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a b s t r a c t

We have developed a new ratiometric fluorescence probe based on rhodamine B and coumarin to
monitor the Fe3þ with high sensitivity and selectivity. Upon addition of Fe3þ to aqueous solution of the
probe, two fluorescence peaks at 580 nm and 460 nm were observed, which belong to rhodamine B and
coumarin, respectively. This is a novelty design of ratiometric probe of Fe3þ, due to CHEF process
generated along with the PET process suppressed simultaneously. The fluorescence intensity at 580 nm
was significantly increased about 120-fold with 5 equiv. of Fe3þ added in aqueous solution.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Fe3þ plays a major role in many biochemical processes at the
cellular level. High levels of Fe3þ within the body have been asso-
ciated with increasing incidence of certain cancers and dysfunction
of certain organs, such as the heart, pancreas, and liver [1,2].
Accordingly, the development of methods, enabling professionals
to spatially and temporally track intracellular Fe3þ, is challenging
but essential to address these issues and has become the subject of
current chemical research.

Optical cellular imaging with fluorescent probes might be the
best choice for visualizing the intracellular Fe3þ ion by virtue of
its high sensitivity, high-speed spatial analysis, and less cell-
damaging. However, most reported examples of fluorescent
sensing of Fe3þ ions in living cells were functioned through the
enhancement of fluorescence signals [3e5]. As the change in
fluorescence intensity is the only detection signal, factors such as
instrumental efficiency, environmental conditions, and the probe
concentration can interfere with the signal output [6,7]. Ratio-
metric probes can eliminate most or all interferences by built-in
correction of two emission bands and seem to be more favorable
for imaging intracellular metal ions in comparison with fluores-
cence enhancement probes.
ax: þ86 531 88564464.
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Ratiometric probes can be designed to function following two
mechanisms: intramolecular charge transfer (ICT) [8e11] and
fluorescence resonance energy transfer (FRET) [12e16]. Relatively
broad fluorescence spectra are often observed for ICT fluorophores;
in a significant number of cases the broad fluorescence spectra
before and after binding target ions have a high degree of overlap
(or in an extreme case, a broad spectrum with high intensity
completely covers onewith lower intensity, whichmakes it difficult
to accurately determine the ratio of the two fluorescence peaks.
However, probes based on FRET can avoid these disadvantages in a
certain extent [7,17]. Although some fluorescent probes for
detecting Fe3þ have been reported [18e21], up to now, only a few
ratiometric probe for Fe3þ was reported [19,22] based on cyclo-
dextrin supramolecular complex and quinoline, respectively.
Moreover, the synthesis process of the probe based on cyclodextrin
superamolecular is complex, and the fluorescence intensity of
quinoline acted as donor is week.

Thus, we designed a coumarin-rhodamine system L as a ratio-
metric probe for Fe3þ.

Two fluorescence peaks which belong to coumarin and
rhodamine exist simultaneously. Upon addition of Fe3þ, a new
fluorescence emission peak appeared at 580 nm. This wavelength
change allows the ratiometric detection of Fe3þ ions in ethanol/
water solution. To the best of our knowledge, this is a novelty
design of ratiometric probe of Fe3þ based on the conjugated
link of the rhodamine and coumarin. Herein, we develop a new
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Scheme 1. Synthesis of probe L.

Fig. 1. Absorption spectra of 10 mM L upon the addition of Fe3þ (0e4 equiv.) in buffered
EtOH/HEPES ¼ 99:1 solution at pH 7.2. The inset shows the ratio of the absorbance
(555 nm/425 nm) as a function of Fe3þ concentration.
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ratiometric probe L for Fe3þ, which differs from reported ratio-
metric probe.

