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Furo[3,2-c]coumarin-derived Fe3+ 
Selective Fluorescence Sensor: 
Synthesis, Fluorescence Study and 
Application to Water Analysis
Norfatirah Muhamad Sarih1,2, Alexander ciupa3, Stephen Moss3, Peter Myers4, 
Anna Grace Slater3,4, Zanariah Abdullah2, Hairul Anuar tajuddin2 ✉ & Simon Maher1 ✉

Furocoumarin (furo[3,2-c]coumarin) derivatives have been synthesized from single step, high yielding 
(82–92%) chemistry involving a 4-hydroxycoumarin 4 + 1 cycloaddition reaction. They are characterized 
by FTIR, 1H-NMR, and, for the first time, a comprehensive UV-Vis and fluorescence spectroscopy 
study has been carried out to determine if these compounds can serve as useful sensors. Based on the 
fluorescence data, the most promising furocoumarin derivative (2-(cyclohexylamino)-3-phenyl-4H-
furo[3,2-c]chromen-4-one, FH), exhibits strong fluorescence (ФF = 0.48) with long fluorescence lifetime 
(5.6 ns) and large Stokes’ shift, suggesting FH could be used as a novel fluorescent chemosensor. FH 
exhibits a highly selective, sensitive and instant turn-off fluorescence response to Fe3+ over other 
metal ions which was attributed to a charge transfer mechanism. Selectivity was demonstrated against 
13 other competing metal ions (Na+, K+, Mg2+, Ca2+, Mn2+, Fe2+, Al3+, Ni2+, Cu2+, Zn2+, Co2+, Pb2+ 
and Ru3+) and aqueous compatibility was demonstrated in 10% MeOH-H2O solution. The FH sensor 
coordinates Fe3+ in a 1:2 stoichiometry with a binding constant, Ka = 5.25 × 103 M−1. This novel sensor 
has a limit of detection of 1.93 µM, below that of the US environmental protection agency guidelines 
(5.37 µM), with a linear dynamic range of ~28 (~2–30 µM) and an R2 value of 0.9975. As an exemplar 
application we demonstrate the potential of this sensor for the rapid measurement of Fe3+ in mineral 
and tap water samples demonstrating the real-world application of FH as a “turn off” fluorescence 
sensor.

Coumarin is an aromatic heterocyclic compound made up of two fused six-member aromatic rings, between 
benzene and pyrone, to form as a benzopyrone. The academic literature contains an abundance of information 
regarding the synthesis and bioactivities of coumarin derivatives1–3. Research involving this ring system has been 
applied to a wide range of areas including pharmaceuticals4, optical brighteners5, fluorescents6–14 and laser dyes15. 
Recently, we developed a novel mixture of simple organic fluorescents, including furocoumarin, to generate high 
purity white light emission when applied as a coating to a commercial UV LED16. Furocoumarins are one of the 
coumarin derivatives that can be classified into two groups, i. furan fused benzene ring (psoralen and angelicin) 
and ii. furan fused lactone ring (furo[3,2-c]coumarin, furo[2,3-c]coumarin and furo[3,4-c]coumarins)17. Both 
psoralen and angelicin compounds are commonly studied because of their abundance in nature compared to 
the fused furan on the lactone ring17. In this study, furo[3,2-c]coumarin has been chosen as a suitable fluorescent 
heterocyclic candidate as it gives an excellent yield based on published reports18–20. Furthermore, the synthesis 
method for furo[3,2-c]coumarin is both efficient and straightforward (one-pot). It is found in natural products, 
for example, rhizome of Salvia miltiorrhiza Bunge and exhibits potent biological activity (antitumor, antioxi-
dant, anticoagulant, antifungal, anticancer) with several therapeutic applications21. Nair and co-workers reported 
their preparative procedure which involves a [4 + 1] cycloaddition with in-situ generated heterocyclic coumarin 
methides and isocyanides18. Since coumarins typically show excellent spectroscopic properties, high stability and 
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low toxicity22, we hypothesized that furo[3,2-c]coumarin derivatives could have potential as fluorescent sensor 
probes.

The study of fluorescent probes for metal ion detection is a vibrant research field, attracting great interest due 
to both the importance of detecting heavy metals but also because this sensing approach can offer high sensitivity 
and fast response times with relatively simple instrumentation requirements23–25. Due to the low concentrations 
at which metal ions are present, for example in biosystems and in the environment, high-sensitivity probes are 
essential for practical applications26,27. In recent years, a large number of fluorescent sensors from coumarin 
derivatives have been reported for metal ion detection28, such as Cu2+ 29–32, Zn2+ 33–37, Al3+ 38,39, Mg2+ 40–42 and 
Fe3+ 43–47. Reference48 gives an overview of some of the sensing materials used for Fe3+ detection.

Among the metal ions, iron is an essential trace element found in living organisms, and both its deficiency 
and excess are associated with various disorders, such as Alzheimer’s, Parkinson’s disease49–51 and anemia52. An 
excessive amount of iron in the human body can cause toxic damage to various organs including the heart and 
liver52, whilst a lack of iron is related to weakened cognitive growth and decreases the capacity for physical work53. 
In severe excess it is known to be lethal and death has occurred following human ingestion of ~40 mg/kg54. The 
major source of daily iron intake for humans is from food (e.g., green vegetables contain 20–150 mg/kg55) with 
drinking water (assuming an average concentration of 0.3 mg/L) accounting for ~0.6 mg of daily intake. Iron 
concentration in surface waters is usually <~1 mg/L but much higher concentrations are encountered in ground-
water (e.g., >50 mg/L). Excess iron in the environment can also arise due to chemical treatment processes (e.g., 
coagulation) and from corrosion of ferrous materials. In the USA, the environmental protection agency (EPA) 
guidelines state that the maximum level of Fe3+ in drinking water is 5.37 µM56, and in the UK, the drinking water 
inspectorate (DWI) has set a maximum concentration limit for total iron at 200 µg/L57.

The analysis of Fe3+ is of great importance for various application areas including biomedical58, environ-
mental59 and aquatic60. In previous work successful attempts have been reported for the detection of Fe3+ 43–47. 
However, in each case, selectivity is not demonstrated for some heavy metals (that exhibit properties similar to 
those of Fe3+) which could interfere with detection61. For example, we note that Ru3+, which amongst the variety 
of transition metal ions, theoretically, has the greatest similarity to Fe3+, is not tested for potential interference. 
Ruthenium is mainly used in the electronics62–64 and chemical industries65,66, but it also used for biomedical 
purposes such as anti-cancer drugs67,68. Therefore, for any Fe3+ fluorescent probe, it is important to extensively 
demonstrate selectivity, testing with other heavy metals including ruthenium, as it can be present in the environ-
ment69, biological systems70 and water71 samples.

