca2+, Cu2+, Co2+, Ni2+, Cd2+, Zn2+ and Mg2+ were 
primarily investigated by UV-vis spectroscopy (Figure S4) 
and fluorescence spectroscopy in water. Upon adding 
20 equivalents of Fe3+ to the water solution of sensor D, 
the absorption at 348 nm enhanced immediately, and a 
broad shoulder peak appeared in a region from 350 to 
420 nm, the same tests were also conducted using Ag+, 
Ca2+, Cu2+, Co2+, Ni2+, Cd2+, Zn2+ and Mg2+ ions, and none 
of these cations induced any significant changes, while 
20 equivalents of Cu2+ to the water solution of sensor D, 
the absorption at 348 nm weakened slightly, and a weak 
broad shoulder peak from 375 to 500 nm is observed, but 
it did not interfere with the recognition of the sensor D 
to Fe3+ (Figure S4). As shown in Figure 1, in the fluores-
cence spectrum, the maximum emission of D appeared 
at 396 nm in water when excited at λex = 310 nm. When 
20 equivalents of Fe3+ was added to the water solution of 
sensor D, the fluorescence emission peak at 396 nm dis-
appeared. The drastic color change from blue to colourless 
could be distinguished by naked-eyes through UV lamp. 
To further explore the selectivity of sensor D, the same 
tests were also conducted using Ag+, Ca2+, Cu2+, Co2+, 
Ni2+, Cd2+, Zn2+ and Mg2+ ions, and no significant changes 
were observed in the fluorescent spectrum of the sensor 
D (Figure 2). Therefore, in pure water solution, D showed 
specific fluorescent selectivity to Fe3+.

In order to investigate the CN− recognition abilities 
of the sensor D–Fe3+, a series of Host-Guest recognition 
experiments in pure water were also carried out. The rec-
ognition profiles of the chemosensor D–Fe3+ complex 
towards various anions were primarily investigated by UV–
vis spectroscopy (Figure S5) and fluorescence spectroscopy 

in water. It can be seen that the shape of the absorption 
curve of D + Fe3++CN− is consistent with D, while the shape 
of the absorption curve which the other anions that we 
studied, such as F−, Cl−, Br−, I−, AcO−, ClO4

− and SCN− remain 
basically the same with D–Fe3+, showed the selectivity of 
sensor D–Fe3+ to CN− in pure water solution (Figure S5). As 
shown in Figure 3, the completely quenched fluorescence 
of D in water by Fe3+ was turned on after the addition of 
CN−. To evaluate the selectivity of D–Fe3+ complex towards 
CN−, the influence of other anions, such as F−, Cl−, Br−, I−, 
AcO−, ClO4

− and SCN−, was investigated. However, the com-
petitive anions did not produce any substantial effect on 
emission spectra. These results suggested that sensor D 
displayed high selectivity towards Fe3+ in pure water, and 
the resulting D–Fe3+ complex system displayed an excel-
lent selectivity for CN− in the same media as well (Figure 4). 
To this end, the designed successive recognition of the two 
ions has been achieved with relay specificity (Fe3+→CN−) 
via a fluorescence ‘on–off–on’ switching mechanism and 
provided a complementary sensing approach to previous 
bifunctional probes for Fe3+ and CN− ions.

To further investigate the sensing properties of D and 
D–Fe3+, fluorescence titration experiments were per-
formed. Figure 5 shows that with the addition of increas-
ing amounts of Fe3+ to the water solution of sensor D, the 
fluorescence emission intensity of D at λ max = 396 nm 
was decreased gradually, and the fluorescence of D was 
essentially quenched by 6.12 equiv of Fe3+ ion. The binding 

Figure 1. (Colour online) Fluorescence spectra of D (20 μM) upon 
an excitation at 310 nm in pure water media in the presence of 
Fe3+ (20 equiv.). Inset: photographfrom left to right shows the 
change in the fluorescence of D, D–Fe3+ (20equiv.) in pure water.

Figure 2. (Colour online) (a) Fluorescence emission data for 1:20 
mixture of D (20 μM) and different metal ions, as their perchlorate 
salts in pure water . ( λex  =  310  nm). (b) Visual fluorescence 
emissions of sensor D after the addition of Fe3+, Ag+, Ca2+, Cu2+, 
Co2+, Ni2+, Cd2+, Zn2+ and Mg2+ (20 equiv.) in pure water media on 
excitation at 310 nm using UV lamp at room temperature.
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(Figure 6). And the detection limit of the D–Fe3+ for the 
determination of CN− was estimated to be 2.6 × 10−10 M 
(Figure S7). Obviously, the detection limit of the sensor 
D–Fe3+ is lower than the WHO limit(1.9 μM).

The selectivity towards Fe3+ and CN− were further 
ascertained by the competition experiments. Figure 7 
illustrated clearly the fluorescence response of D to Fe3+ 
in the presence of other metal ions. From the bar diagram, 
we could easily understand that all the coexistent metal 
ions had no obvious interference with the detection of 
Fe3+. In the presence of these coexistent cations, the Fe3+ 
still produced similar fluorescence emission changes. The 
result suggested that sensor D could serve as a fluorescent 
chemosensor for Fe3+ in water solution. Likewise, Figure 8  

constant Ka of the metal complex was determined as 
4.57 × 104 M−1, obtained by a linear curve fitting of the 
fluorescence titration results (Supporting Information). 
And the detection limit of the D for the determination of 
Fe3+ was estimated to be 1.97 × 10−7 M (Figure S6), which 
point to the high detection sensitivity. The generated D–
Fe3+ was directly used to titrating CN− without separation 
and purification. Upon the addition of CN−, there is a sig-
nificant increase in the fluorescence intensity of D–Fe3+ 

Figure 3. (Colour online) Fluorescence spectra of D–Fe3+ (20 μM) 
upon an excitation at 310 nm in pure water media in the presence 
of CN−(50 equiv.). Inset: photograph from left to right shows the 
change in the fluorescence of D–Fe3+, D + Fe3++CN− (50 equiv.) 
in pure water.

