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a b s t r a c t

A colorimetric and ‘‘turn-on” fluorescent chemosensor Rho-Fe3O4@SiO2 for Hg2þ in which N-(rhoda-
mine-6G)lactam-ethylenediamine (Rho-en) is conjugated with the magnetic coreeshell Fe3O4@SiO2 NPs
has been strategically designed and synthesized. The final product was characterized by X-ray power
diffraction (XRD), transmission electron microscopy (TEM), Fourier transform infrared spectra (FTIR) and
UVevisible absorption and fluorescence emission. Fluorescence and UVevisible spectra results showed
that the resultant multifunctional nanoparticles Rho-Fe3O4@SiO2 exhibited selective ‘turn-on’ type
fluorescent enhancements and distinct color changes with Hg2þ. The selectivity of the Rho-Fe3O4@SiO2

for Hg(II) ion is better than that of the Rho-en in the same conditions. In addition, the presence of
magnetic Fe3O4 nanoparticles in the sensor Rho-Fe3O4@SiO2 NPs would also facilitate the magnetic
separation of the Hg(II)eRho-Fe3O4@SiO2 from the solution.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Detection of heavy transition metal (HTM) ions, such as Pb2þ,
Cd2þ, Cu2þ and Hg2þ [1e4], has received considerable attention,
owing to potential environmental and biological implications [5].
Especially, the detection of Hg2þ has attracted continuous atten-
tion, because it can causes serious environmental and health
problems. Hg2þ can easily pass through skin, respiratory, and
gastrointestinal tissues into the human body, where a very small
amount of Hg2þ could damage the central nervous and endocrine
systems [6]. Accordingly, the development of new or improved
analytical methods for the sensitive and selective determination of
Hg2þ, which are applicable in a wide range of different sites and
environments, is highly desirable. To date, a number of selective
small-molecular Hg2þ sensors have been devised. However, their
use in related analytical techniques in the homogeneous phase is
not suitable for the separation, removal and enrichment of target
species or in rapid screening applications.

Magnetic coreeshell Fe3O4@SiO2 nanoparticles as special
immobilizing carrier of biomolecules have aroused great interest in
current researches because they are biocompatible, easily
: þ86 931 8912582.

All rights reserved.
renewable, and are stable against degradation [7e12]. The inner
iron-oxide core with outer shell of silica not only stabilizes the
nanoparticles in solution but also provides sites for surface modifi-
cation with various biomedical ligands in biomedical applications
[13,14]. Usually, an inert silica coating on the surface of magnetite
nanoparticles prevents their aggregation in solution, improves their
chemical stability, and provides better protection against toxicity
[15]. The silica coating stabilizes the magnetite nanoparticles in two
different ways [16]. One is by shielding the magnetic dipole inter-
action with the silica shell. On the other hand, the silica nano-
particles are negatively charged. Therefore, the silica coating
enhances the coulomb repulsion of the magnetic nanoparticles.
However, magnetic nanoparticles have not been frequently used to
separate and remove toxic environmental pollutants.

Rhodamine-based fluorescent chemosensors have received
increasing interest because of their high fluorescence quantumyield,
broad range of absorption and emission wavelengths (extended to
the visible region), and large absorption coefficients [17]. Whereas
rhodaminederivativeswith spirolactamstructure are nonfluorescent
and colorless, the presence of a metal cation, such as Cr6þ [18], Cr3þ

[19,20], Fe3þ [21e25], Cu2þ [26e30], Hg2þ [31e44], Pb2þ [45], Cd2þ

[46], andAgþ [47,48] can result in ring-opening of the spirolactamvia
coordination or irreversible chemical reaction, which accompanied
by the appearance of a pink color and high fluorescence intensity.
Recently, the modification of different Rhodamine-based fluorescent
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chemosensors on the surface of nanostructured materials, including
ultrathin platinum films [49], copolymer micelle [50], Mesoporous
Silica [51] and nanoparticles [52] have been reported for detection of
various metal ions.