Herein, for the first time, we perform a fluorescent study of furo[3,2-c]coumarin derivatives. In particular, we 
show that the derivative, 2-(cyclohexylamino)-3-phenyl-4H-furo[3,2-c]chromen-4-one (FH), is as an effective 
fluorescent sensor which exhibits high selectivity for Fe3+, tested against 13 other competing metal ions, including 
Ru3+ and Fe2+. Finally, we demonstrate the potential of this novel chemosensor for the rapid measurement of Fe3+ 
in real water samples.

Results and discussions
The structures of the furocoumarin derivatives (FH, FCl, and FNO2) were characterized by 1H NMR and FTIR. 
These results are in good agreement with the chemical structures for furocoumarin from the literature18,19. Table 1 
summarizes the UV-Vis and fluorescence spectroscopy data of FH, FCl and FNO2. Fig. S1, shows the UV-Vis 
spectra of FH, FCl and FNO2 in ethanol. In Fig. 1, the fluorescence spectra of FH and FCl show higher inten-
sity than FNO2. The main contributing factor responsible for the high fluorescence intensity of furocoumarin is 
related to its planar and rigid structure72. Fluorescence of FNO2 was severely quenched, contrary to the responses 
for FH and FCl. Chloro- in FCl is a weaker electron withdrawing group (EWG) than -NO2 in FNO2, however, 
the chloro- substituent can also donate through the aromatic ring, which has a high electron density, as the atom 
is enriched with non-bonding electrons. Therefore, it can be through a π-electron delocalization promoter rather 
than a nitro group, which acts as a relatively strong EWG as illustrated in Fig. 2. In this case, chlorophenyl would 
be a donor group to the furocoumarin moiety (an acceptor group). It has been reported that the EWG decreases 
electron density of the aromatic ring with the exception of the halogen substituent group73. The EWG of the 
nitro group in the benzene ring (nitroaromatic) has empty π∗ orbitals of low energy, which are good acceptors 
of electrons. Therefore electron-rich fluorescent molecules can potentially undergo strong quenching via a pho-
toinduced electron transfer (PET)74, fluorescence resonance energy transfer (FRET) or electron exchange energy 
transfer with nitroaromatics75–77. Hence, we attribute the higher fluorescence intensity to the chloro- over the 
nitro- substituent.

Compounds [M] Abs
Molar 
Abs λex (nm) λem (nm) ФF

Stokes 
shift (nm) τ (ns)

FH 1.00 × 
10−6 0.37 2.00 × 105 375 492 0.48 127 5.61

FCl 1.00 × 
10−6 0.20 3.70 × 105 375 491 1.00 126 4.17

FNO2
1.00 × 
10−5 0.22 5.70 × 104 380 440 nd 60 nd

Table 1. Concentration [M], Absorbance (Abs), fluorescence lifetimes (τ) and quantum yield (ФF) for 
fluorescence properties of furocoumarin derivatives in ethanol solution. nd = not determined.
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Fluorescence and UV–Vis titration studies of FH with other metal ions. The photophysical com-
plexation studies of FH with an extensive series of metal salts including: Na+, K+, Mg2+, Ca2+, Mn2+, Fe2+, Fe3+, 
Al3+, Ni2+, Cu2+, Zn2+, Co2+, Pb2+ and Ru3+ in methanol, was performed using fluorescence spectroscopy. As 
shown in Fig. 3, the mixture of FH with Fe3+ was the only test sample that exhibited no fluorescence emission 
(i.e., turn-off) in the wavelength range from 430 to 700 nm. Remarkably, in the presence of 50 μM of various 
metal ions, fluorescence spectra of FH exhibited an appreciable fluorescence emission except in the case of Fe3+, 
which resulted in a noticeable turn-off fluorescence response. This fluorescence spectral change was also observed 
visually when examined with a UV transilluminator (380 nm) as illustrated in Fig. S2. The interaction of FH with 

Figure 1. Fluorescence Spectra of Furocoumarin derivatives (FC, FH, FNO2) in ethanol. Inset: Photograph 
image of furocoumarin in ethanol under UV lamp illumination.

Figure 2. Possible mechanisms whereby chloro- substituent (R = Cl) donates electron through aromatic ring 
compared with nitro- substituent (R = NO2).

Figure 3. Fluorescence spectra of FH (0.5 μM) in the presence of different metal ions (100 equiv.) in methanol.
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Fe3+ leads to an immediate fluorescence turn-off, while for the other metal ions, a slight fluorescence quenching 
is observed by the naked eye. As mentioned, the planar and rigid structure of the FH molecule makes it a highly 
fluorescent compound. However, when chelation occurs, there is a transfer of charges within the fluorescent 
ligand-metal system which then causes fluorescence quenching78,79. Therefore, it can be inferred that the fluores-
cence quenching of FH in the presence of Fe3+ is due to a ligand-metal charge transfer (LMCT) mechanism. This 
suggestion is supported by considering the paramagnetic nature of Fe3+ with an unfilled d shell, this would take 
part in the energy and/or electron transfer processes leading to quenching of the fluorescence80,81. We suspect, 
when Fe3+ binds with FH, the fluorescent opens a non-radiative deactivation channel induced by the unfilled d 
shell, resulting in fluorescence quenching due to electron transfer82. Thus, the mechanism of LMCT could happen 
promptly due to the strong paramagnetic quenching property of Fe3+, leading to a severe fluorescence quenching 
effect (i.e., turn-off) to coordinate between FH and Fe3+.

To gain a quantitative evaluation of the relation between the change in emission intensity of FH and the 
amount of Fe3+ interaction, a fluorescence titration experiment was carried out with varying concentrations of 
Fe3+ (Fig. 4). The emission intensity of the peak at 511 nm was systematically quenched by increasing the concen-
tration of Fe3+ from 5 to 50 μM. Moreover, the emission intensity at 511 nm was linearly proportional (correlation 
coefficient, R2 > 0.99) to the concentration of Fe3+ over the range of 0–30 μM, with a limit of detection of 1.93 µM 
(Fig. S3). These observations revealed that FH is suitable for use as a sensor for the quantitative measurement of 
Fe3+. To investigate the binding stoichiometry between FH and Fe3+, a Job’s plot experiment was carried out by 
keeping the total concentration of FH and Fe3+ ions at 20 μM and changing the molar ratio of Fe3+ from 0 to 1. As 
shown in Fig. S4 the result indicates a maximum molar fraction of 0.7, indicating the formation of 1:2 complex of 
FH and Fe3+. This agrees with complexes previously reported83,84. On the basis of changes in emission intensity at 
511 nm, the stoichiometric ratio and apparent binding constant of FH with Fe3+ was determined using Benesi–
Hildebrand (B-H) linear regression analysis. From the B − H plot, a 1:2 stoichiometry between FH with Fe3+ was 
confirmed with an association constant of 5.25 × 103 M−1 (Fig. S5).

