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A new fluorescent derivative (1) containing coumarin exhibits Fe(IIl)-selective strong yellow-green
fluorescence in ethanol. This compound could be used as an “off-on” chemosensor and allow the
detection of Fe** by monitoring changes in absorption and fluorescence spectra. Upon addition of
Fe*", an overall emission change of 125-fold was observed. High selectivity and sensitivity were
observed over other metal ions, mainly due to the spirolactam ring-opening power of Fe’*. The
detection limit was as low as 5.6 ppb. Photo-induced electron transfer, coupled with intramolecular
charge transfer are proposed to account for the observed spectral response.

Keywords: Fluorescent derivative; Fe®* probe; Selectivity; Sensitivity; Detection limit

1. Introduction

Design of highly selective and sensitive fluorescent chemosensors for heavy and transition
metal cations is an area of intense research activity [1]. As one of the most essential trace
elements in biological systems, Fe** performs a major role in many biochemical processes
at the cellular level [2]. High levels of Fe>* within the body have been associated with
increasing incidence of certain cancers and dysfunction of certain organs, such as the heart,
pancreas, and liver [3]. Recent research suggests that Fe** could also be involved in the
underlying mechanisms of many neurodegenerative diseases, such as Parkinson’s disease
and Alzheimer’s disease [4]. Therefore, a convenient and rapid method for analysis of Fe*"
in biological samples has important consequences in biological and environmental concerns.
Much effort has been devoted to the development of Fe’'-selective fluorescent
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chemosensors. Unfortunately, there have been few fluorescent chemosensors for Fe®"
because of the fluorescent quenching of the paramagnetic Fe** [5]. Recently, Lee et al. [6]
developed a Fe*'-selective sensor that could demonstrate sensitive and selective detection
of intracellular Fe®" in hepatocytes. At present, research related to this area is of great and
interest.

Several methods have been reported for detecting iron including atomic absorption spec-
troscopy [7], colorimetry [8], spectrophotometry [9-11], and voltammetry [12], which are
costly, time-consuming, generally require sophisticated equipment, tedious sample prepara-
tion procedures, and trained operators. On the other hand, fluorescent signaling has been
widely used in environmental and biological science [13], with rhodamine used extensively
as a fluorescent labeling reagent and a dye laser source [14] owing to its simplicity, low
detection limit, the capability for special recognition [15], and excellent photo-physical
properties [16]. Recently, on the basis of spirolactam to ring-open the amide equilibrium of
rhodamine, a number of thodamine dyes have been utilized for detection of metal ions, such
as Cu®" [17-19], Pb*" [20], Hg*" [21-31], and Cr*" [32]. Although rhodamine derivatives
are the most widely studied and used fluorescent labeling reagent and a dye laser source,
very few investigations have been carried out on their coumarin analogs.

We report in this paper a new “off-on” fluorescent sensor 1 (scheme 1) for Fe**. The
chemosensor was designed on the basis of a coumarin—rhodamine scaffold as PET platform.
The structure of 1 was confirmed by "H NMR, mass data, IR spectra, and elemental analy-
sis. Compared with other metal ions examined, the new fluorescent sensor 1 showed very
high selectivity and sensitivity towards Fe*" in ethanol, thus indicating further potential for
cellular imaging.

2. Experimental

2.1. Material and measurements

All solvents and reagents were obtained from commercial suppliers and used without purifi-
cation. '"H NMR spectra were measured on a Bruker Avance DRX 300-MHz spectrometer
with TMS as an internal standard. ESI-MS were determined on a Bruker Esquire 6000 spec-
trometer. UV—vis absorption spectra were recorded on a Perkin Elmer Lambda 35 UV-vis
spectrophotometer. Fluorescence spectra were generated on a Hitachi RF-5301 spectropho-
tometer equipped with quartz cuvettes of 1 cm path length. Elemental analyses were carried
out on an Elemental Vario EL analyzer. IR spectra were obtained in KBr disks on a Therrno
Mattson FTIR spectrometer from 4000 to 400 cm™'. The melting points of the compounds
were determined on a Beijing XT4-100% microscopic melting point apparatus.

CHO HO.
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Scheme 1. Synthesis of chemosensor 1.
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2.2. Synthesis

8-Formyl-7-hydroyl-4-methylcoumarin [33] and rhodamine-6G hydrazide [18] were
prepared following literature methods.