In our work, an attempt has been made that the magnetic cor-
eeshell Fe3O4@SiO2 nanoparticles are functionalized by Rhoda-
mine-based fluorescent chemosensor. Herein, we report the
synthesis of a colorimetric and ‘‘turn-on” fluorescent chemosensor
Rho-Fe3O4@SiO2 for Hg2þ, in which N-(rhodamine-6G)lactam-eth-
ylenediamine (Rho-en) is conjugated with the magnetic coreeshell
Fe3O4@SiO2 NPs. The magnetic property of Fe3O4 nanoparticles in
the Rho-Fe3O4@SiO2NPswould facilitate themagnetic separation of
theHg(II)eRho-Fe3O4@SiO2 fromthe solution,while the silica nano-
shell would stabilize the magnetic NPs and provide sites for surface
modificated with organic chemosensor.

2. Experimental section

2.1. Materials

3-(Triethoxysilyl)propyl isocyanate, tetraethoxysilane (TEOS)
were purchased from Alfa Aesar Chemical Company. FeCl2$4H2O,
FeCl3$6H2O, ammonium hydroxide (14%) were purchased from
Aihua Chemicals Ltd. Toluene was used after purification by stan-
dard methods. Other chemicals were used as received without
further purification.

2.2. Preparation of magnetite Fe3O4 nanoparticles

The magnetite nanoparticles were synthesized based on a slight
modification of a published one-pot chemical coprecipitation
method [53]. First, the deionized water was purged with nitrogen
gas for 20 min. Then, FeCl3∙6H2O (9.60 � 10�3 kg), FeCl2∙4H2O
Scheme 1. Synthesis of Rho-
(4.00 � 10�3 kg), and oleic acid (1.70 � 10�3 dm3) were added to
deionized water (0.03 dm3) under nitrogen atmosphere with
vigorous stirring. The mixture solution was heated to 90 �C. Then,
ammonium hydroxide (0.04 dm3) (14 wt %) was added rapidly to
the solution, and it immediately turned black. The reaction was
kept at 90 �C for 5 h and then allowed to cool to room temperature.
The black precipitate was collected by centrifugation at 10,016 g for
30 min and resuspended in chloroform with an end concentration
of 5.45 � 10�2 kg oleic acid-capped Fe3O4/dm3

2.3. Synthesis of Fe3O4@SiO2 nanoparticles

The Fe3O4 coated SiO2 nanoparticleswere synthesized by a similar
procedure developed by Lu et al. [54]. Two mg of oleic acid-capped
Fe3O4 nanoparticles was suspended in cyclohexane (0.01 dm3) at
room temperature. Then Triton X-100 (1.8 � 10�3 kg), hexanol
(1.6�10�2 dm3), andH2O (0.34�10�3 dm3)were addedwith stirring
to formwater-in-oilmicroemulsion.After15min,TEOS (4�10�5dm3)
was added to the mixture. One-half hour later, aqueous ammonia
(28e30wt %, 0.01 dm3)was added to initiate the TEOS hydrolysis and
condensation. After 24 h, ethanol was added to destabilize the
microemulsion system and precipitate the Fe3O4@SiO2 nanoparticles.
The Fe3O4@SiO2 nanoparticles were isolated via centrifugation and
washed with ethanol five times and deionized water five times to
remove adherent surfactant and unreacted chemicals.

2.4. Synthesis ofRho-Si andRho-Fe3O4@SiO2nanoparticles (Scheme1)

Rho-en (5 � 10�4 mol) was dissolved in dry toluene (0.03 dm3).
To the solution, 3-(triethoxysilyl) propyl isocyanate (5 � 10�4 mol)
was added at room temperature. The reactionmixturewas refluxed
for 5 h at the nitrogen atmosphere. The solvent was evaporated and
the product was isolated by column chromatography on silica gel
Si and Rho-Fe3O4@SiO2.
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(ethyl acetate). Yield: 69%. ESI-MS: m/z 704.5 (M þ Hþ). 1H NMR
(CDCl3, 400 MHz): 0.62 (t, 2H, CH2Si); 1.10e1.34 (t, 15H, CH3); 1.59
(m, 2H, CH2); 1.96 (s, 6H, Ar-CH3); 3.21e3.26 (m, 6H, NHCH2); 3.82
(q, 6H, SiOCH2); 2.89e3.14 (t, 4H, NCH2CH2NH); 6.22e7.89 (8H, Ar).
13C NMR (CDCl3, 400 MHz): 7.64 (CH2Si); 14.67e18.27 (CH3);
23.60e58.33 (CH2); 65.56 (C); 96.55, 105.38, 118.11, 122.70, 123.87,
128.07, 128.10, 130.59, 132.69, 147.51, 151.68, 153.78 (Ar); 157.95
(NHeC]O); 169.47 (AreC]O).