Competition experiment using fluorescence spectroscopy. To further investigate the practical 
applicability of FH as a selective sensor for Fe3+, a competition experiment was carried out for FH in the pres-
ence of Fe3+ mixed with other metal ions (Na+, K+ Mg2+, Ca2+, Fe2+, Mn2+, Al3+, Ni2+, Cu2+, Zn2+, Co2+, Pb2+, 
Ru3+). Interestingly, the fluorescence emission intensity was quenched in every case after mixing Fe3+ with each 
of the candidate metal ions (Fig. 5). Thus, FH shows great promise as a highly selective and sensitive fluorescence 
turn-off sensor for the detection of Fe3+ even in the presence of other analogous ions (in particular, Fe2+ and 
Ru3+). Furthermore, based on the general trend in Fig. 5, it is apparent that 3+ cations tend to exhibit stronger 
binding that effects fluorescence quenching of FH. This may be due to stabilization of the binding with an anion 
(NO3−); 2 bonds at FH and one bond with anion. Consider, for example Al3+, where the cation can bind in a 
similar way. This tridentate binding is certainly more stable than the other 2+ cations with bidentate binding. It 
is also apparent that Fe3+ shows better binding with FH than Fe2+ which can be attributed to the cationic radii, 
since Fe3+ is much smaller than Fe2+ about half the size of the Fe3+ radius85. When considering 1+ cations it is 
interesting that Na+ also quenches FH but with K+ to a lesser extent. This is probably related to the single bond 
with FH that is not very stable. Moreover, Na+ has better electronegativity compared to K+, which one expects 
promotes better binding with FH.

Proposed sensing mechanism. To study the reasonable binding mode of FH and Fe3+, mass spectrome-
try analysis has been carried out and supports the formation of a 1:2 FH-Fe3+complex. As illustrated in Fig. S6, 
FH exhibits an intense protonated peak at m/z 360.21, while in the presence of Fe3+, a peak at m/z 595.55 is 
observed, which is attributed to the formation of a protonated FH:(Fe3+NO3)2 complex. For the mentioned results 
above, as well as the Job’s plot (Fig. S4), we suspect that the sensing mechanism for the 1:2 binding modes of 
the FH-Fe3+complex is as suggested in Fig. 6. IR spectroscopy was used to elucidate the coordination mode 

Figure 4. Fluorescence emission spectra of FH (0.5 μM) titrated with Fe3+ (0–100 equiv.) in methanol.
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between FH and Fe3+ (Fig. S7), shows the FTIR spectra of FH before and after the addition of Fe3+. A shift in 
the characteristic absorption band in the FTIR spectra confirmed the coordination behavior for FH-Fe3+. Upon 
the introduction of Fe3+, an extremely broad peak appeared between 3665 and 3125 cm−1, which is attributed 
to the involvement of nitrogen from the primary amine (NH) and oxygen from furan in the binding of Fe3+. 
Furthermore, the stretching vibration frequency of the pyrone carbonyl (C=O) at 1720 cm−1 is shifted to 1605 
cm−1.

Fluorescence and UV–vis titration studies of FH with other metal ions (in water/methanol (9:1, 
v/v)). Fluorescence quenching in protic solvents is a common problem with previously reported fluorescence 
sensors86, In order to confirm FH is not susceptible to this issue and to demonstrate a real-world sample applica-
tion, the photophysical properties of sensor FH were examined in a predominantly aqueous environment, water/
methanol (9:1, v/v) at 5 µM. This composition of 9:1 v/v water/methanol was at the maximum solubility of FH in 
water. Changes to the fluorescence properties of FH caused by various metal ions are shown in Fig. 7. The result 
shows Fe3+ also produces significant quenching in the fluorescent emission of FH. The other tested metals only 
show relatively insignificant changes, except Co2+, Na+ and K+. So, it can be concluded that FH also has high 
selectivity for recognition of Fe3+ in a predominantly aqueous solution. The fluorescence spectra of FH (5 µM) in 
water/methanol (9:1, v/v), in the presence of various concentrations of Fe3+ ion (0.2–8 equiv.), are shown in Fig. 8, 
which shows quenching in the fluorescent emission of FH when the concentration of Fe3+ is increased. A Job’s 
plot of FH with Fe3+ also indicates the formation of a 1:2 complex (Fig. S8). A competitive assay (Fig. 9) confirms 
that FH can still detect Fe3+ even in the presence of other heavy metals. Thus, in a predominantly aqueous solu-
tion, FH exhibits high selectivity for Fe3+ over the other tested metal ions except Co2+, Na+ and K+.

Figure 5. Competitive experiments in the FH + Fe3+ system with potential interfering metal ions. FH (0.5 μM), 
Fe3+ (50 μM), and other metals (50 μM). Excited at 374 nm and emission measured at 511 nm.

Figure 6. Proposed binding mode of FH with Fe3+.
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Figure 7. Fluorescence spectra of FH (5 μM) in the presence of different metal ions (10 equiv.) in water/
methanol (9:1, v/v).

Figure 8. Fluorescence emission spectra of FH (5 μM) titrated with Fe3+ (0.2–8 equiv.) in water/methanol (9:1, 
v/v).

Figure 9. Competitive experiments in the FH + Fe3+ system with interfering metal ions. FH (5 μM), Fe3+ 
(50 μM) and other metals (50 μM) in water/methanol (9:1, v/v). Excited at 374 nm and emission measured at 
511 nm.
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Determination of Fe3+ in real water samples. To investigate the applicability of the FH sensor in real-
istic environmental samples, recovery studies were carried out in mineral drinking water and tap water sam-
ples doped with Fe3+, using fluorescence emission spectroscopy. Testing on these water samples was performed 
without any sample pre-treatment except for the addition of FH, Fe3+ and allowing 1 minute for mixing. From 
Table 2, we can see that the recoveries of Fe3+ were from 91.5% to 125%. These data indicate that FH as a sensor 
has significant potential for the practical detection of Fe3+ in various aqueous samples where other potentially 
competing species are present.

Conclusion
In summary, we have successfully synthesized and for the first time, characterized, the fluorescence properties 
of furocoumarin derivatives (FH, FCl and FNO2). These were synthesized by mixing 4-hydrocoumarin, benzal-
dehyde derivatives, and cyclohexyl isocyanide under reflux conditions within 24 h using singlestep high yielding 
chemistry (82–92% yield). All compounds are purified from recrystallisation preventing the need for time con-
suming column chromatography and showing that this chemistry is amenable to automated high throughput 
synthesis and screening technologies. Both FH and FCl produce strong fluorescence intensity whilst FNO2 does 
not, as a result of strong electron withdrawing from –NO2 causing fluorescence quenching of furocoumarin. 
Furthermore, the fluorescence study has led us towards a successful demonstration of a novel coumarin-based 
fluorescent (FH) ratiometric chemosensor, with an LMCT mechanism attributed to the recognition of Fe3+ in 
methanol and also in water/methanol (9:1, v/v). FH formed 1:2 complexes with Fe3+ and exhibited a fluorescence 
turn-off response to Fe3+. Extensive competitive selectivity experiments in methanol have been performed for 
Na+, K+, Mg2+, Ca2+, Mn2+, Fe2+, Al3+, Ni2+, Cu2+, Zn2+, Co2+, Pb2+ and Ru3+ demonstrating that FH has higher 
selectivity towards Fe3+ (fluorescence turn-off) than other analogous ions and other previously reported Fe3+ 
sensors (to the best of our knowledge). In an aqueous environment the probe selectivity reduces but the “turn 
off ” effect is still operational confirming water does not fully quench fluorescence. The potential of this sensor has 
been further highlighted by testing with untreated mineral and tap water samples. This result sets the foundation 
for a second generation of sensors with improved sensing properties and water solubilizing groups with the real 
potential of developing a fully aqueous furocoumarin based sensor, which is the subject of future work.