Figure 4.  (Colour online) (a) Fluorescence emission data for D–
Fe3+ (20  μM) and different anions (50 equiv.) as their sodium 
salts in pure water. (excitation wavelength = 310 nm). (b) Visual 
fluorescence emissions of sensor D–Fe3+ (20 μM) after the addition 
of F−, Cl−, Br−, I−, AcO−, ClO4

−, CN−, SCN− (50 equiv.) in water on 
excitation at 365 nm using UV lamp at room temperature.

Figure 5. (Colour online) Fluorescence spectra of D (20 μM) in pure 
water in the presence of increasing amounts of Fe(ClO4)3. Inset: A 
plot of fluorescence intensity depending on the concentration of 
Fe3+ in the range from 0 to 6.12 equiv. The excitation wavelength 
was 310 nm.

Figure 6. (Colour online) Fluorescence spectra of D–Fe3+ (20 μM) 
in pure water in the presence of increasing amounts of CN−. The 
excitation wavelength was 310 nm.
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spectrum in Figure S2. The dominant C=O stretching vibra-
tion is seen at 1701 cm−1 (red line in Figure S2). In con-
trast, the typical C=O vibration in the D–Fe3+ spectrum at 
1699 cm−1 and broadens which accounts for coordination 

indicated that the selectivity of D–Fe3+ towards CN− is 
hardly affected by these commonly coexistent ions.

Besides the fluorescence change, infrared (IR) spectrum 
of the ferric complex is compared to the metal-free ligand 

Figure 7. (Colour online) Competitive experiments towards the fluorescence quenching effect of Fe3+ in presence of a large number of 
other cations (20 equiv.).

Figure 8. (Colour online) Normalised change in the emission intensity of D–Fe3+ after addition of the CN− (50 equiv.) in the presence of 
an excess amount of other anions (50 equiv.).
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[65]. Meanwhile, Fe3+ is coordinates with ClO4
− (Scheme 

2).We have also prepared D–Fe3+ complex solid, from the 
ESI–MS spectrum (Figure S9), the ion peaks were detected 
at m/z 437.09, which correspond to [D2− + Fe3++Na+], the  
result proved the 1:1 bonding mode between D and Fe3+ 
again.

To investigate the practical application of chemosensor 
D, test strips were prepared by immersing filter papers into 
a water solution of D (2.0 × 10−4 mol/L) and then drying in 
air. The test strips containing D were utilised to sense Fe3+ 
first. When Fe3+ was added on the test kits, the fluorescence 
turn off response can be observed under UV irradiation. The 
same procedures were done for cyanide and competitive 
ions (Figure 10). The fluorescence turn on response can also 
be seen under UV irradiation. However, potentially compet-
itive ions exerted no influence on the detection of iron and 
cyanide by the test strips. Therefore, the test strips could 
conveniently detect iron and cyanide in water solution.

of the carbonyl oxygen to Fe3+ (black line in Figure S2). 
The shift to low wavenumbers and broadening of these 
absorption bands suggested the coordination of Fe3+ with 
the carbonyl groups of D induced the formation of the 
ferric complex.

In order to further quantify the complexation ratio 
between D and Fe3+, the Job’s method was used (Figure 9).  
As shown in Figure 9, Job’s plot of D and Fe3+, we can see 
there is an inflection point when the molar fraction of [D]/
([D]+[Fe3+]) was 0.5, the result showing the formation of 
a 1:1 bonding mode between D and Fe3+. From the ESI–
MS spectrum, we can also see an obvious peak at m/z 
360.0550 assignable to [D2− + H] (Figure S3) and a peak at 
m/z 851.1862 assignable to [D2− + Fe3++4ClO4

− + K++H+] 
(Figure S8). The presence of Fe3+ leads to the formation of 
D–Fe3+, which is then converted to a structural change, 
sensor D is most likely to chelate with metal ions via its car-
bonyl O adopting the more familiar Fe–O–C–O–Fe modes 

Figure 9.  Job’s plot of D and Fe3+, which indicated the 
stoichiometry of D–Fe3+ complex is 1:1.

Figure 10.  (Colour online) Photographs of the colorimetric test 
kits with D (D–Fe3+) for detecting Fe3+ (CN−) using UV lamp at rt.

Scheme 2. (Colour online) Possible binding mode of sensor D with Fe3+.
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4.  Conclusions

In summary, we have developed a water-soluble fluores-
cent chemosensor (D) based on 1, 8-naphthalimide deriv-
ative for the successive recognition of two ions (Fe3+ and 
CN−). The sensor D displayed high selectivity and sensitiv-
ity for Fe3+ in water solution, which served as an on-off-
type sensor. Consequently, the D–Fe3+ complex showed 
highly selective and sensitive response towards CN− in the 
same media, constituting an on–off–on-type fluorescence 
recognition system. The detection limits of the sensor D to 
Fe3+ is 1.97 × 10−7 M and the D–Fe3+ complex to CN− anion 
is 2.6 × 10−10 M respectively. Moreover, the sensors D and 
the D–Fe3+ complex could be used in pure water system, 
which is very important for good sensor. Test strips based 
on D and D–Fe3+ were prepared, which could conveniently 
and efficiently detect Fe3+ and CN−.
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