2. Experimental sections

2.1. Materials and methods

Deionized water was used throughout the experiment. All the
reagents were purchased from commercial suppliers and used
without further purification. All samples were prepared at room
temperature, shaken for 10 s and waited for 18 h before UVevis and
fluorescence determination. The solutions of metal ions were pre-
pared from NaNO3, Mg(NO3)2$6H2O, KNO3, Ca(NO3)2$4H2O,
Cr(NO3)3$9H2O, Fe(NO3)3$9H2O, Co(NO3)2$6H2O, Ni(NO3)2$6H2O,
Cu(NO3)2$3H2O, Zn(NO3)2$6H2O, AgNO3, Cd(NO3)2$4H2O, Ba(NO3)2,
HgCl2$H2O, Pb(NO3)2, respectively, and were dissolved in distilled
water. Thin-layer chromatography (TLC) was conducted on silica gel
60F254 plates (Merck KGaA). HEPES buffer solutions (pH 7.2) were
preparedusing20mMHEPES, andproper amountof aqueous sodium
hydroxide under adjustment by a pH meter. 1H NMR and 13C NMR
spectra were recorded on a Bruker Avance 300 spectrometer, using
DMSO as solvent and tetramethylsilane (TMS) as internal standard.
Melting points were determined on an XD-4 digital micro melting
point apparatus. IR spectra were recorded with an IR spectropho-
tometer VERTEX 70 FT-IR (Bruker Optics). HRMS spectra were recor-
ded on a Q-TOF6510 spectrograph (Agilent). UVevis spectra were
recorded on a U-4100 (Hitachi). Fluorescent measurements were
recorded on a PerkinElmer LS-55 luminescence spectrophotometer.

2.2. Synthesis of ethyl 7-(diethylamino)-2-oxo-2H-chromene-3-
carboxylic acid (2)

A mixture of 1 (1.15 g, 4 mmol) and NaOH (0.48 g 12 mmol) in
EtOH (20 mL) was refluxed for 1 h, after which an orange solid was
precipitated. When the reaction was cooled to room temperature,
the mixture was added to a breaker containing 150 mL water. The
orange solid was dissolved and adjust the pH of the solution to
3 w 4. An orange solid 7-(diethylamino) coumarin-3-carboxylic
acid 2 (0.845 g) was obtained in 81% yield; m.p. 90e92 �C.

2.3. Synthesis of 7-(diethylamino)-2-oxo-2H-chromene-3-carbonyl
chloride (3)

The acid chloride 3 was synthesized by the reaction of the 7-
(diethylamino) coumarin-3-carboxylic acid 2 with thionyl chloride
at room temperature in 80% yield.
2.4. Synthesis of N-(30,60-bis(diethylamino)-3-oxo-4a’,9a’-
dihydrospiro [isoindoline-1,90-xanthen]-2-yl)-7-(diethylamino)-2-
oxo-2H-chromene-3-carboxamide (L)

Compound 3 (0.279 g, 1.0 mmol) and 4 (0.547 g, 1.2 mmol)
was dissolved in 20 mL of acetonitrile. The mixture was stirred
for 8 h under nitrogen at room temperature. Concentration of
the mixture under reduced pressure gave a yellow solid. The
residue was purified by silica gel column using petroleum ether:
ethyl acetate ¼ 1:1 as eluent to obtain an orange solid L (0.51 g)
in 73% yield; m.p. 305 �C. IR (KBr, cm�1): 3461.7, 2971.4, 2928.4,
1725.4, 1692.3, 1615.9, 1582.3, 1512.7, 1353.4, 1215.8, 1117.1,
819.0, 787.6; 1H NMR (300 MHz, DMSO-d6) d (ppm) 1.05e1.15
(18H, m, CH3), 3.30e3.38 (8H, m CH2), 3.44e3.51 (4H, m, CH2),
6.33 (2H, d, J ¼ 2.4 Hz, ArH), 6.37e6.40 (2H, m, ArH), 6.57 (1H, d,
J ¼ 1.8 Hz, ArH), 6.62 (1H, s, ArH), 6.65 (2H, s, ArH), 6.78e6.82
(1H, m, ArH), 7.02e7.05 (1H, m, ArH),7.51e7.56 (2H, m, ArH),
7.57-7.65 (1H, m, ArH), 7.84e7.87 (1H, m, NH), 13C NMR
(75 MHz, DMSO-d6) d (ppm) 12.4, 43.6, 65.2, 97.2, 103.8, 107.0,
118.0, 128.5, 132.0, 145.0, 148.4, 149.0, 152.8, 157.5, 161.1, 162.2,
164.0; HRESIMS calcd for [M þ H]þ C42H46N5O5

þ: 700.3499
found: 700.3422.