Materials and Methods
Materials. All reagents were purchased from commercial suppliers and used without further purification. 
The salts used in stock solutions of metal ions were Al(NO3)3.9H2O, CaCl2, CoCl2.6H2O, Cu(NO3)2.4H2O, 
FeCl2.4H2O, Fe(NO3)3.9H2O, KOH, MgCl2, MnCl2, NaOH, NiCl2.6H2O, Pb(NO3)2, RuCl3 · H2O, Zn(NO3)2 · 
6H2O.

Instrumentation. 1H NMR (400 MHz) spectra were acquired on a Bruker AVANCE 400 MHz NMR 
Spectrometer using TMS (tetramethylsilane) as internal standard. All stock solutions of the samples for both 
UV-Vis and Fluorescence studies were prepared at 0.1 mM in different solvents (ethanol, chloroform and ethyl 
acetate) and diluted in 10 mL with appropriate concentrations. UV-vis absorption and fluorescence spectra of 
the furocoumarin derivatives (in solution) were recorded on a CARY 60 UV-Vis spectrophotometer and CARY 
Eclipse Fluorescence Spectrometer, respectively. Excitation and emission monochromator band pass were kept 
at 5 nm using a quartz cell cuvette (1 × 1 cm). The absolute quantum yields were calculated using quinine sul-
fate in 0.1 M H2SO4 as a standard. Fluorescence lifetime measurements were performed with the use of an FLS 
1000 Spectrometer (Edinburgh Instruments, Livingston, UK) at room temperature. In these experiments the 
fluorescence lifetimes of the furocoumarin derivatives in methanol were measured using the photon counting 
technique (requiring at least 10,000 photons per second to be counted because the signal-to noise ratio becomes 
unsatisfactory at lower count rates87) with an excitation wavelength set to 374 nm in all the cases. UV-vis absorp-
tion and fluorescence spectra of FH and all metal ions were performed with the use of a Cary 5000 UV-Vis-NIR 
Spectrophotometer (Agilent Technologies) and FLS 1000 Spectrometer (Edinburgh Instruments), respectively. 
Paper spray ionization mass spectrometry (PSI-MS)88–90 was performed on a Waters Xevo TQ-MS (Waters, 
Wilmslow, UK).

Synthesis of furo [3,2-c] coumarin derivatives. Equimolar amounts of 4-hydroxycoumarin and ben-
zaldehyde derivatives were dissolved in benzene (0.2 M) and heated under reflux (Fig. 10). After 30 minutes, 
cyclohexyl isocyanide (1 eq.) was added to the reaction mixture and further refluxed for 24 h. The pure compound 
was obtained by recrystallization from diethyl ether to produce up to 85% yield. These compounds have been 
reported and the characterization data agree with previous studies18,19.

Water samples
Added 
(µM)

Found 
(µM) Recovery (%) RSD (%)

Mineral water

2.0 2.1 105 0.71

10.0 10.0 100 5.71

20.0 19.3 96.5 9.60

Tap water

2.0 2.5 125 0.5

10.0 9.8 98 6.9

20.0 18.3 91.5 4.2

Table 2. Analytical results of FH-Fe3+ in water samples.
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2-(Cyclohexylamino)-3-phenyl-4H-furo[3,2-c]chromen-4-one. FH, 92% yield, light yellow powder, m.p. = 
120–122 °C, FTIR = 3250 (NH), 2925–2850 (cyclohexane), 1720 (C=O of pyrone), 1570 (C=C of pyrone), 1H 
NMR = 1.18–2.08(m, 10H), 3.55–3.58 (m, 1H), 4.29 (d, J = 8.32 Hz 1H), 7.27–7.31 (m, 2H), 7.39 (d, J = 4 Hz, 1H), 
7.43 (t, J = 8H, 3H), 7.52 (d, J = 8 Hz, 2H), 7.77 (d, J = 8 Hz, 1H), 1H NMR spectrum of FH as shown in Fig. S9. 
UV-Vis = 375 nm (in ethanol).

2-(Cyclohexylamino)-3-(4-chlorophenyl)-4H-furo[3,2-c]chromen-4-one. FCl, 90% yield, bright crystalline 
yellow, m.p. = 110–112 °C, FTIR = 3289 (NH), 2930–2857 (cyclohexane), 1707 (C=O of pyrone),1593 (C = C of 
pyrone), 1H NMR = 1.16–2.07 (m, 10H), 3.57 (br, 1H), 4.21 (s, 1H), 7.33–7.28 (m, 1H), 7.41–7.39 (m, 4H), 7.47 
(d, J = 6.4 Hz, 2H), 7.77 (d, J = 7.6 Hz, 1H), 1H NMR spectrum of FCl as shown in Fig. S10. UV-Vis = 375 nm (in 
ethanol).

2-(Cyclohexylamino)-3-(4-nitrophenyl)-4H-furo[3,2-c]chromen-4-one. FNO2, 85% yield, reddish orange 
powder, m.p. = 145–147 °C, 3389 (NH), 2929–2851 (cyclohexane), 1736 (C=O of pyrone), 1574 (C=C of 
pyrone), 1H NMR = 1.19–2.11 (m, 10H), 3.67 (m, 1H), 4.60 (d, J = 7.96 Hz 1H), 7.34 (t, J = 6.80 Hz, 1H), 7.45–
7.40 (m, 2H) 7.69 (d, J = 8.72 Hz, 2H), 7.77 (d, J = 7.64 Hz, 1H), 8.22(d, J = 8.64 Hz, 2H), 1H NMR spectrum of 
FNO2 as shown in Fig. S11. UV-Vis = 380 nm (in ethanol).

Fluorescence spectral responses of FH to metal ions. The analysis was conducted for two different 
solvent systems: pure methanol and a water/methanol mixture (9:1, v/v). All stock solutions of the furocoumarin 
(FC) and various metal ions (Mg2+, Ca2+, Mn2+, Fe2+, Fe3+, Al3+, Ni2+, Cu2+, Zn2+, Co2+, Pb2+ and Ru3+) were 
analyzed at a concentration of 0.001 M, except Na+ and K+ at 0.2 M in methanol. Then, each of the metal ions 
were diluted to 50 μM, while FH was diluted to 0.5 μM in methanol. For the water/methanol solvent system, FH 
was diluted to 5 μM.