In a 250 mL three-necked round bottom flask, 8-formyl-7-hydroyl-4-methylcoumarin (a)
(0.245 g, 1.2 mM) was dissolved in hot ethanol (35 mL) and heated to reflux in an oil bath.
Then, a solution of rhodamine-6G hydrazide (b) (0.468 g, 1 mM) in ethanol (80 mL) was
added dropwise to the flask in 1 h and the mixture was heated under reflux for 12 h. Finally,
the yellow precipitate was filtered, dried, and obtained with a yield of 80.8% (0.518 g). The
crude product was purified by recrystallization from DMF to give 0.302 g of 1 as a white
solid (58.3%, m.p.>300°C). "H NMR (300 MHz, CDCl;), 6 (ppm): 1.31 (t, 6H, J=8.0
Hz), 1.88 (d, 6H, J=9.0Hz), 2.36 (s, 3H), 3.19 (d, 4H, J=10.5Hz), 3.33 (t, 2H,
J=5.8Hz), 3.52 (t, 2H, J=6.1 Hz), 6.02 (s, 1H), 6.23 (s, 2H), 6.37 (s, 2H), 6.74 (d, 1H, J
=6.9Hz), 7.07 (s, 1H), 7.47 (d, 2H, J=12.0Hz), 7.71 (d, 1H, J=7.9Hz), 7.96 (d, 1H,
J=7.9Hz), 8.51 (s, 1H). ESI-MS: m/z 561.5 (M +H)". IR (KBr, cm™"): ve—o (Amide). 1730,
V(schiff-base) Cc-N: 1632. Elemental Analysis (Calcd for C;1HoN,O7): C, 72.58 (72.86);
H, 6.01 (5.92); N, 8.80 (8.72).

2.3. Analysis

Stock solutions (1 mM) of 1 and the nitrate salts (Li", Na*, K", Ca’", Mg”, AP, Mn?",
Ni2+, C02+, crt, zn*, cd*', cu?t, Ba2+, Pb2+, Ag+, Hg2+, and FeH) were prepared in eth-
anol. Solutions of different anions (F, CI', Br, I, NO, , NO; , SO327, SO427, HSO, ,
C0,;>", HCO; ™, ClO5~, ClO,~, H,PO, ™, and AcO") were prepared in water. Test solutions
were prepared by placing 20 pulL of the probe stock solution into cuvettes, adding an appro-
priate aliquot of each ion stock solution, and diluting the solution to 2mL with ethanol.
Both the excitation and emission slit widths were 3.0 nm.

3. Results and discussion

In the present study, we have chosen rhodamine and coumarin derivatives as the fluoro-
phores in synthesizing the receptor molecule 1. Details about the synthesis of 1 have been
discussed above and its characterization data are presented in the Supplementary material
(Supplemental data for this article can be accessed http:/dx.doi.org/10.1080/
00958972.2014.903474).

3.1. Spectral studies

The binding behavior of 1 was studied towards Fe®" as its nitrate salt by UV-vis and fluo-
rescence spectroscopy. The absorption spectrum of 1 in ethanol shows two absorptions
around 305 and 415 nm (figure 1) due to coumarin, but there was no absorption observed
above 500 nm in the absence of metal ions, indicating that only the ring-closed form was
present. However, on addition of Fe®" (0-1.0 equiv.), the intensity of the band around 305
and 415 nm increased in intensity and a new absorption band appeared at 538 nm along
with a color change from colorless to pink. The formation of a new band around 538 nm is
attributed to the interaction of Fe’" with the receptor 1, leading to the opening of the
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Figure 1. The changes of absorption spectrum of 1 (1.0 x 107> M) in ethanol upon addition of Fe** (0-1.0 equiv.)
at room temperature.
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Figure 2.  Plot of the changes in the fluorescence spectral pattern for receptor 1 (1x 107> M) in the presence
of varying [Fe(NO3);] (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 equiv.) in ethanol (A¢ =500 nm,
Aem =550 nm, excitation and emission slit 3 nm).

Inset: the increase in fluorescence emission intensity related to the amounts of Fe** added.

spirolactam ring. Meanwhile, two isosbestic points at 350 and 368 nm were observed,
which indicate the formation of a compound of 1 with Fe**. Higher concentrations of Fe**
do not lead to any further change, suggesting that a 1: 1 stoichiometry of Fe*" and 1 was
formed.