Fig. 2. a) The fluorescence spectra of 10 mM L upon the addition of 0e4 equiv Fe3þ in
buffered EtOH/HEPES ¼ 99:1 solution at pH 7.2. The inset shows the fluorescence
photo of L and L-Fe3þ. b) The ratio of fluorescence intensity (580 nm/460 nm) of L as a
function of Fe3þ concentration.
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3. Result and discussion

Probe L was synthesized by the reaction of 7-(diethylamino)-2-
oxo-2H-chromene-3-carbonyl chloride 3 and rhodamine B hydra-
zine 4 in ethanol at room temperature for 12 h in 73% yield (Scheme
1). Compound 3 was easily obtained by the reaction of 7-(dieth-
ylamino)-2-oxo-2H-chromene-3-carboxylic acid 2 and sulfurous
dichloride at room temperature for 4 h. Compound 4 was synthe-
sized according to our previous report [23]. The structure of L was
determined by IR, 1H NMR, 13C NMR and HRMS. The spirolactam
Scheme 2. Proposed comple
form of the rhodamine B units was confirmed by the presence of a
peak at w65.2 ppm in the 13C NMR spectra.

The UV/Vis spectrum of L solution (EtOH/HEPES 99:1, pH 7.2)
showed only the absorption profile of the coumarin at 425 nm,
which indicates that L exists as a spirocycle-closed form (Fig. S1)
[24,25]. An obvious absorption at 560 nm induced by addition of
Fe3þ confirmed the ring-opened of rhodamine. We can also find
that upon addition of Cu2þ, Co2þ, Ni2þ and Fe3þ, the solution of L
display an obvious jacinth color at the micromolar level and other
ions show little interference (Fig. S2).

To get more insight on the binding mode of L and Fe3þ, ab-
sorption spectra titrationwas performed as shown in Fig.1. It can be
observed that the absorbance peaks at 425 nm and 555 nm
increased upon gradual addition of Fe3þ and remained constant
after 2 equiv. of Fe3þ added. A significant color change from green to
pink could be observed easily by naked-eyes (Fig. S2). The non-
linear fit of the data revealed that the binding of L to Fe3þ was
most probably of 1:1 stoichiometry with an association constant
(Ka) of about Ka ¼ 1.172� 104 M�1 (Fig. S3). This binding mode was
also supported by the data of Job’s plots evaluated from the ab-
sorption spectra of L and Fe3þ with a total concentration of 20 mM
(Fig. S4).

Excitation at 425 nm introduced an emission at 460 nm. Upon
addition of Fe3þ, a new fluorescence peak appeared at 580 nm
attributed to rhodamine B part (Fig. 2). With the addition of Fe3þ

the peaks at 460 nm and 580 nm increased gradually. And the ratio
of fluorescence intensity at 580 nm and 460 nm (I580nm/I460nm)
peaked when 2 equiv. Fe3þ was added. The fluorescence clearly
changed from blue to orange. Finally, the concurrence of fluores-
cence of rhodamine B part (lem ¼ 580 nm, red color) and coumarin
part (lem ¼ 460 nm, blue color) resulted in an orange color.
Moreover, a 155 nm of strokes shift (425 nme580 nm) of probe L
can eliminate the interference of most or all ambiguities by self-
calibration of two emission bands. The solution of L-Fe3þ pos-
sesses a quantum yield of 0.33 in EtOH/H2O (1:1, v/v, pH 7.2) and
0.38 in ethanol, based on optically matching solution of rhodamine
B standard (FF ¼ 0.69 in ethanol) at an excitation wavelength of
425 nm and emission at 580 nm. The detection limit, based on the
definition by IUPAC (CDL¼ 3Sb/m), is 5.24�10�7M�1, which can be
obtained from the liner of response range covering a concentration
range of Fe3þ from 4.0 � 10�6 to 10.0 � 10�6 M�1 (Fig. S5). The
fluorescence intensity enhanced approximately 120 fold at 580 nm.