For testing, FH was mixed with each of the metal ions for up to 1 minute (by stirring until no layers could 
be visually observed) after which UV-Vis and fluorescence analysis were carried out. The fluorescence emission 
spectra were recorded from 430 to 700 nm with an excitation wavelength at 374 nm. Both excitation and emis-
sion slit widths were set at 1 nm. For the competing analysis, the fluorescence changes of FH in methanol were 
measured by the treatment of 50 μM Fe3+ ion in the presence of 50 μM other interfering metal ions. All of the 
background metal ions tested showed no interference with the detection of Fe3+ by competitive experiment.

Received: 9 October 2019; Accepted: 19 March 2020;
Published: xx xx xxxx

References
 1. Medina, F. G. et al. Coumarin heterocyclic derivatives: chemical synthesis and biological activity. Natural Product Reports 32, 

1472–1507, https://doi.org/10.1039/C4NP00162A (2015).
 2. Kinza Aslam, K., Khosa, M. K., Jahan, N. & Nosheen, S. Short communication: synthesis and applications of Coumarin. Pak J Pharm 

Sci 23, 449–454 (2010).
 3. Narayanaswamy, V. K. et al. Evaluation of halogenated coumarins for antimosquito properties. The Scientific World Journal 2014 

(2014).
 4. Jain, P. & Joshi, H. Coumarin: chemical and pharmacological profile. Journal of Applied Pharmaceutical Science 2, 236–240 (2012).
 5. Tiki, A., Amin, A. & Kanwal, A. Chemistry of optical brighteners and uses in textile industries. Pakistan Textile. Journal 59, 42 

(2010).
 6. Xie, L. et al. Fluorescent coumarin derivatives with large stokes shift, dual emission and solid state luminescent properties: An 

experimental and theoretical study. Dyes and Pigments 92, 1361–1369 (2012).
 7. Li, H. et al. Novel coumarin fluorescent dyes: synthesis, structural characterization and recognition behavior towards Cu (II) and Ni 

(II). Dyes and Pigments 91, 309–316 (2011).
 8. Li, H., Cai, L. & Chen, Z. in Advances in chemical sensors (InTech, 2012).
 9. Cao, X., Lin, W. & Yu, Q. A Ratiometric Fluorescent Probe for Thiols Based on a Tetrakis(4-hydroxyphenyl)porphyrin–Coumarin 

Scaffold. The Journal of Organic Chemistry 76, 7423–7430, https://doi.org/10.1021/jo201199k (2011).
 10. Cao, X., Lin, W., Yu, Q. & Wang, J. Ratiometric Sensing of Fluoride Anions Based on a BODIPY-Coumarin Platform. Organic Letters 

13, 6098–6101, https://doi.org/10.1021/ol202595t (2011).
 11. Yuan, L., Lin, W., Xie, Y., Chen, B. & Zhu, S. Single Fluorescent Probe Responds to H2O2, NO, and H2O2/NO with Three Different 

Sets of Fluorescence Signals. Journal of the American Chemical Society 134, 1305–1315, https://doi.org/10.1021/ja2100577 (2012).
 12. He, L. et al. Coumarin-Based Turn-On Fluorescence Probe for Specific Detection of Glutathione over Cysteine and Homocysteine. 

ACS Applied Materials & Interfaces 7, 12809–12813, https://doi.org/10.1021/acsami.5b01934 (2015).
 13. Dong, B. et al. Dual Site-Controlled and Lysosome-Targeted Intramolecular Charge Transfer–Photoinduced Electron 

Transfer–Fluorescence Resonance Energy Transfer Fluorescent Probe for Monitoring pH Changes in Living Cells. Analytical 
Chemistry 88, 4085–4091, https://doi.org/10.1021/acs.analchem.6b00422 (2016).

Figure 10. Synthesis of furo[3,2-c]coumarin derivatives.

https://doi.org/10.1038/s41598-020-63262-7
https://doi.org/10.1039/C4NP00162A
https://doi.org/10.1021/jo201199k
https://doi.org/10.1021/ol202595t
https://doi.org/10.1021/ja2100577
https://doi.org/10.1021/acsami.5b01934
https://doi.org/10.1021/acs.analchem.6b00422


9Scientific RepoRtS |         (2020) 10:7421  | https://doi.org/10.1038/s41598-020-63262-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

 14. Yuan, L. et al. A Unique Approach to Development of Near-Infrared Fluorescent Sensors for in Vivo Imaging. Journal of the 
American Chemical Society 134, 13510–13523, https://doi.org/10.1021/ja305802v (2012).

 15. Bakhtiari, G., Moradi, S. & Soltanali, S. A novel method for the synthesis of coumarin laser dyes derived from 3-(1H-benzoimidazol-
2-yl) coumarin-2-one under microwave irradiation. Arabian Journal of Chemistry 7, 972–975 (2014).

 16. Muhamad Sarih, N. et al. White Light Emission from a Simple Mixture of Fluorescent Organic Compounds. Scientific Reports 9, 
11834, https://doi.org/10.1038/s41598-019-47847-5 (2019).

 17. Jang, Y.-J., Syu, S.-e., Chen, Y.-J., Yang, M.-C. & Lin, W. Syntheses of furo [3, 4-c] coumarins and related furyl coumarin derivatives 
via intramolecular Wittig reactions. Organic & biomolecular chemistry 10, 843–847 (2012).

 18. Nair, V., Menon, R. S., Vinod, A. & Viji, S. A facile three-component reaction involving [4+ 1] cycloaddition leading to furan 
annulated heterocycles. Tetrahedron letters 43, 2293–2295 (2002).

 19. Shaabani, A., Teimouri, M. B. & Bijanzadeh, H. R. One-pot Three-component Condensation Reactions in Water. An Efficient and 
Improved Procedure for the Synthesis of Furan Annulated Heterocycles. Monatshefte für Chemie/Chemical Monthly 135, 589–593, 
https://doi.org/10.1007/s00706-003-0126-x (2004).

 20. Wu, J. General microwave-assisted protocols for the expedient synthesis of furo [3, 2-c] chromen-4-ones. Chemistry letters 35, 
118–119 (2005).

 21. Melough, M. M., Cho, E. & Chun, O. K. Furocoumarins: A review of biochemical activities, dietary sources and intake, and potential 
health risks. Food and Chemical Toxicology (2018).