And then the Fe3O4@SiO2 nanoparticles 1 � 10�4 kg and
3.52� 10�4 kg (0.5�10�3 mol) Rho-Si were suspended in 0.04 dm3

of anhydrous toluene. The mixture was stirred for 24 h at 90 �C at
the nitrogen atmosphere. The functionalized Fe3O4@SiO2 nano-
particles were collected by centrifugation and repeatedly washed
with anhydrous toluene, dichloromethane, and then ethanol under
ultrasonic condition. Unreacted organic materials were removed
completely by monitoring the fluorescence of the washed liquid.
Fig. 2. IR spectra of Rho-Si (a), Fe3O4@SiO2 (b) and Rho-Fe3O4@SiO2 (c).
2.5. Characterization and test of the materials

Dupont-1090 thermal gravimetric analysis (TGA) instrument,
transmission electron microscopy (TEM, Hitachi-600, Japan) with
an accelerating voltage of 100 kV were used to characterize the
materials. IR spectrawere recorded on Nicolet FT-170SX instrument
using KBr discs in the 400e4000 cm�1 region. 1H NMR and 13C NMR
spectra were measured on a Brucker DRX 400 spectrometer in
CD3OD solution with TMS as internal standard. Chemical shift
multiplicities are reported as s ¼ singlet, t ¼ triplet, q¼ quartet and
m ¼ multiplet. Mass spectra were recorded on a Bruker Daltonics
esquire6000 Mass spectrometer. UV absorption spectra were
recorded on a Varian Cary 100 spectrophotometer using quartz
cells of 1.0 cm path length. Fluorescence measurements were made
on a Hitachi F-4500 spectrophotometer and a shimadzu RF-540
spectrofluorophotometer equipped with quartz cuvettes of 1 cm
path length with a xenon lamp as the excitation source. An exci-
tation and emission slit of 5.0 nmwere used for the measurements
in the solution state. All spectrophotometric titrations were per-
formed with a suspension of the sample dispersed in CH3CN.
3. Results and discussion

3.1. XRD

The structural properties of synthesized Rho-Fe3O4@SiO2 were
analyzed by X-ray power diffraction (XRD). As shown in Fig. 1, XRD
Fig. 1. XRD patterns of Fe3O4@SiO2 (a) and Rho-Fe3O4@SiO2 (b).
patterns of the synthesized Fe3O4@SiO2 and Rho-en coated
Fe3O4@SiO2 display several relatively strong reflection peaks in the
2q region of 20e70�, which is quite similar to those of Fe3O4

nanoparticles reported by other group [55]. The discernible six
diffraction peaks in Fig. 1 can be indexed to (2 2 0), (3 1 1), (4 0 0),
(4 2 2), (5 1 1) and (4 4 0), which match well with the database of
magnetite in JCPDS (JCPDS Card: 19-629) file. Besides the peak of
iron oxide, the XRD pattern of iron-oxide/SiO2 coreeshell nano-
particles (Fig. 1) presented a broad featureless XRD peak at low
diffraction angle, which corresponded to the amorphous state SiO2
shells.

3.2. FTIR

The successful conjugation of Rho-en onto the surface of the
Fe3O4@SiO2 nanoparticles can be confirmed by infrared (IR). The
bands at 3400e3500 cm�1 and 1000e1250 cm�1 of the both
samples are ascribed to the OeH and SieO stretching vibration on
Fig. 3. TEM images of Rho-Fe3O4@SiO2.



X. Peng et al. / Dyes and Pigments 91 (2011) 26e32 29
silanol. Rho-Fe3O4@SiO2 exhibited a nlactam(C]O) vibration at
1638 cm�1, red-shifted from 1684 cm�1 in Rho-en (Fig. 2). These
shifts indicate that Rho-en couples to Fe3O4@SiO2 nanoparticles
through eNCO.