According to the theory of FRET, coumarin excimer emission
should decrease when such energy transfer takes place. However,
unexpected phenomenon was observed (Fig. 2). To explain the
phenomenon, a mechanism is proposed (Scheme 2). For coumarin
part, the N atomwith an unshared electron pair quenches both the
coumarin monomer and excimer emissions strongly in the absence
of Fe3þ due to a photoinduced electron/energy transfer (PET) pro-
cess [26,27]. However, comparing with literature, the fluorescence
x mechanism of L-Fe3þ.



Fig. 4. The effect of pH (4.0e10.0) on the fluorescence intensity ratio (580 nm/460 nm)
of 10 mM probe L with 5.0 equiv. Fe3þ in buffered EtOH/HEPES solution.
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was not quenched completely, so the PET process was not obvious.
When Fe3þ is added to the solution of L, the N atom participates in
the coordination process of probe L and Fe3þ. So PET process is
suppressed and the fluorescence increased. For rhodamine part,
fluorescence also increased, due to the opening of spirolactam and
chelation-enhanced fluorescence (CHEF). Thus, for the fluorescence
phenomenon of the L-Fe3þ complex, CHEF may play a more
important role than FRET [28]. Enhanced fluorescence of both
the coumarin monomer and rhodamine B upon addition of Fe3þ is
observed. So the fluorescence of rhodamine (w580 nm) and
coumarin (w460 nm) enhanced simultaneously.

Probe L shows an excellent selectivity toward Fe3þ. The fluores-
cence spectra (lex ¼ 425 nm) of L with respective metal cations are
shown in Fig. 3a. Without cation, L revealed no fluorescence at 500e
650 nm. In fact, L also did not give any observable response for many
metal ions such as Mg2þ, Naþ, Mn2þ, Ni2þ, Pb2þ, Zn2þ, Ba2þ, Ca2þ,
Cd2þ, Co2þ, Cu2þ, or Kþ. However, addition of Fe3þ created a
remarkable fluorescence enhancement at 580 nm and a little
enhancement at 460 nm. A ratio of fluorescence intensity at 580 nm
vs. 460nmwas shown inFig. 3b. Fe3þ canbedetected clearly byprobe
L. Moreover, an ability to resist interference is an important
index for a cationic probe. The enhancement of the fluorescence in-
tensity resulting from the addition of Fe3þ was little influenced
by subsequent addition of other metal ions except Cu2þ and Ni2þ

(Fig. S6). However, the solution of L-Fe3þ turned a deeper red upon
addition of Cu2þ and Ni2þ, which can be distinguished well by naked
Fig. 3. a) The fluorescence spectra of 10 mM L in buffered EtOH/HEPES ¼ 99:1 solution
at pH 7.2 with 5 equiv. metal ions: Ba2þ, Ca2þ, Cd2þ, Co2þ, Kþ, Mg2þ, Naþ, Agþ, Fe3þ,
Pb2þ, Hg2þ, Ni2þ, Cu2þ ions and blank. b) The ratio of fluorescence intensity (580 nm/
460 nm) of L and L with metal ions.
eyes. All of these results indicated the high selectivity of L for Fe3þ

over other competing cations inEtOH/H2O (99:1, v/v, pH7.2) solution.
A pH titration showed that probe L had stable fluorescence

property over a wide pH span of 4e10 (Fig. 4), which suggests that
probe L is suitable for application under physiological conditions.
The curves (Fig. S7) of time response showed that the probe can
complex with 5 equiv. Fe3þ completely in 7 min, after which the
fluorescence intensity peaks.

4. Conclusion

In summary, we developed a novel ratiometric fluorescence
probe based on rhodamine and coumarin. The probe displayed a
high sensitivity and selectivity toward Fe3þ even coexistent with
other metal ions. The probe differs from reported ratiometric probe
in fluorescence mechanism.
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