 22. Sethna, S. M. & Shah, N. M. The Chemistry of Coumarins. Chemical Reviews 36, 1–62, https://doi.org/10.1021/cr60113a001 (1945).
 23. Carter, K. P., Young, A. M. & Palmer, A. E. Fluorescent Sensors for Measuring Metal Ions in Living Systems. Chemical Reviews 114, 

4564–4601, https://doi.org/10.1021/cr400546e (2014).
 24. Yang, Y., Zhao, Q., Feng, W. & Li, F. Luminescent Chemodosimeters for Bioimaging. Chemical Reviews 113, 192–270, https://doi.

org/10.1021/cr2004103 (2013).
 25. Maher, S. et al. Portable fluorescent sensing array for monitoring heavy metals in water, IEEE SENSORS, Orlando, FL, pp. 1–3 

(2016).
 26. Zhang, J., Cheng, F., Li, J., Zhu, J.-J. & Lu, Y. Fluorescent nanoprobes for sensing and imaging of metal ions: recent advances and 

future perspectives. Nano today 11, 309–329, https://doi.org/10.1016/j.nantod.2016.05.010 (2016).
 27. García-Beltrán, O. et al. Coumarin-Based Fluorescent Probes for Dual Recognition of Copper(II) and Iron(III) Ions and Their 

Application in Bio-Imaging. Sensors 14, https://doi.org/10.3390/s140101358 (2014).
 28. Cao, D. et al. Coumarin-Based Small-Molecule Fluorescent Chemosensors. Chemical Reviews, https://doi.org/10.1021/acs.

chemrev.9b00145 (2019).
 29. Karaoglu, K., Yilmaz, F. & Menteşe, E. A New Fluorescent “Turn-Off ” Coumarin-Based Chemosensor: Synthesis, Structure and 

Cu-Selective Fluorescent Sensing in Water Samples. Journal of fluorescence 27, 1293–1298 (2017).
 30. Ye, F. et al. A highly selective and sensitive fluorescent turn-off probe for Cu2+ based on a guanidine derivative. Molecules 22, 1741 

(2017).
 31. Elmas, Ş. N. K. et al. Coumarin Based Highly Selective “off-on-off ” Type Novel Fluorescent Sensor for Cu 2+ and S 2− in Aqueous 

Solution. Journal of fluorescence 27, 463–471 (2017).
 32. Chang, H.-Q., Zhao, X.-L., Wu, W.-N., Jia, L. & Wang, Y. A highly sensitive on-off fluorescent chemosensor for Cu 2+ based on 

coumarin. Journal of Luminescence 182, 268–273 (2017).
 33. Yan, M.-h., Li, T.-r. & Yang, Z.-y. A novel coumarin Schiff-base as a Zn (II) ion fluorescent sensor. Inorganic Chemistry 

Communications 14, 463–465 (2011).
 34. An, J.-m., Yan, M.-h., Yang, Z.-y., Li, T.-r. & Zhou, Q.-x. A turn-on fluorescent sensor for Zn (II) based on fluorescein-coumarin 

conjugate. Dyes and Pigments 99, 1–5 (2013).
 35. Aich, K., Goswami, S., Das, S. & Mukhopadhyay, C. D. A new ICT and CHEF based visible light excitable fluorescent probe easily 

detects in vivo Zn 2+. RSC Advances 5, 31189–31194 (2015).
 36. Wang, L. et al. A new coumarin schiff based fluorescent-colorimetric chemosensor for dual monitoring of Zn2+ and Fe3+ in 

different solutions: An application to bio-imaging. Sensors and Actuators B: Chemical 260, 243–254 (2018).
 37. Lim, N. C. et al. Coumarin-Based Chemosensors for Zinc(II):  Toward the Determination of the Design Algorithm for CHEF-Type 

and Ratiometric Probes. Inorganic Chemistry 44, 2018–2030, https://doi.org/10.1021/ic048905r (2005).
 38. Qin, J.-C., Li, T.-R., Wang, B.-D., Yang, Z.-Y. & Fan, L. Fluorescent sensor for selective detection of Al3+ based on 

quinoline–coumarin conjugate. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 133, 38–43 (2014).
 39. Hossain, S. M., Singh, K., Lakma, A., Pradhan, R. N. & Singh, A. K. A schiff base ligand of coumarin derivative as an ICT-Based 

fluorescence chemosensor for Al3+. Sensors and Actuators B: Chemical 239, 1109–1117 (2017).
 40. Gharami, S. et al. A coumarin based azo-phenol ligand as efficient fluorescent “OFF-ON-OFF” chemosensor for sequential detection 

of Mg2+ and F−: Application in live cell imaging and as molecular logic gate. Sensors and Actuators B: Chemical 253, 317–325 
(2017).

 41. Ray, D. & Bharadwaj, P. K. A Coumarin-Derived Fluorescence Probe Selective for Magnesium. Inorganic Chemistry 47, 2252–2254, 
https://doi.org/10.1021/ic702388z (2008).

 42. Chen, G. F., Zhang, L. Y., Li, H. Y. & Chen, B. H. Synthesis of coumarin derivatives containing 2-aminothiazole moiety and their 
recognition of metal ions. Research on Chemical Intermediates 41, 4273–4281, https://doi.org/10.1007/s11164-013-1528-y (2015).

 43. Chen, G. F. et al. A highly selective fluorescent sensor for Fe 3+ ion based on coumarin derivatives. Research on Chemical 
Intermediates 39, 4081–4090 (2013).

 44. Zhao, B. et al. Two ‘turn-off ’ Schiff base fluorescence sensors based on phenanthro[9,10-d]imidazole-coumarin derivatives for Fe3+ 
in aqueous solution. Tetrahedron Letters 57, 4417–4423, https://doi.org/10.1016/j.tetlet.2016.08.064 (2016).

 45. Yao, J., Dou, W., Qin, W. & Liu, W. A new coumarin-based chemosensor for Fe3+ in water. Inorganic Chemistry Communications 12, 
116–118, https://doi.org/10.1016/j.inoche.2008.11.012 (2009).

 46. Wang, W. et al. A highly selective coumarin-based chemosensor for the sequential detection of Fe3+ and pyrophosphate and its 
application in living cell imaging. Tetrahedron Letters 59, 1860–1865, https://doi.org/10.1016/j.tetlet.2018.04.007 (2018).

 47. Wang, R., Wan, Q., Feng, F. & Bai, Y. A novel coumarin-based fluorescence chemosensor for Fe 3. Chemical Research in Chinese 
Universities 30, 560–565 (2014).

 48. Yan, Z., Hu, L. & You, J. Sensing materials developed and applied for bio-active Fe3+ recognition in water environment. Analytical 
Methods 8, 5738–5754, https://doi.org/10.1039/C6AY01502F (2016).

 49. Burdo, J. R. & Connor, J. R. Brain iron uptake and homeostatic mechanisms: An overview. Biometals 16, 63–75, https://doi.
org/10.1023/a:1020718718550 (2003).

 50. Dietrich, O. et al. MR imaging differentiation of Fe2+ and Fe3+ based on relaxation and magnetic susceptibility properties. 
Neuroradiology 59, 403–409, https://doi.org/10.1007/s00234-017-1813-3 (2017).

 51. Sui, B., Tang, S., Liu, T., Kim, B. & Belfield, K. D. Novel BODIPY-Based Fluorescence Turn-on Sensor for Fe3+ and Its Bioimaging 
Application in Living Cells. ACS Applied Materials & Interfaces 6, 18408–18412, https://doi.org/10.1021/am506262u (2014).

 52. Skalnaya, M. G. & Skalny, A. V. Essential trace elements in human health: a physician’s view. Publishing House of Tomsk State 
University, Tomsk (2018).