Figure 2 shows the fluorescence spectra of 1 exposed to ethanol containing different
concentrations of Fe’" (0—1.2 equiv.) recorded at an excitation wavelength of 500 nm and
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emission wavelength of 525-630nm. Upon addition of Fe®*, the fluorescence emission
intensity of the dosimeter at A, =500nm and A.,=550nm was increased 125-fold. As
shown from the inset of figure 1, the emission intensity of 1 increased linearly as a function
of Fe’ concentration and it was saturated at 1.0 equiv. of Fe**, which indicates formation
of a 1:1 complex. The optical properties of 1 and its complex are mainly dominated by the
rhodamine group. The remarkable fluorescence enhancement at 550 nm belongs to the fluo-
rescent open-ring moiety. So, it can be presumed that Fe®" leads to spirocycle opening of 1
via coordination as shown in scheme 2.

The relationship between the fluorescence intensity / and concentration of Fe’" was
I1=3.654x10° c-18.492 (figure S1). The linear range of the method was found to be
1.0x 107> to 7.0 x 10> M L™' Fe** with a correlation coefficient of R*=0.9968. The detec-
tion limit of 1 as fluorescence sensor for analysis of Fe** ions was 5.6 ppb (figure S2),
which indicates that 1 was highly sensitive to Fe**. Fluorescence quantum yield measure-
ments were carried out for the sensor to understand its fluorescence behavior observed. The
fluorescence quantum yield (®) of 1 in the free and Fe’*-bound state was 0.04 and 0.29,
respectively.

3.2. Application value studies

Selectivity is a very important parameter to evaluate the performance of a new fluorescent
probe. A highly selective response to the target over other potentially competing species is
a necessity. The nitrate salts of Li", Na", K", Ca*", Mg2+, A", Mn*", Ni¥¥, Co**, Cr**,
Zn*", Cd*', Cu?', Ba®", Pb*", Ag’, Hg2+, and Fe®" ions were used to evaluate the selectiv-
ity of 1 (10 uM) in ethanol. Among these metal ions, 1 showed selective fluorescence
enhancement only with Fe>" among the various metal ions examined in ethanol, indicating
that 1 displayed a high Fe*" selectivity (figure 3). Furthermore, competition experiments of
Fe*" mixed with the above-mentioned metal ions show that no significant variation is

300 - o Fe3*

250

L,Li* Na*K*,Ca?*,Mg?* AI**,

(5]
[=]
(=]
1

Mn?2* Ni2*,Co?*,Cr3*,Zn?*,
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Figure 3.  Fluorescence emission spectra of 1 (1.0 x 107> M) upon addition of 1.0 equiv. of Li*, Na*, K*, Ca*",
Mg2+, AP, Mn2+, NiZ*, Co*", Cr‘”, Zn*, Cd2+, Cu?, Ba2+, Pb**, Ag", Hg2+ and Fe' in ethanol. The excitation
was at 500 nm, and the emission was at 550 nm, excitation and emission slit width of 3 nm.
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observed in fluorescence intensity (figure S3). Moreover, competition experiments of Fe**
mixed with different anions (F~, C1~, Br™, I, NO, , NO;~, SO5*", SO,*~, HSO, ™, CO5*",
HCO;™, ClO5, ClO4 , HyPO, , and AcO™) were tested (figure S4). The response of 1 for
Fe** in the presence of ClO4 and AcO™ is relatively low but clearly detectable. Relatively
low interference was observed for detection of Fe>* in the presence of other anions. These
facts indicate that 1 can be used as a selective fluorescent sensor for Fe®" in the presence of
most competing metal ions. According to the similar binding sites of the reported fluores-
cent chemosensor [5b, 34], the high selectivity and competitive behavior for Fe** of the
probe are ascribed to the chemical structure of 1 containing oxygens and nitrogens in a spe-
cial arrangement (scheme 2).

To test if the proposed complex could be reversed, a reversibility experiment was also
carried out. Because of the high stability of the EDTA-Fe*" complex, it could be expected
that addition of EDTA will capture Fe** from the metal-ligand complex and release free 1.
Therefore, 1.0 equiv. of EDTA (20 uM) was added to the Fe** (20 uM) complex of 1
(20 uM) in ethanol. The addition of Na,EDTA to the solution of 1-Fe** complex resulted
in gradual quenching of the fluorescence intensity at Ao, =550 nm (figure S5). These results
demonstrate that Fe** binding of 1 is chemically reversible, beneficial for the dynamic mon-
itoring of the concentration change of Fe** in various samples.