3.3. TEM

Transmission electron microscopy (TEM) revealed that iron-
oxide nanoparticles had entrapped in the silica shell successfully, in
which an average particle size is about 50e60 nm and the diameter
of the magnetic core is about 10 nm (Fig. 3).

3.4. Magnetic property

The magnetic hysteresis loop of the magnetic nanoparticles
Rho-Fe3O4@SiO2 measured at T ¼ 300 K (close to room tempera-
ture) is shown in Fig. 4a. It demonstrated that the magnetic silica
sphere was in superparamagnetic regime at room temperature, as
evidenced by zero coercivity and resonance of the magnetization
loop. Our measurement was consistent with the conclusion that
Fig. 4. (a) Magnetization curves of the Rho-Fe3O4@SiO2; (b) (A) Rho-Fe3O4@SiO2 was
dispersed in CH3CN; (B) Rho-Fe3O4@SiO2 responded to an external magnet.
magnetic Fe3O4 nanoparticles smaller than 20 nm are usually
superparamagnetic at room temperature [56]. The super-
paramagnetic property of the particle is very important for its
biological application. It can prevent the magnetic nanoparticles
from aggregating. On the other hand, it can enable the particles to
redisperse rapidly when the magnetic field is removed. The
saturation magnetization (Ms) value of Rho-Fe3O4@SiO2 is
measured to be 6.24 � 103 emu/kg. Complete magnetic separation
of Rho-Fe3O4@SiO2 was achieved in 1 min by placing a magnet
near the vessels containing the CH3CN dispersion of the nano-
particles (Fig. 4b). The magnetic separation capability of Fe3O4@-
SiO2 nanoparticles in this detection method can also offer a simple
route to separate Hg(II)eRho-Fe3O4@SiO2 system from various
environment.
3.5. Fluorescence properties

On the basis of the results of EA, about 0.068 mol/kg of Rho-Si is
loaded on the support. Changes in the fluorescence properties of
Rho-Fe3O4@SiO2 as a result of the addition of other metal ions,
Fig. 5. Fluorescence response of Rho-Fe3O4@SiO2 (a) (0.3 g/L) and Rho-en (b) (10 mM)
to various cations lex ¼ 525 nm (1, blank; 2, Agþ; 3, Cd2þ; 4, Co2þ; 5, Cr3þ; 6, Cu2þ; 7,
Fe3þ; 8, Hg2þ; 9, Naþ; 10, Mg2þ; 11, Mn2þ; 12, Ni2þ; 13, Zn2þ (100 mM)) Spectra were
recorded every 2 min after adding Hg2þ.



Fig. 6. Fluorescent emission changes of Rho-Fe3O4@SiO2 (0.3 g/L) upon the subsequent
addition of 10 equiv of Hg2þ to a solution containing 10 equiv of the cation of interest.
1, blank; 2, Agþ; 3, Cd2þ; 4, Co2þ; 5, Cr3þ; 6, Cu2þ; 7, Fe3þ; 8, Hg2þ; 9, Naþ; 10, Mg2þ; 11,
Mn2þ; 12, Ni2þ; 13, Zn2þ (100 mM). Spectra were recorded every 2 min after adding the
above cation. (lex ¼ 525 nm).

Fig. 8. Absorption spectra of (a) Rho-Si (1 � 10�5 M), (b) Rho-Si þ Hg2þ (1 � 10�5 M),
(c) Rho-Fe3O4@SiO2 (0.3 g/L) and (d) Rho-Fe3O4@SiO2 þ Hg2þ (0.3 g/L) in CH3CN
solution.
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including Agþ, Cd2þ, Co2þ, Cr3þ, Cu2þ, Fe3þ, Hg2þ, Liþ, Mg2þ, Mn,
Ni2þ and Zn2þ were measured. Fluorescence spectra of
a 0.3 � 10�3 kg dm�3 solution of Rho-Fe3O4@SiO2 in CH3CN, cor-
responding to a concentration of the Rho-Si fluorophore of
2.0 � 10�5 mol dm�3, recorded within 2 min of the addition of
1�10�4 mol dm�3 of each of these metal ions, are shown in Fig. 4a.
When Hg2þ was added to the ligand solution, Rho-Fe3O4@SiO2
displays almost 11-fold enhancement in fluorescence intensity at
551 nm. While the introduction of other metal ions, no obvious
increase can be observed in the fluorescence spectra except the
addition of Cr3þ and Fe3þ ions gave a small increase in fluorescence
intensity. As a comparison, in the presence of othermetal ions, Rho-
en was not as selective as Rho-Fe3O4@SiO2 for Hg2þ detection
(Fig. 5b). In addition, the enhancement in fluorescence intensity
resulting from the addition of Hg2þ ion is not influenced by
subsequent addition of other metal ions (Fig. 6). Obviously,
Fig. 7. Fluorescent response of Rho-Fe3O4@SiO2 (0.3 g/L) upon addition of Hg2þ