 53. Lal, A. Iron in Health and Disease: An Update. The Indian Journal of Pediatrics, https://doi.org/10.1007/s12098-019-03054-8 (2019).
 54. Council NR. National Academy of Science. Iron, 1979. University Park Press, Baltimore, MD.

https://doi.org/10.1038/s41598-020-63262-7
https://doi.org/10.1021/ja305802v
https://doi.org/10.1038/s41598-019-47847-5
https://doi.org/10.1007/s00706-003-0126-x
https://doi.org/10.1021/cr60113a001
https://doi.org/10.1021/cr400546e
https://doi.org/10.1021/cr2004103
https://doi.org/10.1021/cr2004103
https://doi.org/10.1016/j.nantod.2016.05.010
https://doi.org/10.3390/s140101358
https://doi.org/10.1021/acs.chemrev.9b00145
https://doi.org/10.1021/acs.chemrev.9b00145
https://doi.org/10.1021/ic048905r
https://doi.org/10.1021/ic702388z
https://doi.org/10.1007/s11164-013-1528-y
https://doi.org/10.1016/j.tetlet.2016.08.064
https://doi.org/10.1016/j.inoche.2008.11.012
https://doi.org/10.1016/j.tetlet.2018.04.007
https://doi.org/10.1039/C6AY01502F
https://doi.org/10.1023/a:1020718718550
https://doi.org/10.1023/a:1020718718550
https://doi.org/10.1007/s00234-017-1813-3
https://doi.org/10.1021/am506262u
https://doi.org/10.1007/s12098-019-03054-8


1 0Scientific RepoRtS |         (2020) 10:7421  | https://doi.org/10.1038/s41598-020-63262-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

 55. Organization WH. Iron in Drinking Water: Background Document for Development of WHO Guidelines for Drinking Water 
Quality 2003.

 56. EPA, U. Secondary drinking water regulations: Guidance for nuisance chemicals (2013).
 57. Inspectorate, D. W. What are the drinking water standards. Drinking Water Inspectorate, London (2010).
 58. Ullah, I. et al. Simultaneous co-substitution of Sr2+/Fe3+ in hydroxyapatite nanoparticles for potential biomedical applications. 

Ceramics International 44, 21338–21348, https://doi.org/10.1016/j.ceramint.2018.08.187 (2018).
 59. Machado, S. et al. Application of green zero-valent iron nanoparticles to the remediation of soils contaminated with ibuprofen. 

Science of the Total Environment 461, 323–329 (2013).
 60. Thamdrup, B. In Advances in microbial ecology 41–84 (Springer, 2000).
 61. Liu, X. et al. Specific colorimetric detection of Fe3+ ions in aqueous solution by squaraine-based chemosensor. RSC Advances 8, 

34860–34866, https://doi.org/10.1039/C8RA07345G (2018).
 62. RSC Adv., 2018,8, 34860-34866
 63. Rane, S., Prudenziati, M. & Morten, B. Environment friendly perovskite ruthenate based thick film resistors. Materials Letters 61, 

595–599, https://doi.org/10.1016/j.matlet.2006.05.015 (2007).
 64. Busana, M. G., Prudenziati, M. & Hormadaly, J. Microstructure development and electrical properties of RuO2-based lead-free thick 

film resistors. Journal of Materials Science: Materials in Electronics 17, 951–962, https://doi.org/10.1007/s10854-006-0036-x (2006).
 65. Schutz, R. W. Ruthenium Enhanced Titanium Alloys. Platinum Metals Review 40, 54–61 (1996).
 66. Rezayee, N. M., Huff, C. A. & Sanford, M. S. Tandem Amine and Ruthenium-Catalyzed Hydrogenation of CO2 to Methanol. Journal 

of the American Chemical Society 137, 1028–1031, https://doi.org/10.1021/ja511329m (2015).
 67. Valente, A. & Garcia, M. Syntheses of macromolecular ruthenium compounds: A new approach for the search of anticancer drugs. 

Inorganics 2, 96–114 (2014).
 68. Gupta, G. et al. Syntheses, characterization and molecular structures of novel Ru(II), Rh(III) and Ir(III) complexes and their possible 

roles as antitumour and cytotoxic agents. New J. Chem. 37, https://doi.org/10.1039/C3NJ00315A (2013).
 69. Masson, O. et al. Airborne concentrations and chemical considerations of radioactive ruthenium from an undeclared major nuclear 

release in 2017. Proceedings of the National Academy of Sciences 116, 16750–16759 (2019).
 70. Szczepaniak, G. et al. Semiheterogeneous Purification Protocol for the Removal of Ruthenium Impurities from Olefin Metathesis 

Reaction Products Using an Isocyanide Scavenger. Organic Process Research & Development 23, 836–844, https://doi.org/10.1021/
acs.oprd.8b00392 (2019).

 71. Sato, I., Kudo, H. & Tsuda, S. Removal efficiency of water purifier and adsorbent for iodine, cesium, strontium, barium and 
zirconium in drinking water. The Journal of toxicological sciences 36, 829–834 (2011).

 72. Levitus, M. Handbook of Fluorescence Spectroscopy and Imaging. From Ensemble to Single Molecules. Edited by Markus Sauer, 
Johan Hofkens and Jörg Enderlein. Angewandte Chemie International Edition 50, 9017–9018, https://doi.org/10.1002/
anie.201104398 (2011).

 73. Lawrence, J. F. & Frei, R. W. Chemical derivatization in liquid chromatography. Vol. 7 (Elsevier, 2000).
 74. Bag, B. & Bharadwaj, P. K. Attachment of an Electron-Withdrawing Fluorophore to a Cryptand for Modulation of Fluorescence 

Signaling. Inorganic Chemistry 43, 4626–4630, https://doi.org/10.1021/ic049725k (2004).
 75. Wang, S., Li, N., Pan, W. & Tang, B. Advances in functional fluorescent and luminescent probes for imaging intracellular small-

molecule reactive species. TrAC Trends in Analytical Chemistry 39, 3–37, https://doi.org/10.1016/j.trac.2012.07.010 (2012).
 76. Martelo, L. M., Marques, L. F., Burrows, H. D. & Berberan-Santos, M. N. In Fluorescence in Industry (ed Bruno Pedras) 293–320 

(Springer International Publishing, 2019).
 77. Ma, Y., Wang, S. & Wang, L. Nanomaterials for luminescence detection of nitroaromatic explosives. TrAC Trends in Analytical 

Chemistry 65, 13–21 (2015).
 78. Ma, Y., Luo, W., Quinn, P. J., Liu, Z. & Hider, R. C. Design, Synthesis, Physicochemical Properties, and Evaluation of Novel Iron 

Chelators with Fluorescent Sensors. Journal of Medicinal Chemistry 47, 6349–6362, https://doi.org/10.1021/jm049751s (2004).
 79. Nudelman, R. et al. Modular fluorescent-labeled siderophore analogues. Journal of Medicinal Chemistry 41, 1671–1678, https://doi.

org/10.1021/jm970581b (1998).
 80. Yang, L., Yang, W., Xu, D., Zhang, Z. & Liu, A. A highly selective and sensitive Fe3+ fluorescent sensor by assembling three 

1,8-naphthalimide fluorophores with a tris(aminoethylamine) ligand. Dyes and Pigments 97, 168–174, https://doi.org/10.1016/j.
dyepig.2012.12.016 (2013).