3.3. Binding properties and Job’s plot

The plot of measured fluorescence Fy/(F — Fy) against 1/[Fe’"] showed a linear relationship
confirming the formation of a 1:1 complex between 1 and Fe’". The association constant
(K,) of 1 for Fe** was calculated to be 1.1 x 10’ M™" from the plot, which unambiguously
demonstrates the strong binding ability of 1 with Fe*" (figure S$6). The linear equation is
»=9.0652 x 10"*x — 0.0026, with a correlation coefficient of R*=0.9925.

To determine the stoichiometry of the 1-Fe** complex, Job’s method [35] was applied.
The fluorescence emission was measured for each sample with the excitation wavelength at
500 nm, and the fluorescence intensities of 1 in the absence (/o) and presence (/) of Fe*"
were determined, respectively. A plot of Al (AI=1—1Iy) versus Xy shows that the value
goes through a maximum at molar fraction of about 0.5 (figure S7), indicating a 1 : 1 com-
plex was formed. This 1:1 stoichiometry was further confirmed from results of the ESI-MS
data with a peak of [1+Fe]" at m/z 699.5 (figure S8).

o]
CHO
HO. O (o]
=
CH3

Scheme 2. Schematic presentation showing Fe** binding mode of 1.
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3.4. IR and NMR spectra

IR spectra of 1 revealed that the peak at 1730 cm ™', the characteristic frequency for the
C=0,miqe bond of the rhodamine unit, shifted to 1607 cm™' on coordination to Fe*", in the
presence of 1.0 equiv. of the metal ion (figure S9). Such shift in the stretching frequency of
the C=0O,pnige bond of the rhodamine on binding to a metal ion was reported earlier [25].
This appreciable shift supports coordination of the O-cq of the fluorescent unit to Fe*". In
the complex, the band at 616 cm ! was assigned to Vge_0), Which demonstrated the forma-
tion of a bond between iron and oxygen.

NMR spectroscopy has been widely used for studying the binding mode between couma-
rin—rhodamine hydrazone and metal cations. Coordination of the metal cation to the ligand
induces conformational reorganization of the ligand and as a result, the chemical shifts of
the protons near to the coordination site undergo certain changes [36].

"H NMR shows appreciable downfield shifts of the associated aromatic protons (figure
S10). These shifts were more pronounced for Hy and H,. protons (Ad=0.45, 0.32 ppm),
which revealed opening of the spirolactam ring on coordination to Fe** with associated inner
charge transfer in the aromatic rings of the xanthene. Downfield shifts of H,, Hy, and H,
(A0=0.22, 0.18, and 0.03 ppm, respectively) of the coumarin indicate involvement of its car-
bonyl oxygen in Fe*" binding. The proton signals of Hy (-CH,N-) shifted about 1.47 ppm,
which demonstrated that nitrogen of the Schiff-base participated in coordination to Fe>"

Also, from the ESI-MS data, we found a peak at m/z 457.5 (figure S8) assigned to rhoda-
mine 6G ethylenediamine [37]. So, the mechanism for the sensor to bind to Fe*" should be
complexation accompanied by hydrolysis and the possible binding mode for 1 to Fe' is
suggested in scheme 2.

4. Conclusion

We have synthesized a fluorescence sensor (1) for Fe**, which has high sensitivity, selectiv-
ity, and low detection limit. 1 shows a 125-fold fluorescence enhancement in the presence
of Fe** and has not been significantly affected by the presence of physiologically and envi-
ronmentally important alkali, alkaline earth, and transition metal ions. Compared to previ-
ous work by Liu and Chavan [38, 39], the excitation wavelength of the sensor in this paper
is 500 nm, which is in the visible region (400-700 nm). Therefore, the excitation light
would not damage the cells or the damage could be overlooked. The quantum yield of the
previous work by Jin [40] was 0.149. However, the fluorescence quantum yield of 1-Fe**
was found to be 0.29. The association constant (K,) of 1 for Fe*" was calculated to be
1.1 x 10’ M ™", the association constant of previous work by Jia [41] was only 10°M™". In
summary, we believe that the fluorescence sensor has potential application in environmen-
tal, biological, and medical areas.
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