(0e75 mM) in CH3CN, the inset picture shows the fluorescence titration profile around
550 nm at the excitation wavelength of 525 nm. Spectra were recorded every 2 min
after adding Hg2þ.
a significant change in color from colorless to pink could be
observed.

Fig. 7 gives detailed fluorescence changes of Rho-Fe3O4@SiO2
(0.3 � 10�3 kg dm�3) upon gradual titration of Hg2þ ion. Upon
addition of Hg2þ (0e75 � 10�6 mol dm�3), the emission band
peaked at about 550 nm attributable to the formation of the ring-
opened tautomer of Rho-Fe3O4@SiO2. The nice nonlinear fitting of
the fluorescence against metal concentration assuming a 1:1
binding ratio (Hg2þ/Rho-Fe3O4@SiO2) suggested a 1:1 binding
stoichiometry. The overall binding constant is about 1.64�106 [57].
3.6. UVevis spectrum

Fig. 8 depicts the UVevis diffuse reflectance spectra of Rho-Si
(5 � 10�5 mol dm�3), Rho-Si þ Hg2þ, Rho-Fe3O4@SiO2 and Rho-
Fe3O4@SiO2 þ Hg2þ (0.3 � 10�3 kg dm�3). ([Hg2þ] ¼ 1 � 10�4 mol
Fig. 9. UVevis spectra of Rho-Fe3O4@SiO2 (0.3 g/L) in CH3CN in the presence of
different amounts of Hg2þ (0e100 mM).



Fig. 10. Color change of Rho-Fe3O4@SiO2 in CH3CN (0.3 g/L) after addition of 10 equiv
of metal ions. Left to right: 1, blank; 2, Agþ; 3, Cd2þ; 4, Cu2þ; 5, Hg2þ; 6, Fe3þ; 7, Co2þ; 8,
Cr3þ; 9, Ni2þ; 10, Zn2þ. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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dm�3) It can be seen that the absorbance peak shifted from 517 nm
(Rho-Si þ Hg2þ) to 529 nm (Rho-Fe3O4@SiO2 þ Hg2þ). This
phenomenon can be further confirmed that Rho-en is successfully
conjugated onto the surface of the Fe3O4@SiO2 nanoparticles.
Compared with Rho-Si þ Hg2þ, the fluorescence intensity of
Fe3O4@SiO2 þ Hg2þ is decreased.

The absorption spectra of Rho-Fe3O4@SiO2 with varying Hg2þ

concentration were recorded, as shown in Fig. 9. Upon the addition
of Hg2þ to Rho-Fe3O4@SiO2, the peak around 529 nm is significantly
enhanced, suggesting the formation of the ring-opened tautomer of
Rho-Fe3O4@SiO2 upon Hg2þ binding. In this case, the titration
solution exhibited an obvious and characteristic color change from
colorless to pink. Rho-Fe3O4@SiO2 thus can be used as a “naked-
eye” detector of Hg2þ (Fig. 10).
4. Conclusion

In summary, we have successfully designed and synthesized
magnetic coreeshell Fe3O4@SiO2 nanoparticles functionalized by
Rho-en which act as a colorimetric and fluorescent chemosensor
for Hg(II) in CH3CN. The selectivity of the Rho-Fe3O4@SiO2 for Hg(II)
ion is better than that of the Rho-en. This work provides a platform
to prepare magnetic nanoparticles modified by organic fluorescent
chemosensor with high affinity, selectivity and sensitivity to detect
metal ions.
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