 81. Xu, J.-H., Hou, Y.-M., Ma, Q.-J., Wu, X.-F. & Wei, X.-J. A highly selective fluorescent sensor for Fe3+ based on covalently immobilized 
derivative of naphthalimide. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 112, 116–124, https://doi.
org/10.1016/j.saa.2013.04.044 (2013).

 82. Warrier, S. & Kharkar, P. S. Highly selective on-off fluorescence recognition of Fe3+ based on a coumarin derivative and its 
application in live-cell imaging. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 188, 659–665 (2018).

 83. Chen, J., Cao, S., Wang, D., Wu, S. & Wang, X. A phenol-based compartmental ligand as a potential chemosensor for zinc(ii) cations. 
Journal of the Brazilian Chemical Society 20, 13–18 (2009).

 84. Singh, P., Singh, H., Bhargava, G. & Kumar, S. Triple-signaling mechanisms-based three-in-one multi-channel chemosensor for 
discriminating Cu2+, acetate and ion pair mimicking AND, NOR, INH and IMP logic functions. Journal of Materials Chemistry C 
3, 5524–5532, https://doi.org/10.1039/C5TC00554J (2015).

 85. Sánchez, M., Sabio, L., Gálvez, N., Capdevila, M. & Dominguez-Vera, J. M. Iron chemistry at the service of life. IUBMB Life 69, 
382–388, https://doi.org/10.1002/iub.1602 (2017).

 86. Anderson, R. S., Nagirimadugu, N. V. & Abelt, C. J. Fluorescence Quenching of Carbonyl-Twisted 5-Acyl-1-
dimethylaminonaphthalenes by Alcohols. ACS Omega 4, 14067–14073, https://doi.org/10.1021/acsomega.9b01905 (2019).

 87. Leaback, D. H. Extended Theory and Improved Practice for the Quantitative Measurement of Fluorescence. Journal of Fluorescence 
7, 55S (1997).

 88. Damon, D. E. et al. 2D wax-printed paper substrates with extended solvent supply capabilities allow enhanced ion signal in paper 
spray ionization. Analyst 141, 3866–3873 (2016).

 89. Jjunju, F. P. et al. Screening and quantification of aliphatic primary alkyl corrosion inhibitor amines in water samples by paper spray 
mass spectrometry. Analytical chemistry 88, 1391–1400 (2016).

 90. Maher, S. et al. Direct analysis and quantification of metaldehyde in water using reactive paper spray mass spectrometry. Scientific 
reports 6, 35643 (2016).

Acknowledgements
N.M.S. acknowledges Dual PhD Program (University of Malaya-University of Liverpool) sponsored by University 
of Malaya, MyBrain15 (MyPhD), FRGS grant (FP070-2018A), Faculty Program - Research University Grant 
(GPF048B-2018), and UMRG grant (RG340-15AFR), postgraduate grant (PG356-2016A) and the Materials 
Innovation Factory for access to FLS1000 and Cary 5000 instruments. A.G.S acknowledges a Royal Society-
EPSRC Dorothy Hodgkin Research Fellowship.

https://doi.org/10.1038/s41598-020-63262-7
https://doi.org/10.1016/j.ceramint.2018.08.187
https://doi.org/10.1039/C8RA07345G
https://doi.org/10.1016/j.matlet.2006.05.015
https://doi.org/10.1007/s10854-006-0036-x
https://doi.org/10.1021/ja511329m
https://doi.org/10.1039/C3NJ00315A
https://doi.org/10.1021/acs.oprd.8b00392
https://doi.org/10.1021/acs.oprd.8b00392
https://doi.org/10.1002/anie.201104398
https://doi.org/10.1002/anie.201104398
https://doi.org/10.1021/ic049725k
https://doi.org/10.1016/j.trac.2012.07.010
https://doi.org/10.1021/jm049751s
https://doi.org/10.1021/jm970581b
https://doi.org/10.1021/jm970581b
https://doi.org/10.1016/j.dyepig.2012.12.016
https://doi.org/10.1016/j.dyepig.2012.12.016
https://doi.org/10.1016/j.saa.2013.04.044
https://doi.org/10.1016/j.saa.2013.04.044
https://doi.org/10.1039/C5TC00554J
https://doi.org/10.1002/iub.1602
https://doi.org/10.1021/acsomega.9b01905


1 1Scientific RepoRtS |         (2020) 10:7421  | https://doi.org/10.1038/s41598-020-63262-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

Author contributions
S.M. and H.A.T. designed the project. Experiments were performed by N.M.S. The manuscript and figures were 
prepared by N.M.S. and S.M. Various aspects of the research ideas described were initiated and developed by 
A.C., S. Moss., P.M., A.G.S. and Z.A. All authors reviewed the manuscript and supplementary information.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-63262-7.
Correspondence and requests for materials should be addressed to H.A.T. or S.M.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-63262-7
https://doi.org/10.1038/s41598-020-63262-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Furo[3,2-c]coumarin-derived Fe3+ Selective Fluorescence Sensor: Synthesis, Fluorescence Study and Application to Water Anal ...
	Results and discussions

	Fluorescence and UV–Vis titration studies of FH with other metal ions. 
	Competition experiment using fluorescence spectroscopy. 
	Proposed sensing mechanism. 
	Fluorescence and UV–vis titration studies of FH with other metal ions (in water/methanol (9:1, v/v)). 
	Determination of Fe3+ in real water samples. 

	Conclusion

	Materials and Methods

	Materials. 
	Instrumentation. 
	Synthesis of furo [3,2-c] coumarin derivatives. 
	Fluorescence spectral responses of FH to metal ions. 

	Acknowledgements

	Figure 1 Fluorescence Spectra of Furocoumarin derivatives (FC, FH, FNO2) in ethanol.
	Figure 2 Possible mechanisms whereby chloro- substituent (R = Cl) donates electron through aromatic ring compared with nitro- substituent (R = NO2).
	Figure 3 Fluorescence spectra of FH (0.
	Figure 4 Fluorescence emission spectra of FH (0.
	Figure 5 Competitive experiments in the FH + Fe3+ system with potential interfering metal ions.
	Figure 6 Proposed binding mode of FH with Fe3+.
	Figure 7 Fluorescence spectra of FH (5 μM) in the presence of different metal ions (10 equiv.
	Figure 8 Fluorescence emission spectra of FH (5 μM) titrated with Fe3+ (0.
	Figure 9 Competitive experiments in the FH + Fe3+ system with interfering metal ions.
	Figure 10 Synthesis of furo[3,2-c]coumarin derivatives.
	Table 1 Concentration [M], Absorbance (Abs), fluorescence lifetimes (τ) and quantum yield (ФF) for fluorescence properties of furocoumarin derivatives in ethanol solution.
	Table 2 Analytical results of FH-Fe3+ in water samples.




